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Abstract—This paper presents a system which generates im- and pedestrians removal from Google Street View images [10].
QQSS to see th_trou?h obstaﬁles.dl?or ;emo_ie Op?raﬁlo_n fOf rO?OtSWe propose a system in which users can see the background
in dangerous situations such as disaster sites, visual information ;
affect the operational efficiency to a great extent. Diminished through obstacles by applying DR.
reality, which has been proposed in the field of computer vision, Il. RELATED RESEARCH
is a technique which generates images as if users saw through
obstacles. The proposed method uses RGB-D sensors (RGB-D In DR, acquiring information of background is realized
sensors can get not only RGB information as ordinary cameras py various methods like using prior knowledge of the shape
can get, but also information of distance between the sensor and or the position of the background [11] or interpolating the

each point in the image) attached in front of and on the arm of back db - inf fi f th di thi
the robot and enables to see through obstacles, letting the sensor ackground by using information o e surroundings (this

move along with the arm. Using distance information from RGB- téchnique is called Image Inpainting) [4]. However, it is not

D sensors, coordinate transform is performed to produce images always possible to get accurate information of the background
from arbitrary viewpoints. Since the method is simplified as much in unknown environment like disaster sites by these methods.
as possible, it is suitable for more general situation and requires |, case of static background and moving obstacles, it is

smaller calculation cost than previous works. The experiments effective to use images in the past to acquire information
on a manipulator robot show the ability to see through obstacles g P q

from arbitrary viewpoints in real time. of the background [9], although using multiple cameras and
acquiring images from different viewpoints is suitable for more
|. INTRODUCTION general use [5]-[8], [10]. In paticular, systems which allow to

Nowadays, there is increasing demand for remote contrabve cameras [5], [8], [11], produce less dead angle than those
robots to conduct dangerous tasks in construction sites, disagti#h fixed cameras.
sites and so on. For instance, after a tsunami caused by thRobots work near the background (the target objects),
earthquake in the East Japan Pacific Ocean hit Fukushihence three-dimensional information of background is desired.
Daiichi Nuclear Power Station in 2011, many kinds of robotdowever, most studies mentioned above approximate the back-
have been used for unmanned remote operation to majeund as a two-dimensional plane because they assume that
reconnaissance, to clean up of rubble and so on [1]. the background is faraway enough from cameras. Actually,

However, it has been pointed out that operational efficienegry few studies deal with three-dimensional information of
of remote operation is significantly lower than that of manndtie background [6], [7]. In paticular, Jarusirisawad et al.
operation. Providing operators with appropriate images plagsoposed a system in which the viewpoint of the output images
an important role in improving the operational efficiency [2]. IEan move (they placed a virtual camera in space to represent
target work objects are occluded by obstacles, operators h#ve viewpoint) [6]. This helps users to confirm the shape or
difficulty confirming the shape or the position of the objectdhe position of objects behind obstacles.
which leads to a drop of operational efficiency. Although However, the system of Jarusirisawad et al. is not suitable
multiple cameras are mounted on the robot to expand tfor real-time remote operation of robots. They use an algorithm
field of view in conventional remote operation, operators hawgth high calculation cost called plane-sweep algorithm, which
to conduct tasks while comparing multiple images, whictequires many iteration to acquire three-dimensional informa-
requires highly skilled technique and the ability to concentrat®n. Sugimoto et al. used RGB-D sensors to acquire three-
[3]. Thus, it is effective to integrate multiple images into ondimensional information much faster [7]. RGB-D sensors can
image which enables operators to see the background (in thé&t not only RGB information as ordinary cameras can get,
paper, we define “background” as an area which can not bet also information of distance between the sensor and each
seen in images because of obstacles). point in the image. Since the system of Sugimoto et al. does

In the field of computer vision, there is a technique calledot allow any RGB-D sensors to move, using movable RGB-D
Diminished Reality (DR), which enables to eliminate reaensors may be better approach to acquire three-dimensional
objects in images or see objects through obstacles [4]-[7]. Thisormation of background at a low calculation cost.
technique is also called See-through [8]. It is widely studied Hence, our approach is as follows: using multiple and
for entertainment [5] and services such as video completion [@bvable RGB-D sensors, processing three-dimensional envi-



ronmental information, and defining an output view (a virtual vz;:tal sensor )
sensor) in space to see the environment from arbitrary View-(viewpoint of /1 sens0r (RGB-D, movable)
points. the output image)

1. PROPOSED METHOD

The outline of the proposed method is shown in Fig. 1. In
this research, we suppose a robot with an arm, which is often
used in disaster sites, and propose a system in which RGB—EObOt ]
sensors are attached in front of the robot and on the arm, as
illustrated in Fig. 1 (a).

Figure 1 (b) shows the flow of the process. In order to Front sensor (RGB-D, fixed)
reduce calculation cost for real-time see-through, the method is
simplified as much as possible. First, images from the sensors

atta(_:h?d in front (V},’e call it “front sensor”) and_ on th_e arm (V‘_/Ea) The schema of the system. The RGB-D sensor on the arm moves
call it “arm sensor”) are converted to three-dimensional poigiong with the arm. The virtual sensor, which is set in arbitrary
cloud data. Second, point clouds are coordinate-transformesition in space, represents the position of the viewpoint of output

to the coordinate system of “virtual sensor”, which is set ifinages.
arbitrary position in space. Then, point clouds are projected Front sensor ; Arm sensor
on a two-dimensional output image. Finally, images generated ' :
from the front sensor and the arm sensor are integrated by @

Obstacle

alpha blending to present see-through-obstacles images.

Detailed explanation of the components of this method, con- Convm:into 3D
version into three-dimensional data, coordinate transformation, 3D boint o |
S - L . . . . 3D point cloud . 3D point cloud
projection and integration is provided in following sections. '

Transform coordinates

A. Conversion from Two-dimensional Images into Three-  Virtual sensor Virtual sensor

dimensional Data | 3D point cloud I | 3D point cloud |

By using internal parameters of the sensor and distance Project on 2D
information from the RGB-D sensor, three-dimensional point ’

cloud data are created.

Supposing that a certain poiptis seen in an image at the ; %
position of Mp = (u,v,1)7. Iy is a two-dimensional homo-
geneous coordin;te sy)stem which unit is of pixels. The aim \h‘“eng
of this section is to determine the coordinage= (x,y,z1)T,
which is the coordinatg represented in a three-dimensional \&/
homogeneous coordinate system which unit is of millimeters.

The origin of this coordinate system is the position of the se&; The flow chart of the proposed method. Conversion from two-

sor. By using the internal parameters of the sensor calibrai@fhensional images into three-dimensional point cloud data, coordi-
in advance and the distance informatiprirom the RGB-D nate transformation, projection on the output image, and integration
sensor, the relation betweéhp and Sp can be described, of two images are performed sequentially in real time.

and the unknown values andy, components ofSp, are

; Fig. 1: The concept of the proposed method
determined.

B. Coordinate Transformation to Imaginary Sensor Coordi-

nate System represents the position of the origin &k represented in
By multiplying rotation matrixes and translation vectors, thghe coordinate systenig. We suppose that a position of
front-sensor coordinate system and the arm-sensor coording#9 coordinate systeris is represented by a rotation matrix
system are translated into the virtual-sensor coordinate syst®m,, and a translation vectotty_,s, Wherey, is a world
To transform coordinate system frol to g, a matrix coordinate system fixed on the robot. Therefore, our main

SRs and a vectoPtg ,g are needed as (1). idea is to us€Rw, Stw_,s andS Rw, Sty_.g to calculate® Rg
andStg,g. In this method, since the destination coordinate
gp— SRs Sts.g sp ) systemZg _r_epresents the thu_al-s_ensor coogdmate system,

=1 o 1 whose position can be set arbltrarlfi/RW and “ty_,g can

also be set arbitrarily. Accordingly, the aim of this section is
S'Rg is a 3x3 rotation matrix which represents the rotationo determine’>Ry andSty._,s. There are two RGB-D sensors
from Zs to =g. Stg,g is a 3x1 translation vector which in our system, sSRw, Stw_s for each sensor are needed.



Hand movement
H

H
Ry, tu,-n

X

SR stzH
w W-S
t,

Iw

Lw
Standard pose Hy Pose H

Fig. 3: A concept image of the missing pixels. The images
@ (b) generated by this process often lack pixels partially because

Fig. 2: Updating the pose of the arm sensor. (a) The standzﬁ’Ri”t clogds _exist discretely in space. For smoother images,
pose. The position of the arm sens®Ry, Sty s, and the interpolation is needed.

relation between the end-effector coordinate system and the

arm-sensor coordinate systeRt are calibrated in advance . . .
for coordinate transformation. (b) After a movement from the BY USINg the process stated from Section IlI-A to this
standard pose, the movement of the end eﬁééR”O?HtHO%H section, it is possible to calculate the position projected on

. ! o N T age .
are calculated to determine the new position of the arm send3f OUtPut imagel' p= (U,v,1)7, from the position achieved
SRw. Stw_ss. from the front sensor image and/or the arm sensor image,

Mp=(u,v,1)". However, the images generated by this process
often lack pixels partially, as illustrated in Fig. 3. The cause

If X5 represents the front-sensor coordinate systeRyy of t_his problem_can k_Je expla_ined as follows. Th_is process
andSty_,s are constant, because the front sensor is fixed BhOjectS three-dimensional point clouds on two-dimensional

the robot. Therefore, transforming the front-sensor coordin faages. Since the points exist discretely in space, the gap

system into the virtual-sensor coordinate system is realized (i,-/tween points may appear in the image when seen from

calibratingSRy andStw s in advance a different position. A typical solution to such problems is

. . interpolation, which usually uses backward transformation to

However, ifZs represents the arm-sensor coordinate SySte(r:Qa’lcSIate the RGB informgtion of the gap areas. However, as
SRw and Stw_,s should always be updated, because the arfm ' i,

sensor moves alona with the arm. In the pronosed meth tlae proposed method does not use backward transformation
' 9 . - 'n the prop %Ut forward transformation, the dimension of the output infor-

we define a standard pose illustrated in Fig. 2 (a), the pose

of the arm serving as a base, and Ca|ibr§ﬂﬁw,s°twﬁso mation (two dimensional images) is smaller than that of the

at the standard pose in advance. Since the arm sensot” sut mfo_rmatlon (””e? dlmens_|onal point clouds), hence_ I
I, Impossible to determine a unique backward transformation.

fix n the arm, it is al ibl lcul n . o o
ed on the arm, it is also possible to calculate co Sta%erefore interpolation is performed by assigning the same

matrixesR andt in advance, which are the rotation matri GB value to neiahborin ivels in the outout image for
and the translation vector from the end-effector coordin$e vaiu '9 INg pix ' ulput imag

systemy, to the arm-sensor coordinate syst&g The end- orward transformat|on. This S|mplt=T interpolation enables.to
produce a certain level of smooth images at low calculation

effector coordinate system is representedigswhen the arm L S -
is at the standard pose, aBig when the arm has moved to acost. The effect of this interpolation is evaluated quantitatively

new position. A rotation matriXRy, and a translation vector In Section IV-C.

Atny—H, which represent the movement of the end effectan. |ntegration of the Output Images from the Front Sensor
can be calculated by solving a forward kinematics problem gfd the Arm Sensor

the robot arm. Now, updatin§Rw, Stw_,s is realized using

The output images from the front sensor and the arm sensor
SORw, ®tw_ssy: "RHg: MtHg—H, R andt. b g

are made transparent and piled up to produce the final output
o image. The proposed method uses alpha blending to calculate
C. Projection on the Output Image the RGB values of each pixel. The opacity of the images

This section explains how to transform point cloud dafom the front sensor and the arm sensor arend 1 —a
represented in the virtual-sensor coordinate system into a td@Spectively, wher® < a <1. A pixel is filled in black if
dimensional image seen from the position of the virtual sensfformation about the pixel is obtained from neither the front

Supposing that the coordinate of a certain pojmtis Sensor nor the arm sensor.

Sp=(X,y,Z,1)T. If pis projected on the output image at
MUY, ) T . 7 IV. EXPERIMENTS AND EVALUATION
the position ofM' p = (U,V,1)T, the relation betweel p )
and S p is similar to that betweel! p and Sp mentioned in A Experimental Setup
Section IlI-A (in this case, internal parameters of the virtual We conducted experiments on an actual machine to verify
sensor, which can be set arbitrarily, is needed). the effectiveness of the proposed method. Figure 4 shows the



experimental setup. In this experiments, two RGB-D sensors
(ASUS: Xtion Pro Live) and a manipulator robot (YASKAWA:
MOTOMAN-HP3J) are used as illustrated in Fig. 4 (a). There
are an obstacle in front of the front sensor and three balls with |
a diameter of 0.05 m which are the objects to be observed
(Fig. 4 (b)). The distance between the front sensor and the
obstacle is about 0.3 m and the distance between the front
sensor and the farthest wall is about 1.0 m. The information %
of joint angles of the manipulator robot is acquired at a rate |
of 30 Hz. The RGB-D sensors acquire 680 pixel images

at a rate of 30 fps. The movement of the end effector is set in
advance. The coordinate of the end effectolY, Z is defined

in Fig. 4 (a). As Fig. 5 (a) shows, the end effector moves g —
about 0.15 m in theX, Y, andZ direction and returns to the (a) The manipulator and the RGB-D sensors. The distance between
initial position. Figure 5 (b) shows the time series data of tHge front sensor and the obstacle (dotted arrow) is about 0.3 m.
angle of the end effector. The angle is represente@-¥X
Euler angles, which means that any angle is represented by 4
first rotation aboutZz axis by an anglex, a second rotation
aboutY axis by an anglg3, and a last rotation abot axis
by an angley (if a =3 =y =0, the end effector is parallel |
to X axis). The internal parameters of the virtual sensor are §§
the same as those of the front sensor. The parameter for alph:
blendinga is set to 0.5.

RGB-D sensors

B. Resulting Output Images

Images acquired by the experiments are shown in Fig. 6. \ : =
The two images in Fig. 6 (a) are input images from the front Obstacle
sensor and the arm sensor at a certain moment. In the image
from the front sensor, the balls behind the obstacle can npj An obstacle in front of the front sensor and three objects to be
be seen. Figure 6 (b) shows the output image from the virtuadserved. The distance between the front sensor and the farthest wall
sensor at this moment. The position of the virtual sensor is tisotted arrow, although the front sensor is not in this picture) is about
same as that of the front sensor. Figure 6 (c) shows an im g m.
of the front sensor when there are no obstacles. Comparing Fig. 4: The experimental environment
Fig. 6 (b) and Fig. 6 (c), it turns out that the balls in the
background can be seen properly.

Figure 7 shows output images after moving the position =800 50.0
of the virtual sensor (The virtual sensor moved 0.15 m in %600 m g;‘gg .,
the X direction and -0.15 m in the direction from the %400 X_¥ E?gg y}f‘g‘_ﬂ
position of the front sensor, and rotated 30 deg albakis). G 200 ?‘XQ 20
Figure 7 (a) is an output image without interpolation which § 0
was mentioned in Section IlI-C. Figure 7 (b) is the output
image after interpolation, which turns out to be smoother than
that without interpolation. The position of the virtual sensor (@) (b)
can be moved arbitrarily even while operating the manlpulatgr
to see the environment from various viewpoints.

036 9121518212427 _ 036 9121518212427

time [s] time [s]

5: The trajectory of the end effector. (a) The time series
data of the coordinateX,Y,Z of the end effector during the
C. Evaluation and Discussion experiments. The coordinate system is defined in Fig. 4 (a).
The time series data of the angtes3, y of the end effector
ring the experiments. The angle is representedZf4X

ler angles.

We evaluated the error in the integrated image based
the disparity of the brick patterns printed on the farthest w
between the images from the front sensor and those fr
the arm sensor (illustrated in Fig. 7 (b) as an example).
Throughout the movement in the experiments, it was observed
that the disparity was smaller than 0.05 m at a distance of
about 1.0 m from the front sensor. of the output images was 9.2 fps on average, with a standard

The results of the other quantitative evaluations are dsviation of 0.6 fps. This processing speed was acceptable
follows. Using a 3.40 GHz Intel Core i7 CPU, the frame rateithin the experiments; the system worked in real time.



(a) Input images from the front sensor (left) and the arm sensor (right)
at a certain moment. In the image from the front sensor, the balls
behind the obstacle can not be seen.

(a) An output image after moving the position of the virtual sensor
without interpolation which was mentioned in Section IlI-C. The
virtual sensor moved 0.15 m in th¢ direction and -0.15 m in the

Y direction from the position of the front sensor, and rotated 30 deg
aboutZ axis. In this picture, information of about 40 % of the field
of view is missing.

(b) The output image at this moment. The balls can be seen through
the obstacle.

-

(b) After the interpolation, the missing pixels improved by about 20 %
making the output image smoother. This process can be performed at
low calculation cost, which allows the whole system to work in real
time. Throughout the movement in the experiments, it was observed
that the disparity (illustrated in the picture as an example) was smaller
than 0.05 m at a distance of about 1.0 m from the sensor.

Fig. 7: Acquired images after moving the viewpoint

Next, we evaluated how precisely the output images repro-
duced the true images. We focused on not disparity of positions
but disparity of texture and used NCC (Normalized Cross-
Correlation) as a measure. The evaluation was performed
under a condition without the obstacle and the position of
the virtual sensor was the same as that of the front sensor.
The NCC between the images of the front sensor and those
(c) The ground truth data. Comparing Fig. 6 (b) and this picture,q)[]c the V'rtual_ S_ensor resulted in _0'94 on average, W'th a
turns out that the balls in the background can be seen properly. Standard deviation 09.1x 10~3, which means that there is
high similarity between the output images and the real images.

We also evaluated the missing pixels which was mentioned
in Section IlI-C. The percentage of the number of the missing

Fig. 6: The images acquired by the experiments



the background in real time and to acquire information of the

_60 ) great part of the field of view, even if the viewpoint moved.

x50 No Interpolation For future works, there are three issues:

= 40 \ 1) Reducing errors in image integration

.230 - 2) Reducing the missing pixels when the viewpoint

50 Interpolation moves

520 \ 3) Expanding the method for any numbers of sensors

é 10 For expanding the method, it is essential to reduce the er-
0 rors. Expanding the method may in turn contribute to reducing

0 3 6 9 12 15 18 21 24 27 30  the missing pixels.
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