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Three-Dimensional Integral-Imaging Display
From Calibrated and Depth-Hole Filtered
Kinect Information

Seokmin Hong, Adrian Dorado, Genaro Saavedra, Juan Carlos Barreiro, and Manuel Martinez-Corral

Abstract—We exploit the Kinect capacity of picking up a dense
depth map, to display static three-dimensional (3D) images with
full parallax. This is done by using the IR and RGB camera of
the Kinect. From the depth map and RGB information, we are
able to obtain an integral image after projecting the information
through a virtual pinhole array. The integral image is displayed
on our integral-imaging monitor, which provides the observer with
horizontal and vertical perspectives of big 3D scenes. But, due to
the Kinect depth-acquisition procedure, many depthless regions
appear in the captured depth map. These holes spread to the gen-
erated integral image, reducing its quality. To solve this drawback
we propose here, both, an optimized camera calibration technique,
and the use of an improved hole-filtering algorithm. To verify our
method, we performed an experiment where we generated and
displayed the integral image of a room size 3D scene.

Index Terms—Bilateral filter, bilinear interpolation, camera
calibration, integral imaging, kinect, median filter, 3D display.

1. INTRODUCTION

ONVENTIONAL photography is fully adapted to record
C the 3D world scenes into a two-dimensional (2D) sen-
sor. Although 2D images carry some cues from the 3D nature of
scenes, they still lack important information. Fortunately, nowa-
days there are techniques that are able to record 3D information
from 3D scenes. One interesting method is to record a depth
map. A depth map can be obtained, for example, by the stereo
vision technique, which takes profit from the disparity between
the images captured with two cameras arranged horizontally
[1], [2]. Other techniques are based on the projection of a ran-
dom IR dot pattern [3], [4], or on time-of-flight technology
[S]-[7]. Also interesting is to take profit from the vertical and
horizontal views captured in with integral-imaging (Inl) tech-
nology [8]-[12]. InI can provide 3D images in color with, quasi-
continuous, horizontal and vertical parallax. For this reason it
has been considered as one of the most promising technologies
for next generation of 3D displays [13]-[18].

Manuscript received May 2, 2016; accepted July 21, 2016. Date of publi-
cation July 27, 2016; date of current version October 11, 2016. This work
was supported in part by the Plan Nacional I4+D+1 under Grant DPI2015-
66458-C2-1-R, Ministerio de Economia y Competitividad, Spain, by General-
itat Valenciana, Spain under Project PROMETEOII/2014/072. The work of S.
Hong was supported by the University of Valencia under a predoctoral Grant
UV-INV-PREDOC15-265754.

The authors are with the Department of Optics, University of Valencia,
Burjassot E-46100, Spain (e-mail: seokmin.hong @uv.es; adrian.dorado@uv.es;
Genaro.Saavedra@uv.es; barreiro @uv.es; manuel.martinez@uv.es).

This paper contains supplemental material available at
ieeexplore.ieee.org.

Color versions of one or more of the figures are available online at
http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JDT.2016.2594076

http://

In a previous work we proposed the use of the depth map and
a RGB image obtained with a Kinect to calculate an integral
image and project it onto a 3D display system [14]. Although
innovative, this research provided results that must be improved.
The main problem of this previous research was the appearance
of big holes in the depth map, which propagate up to the gen-
erated integral image. Another problem comes from the use the
Kinect’s software-development-kit (SDK). This method imple-
ments a mapping from IR camera to the RGB camera of the
Kinect in order to merge the views of both cameras. But after
applied, the SDK function produces some noise due to an error
in decimal computation. In addition, this method can’t make the
mapping in the opposite direction.

In order to solve these problems, we propose some alterna-
tives. First, we propose a new method for the camera calibra-
tion process between the two different sensors presented in the
Kinect. This procedure is described in Section II. (Fig. 1(a) and
(b)) Second, we propose to recover the lost depth information
by using a filtering algorithm, which is explained in Section
III (Fig. 1(c) and (d)). By applying these changes, we are able
to obtain a better depth map, with lesser holes, due to the fil-
tering and a better calibration process. With this improved 3D
information, we generate higher quality of microimages. The
microimages generation process is descripted in Section IV. Fi-
nally, in Sections V and VI, we provide experimental results and
conclusions respectively (Fig. 1(e)).

II. CALIBRATION BETWEEN THE TWO DIFFERENT TYPE
OF CAMERAS OF THE KINECT

The Kinect device is well known for its capacity of captur-
ing simultaneously, with two different types of camera, both, a
color image and a dense depth map [19]. However, the field-of-
view (FOV) of the two cameras are not matched properly. One
solution to this drawback is the well known Camera Calibra-
tion Technique [20]-[25], which is able to correct the camera-
lens distortions, to figure out the focal length and to estimate
the 3D location of a camera in real world coordinate system.
Furthermore, this process can determine the correlation be-
tween the camera’s own coordinate’s unit (image’s pixel co-
ordinate) and the real world’s measurement unit (millimeters,
centimeters, etc.).

The calibration is a two-step process. First, in order to find
a relationship between two cameras (that is, in order to obtain
their intrinsic and extrinsic parameters) a special pattern must be
captured. Second, the two captures are merged together using
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(a) (b)

Fig. 1.

©)

(d) (e)

From left to right: (a) Captured raw color intensity image. (b) Processed image: coordinate conversion from color intensity camera to Infra-Red (IR)

camera of the Kinect by using calibrated camera parameters with bilinear interpolation method. (c¢) Captured raw depth map image. (d) Image obtained using our
proposed depth-hole filtering algorithm. (e) Final result: single-frame excerpt from the recorded video of the implemented integral imaging monitor.
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Fig. 2.

Sequential steps of the process to detect the chessboard pattern: the image is segmented into different parts. Otsu threshold is applied to each part and

the results are accumulated. The procedure depends on the scene; therefore, we applied several segmentations to the captured scene, from 1 to 15 times flexibly.
Upper row shows the results of original Otsu algorithm. Bottom row shows the result of adding accumulative procedure.

(d)

(c)

Fig. 3. Processed result using the proposed threshold technique. (a) Raw
image from IR camera; (b) raw image from RGB camera; (c) thresholded image
from (a); and (d) thresholded image from (b). Chessboard’s corner points are
found correctly even when the image has low illumination.

a transformation that takes into account the data previously
obtained. Therefore, in order to calibrate we use a chessboard
as the reference pattern for both cameras. The main reason of
using a chessboard is that a regularized pattern improves the
accuracy of the calibration [26].

It is worth to note that the image of the chessboard recorded
with the IR camera is very dark, see for example Fig. 3(a) [27].
In order to overcome this drawback we propose to use a new
algorithm that is based in the application of well-known Otsu
thresholding method [28], but in iterative accumulative way.
Our algorithm works as follows:

First, the image [ is divided into i different parts, with a
sequential ratio S; = 1/i1/i. Then, Otsu algorithm, T, is
applied to each individual part I; I. Finally, the results are saved
accumulatively into destination /I, as shown in Egs. (1) and (2)

Lo =Y HT@) + L} /2] (1)

where

I; = 5; (I @3]

The main feature of this new algorithm is that, indepen-
dently of the complexity of the whole image, it highlights the
chessboard pattern. Figs. 2 and 3 show this procedure in detail.

Once applied our algorithm, we can calculate the intrinsic
and extrinsic parameters of the cameras. The intrinsic parame-
ters are: the focal length, the aspect ratio and the central point of
the view. The extrinsic parameters are the camera 3D location
and orientation. We can use the values of theses parameters to
fuse both cameras coordinate systems. The matrix Egs. (3) to (5)
rule the process to merge the FOV of the two cameras. In these
equations K represents the intrinsic parameters; 2D point coor-
dinate within each image is represented by p; P is each camera’s
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Fig. 4.

From left to right: (a) Raw RGB intensity image; (b) calibrated RGB image from RGB camera to IR camera, (c) interpolated image’s result and (d) and

(e) raw mapping result in original and calibrated scene respectively. We can see that there are gaps (like as black stripes) in image (b). This is due to an error
coming from the decimal computation procedures between each calibrated pixels. We can fix this by using a bilinear interpolation; the result of the interpolation
is shown in (c). To attest this calibrated result, we make a mapping between the RGB image and depth map image. From the panel (e), we can check that the

calibrated RGB image fuses to depth map image well.

coordinate 3D point. Finally i and T are rotation and translation
matrices. These equations also permit to do an inverse mapping,
so that it is possible to make the mapping (merging the FOV)
between the two cameras in both directions

R‘gb = inv (Krgb) X Prgb (3)
Py = Rx Pg, +T 4)
Pir = Kir X -Pir (5)

Unfortunately, there is still another problem related with the
calibration process. The position of a pixel in an image is given
in natural numbers. The final calibrated pixel coordinate (the one
with the merged FOV) is represented by real numbers, which
are rounded. This generates some gaps within calibrated pixels,
see Fig. 4(b). As result, many pixels are misaligned in the cali-
brated image and therefore, into the 3D point cloud also same.
To solve this problem, we applied a bilinear interpolation to the
empty pixels between calibrated pixels; see Fig. 4 (c).

Finally, taking this into account, the calibrated RGB image
can be mapped well to the IR image. Also, we are able to display
in real time the calibrated images of both cameras. After all this
calibration process, now it is possible to use the depth map and
the RGB image to generate a 3D virtual point cloud in which
we assign to each point its corresponding 3D position and RGB
intensity. The Fig. 5 shows two views of a single shot of the
virtual 3D point cloud corresponding to the recorded scene.

III. DEPTH HOLE FILTERING

From the information captured with the Kinect we can com-
pose a collection of microimages ready to be displayed on an
Inl monitor, as we showed in our previous paper [14]. However,
that research had an important drawback. There were depthless
pixels in the recorded depth map, which generated noise into
the calculated microimages.

In the Kinect, the IR light source emits a known pattern
and the depth information is calculated after comparison, by
using triangulation method, between the known illumination
pattern and the observed dots at the captured scene [29]. The
problem arises when some reflective surfaces reflect IR light into
another direction or when the IR light penetrates into transparent
surfaces. This produces a loss in the depth information provided
by the Kinect and thus, generates the holes in the depth map.

1200 mm
nag mm

ea8 mm

Fig. 5. 3D point cloud in the virtual space. From both panels, it is clear that
each point has its own (x, y, z) position and RGB color intensity. Note that each
3D point is ordered on the basis on real world’s measurement unit.

To avoid this drawback, we propose here the use of a depth-
hole filtering process based on Camplani and Salgado work [30].
In order to make the algorithm more efficient, we propose here
some improvements on the original version of the algorithm. The
key idea of Camplani and Salgado filtering process is iteration.
In their proposal the depth map is captured several times. Every
acquired depth-map frame is filtered in order to remove the
spatial noise and purify the object boundaries. This filtered depth
map is used to update both, the depth model and the filtering
algorithm. Therefore, each acquired depth map increases the
quality of the depth model and the applied filter. So, after any
iteration more reliable depth information is obtained.

The flow chart of the hole-filtering algorithm, including our
proposed improvement, is shown in Fig. 7. The real depth infor-
mation D and the color intensity [ are captured at every loop. A
computed depth-map model D, 4.1 and consistent depth map
Cdceptn are the core of this algorithm. The Dy, 4.1 is the result of
applying the filter to the depth map and the Cycp¢n is a version
of the depth map that only stores the maximum depth values of
all the iterations results.
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2-(a)

2-(b)

Fig. 6.

2-(¢)

2-(d) 2-(e)

Comparison between original (1-(a)—(e), see also Media 1) and proposed (2-(a)—(e), see also Media 2) filtering algorithm: (a) is initial frame,

(b) 5 iterations, (c) 20 iterations, (d) 80 iterations, and (e) 219 iterations. Through the panels, we can compare the process clearly. Above all things, the
proposed strategy can recover the depthless pixel more efficient than the original method.
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* D: Captured depth information + D’:Classified depth pixels from D,,,,4.; to D

* I: Captured RGB image ¢ D’poder : Classified depth pixels from D to D,,5461
* Cgepen: Consistent depth map *  D’pitterea: The depth information being filter processed
*  Dpoder: Computed depth map model *  Dpgjypereq: Final result of filtered depth information

Fig. 7.  Flow chart of the proposed hole filtering strategy.

After capturing the 3D scene information, the second step
is collecting and classifying the depthless pixels by using the
captured depth information and a computed depth-map model.
If D has depthless pixels, they are replaced by the corresponding
pixel of Dyp,ode1 if the pixel value is reliable (if Cepen is greater
than threshold value d;y;es). And if Dy, 0461 has depthless pixels,
they are replaced by the corresponding pixel from D. Due to this
change in information, D and D, ,qe become D" and D’ 0461
respectively. Note that on the first iteration, the value of Dy, qel
and Cyepen are 0, and D’ will be assigned with the value of D.

Next, the depth data is filtered using a joint (or cross) bilat-
eral filter (JBF) [31], in order to improve the classified depth
information’s accuracy. JBF makes depth values reliable and is
able to distinguish edges from surface’s regions by checking and
comparing neighbor pixels on both, the depth map and the RGB
image. Note that JBF is an improved version of the similarity
kernel of the bilateral filtering technique. The bilateral filter-
ing is an edge-preserved and noise-reduced smoothing filter. To
manage each pixel the filter has only two main kernel functions:
the similarity kernel and the closeness kernel. These kernels are

based on a Gaussian distribution and the pixel value is replaced
by a weighted-average from their neighbor pixels [32].

The JBF works as follows; c(j, k) is the domain term like as
bilateral filter, s(|| D" .., — D ..1|l) is the similarity kernel in
classified Dy, 0401 and s(||I7 — I*|)) is from the similarity kernel
of color intensity. The scalar R is a normalization factor, and
all of its calculated result is represented by Df,.,.0.q [Se€, the

Eqgs. (6) and (7)]

j i k . j k
Dgltered: I/RJ //k 0 4Dl C(]? k) S (Hlenodel - D,model )
:€Qj

s (117 —1%) (6)

where
R[] ctims ([ Dhse = D)) s (127 = 1))
keQj (7)

The fourth step consists on improving the previous filtered
result. If Dy, ..q still has some depthless pixels or regions,
some of the missing depth information can still be recovered
using all the data previously obtained. H (Clcptn, §2;) is a binary
function that evaluates which pixels need to be updated with the
information stored in D’ and I. ¢(j, k) and s(I7 — I*) are the
same filtering functions as Eq. (6)

Déltcrcd = H(Cdepth’Qj)/Rj // leC(j, k)
ke
s (|[17 = 1)) 8)

where

po [ [ preGmsr - o

keQj
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(a) (b)

Fig. 8.

(d) (e)

Collection of microimages generated from the 3D points cloud captured with the Kinect. These panels show about different focused planes; (a) is focused

in 870 mm, (b) is 1290 mm, (c) is 1520 mm, (d) is 2385 mm, (e) is 3145 mm, respectively. Each focused plane shows an object with clear shape.

H (Odepth;Qj) =

Lif count [Caeptn (€25) > dinres] /Area (Q;) > thy,
0 otherwise '

(10)

The fifth’s step is to update the filtered depthless pixels into
both, Cyepth and Di, 1. Parameter «v is a constant weight factor
whose value is obtained from our empirical evidence. The aim
of this value is to obtain stability on the process, giving more
importance to the previous results

J _ J J
Dmodel - a‘Dﬁltered + (1 - a) Dmodel_OLD Y
) J ; J J
J — Dmodel Zf Dmodel > Cdepth . (12)
depth otherwise

The last step is the application of a median filter, which is
our contribution to the process. It helps to expand reliable depth
values into their neighbor pixels or clean up the noise in ob-
ject’s boundary/edge regions. The filter chooses the medium
value between its neighbor pixels. For that reason, it can re-
move efficiently and correctly small rubbish particles and, as
result, Dy, ode1 and Cyepen are updated and becomes a reliable
filtered and computed result.

After a few repetitions using this proposed filtering process,
we can get a clear hole-filled depth map. Fig. 6 shows the results
of applying both, the original algorithm and the proposed one, to
some specific frames. All the images in Fig. 6 correspond to the
consistent depth map Cqcp¢n - Note that when we add the median
filter, the small and big depth-hole regions were recovered more
efficiently than in the original algorithm [30]. Also, instead of
the traditional 256 depth scales used in the original paper we
used a real depth scale of 3976 (chosen for empirical reasons).
This means that we have more abundant depth information than
the original one.

To finish this section we summarize the parameters used in
the algorithm in Table I.

IV. MICROIMAGES GENERATION

In order to generate the microimages, we follow a process
equivalent to the one reported in our previous paper [14], but

Recording

Fig. 9. The overview of our experimental system. We moved the record-
ing device vertically and horizontally to record different perspectives of the
integrated image.

TABLE I
ALGORITHM PARAMETERS

¢ for closeness filter ¢ 4.5
¢ for similarity filter s for the depth (0 — 3975 scales) 9 x9
¢ for similarity filter s for the color (0 — 255 scales) 9 x9
dinres 5
thy, 0.65
«a 0.04
Median filter size 7T x 7

adapted to a new display device. Specifically, in our experi-
ment the Inl monitor is composed by a Samsung SM-T700
(359 pixels/inch), and a micro-lenslet-array (MLA) consisting
of 113 x 113 lenslets of focal length f; = 3.3 mm and pitch
p = 1.0 mm (Model 630 from Fresnel Technology). The gen-
erated microimages are then composed by 15 x 15 px, the gap
between the microlenses and the display is fixed to g = 49.5 px,
and the full size of the integral image is 1695 x 1695 px.

The VPA used to capture the synthetic microimages is placed
into the point cloud’s coordinate system. Note that the position
of the VPA will determine the reference plane. Then we project,
using projection mapping, each point of the 3D cloud through
each pinhole of the VPA to obtain the microimages, as in [33].
We resize the image to 1597 x 1197 px to take into account the
resolution of the display system (14.13 px/mm).
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Fig. 10. Comparison between the original method (Top-Left image, and also Media 3) and the proposed method (Top-Right image, and also Media 4). We have
highlighted some specific parts of the images. It is clear that the result obtained with our proposed method shows more abundant 3D information.

29mm 29mm

Vetical perspectives Horizontal perspectives

Fig. 11.  Different views of the Inl monitor in the vertical and horizontal direction, showing that the Inl monitor has full parallax. The distance between different
images is 29 mm. The total viewing zone is of 58 x 58 mm. A video of the views is shown in Media 4.

In particular we show, in Fig. 8, the microimages calculated V. DISPLAYED 3D IMAGE
from a VPA situated at different positions. The reference plane
position determines which parts of the 3D image are in front or
behind the screen.

Finally, the generated microimages are displayed onto our Inl
monitor. The MLA was properly aligned in front of the display
system. The Inl monitor displays and integrates the microimages
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towards the observer’s eyes. Thus, a binocular observer can see
some parts of the displayed scene in front of the monitor and
some other behind. However this full-parallax effect cannot be
directly observed in a manuscript or even in a video. In order to
demonstrate here this effect we proceeded as follows. First we
replaced the observer by a monocular digital camera. The Fig. 9
shows our experimental system’s overview. Then we obtained a
collection of pictures after displacing horizontally and vertically
the camera along a region of 58 x 58 mm. With these pictures
we composed a video in which the Inl monitor was observed
from different horizontal and vertical perspectives. The Figs. 10
and 11 show the experimental results with more clarity. As
you can see in Fig. 10, the hole-filtered depth map generates
better images, recovering some of the lost depth information
in the original one. In Fig. 10, we have highlighted with color
rectangles the areas where the differences are clearly shown.
Finally, Fig. 11 shows the different perspectives, vertical and
horizontal, of the InlI display system.

VI. CONCLUSION

In this paper, we have reported how to generate improved mi-
croimages using manipulated 3D information, obtained with a
Kinect device. For that, we use the camera calibration technique
with bilinear interpolation method. Also, we have proposed an
efficient hole-filtering algorithm to fill the depth holes, which
appear in the depth map captured by the Kinect. Therefore, this
well-refined depth information reduces the noise in the recorded
3D information. In order to project our synthesized 3D infor-
mation onto an Inl display system, we generate microimages by
using projection mapping through a VPA. To demonstrate the
utility of our proposal, we projected the microimages onto an
Inl monitor, providing different, depth-hole free and continuous
horizontal and vertical perspectives to the observer.
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