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Abstract: Recovery of three-dimensional (3D) coordinates using a set of images with texture mapping
to generate a 3D mesh has been of great interest in computer graphics and 3D imaging applications.
This work aims to propose an approach to adaptive view selection (AVS) that determines the optimal
number of images to generate the synthesis result using the 3D mesh and textures in terms of
computational complexity and image quality (peak signal-to-noise ratio (PSNR)). All 25 images were
acquired by a set of cameras in a 5× 5 array structure, and rectification had already been performed.
To generate the mesh, depth map extraction was carried out by calculating the disparity between
the matched feature points. Synthesis was performed by fully exploiting the content included in
the images followed by texture mapping. Both the 2D colored images and grey-scale depth images
were synthesized based on the geometric relationship between the images, and to this end, three-
dimensional synthesis was performed with a smaller number of images, which was less than 25. This
work determines the optimal number of images that sufficiently provides a reliable 3D extended
view by generating a mesh and image textures. The optimal number of images contributes to an
efficient system for 3D view generation that reduces the computational complexity while preserving
the quality of the result in terms of the PSNR. To substantiate the proposed approach, experimental
results are provided.

Keywords: array cameras; light field camera; adaptive view selection; view synthesis; mesh; texture;
depth map

1. Introduction

The tree-dimensional (3D) coordinates of a real-world scene provide rich information
for 3D geometric and photometric reconstruction. Reconstruction work has been considered
one of the major goals in the area of computer vision. Furthermore, view synthesis has also
been of great interest in diverse applications such as computer graphics, 3D imaging, 3D
rendering, and virtual/augmented reality [1–6]. Thanks to the significant improvement
of the hardware of computers, one can achieve fast and accurate results for 3D rendering,
view synthesis, and 3D reconstruction [7,8]. In reconstruction work, two main approaches
have been widely used: one is called the passive method, and the other one is called the
active method. Although these two methods are considered traditional ones, they still
provide accurate and stable reconstruction results in practice [9–12]. The passive method
uses multiple cameras (usually two) that are located at different positions, and the active
method uses a camera(s) and a light source(s). Both the passive and active methods
basically obey the principle of triangulation defined by the locations of the camera(s), the
light source(s), and a point of the 3D object. In the passive method, all of the cameras,
having different perspectives, capture the same target object, and any point of the target in
the 3D space is projected onto the 2D image planes, each of which belongs to each of the
camera. The different positions of the cameras generate relative rotations and translations
among the images. Stereo vision, which uses two cameras, has the advantages of a simple
experimental setup and a concise algorithm and mathematical modeling. In general, to
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calculate the 3D coordinates of a target object, the stereo vision algorithm is expected
to achieve highly accurate feature extraction and successful correspondence matching,
leading to a high accuracy of disparity and depth estimation. Camera calibration is a task
to estimate the internal and external parameters of cameras, and it is one of the most crucial
for accurate 3D measurement. The internal parameters consist of the focal length, skewness
factor, and the principal points of an image. The external parameters consist of the relative
rotation and translation of the optical centers. Since Tsai’s approach in the 1980s, calibration
algorithms have been proposed for more accurate estimation of the internal and external
parameters, and almost for the past two decades, Zhang’s algorithm has been the most
widely used in the research and industrial fields [13,14]. In 2000, a circular pattern for the
calibration was also proposed, and the work reported that the results of the internal and
external parameters showed a smaller standard deviation [15]. Calibration requires high
computational complexity because the estimation of the parameters is from the iteration
of the procedures of the calibration and optimization. Overfitting of the optimization or
inaccurate feature extraction/matching may cause a large error in the calibration result.
The passive method suffers from a low-light condition, a texture-less object, or a repetitively
patterned scene [16,17]. Recently, the passive method employed the deep neural network
model to improve the accuracy and quality of depth estimation, but this approach did not
resolve the fundamental limitations inherent to the passive method [18].

The active method can alleviate the limitations of the passive method by using the
properties of structured light patterns or light rays. The active method uses both a camera
and a light source, which emits light patterns or rays onto a target object [19]. In the
structured light pattern approaches, specific patterns, the structures of which are already
known, are projected onto a 3D target object, and the shape of the object’s surface deforms
the patterns. In the light ray based approaches, the light source emits light rays onto a
target object, and the distance between the viewpoint and a point of the target is calculated
based on the measurement of the round-trip time of the emitted light ray signal. The active
method using a time-of-flight (TOF) sensor is one of the main technologies to facilitate the
3D reconstruction. Recently, the TOF employed the deep neural network model to directly
recover the depth information of a 3D scene to alleviate the limitations of the conventional
TOF, which accumulates errors occurring during all of the procedures for depth recovery
such as light emission, sensor calibration, resolving light interference, denoising, etc. The
deep neural network model learns various scenes and provides an end-to-end framework
for direct depth calculation. Since the TOF uses only a single light ray, which travels at a
very high speed, it has a limitation in its depth resolution [20]. The structured light pattern
based approach improves the depth resolution by using a light pattern, the density of
which can be flexibly adjusted. Furthermore, information about structure of the pattern
can provide sufficient information to recover 3D coordinates of a target object. While
the TOF does not require the principle of triangulation, the structured light approach
utilizes triangulation just as the passive method does. To achieve a high accuracy in the
reconstruction result, correspondence matching between the projected light patterns and
the reflected light patterns needs to be performed with high confidence. In the early stage
of the structured light pattern approach, simple patterns such as dots or vertical, horizontal,
or gridded lines were used [21,22]. However, this method sometimes suffers from an
inaccurate correspondence matching between the original and the deformed patterns
because the patterns are repetitive ones. Colored patterns, or the patterns with various
coding schemes, or the patterns emitted with a varying phase (e.g., sinusoidal patterns)
could alleviate the limitations of the correspondence matching [23,24]. Recently, in the
active method, the deep neural network model was employed for pattern classification
and identification, which successfully achieved the accurate correspondence matching
of the patterns with blurring, a low resolution, or geometric distortions [25]. In the past
few decades, significant improvement in the reconstruction has been observed using the
passive or the active method, and recently, the approaches based on fusing the passive
and the active methods (also called hybrid methods) have contributed to the improvement
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of the reconstruction accuracy by alleviating the limitations inherent to each method, as
explained above [26,27].

Different from the conventional methods, e.g., the passive or the active ones, light
field camera technology provides 3D reconstruction, rendering, view synthesis, and refocus
results that enable one to generate real-world 3D scenes with high fidelity [28–30]. In the
early work on light field cameras (also called plenoptic cameras), a set of lenses or cameras
performs the scene reconstruction based on the direction of the light rays, the wavelength,
the locations of the 3D points, etc., modeled as a plenoptic function (Equation (1)), which
has been successfully applied to various practical fields such as rendering, view synthesis,
3D reconstruction, etc. [31,32]. The work of Levoy in 1996 is considered as a cornerstone
of the research on light field cameras for 3D reconstruction [31,33]. The work proposed a
novel approach to interpolating views to generate a novel viewpoint using the information
of the light field, but the approach does not rely on depth information and accurate feature
matching. Multiple images of the array structure (called array images) and the light rays
coming from each of them construct the new views; to this end, the 3D rendering of a
real-world scene is performed with efficiency and accuracy. Since a single point on the
surface emits multiple rays with different directions and intensities, the light field camera
enables us to reconstruct or generate novel views [34,35]. Previous work on light field
cameras focused on accurate 3D reconstruction or depth measurements themselves. Thus,
accurate depth estimation for 3D reconstruction is still the most important task. To achieve
3D representation with efficiency and accuracy, mesh generation and texture mapping have
been of interest in computer graphics, rendering, virtual/augment reality, etc. As method
similar to the conventional method of 3D reconstruction, the depth and color information
basically provides sufficient information to generate the mesh, and a layered depth image
enables us to design efficient (high speed) texture mapping.

By generating a polygonal mesh using the Delaunay triangle rather than generating
the pixel based depth, the reconstruction of a 3D object or scene can be restated as an
approximation problem [36]. Although approximation can degrade the accuracy of the
reconstruction result, it can accelerate the speed and can simplify the reconstruction al-
gorithm. In the light field camera system, the performance of the result depends on the
accuracy of the estimation of the parameters in the plenoptic functions that represent the
light rays coming from the 3D space, which is written as follows:

p = P(θ, φ, λ, VX , VY, VZ, t), (1)

where (θ, φ) represents the direction of the light rays, λ is the wavelength, and (VX , VY, VZ)
and t are the 3D coordinated of the real scene and the time, respectively. If p is known, that
means we know all of the information about the light rays coming from the
real-world scene.

In this paper, we present a method called adaptive view selection (AVS) to efficiently
represent a synthesized three-dimensional model using a set of images and corresponding
depth images that are basically used to generate the mesh and perform texture mapping.
The present work is different from the previous work on view synthesis in that this work
focuses on synthesizing the 3D models of a scene by synthesizing both the color images
and the depth images.

In the light field camera, the accurate estimation of the parameters in the plenoptic
function requires many images (dense sampling). This leads to computational inefficiency,
and it may be impossible to embed it into mobile devices. Furthermore, the diffraction or
interferenceof light can degrade the quality of the results of the reconstruction, rendering,
or depth estimation. The quality of the light field imaging depends on both the number
of images and the density of the light field, so the interpolating view is one of the most
important tasks for the light field camera [37]. Interpolation is considered a simple and
efficient method to increase the resolution of an image, so it is widely used in image
processing. Akin to image processing, the interpolating view or the interpolating plenoptic
function can generate a novel view and increase the angular resolution. However, the
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interpolation approach can degrade the image quality if the estimation of the existing view
or the estimation of the change of the viewpoint is inaccurate [38].

Inspired by the success in the areas of imaging and computer vision, in the past few
years, light field cameras have started utilizing the deep neural network (DNN) model [39].
The DNN model contributes to solving the problems of the trade-off between the spatial
resolution and the angular resolution inherent to light field cameras. The typical steps for
view synthesis or 3D reconstruction using light field cameras are composed of the depth
estimation and the geometric/photometric image compensation, such as warping, rotation,
and translation due to different perspectives. The DNN model learns and estimates two
main aspects: one is depth, and the other one is image compensation. The results of light
field camera applications inevitably depend on the depth of a scene, and existing work
considered accurate depth estimation as one of the most crucial applications. To predict
the depth value from light field images, the convolutional neural network (CNN) has been
employed to provide an end-to-end framework for depth prediction. To achieve accurate
results, a tremendous amount of data is generated by data augmentation. Although this
work shows promising results in that the neural network model can be adequately applied
to light field cameras, it is limited to depth prediction [40]. In practice, light field cameras
have the issue of the quality degradation of the depth due to the non-uniform distribution
of the light field. The learning based framework to find the best configuration that can
provide the best depth estimation has been performed by augmenting and training the
dataset and minimizing the matching cost based on the differences in the gradient and
color information of the images. This work contributed to alleviating the depth distortion
problem, but it still suffers from a texture-less target object [41]. The previous work,
as mentioned above, chiefly dealt with depth estimation or accurate image warping to
generate a novel view or 3D reconstruction results. In this paper, we chiefly deal with the
adaptive selection of the images and the analysis of the computation time and the image
quality of the synthesized results with 3D polygonal mesh generation and texture mapping.
In addition to the synthesis of the colored and depth images using the array cameras, the
proposed work presents the adaptive selection of the images, that is finding the optimal
number of images that can provide a reliable synthesis result, but the number of images
selected is less than the number of the elements of the array cameras (25 cameras in this
paper). Akin to the Nyquist rate in signal processing, we focus on the determination of the
sampling criterion for a reliable result. Image-wise sampling is employed in this work, and
the whole sampling rate corresponds to 25, which is the size of the array. Fully exploiting
2D colored and grey-scaled depth images, the mesh generation and texture mapping are
carried out using only the selected images. This work is different from IBR (image based
rendering) in that our work employs geometric information, a depth map, and colored-
image data [42]. The synthesis work is carried out using both the estimated depth and color
information of the images. Once the depth map is generated for each image, matching
between the depth map and color information is carried out so that the synthesis of the
depth images can be successful. In particular, the quality of the representation is based
on the technique of synthesizing images and depth information, and the results of the
synthesis depend on the quality of the transition of the image content that overlaps among
neighboring images. There have been numerous works on image synthesis that provided a
successful transition between images that contain common contents, leading to overlapped
regions, but these works did not perform synthesis using the depth map [43].

In the experiment in this paper, we propose an approach to view synthesis with
mesh generation and texture mapping using a light field (plenoptic) camera composed
of 25 cameras (5× 5 array). The present work is different from the previous work in that
not only image synthesis, but also the synthesis of the depth map is performed to provide
the synthesized 3D model of the target scene. This work is also different from the existing
work in that this work also focuses on the depth map estimation, which takes into account
occlusion based on the gradient, and the occlusion problem is resolved to provide a higher
quality mesh. In the previous work, in general, the light field camera focused on the 3D
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reconstruction itself to provide a better result than conventional reconstruction methods,
rather than other aspects such as image representation, synthesis, etc. In addition to the
depth map and mesh generation, this paper proposes an approach to view and depth map
synthesis that generates an extended view of a scene, which is difficult using only a single
camera. This work hence provides an extended view and depth with a single capture using
a set of cameras, i.e., array cameras. If a wide field-of-view (FOV) camera is given, it is easy
to acquire the scene with the extended view, but this requires changing the hardware or the
whole camera system, which incurs a high cost. By using array cameras, with the synthesis
algorithm, the extended view can be provided without high cost custom hardware, and
the configuration of each camera can generate various effects in the image results. This
paper proceeds to generate the 3D mesh and perform texture mapping followed by depth
map estimation. Depth images are generated corresponding to each image, which is an
element of the array camera system. The depth map estimation is similar to that using a
stereo camera system, but not only neighboring (or adjacent) images, but also any pair of
images is used to generate the depth map. The selection of the images affects the depth
map result. For example, a pair of images is selected from the top right and top left; the
disparity may be larger than other selections, but the area of the overlapped regions will be
the smallest. However, if adjacent images are selected, the area of the overlapped regions
may be the largest. The former case is able to provide the largest extended view, but
the latter one may provide the smallest extension. However, the latter case can provide
an accurate stitching result because there are sufficient overlapped regions with feature
points. Each viewpoint of the 25 cameras generates a corresponding depth map, and the
depth map synthesis and RGB image synthesis are simultaneously carried out to provide
an extended 3D view of a real-world scene. By increasing the number of cameras, the
computational complexity increases accordingly, but in this paper, we propose an approach
to view synthesis with the adaptive selection of the images. In other words, we demonstrate
that less than 25 images can generate a 3D representation of a scene with the mesh and
texture mapping while preserving the quality of the result using 25 images. In this paper,
we describe how to find the optimal number of input images that can generate reliable
results of mesh generation and texture mapping for a 3D view synthesis result by showing
the computational complexity and image quality. In particular, to find the optimal number
of images for the 3D synthesis, the sampling criterion is determined based on the contents
of the input images. Feature matching between the images and the corresponding depth
map provide the optimal coverage of a target scene that minimizes the overlapped regions.
Overview of the present work is shown in Figure 1.

Figure 1. Flow diagram of generating an extended 3D view using a set of images using array cameras.

The rest of the paper is organized as follows. Section 2 details the depth map gen-
eration using images from different viewpoints. Section 3 is about the view synthesis
with adaptive view selection, which contributes to the efficient system with respect to the
computational complexity. Section 4 presents 3D mesh generation followed by texture
mapping. Section 5 substantiates the proposed AVS by showing the experimental results
using the images captured by the array cameras before we conclude this paper.
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2. Depth Map Generation for Synthesis

This section provides the details about generating the depth map for synthesizing
grey-scaled depth images. The depth map is generated based on the parallax between
neighboring images captured by array cameras. In the course of depth map generation,
gradient based detection of occlusion is discussed. Any pair of images can generate a
depth map, while occlusion is always taken into account, and disparities are calculated
between matched feature points, for which the 5× 5 array cameras are already calibrated.
In the existing work on light field cameras, the density of light field sampling is crucial to
guarantee the quality of rendering or 3D modeling results. Unless densely sampled, the
rendering result shows a blurring effect. Since rendering or modeling results are deployed
in three-dimensional space, a high quality depth map is desired, and this work generates
the depth map with occlusion detection and the pre-segmentation of the objects, leading
to better depth map quality. Twenty-five cameras are located at different positions, and
this array structure can deal with the occlusion that is inherent to the two-view system.
In other words, we can choose any possible pairs of images from the 25 cameras that are
calibrated, so it is possible to choose a pair of images that contains the minimal amount
of occlusion. The necessity of the choice leads to proposing an adaptive view selection,
which is the main contribution of this paper. A single camera always has the limitation
of the field-of-view (FOV), because the FOV is the intrinsic characteristic of a camera,
which closely related to the hardware, which cannot be easily changed, leading to a high
cost to change the FOV to acquire the wide range of a scene. There have been works to
develop software techniques for the wide FOV effect, but the software based FOV also has
limitations. View synthesis or image stitching are the most popularly employed to achieve
the FOV effect using a number of single cameras. Overlapped regions between captured
images are fully exploited to combine the captured images, and the combination provides
wide range images. View synthesis basically combines images that contain overlapped
regions, and array cameras are used for the synthesis. To find overlapped regions, similar to
the other imaging techniques, feature extraction should be carried out a priori. To proceed
with the synthesis, feature matching between neighboring images (or any pairs of images)
is performed, and the matching is carried out on any pair of images that is chosen. In
this paper, we use calibrated cameras, i.e., the images are rectified, and all of the images
are vertically or horizontally aligned, so matching, disparity estimation, and depth map
generation can be easily performed. In the course of feature extraction, the SIFT algorithm
is employed because, based on the experiments in this work, SIFT outperforms SURF, ORB,
or others in terms of feature extraction [44]. SIFT mitigates the dependency on the order
of images used for the synthesis, the orientation of the images, the relative illumination,
and noises added to the images. Once feature detection is complete, feature matching
(using random sample consensus (RANSAC)) is performed between the images of a pair of
images. Since 25 images are used, neighboring images, not only adjacent ones, but also any
pairs of images are chosen in the array. Figure 2 shows images captured by array cameras
and an example of feature matching using the RANSAC algorithm.

The actual experiment is carried out using all 25 images, as shown in Section 5. The
better result of feature matching (including feature extraction) leads to greater simplicity,
easiness, and the better quality of the depth map or synthesis result. Even though the im-
ages are rectified, since calibration is an optimization process, there is always the possibility
of the existence of a small orientation between the images. Since the images are captured
by cameras that are located at different positions with respect to each other, various scaling
also exists, and this is different from the case of stereo vision (only a two-view system).
Thanks to the robustness of the SIFT algorithm to scaling and rotation, the present work
employs SIFT to extract the feature points from a set of images. Once feature matching
is carried out among the images, the geometric relationship among the feature points
is established. The relationship plays a key role in the synthesis of the images. Image
synthesis using SIFT was proposed in [45], which only used 2D image points for stitching
images. Homography estimation between two images is necessary to complete feature
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matching using the RANSAC algorithm. To find the homography between the images,
the RANSAC algorithm randomly chooses sample feature points from the images. Based
on the randomly chosen samples, the homography is estimated, then the homography is
applied to the other feature points that were not sampled previously. If the estimated result
is not correct, the random sampling procedure is carried out again, and the procedure is
iterated until the accuracy of the estimation of the homography is satisfactory. Accurate
homography can possibly lead to the better quality of the depth map estimation stitching
result under the assumption that the images are in affine transformation. This paper aims to
generate the synthesized 3D mesh and texture, so depth map estimation with high accuracy
is also desired. Rectified images provide relative depth information using the disparity
between the matched points. In other words, the vertical coordinates of the matched points
in the images are equivalent once the rectification is completed. To generate the mesh, the
depth should be calculated. Since the experiments in this work also use a set of images, the
procedures of depth extraction are very similar to the stereo vision technique. Thus, the
depth (z) is calculated using the baseline (b) (the distance between the optical centers of the
cameras), the focal length of the camera ( f ), and the disparity (d) between two matched
points PL and PR as follows.

z =
b f

|xR − xl |
=

b f
d

, (2)

where xl and xR are the horizontal 2D pixel coordinates of PL and PR, respectively, in the
image plane (Figure 3).

Figure 2. Once the feature is extracted using SIFT from two adjacent images (a,b), feature matching
between the images is carried out using RANSAC (c).

The parallax between two images generates occlusion, where the disparity calculation
is impossible, as shown in Figure 4. However, array cameras can mitigate this problem
because there are other viewpoints that can alleviate the limitation of only the two-view
system (stereo camera system).
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Figure 3. Depth map estimation is carried out using the disparity value and based on the geometric
relationship between two image planes.

Figure 4. Disparity estimation is performed by calculating the difference of the horizontal coordinates
of two adjacent images (a,b). Disparity estimation is inaccurate or impossible to estimate due to the
existence of occlusion (e.g., occlusion is observed in the areas of the red circles in (a,b).

Contrary to the usual stereo vision method, the present work uses 25 cameras, each of
which is located at different positions, and accounts for the occlusion problem, which can
be resolved because multiple (more than two) viewpoints are available. The number of
viewpoints enables us to generate a depth map of reliable quality with 25 images.
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3. Synthesis with Adaptive View Selection

The number of images to synthesize the images (both the color and depth images)
influences the efficiency and accuracy when generating the depth map, mesh, texture, and
synthesis results, and as expected, there exists a trade-off between accuracy and efficiency.
This section presents the adaptive selection of the images for the extension of the depth map
and color image by synthesizing arbitrary views. View synthesis is a difficult work because
the synthesis procedure can result in errors in the overlapped region between images from
different viewpoints that have the same image context. For example, given two images, the
optimal cut region between the overlapped areas leads to a successful transition between
the images. Due to the existence of overlapped regions that contain the same content, it is
important to merge the images into a single image. Some images having common content
are mapped onto the same region of the synthesized image. To solve this problem, blending
the images is required when the synthesis is performed. The synthesis of the depth images
that correspond to the color images acquired by the array cameras is more difficult than
the synthesis of 2D color images, because depth synthesis has the additional problem
of fewer feature points than those of color images. A successful synthesis result should
avoid the discontinuities possibly contained in the result, so the synthesis work should
fully exploit the image, the depth, and the relative positions of the cameras. This leads to
emphasizing the importance of calibrating the cameras, which was already solved in the
experimental setup in this paper. Using 25 rectified images, twenty-five corresponding
depth maps were consequently generated by calculating the disparities between adjacent
images. In this paper, to efficiently proceed with the synthesized 3D model, the synthesis
of the depth image was also performed. Since the approach to the synthesis of the depth
map is similar to the one for synthesizing RGB images, we start by synthesizing RGB
images. Each image Ii is captured by the ith camera Ci, i ∈ {1, 2, . . . , N − 1, N} (N = 25),
and C = {C1, C2, . . . , CN−1, CN}. Specifically, Ci includes the 2D image plane of the ith
camera. Each 2D image plane Ii is included in Ci and forms the projected image of the
3D real-world scene. However, depth map synthesis is different from view (color image)
synthesis in that the depth map image lacks feature points compared to the color images.
Thus, prior to depth map synthesis, the registration between the color image and depth
map is required. As mentioned above, the synthesis of depth images is a difficult task,
but it is much more efficient to generate a synthesized 3D model than to generate a new
depth map from the synthesized RGB images. For the synthesis, the geometric relationship
with the depth image needs to be established. For the depth map resulting from the
pairs of images captured by the cameras located at different positions, there also exists
a geometric transformation between any pairs of depth images. Pairs of feature points
between images that are matched are mapped to the same position in the depth map
images. To achieve the registration result, of course, the feature matching and homography
should be estimated with high accuracy. In addition to accurate homography and feature
matching, the proper selection of images needs to be performed, i.e., selecting the best
views for synthesis is required. Simply selecting the neighboring image for depth map
generation and feature matching will lead to a low accuracy of registration and synthesis.
Since all of the images in the array are independent of each other, the extension and
smooth transition between any pair of images are crucial parts of the synthesis. Only
selecting neighboring (or adjacent) images will not provide sufficient clues for quality
improvement. As the cameras are already rectified, homography estimation does not
affect the accuracy of vertical alignment. However, in this work, homography estimation
provides information about the geometric relationship between any pair of images. This
procedure is different from the usual homography estimation in the stereo vision system.
Homography estimation can be written as:

PR = HPL, (3)

where PL and PR are two-dimensional points represented using homogeneous coordinates
in the image plane, IL and IR, respectively, and H is the homography matrix that uniquely
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determines the geometric relationship between two images. The relationship written in
Equation (3) also can be represented as:

PR = HSPL, (4)

where PL and PR are two-dimensional points in a homogeneous coordinates system, i.e.,
PL = (xL, yL, 1) and PR = (xR, yR, 1), and HS is a transformation matrix, called similarity
transformation. The relationship written in Equation (4) can also be represented as:

HS =

s cos θ −s sin θ tx
s sin θ s cos θ ty

0 0 1

 =

[
sR t
0T 1

]
, (5)

where θ is the relative rotation (in degrees or radians) between two images and tx and ty are
the translation between two images in the horizontal and vertical directions, respectively. s
is a scaling factor that does not affect the result of interest in this work (s can be set to one
for simplicity). In this case, the images are already rectified, and θ is almost equal to zero.
HS is rewritten as:

HS =

s 0 tx
0 s ty
0 0 1

 =

[
sI t
0T 1

]
, (6)

where I is a 2× 2 identity matrix. Since the array cameras are used, the homography is
estimated between any pair of images, represented as follows.

Pi = HijPj, i, j = 1, 2, . . . , 25, (i 6= j), (7)

where Hij represents the homography between the points Pi and Pj. One example of
homography estimation is shown in Figure 5.

Figure 5. One example of the homography matrix (H) estimation. Two images have relative positions,
and homography estimation is one of the methods to represent the relationship.

Based on Equation (6), the relationship we chiefly deal with is the translation vector, t.
Since the images are rectified, all 25 images are translated one from the other. However, in
the case of the array cameras of this work, different viewpoints generate scaling factors
that are not constant. In other words, Hij in Equation (7) has an element sij instead of s in
Equation (6). Intuitively, as shown in Figure 6, the scaling of the objects in the images is
different from each other.
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Figure 6. If two images (a,b) have different scaling factors, the direct estimation of the disparity
is impossible.

Due to the existence of scaling, even though the images are rectified, homography
estimation is still necessary. In addition to insufficient feature points, depth images from all
different viewpoints have different scales (see Figure 7), leading to the necessity of depth
map compensation to achieve a reliable synthesis result.

Figure 7. Two images with different scaling factors can be appropriately depth mapped from each
perspective if the scaling factor is accurately estimated. (a,b) are the depth maps of the images of
Figure 6a,b, respectively.

The contents included in the images overlap each other, so the computational complex-
ity of the synthesis work may be significantly increased. To achieve an efficient synthesis
result, i.e., to decrease computational complexity, without information loss, the adaptive
selection of the images is highly necessary. To reduce the computational complexity, depth
estimation is performed using images of a reduced size, e.g., the image size is reduced
to 1/16 of the original one. The depth map result using the reduced size of the images
did not show information loss in the experiments. In addition to reducing the size of the
images, adaptive selection, i.e., sub-sampling of the images, is performed to significantly
reduce the computational complexity. The adaptive selection is the most crucial part of this
paper, and this contribution is different from the previous work on view synthesis. The
flow diagram of the view selection proposed in this paper is depicted in Figure 8.

As mentioned above, array cameras provide images that have overlapped contents.
The overlapped contents provide sufficient information to synthesize the views. Prior to
synthesis, feature points from each image are extracted, and the homography between
the images is calculated after feature matching between them. All the images may not be
necessary for the synthesis because all the images share common contents in the images. If
image based rendering is of interest, the computational complexity is almost independent of
the number of images. Intuitively, the use of fewer images can decrease the computational
complexity because fewer images generate a smaller number of feature points, leading
to less calculation for feature matching, as well as less calculation for depth information.
Adaptive view selection (AVS), in this paper, provides a criterion for the selection of images
(less than 25) that generate the view and depth map synthesis that does not degrade the
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general quality from a visual perspective. Let the result of the synthesis using all of the
images (25) be defined by S and the result of the synthesis using n images by S̃, respectively;
the goal of the determination of criterion is written as:

S̃ = arg min
n<25

[distance[S, S̃]] (8)

Figure 8. Flow diagram of the proposed approach to view synthesis with adaptive view selection. (a) Input: 25 images.
(b) Synthesized result using selected images.

To achieve the determination of the criterion for view selection, three types of selection
are presented. Each type of selection should contain the images that include all of the
contents. In most cases of selection, the central image is used because the important contents
of a target scene are contained in the central image. In the first, four-views selection is
considered. Four-view selection randomly chooses four images among 25 images. This
selection can decrease the computation time, but the amount of the overlapped region is
smaller than the other cases if the images at the corners are selected. If we avoid the images
at the corners, the synthesized result might not be able to cover the whole part of a scene.
In this case, four images are selected, and they are located at the corners of the array, i.e.,
each of them is located at the left-bottom, right-bottom, left-top, and right-top (Section 5).
Intuitively, four views can lose the information of all of the views contained in the array
cameras. However, the selection of four images can be considered if they contain all the
contents of a target scene. Of course, the parallax is bigger than any type of selection. As
shown in the experimental results, four-view selection is vulnerable to information loss
when synthesis is carried out. Due to the large parallax between any pairs of images, the
insufficient results of feature matching can lead to the wrong homography estimation. To
mitigate the large parallax, seven-view selection can be considered (Section 5). Seven-view
selection decreases the amount of parallax compared to the one with four-view selection.
The images at the corners and the image at the central position are added to the selection.
Similar to the aforementioned selection, more images are selected so that the parallax can
be decreased. Theoretically, the number of images selected can be from one to 25. However,
if a larger number of images is selected, the computational complexity will increase. The
quality of the synthesis can be saturated once the number of selected images is bigger
than the threshold. This threshold can be determined based on the experiments here.
Equation (8) can be rewritten as follows:

S̃ = arg min
n<25

[||distance[S, S̃]− θ||], (9)

where θ is the threshold. Next, we discuss mesh generation and texture mapping with a
synthesized color image and a depth image.



Electronics 2021, 10, 82 13 of 22

4. Mesh Generation and Texture Mapping

Synthesized depth images and color images generate a new 3D model with meshes
and textures. In the previous section, we discussed the synthesis of depth and color images
based on a geometric transformation between any pairs of images (color and depth). Thus,
a set of color images (I), depth images (D), and a triangular mesh (T) contain the geometric
transformation as follows.

Ii = GI Ii, (10)

Di = GDDi, (11)

Ti = GT Ti, (12)

where GI , GD , and GT represent the geometric transformation of color images, depth
images, and triangles, respectively. To reconstruct the 3D structure of a scene of interest,
two main approaches can be employed: one is using geometric reconstruction, and the
other one is image based reconstruction. In the course of the geometric reconstruction,
the 3D coordinates or a triangular mesh are widely used. The geometric 3D coordinate
information can be represented using a triangular mesh, a binary volume depth-per-pixel,
or other types of polygonal mesh [46–48]. Based on the depth map estimated using the
parallax between neighboring views and using Delaunay triangulation, a 3D mesh is
generated from the reference depth information. The pixel based mesh is generated based
on the depth values, each of which is defined on each pixel, i.e., depth is assigned to each
pixel. The polygon based mesh is generated on each polygon (a triangle in this paper) that
is generated using triangulation. Feature points are extracted using SIFT from all of the
images, and these points play the role of seed points to generate the Delaunay triangle
(Figure 9).

Prior to feature extraction, images are preprocessed using a low-pass filter. In this
work, a bilateral filter is employed because it preserves the high frequency components of
the image compared to the Gaussian filter (Figure 10).

Figure 9. A Delaunay triangle is generated followed by feature extraction. Triangulation (right
image) is generated based on feature extraction (left image).

Once feature extraction has been performed, the result applies to generating the
Delaunay triangle and to depth map generation. Both of them are necessary for mesh
generation. Since the mesh contains 3D geometric information, a high quality depth map
is required. In this work, the segmentation based depth map is employed [49]. Prior to
calculating the disparity between matched feature points, mean-shift based segmentation
is carried out. To resolve the occlusion problem inherent to depth map estimation, the
gradient of the images is calculated to detect occlusion areas. By calculating the gradient of
the image across the horizontal direction for the pair of matched points, occlusion can be
detected. Once the gradient based detection is performed, the region of occlusion is finally
detected based on the matching cost calculated using Equation (13). To improve the quality
of synthesis, occlusion detection is required.

D(PL, PR) = ∑
W

∑
W
|IL(xL + m, yL + n)− IR(xR + m, yR + n)|, (13)



Electronics 2021, 10, 82 14 of 22

where xL, xR, yL, yR, m, and n are the coordinate points of PL and PR, the amount of
shift in the horizontal and vertical direction, respectively. W is the size of the window
to calculate the cost (dissimilarity). In addition to resolving occlusion, a depth map is
generated corresponding to each image (Figure 11).

Figure 10. The bilateral filter preserves the high frequency components of the images.

The depth map and the Delaunay triangles are combined to generate the 3D mesh.
The third coordinate (depth information) is added to the generated triangles defined in the
2D coordinates so that the 3D mesh can be constructed (Figure 12).

Figure 11. Segmentation based depth map estimation. (a,c) Input images; (b) depth map correspond-
ing to image (a); (d) depth map corresponding to image (c).

Texture mapping can be accomplished by laying the color image on a three-dimensional
space. The generated mesh yields a one-to-one mapping to the 2D color information from
the 3D mesh result. In texture mapping, registration between the depth map, mesh, and
RGB images should be performed because the mesh is an approximated depth map, and
the blending of the color images needs to be carried out. The pixel coordinates of the color
images should correspond to the coordinates of the depth map and the mesh. Adaptive
view selection plays key role in the result of texture mapping because the desired scene



Electronics 2021, 10, 82 15 of 22

should be represented in the 3D reconstruction result with the mesh and texture. To achieve
proper view selection, occlusion should be dealt with prior to texture mapping. The results
of the texture mapping are shown in Figure 13. The captured images are used to estimate
the depth map, and the feature points are used to generate the Delaunay triangles. In
addition to the depth map and the triangles, color information is added to them to generate
the 3D view with the 3D mesh.

Figure 12. Depth map information is added to the triangle to generate the mesh. (a) Input image.
(b) Depth map of image (a). (c) The generated triangular mesh.

Figure 13. Texture is mapped to the points, the locations of which are matched to those of the
generated mesh.

To generate the synthesized 3D mesh with texture, we fully utilize the synthesized
color and depth images. The synthesis of the depth images is performed based on the
establishment of the scaling, rotation, and translation between any pair of depth images.
This approach is more efficient than the approach that generates a new depth map from a
synthesized color image.
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5. Experimental Results

In order to substantiate our proposed AVS method, experimental results are presented
with images captured by 25 array cameras, i.e., the dataset contains 25 images. Simulations
were performed using Python 3.7.4, Numpy 1.16.4, Matplotlib 3.1.0, and mpl-toolkits 1.2.1
and were performed on a CPU Intel® Core™ i3-8100@3.60 GHz, GPU Geforce 270 RTX,
with 24 GB RAM. This section evaluates the proposed approach for AVS in a quantitative
and qualitative way. Specifically, the effect of the number of images used for synthesis,
mesh generation, and texture mapping is investigated. In the experiments, the number
of selected images for the synthesis varied from four images to 25 images, and the com-
putational complexity (efficiency) and PSNR (quality) were measured. All images were
captured by array cameras with a 5× 5 array structure. Figure 8 shows the input images.
In this work, we used a real-world scene composed of various objects rather than using
a single object in a totally controlled circumstance, as the existing work. To this end, the
optimal number of images for the synthesis of 3D modeling was determined from the
experiments. The synthesis results of the image and depth map with different numbers
of input images were evaluated. The cameras were already rectified, so the implemen-
tation started with the disparity calculation. Figure 14 shows one example result of the
synthesis of the 2D images using 25 views. If all 25 images were used for view synthesis,
the result would show the extended range of views in the vertical and horizontal direction
(Figure 14). All of the experiments were performed using images of 1920× 1080 pixels,
and the size of the images was downsized (to 544× 306) when the depth was estimated,
for computational efficiency.

Figure 14. View synthesis with 25 images is extended in the vertical and horizontal direction.

The quality of the synthesis using 25 images can be improved if the overlapped regions
can be more accurately detected and more accurate homography estimation is performed.
The improved results are shown in Figure 15.

Next, the view and depth map synthesis with adaptive view selection is depicted. As
expected, the increase of the selected images provides a better quality synthesis result with
higher computational complexity. In this experiment, we need to find the optimal number
of selected views that does not significantly degrade the quality of the synthesis results. To
generate the synthesized 3D model, the number of feature points used was ranged from
800 to 1000 (in the case of selecting 4 images: 827, in the case of selecting 7 images: 885, in
the case of selecting 11 images: 807, in the case of selecting 25 images: 914). In other words,
even if the selected number of images varied, the variation of the number of extracted
feature points was not large. As a result, even if seven or 11 images were selected, the
synthesis result would not lose generality. In other words, only a 50 percent sampling
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rate or less than this rate sufficiently provided a reliable synthesis result from the visual
perspective. If four views were selected, the synthesis result showed errors in that the
objects were overlapped in the wrong positions in the image plane (Figure 16). As shown
in the results below, the results of the synthesis using different numbers of images provided
different qualities. However, since different views were synthesized, the extended depth
map and image were generated.

Figure 15. The results of the synthesized images is improved with accurate homography estimation
in addition to accurate detection of the overlapped regions. (a) Synthesis before homography
optimization. (b) Synthesis with homography optimization.

Figure 16. View synthesis with four images is extended in the vertical and horizontal direction.

If 7, 11, and 25 views were selected, the synthesis result showed better quality than
the one with four views (Figures 17–19).

Figure 17. View synthesis with seven images is extended in the vertical and horizontal direction.

Figure 18. View synthesis with 11 images is extended in the vertical and horizontal direction.
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Figure 19. View synthesis with 25 images is extended in the vertical and horizontal direction.

The quality of the results was validated using the results from the visual perspective
(quantitative) and using the PSNR. The quality of the synthesized results with different
numbers of images is shown in Figure 20.

PSNR = 20 log10

(
MAXI√

MSE

)
, (14)

where MAXI is the maximum intensity value of the synthesized image and MSE is mean
squared error calculated between the synthesized and the original image.

Figure 20. View synthesis with different numbers of images shows that the quality with seven or 11 images is competitive
with the one with 25 images.

As shown in Table 1, the PSNR of the synthesized results validates the efficiency of
the proposed method in that the PSNR of the results with seven and 11 images is more
competitive than the result with 25 images. The relative quantity using the percentage is
also provided in Table 1 (in the last column). The computational complexity (seconds) is
shown in Table 1 and Figure 21. The execution time significantly increased when 25 images
were used to generate the results, but the quality (PSNR) was very competitive to the
case of using 11 images. The selection of views was randomly carried out. For example,
Figure 17 shows one example of seven selected views. The execution time almost increased
exponentially with the number of images selected. All the experiments were conducted on
a 3.00 GHz (6 CPUs) Intel(R) Core(TM) i5-8500 processor and 8GB-RAM workstation.
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Figure 21. Selection of images is randomly chosen among the 25 images. As the number of images is
selected, the computational complexity increases accordingly. Computational complexity is repre-
sented using time (seconds), and the horizontal axis represents the number of selected images (ns).

Table 1. Computation time (s) with the number of images used for synthesis.

Number of Images Execution Time (Average) PSNR Improvement

4 8.139 26.3984 97.9%
7 26.835 26.9291 99.8%
11 70.558 27.0297 100%
25 373.128 26.9667 -

The triangulation result and depth map were combined to synthesize the depth map
itself so that we could generate the 3D synthesis result (Figure 22).

Figure 22. View synthesis with four images is extended in the vertical and horizontal direction.
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6. Conclusions

This paper presents an approach for the efficient 3D representation of a real-world
scene using mesh and texture mapping. In particular, this work presents AVS, which
determines the optimal number of images that can provide a reliable result of the extended
3D view without considerable loss of quality. This work analyzes the computational
complexity and image quality by varying the number of images. The selection of images
is carried out based on the contents included in the images for a full coverage. Since 3D
rendering or 3D reconstruction work sacrifices computational efficiency due to the size
of the images, the present work chiefly deals with efficiency and simplicity. Of course,
accurate 3D reconstruction is very important; however, limited resources such as high
cost hardware or the size of devices lead to considering realistic aspects. This work starts
from generating the depth map of all of the images and feature extraction to generate the
3D mesh. To this end, this work proposes an approach to the synthesis of images and
depth map images (in gray-scale) with the AVS approach. This work is different from
the existing work in that this work synthesizes not only 2D images, but also gray-scale
depth map images and uses both of them to alleviate the limitations: 2D images lack depth
information, and depth maps lack feature points. Registration between the depth map
and color image is carried out to generate the synthesized image and depth map. With
the synthesized depth map, the texture is mapped onto the extended depth map. Depth
map synthesis is a challenging problem because only the depth map lacks feature points
compared to the amount of feature points in a color image. This work still has limitations
in that it depends on the quality of depth estimation. Future work will focus on developing
a framework for 3D view synthesis based on the deep neural network.
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