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Abstract. Integrated photography display is a commonly used tech-
nology to provide users 3D videos with horizontal and vertical paral-
laxes. However, 3D video contents under natural scenes are very scarce
and many existing methods can only provide parallaxes in one direction
using binocular cameras. In this work, we set up an end-to-end real-
time virtual view synthesis system for integrated photography display,
in which 64 views (4 real views and 60 virtual views) can be synthesized
using only 4 cameras placed in a rectangle. This paper mainly makes two
contributions. Firstly, we propose a new method of polar alignment for
two-dimensional camera placement (2 x 2), which aligns horizontal and
vertical polar lines at the same time and preserves the effective area of
the final image as large as possible after clipping. Secondly, in the pro-
cess of virtual view synthesis, we introduce an accelerated strategy by
combining CPU thread-level parallelism and GPU data-level parallelism
to make full use of the computing resources. Experimental results show
that our system can capture 4-way 480P video sequences under natu-
ral scenes, synthesize 64-way views and render the resulting 4K video
combined from 64-way views on a 3D monitor in real-time.
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1 Introduction and Related Work

Integrated photography display is a true 3D display technology that uses
microlens arrays to reproduce 3D space scenes and shows users the 3D effect
by providing both horizontal and vertical parallaxes at the same time. How-
ever, most of the existing 3D videos are post-synthesized, and the videos under
natural scenes are very scarce. The conventional way of generating a 3D video
requires N cameras to shoot the desired N views directly, which has several
limitations, such as the unacceptable computational overhead of data compres-
sion and transmission [1]. A better solution is to acquire M viewpoints through
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M cameras (M < N) and synthesize the remaining N — M virtual views by
means of a key technology called virtual view synthesis [2].

For virtual view synthesis, one of the commonly used traditional algorithms
is depth-image-based rendering (DIBR) [3]. However, building the required high-
quality dense depth maps is difficult and dealing with the annoying holes caused
by occlusion is also a great challenge. In [4], Image Domain Warping (IDW)
algorithm was first proposed for Stereoscopic 3D (S3D) content processing. Farre
et al. [5] established an IDW-based system that automatically generates high-
quality virtual views. To reduce the computational complexity of IDW, Yao et al.
[6] built a real-time multi-view conversion system with the aid of GPU platform.
Experimental results showed that IDW can automatically estimate sparse dispar-
ity information and synthesize higher-quality virtual viewpoint images through
a non-linear transformation in the image spaces.

Most of the related methods, including our previous work [7], can only pro-
duce videos with 3D effect in one direction on a binocular camera. Instead, we use
4 cameras and place them in a rectangle (2 x 2) to get a quad camera platform.
The horizontal and vertical camera pairs in the quad camera can be used to gen-
erate the horizontal and vertical parallaxes respectively. Considering the speed
and accuracy of feature search, the polar lines in both directions are aligned in a
robust and efficient way. On the other hand, to generate 3D videos under natu-
ral scenes in real-time, an IDW-based end-to-end 3D system is designed for the
quad camera through some acceleration strategies at the algorithm and platform
levels.

The rest of the paper is structured as follows. In Sect. 2, we describe the pro-
posed two-dimensional polar alignment algorithm, followed by the implementa-
tion and detailed acceleration strategies of the virtual view synthesis algorithm
based on IDW. Experimental results tested in real scenes are shown in Sect. 3
and Sect. 4 concludes the paper.

2 Our Approach

The proposed end-to-end real-time 3D system consists of two components: (1)
two-dimensional polar alignment; (2) virtual view synthesis algorithm and accel-
eration. The details are illustrated as follows.

2.1 Two-Dimensional Polar Alignment

Polar alignment is a commonly used optimization strategy for global search,
which reduces the search range for feature matching while improving the accu-
racy. When the cameras are placed in two-dimension, as shown in Fig. 1, camera
#1 should align with camera #2 horizontally and camera #3 vertically. Our pro-
posed algorithm cannot only achieve two-dimensional polar alignment but also
make the effective area of the image after clipping as large as possible. Next, we
take the polar alignment between camera #1, #2, and #3 as an example.



248 S. Zhang et al.

(b)

Fig. 1. The quad camera and polar alignment model. 1, 2, 3 and 4 correspond to four
cameras and dotted lines indicate polar lines.
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Fig. 2. Polar alignment process. The coordinate system represents a camera and the
origin of the coordinate system represents the optical center of a camera.

Figure 2 (a) shows the original poses of the three cameras. It can be seen that
each camera’s orientation varies, the two dotted lines are not vertical, and the
three optical centers are not actually coplanar.

Figure2 (b) represents the polar alignment result. Experiments show that
the distance moved by the optical center is the most important factor affecting
the size of a final clipped image. In theory, regardless of other operations, the
two-dimensional polar alignment can be achieved by moving only one camera’s
optical center. Our algorithm minimizes the total movement distance of the
optical centers of three cameras to preserve the effective area of an image. The
final conversion results between the three cameras we need are:

R1T1 o Id:c R2T2

R T _(1d, R3 T;
(0 1)*131_(01)*(0 1)*p3, 2)

where P; is a 3D point in the i-th camera coordinate system, R; and T; are the
rotation and translation information needed by the i-th camera when aligning the
polar lines, and vector d: (d 0 O)/ and dy: (0d 0)/ represent the spacing between
the optical centers of i-th and j-th cameras on the horizontal or vertical axis.
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Fig. 3. Virtual views placement and warp relationship. a and b represent the middle
position in the horizontal and vertical directions, and c is the midpoint of the rectangle.
The blue boxes represent four real views and the white boxes represent 60 virtual views.
(Color figure online)

To obtain R; and T; above, the first step is fixing the optical center of camera
#1 (set T} to a zero vector). We start by assuming that 75 and T3 are all zero
matrices, then R, can be obtained through svd decomposition of Eq.3, where
R;; and T;; are the rotation and translation information from ¢-th camera to j-th
camera respectively, and they can be obtained using VisualSFM in [8]. Based on
R, all the variables except T; in Eqgs. 1 and 2 can be derived.

ne ()= (1) () g

Next step is solving T;. The moving distances of optical centers of camera
#1, #2, and #3 are denoted as z, y, and z, respectively, and the relationships
of x, y, and z can be represented as y — x = T and z — x = T5. Then we get:

yTxy+2Txz42T vz = (@ +T) x4+ D)+ (x+T3)T x (2 +T3) + 27 xz. (4)

By finding the partial derivative of x in Eq.4 and setting it to 0, we can get
the final T, T5, and T3 in Egs. 1 and 2.

Through the algorithm above, the two-dimensional polar alignment can be
achieved and an effective image after clipping is as large as possible.

2.2 Virtual Views Synthesis Algorithm and Acceleration

With polar aligned frame images, we design an IDW-based algorithm to syn-
thesize virtual views based on the main ideas of [7], where a binocular camera
becomes a quad camera, and 8 horizontal views become 8 x 8 = 64 views (60
virtual views). As shown in Fig. 3, due to a large amount of data to be processed,
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we only consider the energy constraint from camera #1 to the three red dots.
The results show that this tradeoff can effectively improve the computational
efficiency and have little negative impact on the final results.

Similar to our previous work [7], the entire virtual view synthesis algorithm
is divided into three modules. Data Extraction represents the feature matching
(disparity extraction) in the horizontal and vertical directions. Calculation Warp
represents the calculation of the warp information from camera #1 to the three
red dots in Fig. 3 using the energy function in [7]. Synthesizing View represents
the calculation of the warp information from the 4 real views to other 60 virtual
views by bilinear interpolation [9], which is based on the results of module Cal-
culation Warp. All views (480P) are finally divided into 32 x 24 = 768 triangles
for affine transforming [10,11].

Each module above has a corresponding platform-level acceleration strategy
using OpenCL on GPU [12]. For Data Extraction, assuming the resolutions
of input images are W x H and the number of the extracted features is N,
the FAST feature detection [13] needs W x H work-items in GPU, and each
work-item corresponds to one pixel. Similarly, the calculation of the BRIEF
descriptor [14] needs N work-items and the feature matching needs H work-items
in GPU. For Calculating Warp, successive over-relaxing (SOR) is an efficient
method, which is accelerated using the thread-level parallelism. For Synthesizing
View, the calculation of the affine transformation between each mesh triangles
is independent, so that we can allocate one work-item corresponding to a mesh.

However, for our scenes, there are two other factors that seriously affect the
efficiency of the real-time system: the frame preprocessing of the quad camera
and the huge amount of data to be processed when synthesizing the 60 virtual
views. We also put forward two targeted strategies as follows.

The first strategy is the parallel frame preprocessing of the quad camera. After
time-consuming testing, the sequential frame capture including polar alignment
of the four cameras takes almost 40 ms, which is unacceptable. Figure 4 shows our
acceleration strategy, in which four separate threads are used to capture frames
from four cameras, align the polar lines (the polar alignment rules are obtained
offline) and add the final polar aligned four frames to one list. Simultaneously, our
core algorithm constantly fetches frames from the list to synthesize virtual views.
The CPU-based multi-thread parallelism above can reduce the frame preprocess-
ing time to less than 20 ms and the frame capture operations of the four cameras
are almost synchronous, which means normal movement of the object is allowed.

The second strategy is the virtual view synthesis based on the CPU + GPU
platform. Experiments show that even if one GPU is used, Synthesizing View
module still occupies almost 60% of the execution time in the core algorithm.
Because the GTX-980 GPU we use only has 32768 work-items, the total required
number of work-items for this module equals to the number of the triangle
meshes in 60 virtual views, which is 32 * 24 x 60 = 46080. Therefore, we adopt
a CPU+GPU parallelism scheme [15] and use two GPUs to synthesize virtual
views. From Fig. 5, two separate threads are created for virtual view synthesis.



An End-to-End Real-Time 3D System for Integral Photography Display 251

caml cam?2 cam3 cam4
DShow DShow DShow DShow
polar polar polar polar
alignment || alignment alignment | | alignment
framel frame2 frame3 frame4d
| | m | |
add
-
fetch
N

core algorithm

Fig. 4. CPU-based multi-thread parallelism for frames capture.
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Fig. 5. CPU+2GPUs parallel parallelism.

GPU1 in threadl is used to synthesize the first 30 virtual views and GPU2 in
thread2 is used to synthesize the last 30 virtual views.

3 Experimental Result

Based on the two-dimensional polar alignment algorithm and the accelerated vir-
tual view synthesis algorithm, we set up an end-to-end 3D system for integrated
photography display. The system uses four GoPro Hero4 black cameras as input
devices, synthesizes 64 views with a server containing one CPU (Intel Core 17
7800x) and two GPUs (GTX 980), and renders a 4K image combined from the
64 views on a 3D display in real-time. This section describes the experimental
results in three parts, which are the polar alignment of the quad camera, the
parallax effect of the 64-way virtual view images, and the speed of the accel-
erated 3D system. Since there is no standard dataset for the quad camera, we
mainly use the data collected in real scenes in our experiments.
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Fig. 6. Original images from the quad camera. (a) and (b) show the misalignment of
the polar lines in the horizontal and vertical directions, respectively.
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Fig. 7. Results after the polar alignment. (a) represents the result of moving only one
camera’s optical center and (b) represents the result of our proposed algorithm.

3.1 Polar Alignment Result

We test the polar alignment algorithm in terms of the accuracy of alignment
and the size of the effective area after clipping. As can be seen from Fig.6,
the original three images’ polar lines are misaligned in both directions. Figure 7
shows that the horizontal and vertical polar lines are aligned at the same time
with our proposed algorithm, and more important, the size of the effective area
after clipping is near the original size of the image compared with the scheme
moving only one camera’s optical center.

3.2 Disparity Information for 64-Way Views

The disparity test of 64-way views consists of two parts. The first is that the
deformation of the virtual view cannot be too large, and the second is that the
final synthesized 64 views should have parallaxes in both the horizontal and
vertical directions. Figure8 shows the final 64-way views synthesized by our
algorithm. It can be seen that our method yields no holes and scarcely visible
artifacts (e.g., boundary effects, halos). Taking the top row views and the left
column views as examples. As can be seen from Figs.9 and 10, the horizontal
and vertical parallaxes exist at the same time.
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Fig. 8. The image merged with 64-way views. The red boxes indicate the four views
from the quad camera and in order to avoid parallax jumping, the box in the lower
right corner can also be a virtual view. The positions of 8 virtual views in the horizontal
direction are 0.0, 0.14, 0.28, 0.42, 0.57, 0.72, 0.86 and 1.0 (the interval in the vertical
direction is the same). (Color figure online)

Fig. 9. Output views in positions 0.28, 0.57, 0.86 (left to right), corresponding to (a),
(b) and (c), respectively. The green line is located exactly 310 pixels from the left
boundary of an image, and the red line is located at the right edge of the person. The
distance between the two lines increases from left to right, as seen in close-ups, and
indicates the change in parallax. (Color figure online)

(a)

Fig. 10. Output views in positions 0.28, 0.57, 0.86 (top to bottom), corresponding to
(a), (b) and (c), respectively. The green line is located exactly 180 pixels from the top
boundary of an image, and the red line is located at the top edge of the door. The
distance between the two lines decreases from left to right, as seen in close-ups, and
indicates the change in parallax. (Color figure online)
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Fig. 11. The frame rate of frame preprocessing and synthesis of 60 virtual views. The
x-axis represents the number of experiments and the y-axis represents the frame rate.
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Fig. 12. The frame rate of the entire system before and after acceleration. The x-axis
represents the number of experiments and the y-axis represents the frame rate.

3.3 Acceleration Experimental Result

The input of the end-to-end real-time 3D system is four 480P video sequences
from the quad camera and the output is a 4K video sequence combined from the
64 views. Figure 11 shows the frame rate of frame preprocessing and synthesis of
60 virtual views after acceleration. Figure 12 shows the final speed of the entire
system before and after acceleration. It can be seen that the system we set up
can produce a 3D video in real-time (beyond 28 fps).

4 Conclusion and Future Work

In this paper, we set up an end-to-end real-time 3D system for integrated photog-
raphy display, which makes two main contributions. First, we propose an efficient
scheme for aligning the polar lines in both the horizontal and vertical directions
at the same time and preserving the effective area of the final image as large
as possible after clipping. Second, an accelerated optimization strategy combin-
ing CPU thread-level parallelism and GPU data-level parallelism (two GPUs) is
introduced to synthesize 60 virtual views. Extensive experimental results show
that the proposed system for integrated photography display can generate 3D
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videos under natural scenes with both horizontal and vertical parallaxes in real-
time. For future work, we suggest that expanding the reference views for the
warp into four cameras can improve the final 3D effect.
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