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Abstract When a humanoid robot walks dynamically, it generates sway motion
which is reflected as an oscillative sine wave-like pattern at its center-of-mass (CoM)
trajectory. In order to cancel out such motion from the coordinates of detected obstacles, this paper proposes a sway motion cancellation scheme incorporated with
walking pattern generator of humanoid robots along with a RGB-D camera-based
vision system. After the preprocessing for the depth information from the RGB-D
camera using attitude reference system (ARS)-generated roll and pitch angles of the
vision module, the coordinates of detected obstacles are estimated using the ground
filtered 3D points. Then, the sway motion cancellation scheme is applied to the coordinates of detected obstacles not only for the lateral direction of the robot but
also for the sagittal one by referring the CoM trajectory collected from the walking
pattern generator. The proposed sway motion cancellation scheme and the RGB-D
camera-based vision system are verified by experiments using a small-sized humanoid robot, HanSaRam-IX (HSR-IX).
Key words: Humanoid robot navigation, sway motion cancellation, depth camerabased vision module, RGB-D sensor.

1 Introduction
The researches for humanoid robots have been performed mainly focusing on the
walking issues [1–4]. By the virtue of such researches to generate dexterous walking
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patterns, various fields of researches for mobile robots such as vision processing,
navigation, task planning and human-robot interaction, etc. has been employed for
humanoid robots [5–8]. In addition, due to the limited capacity of visual perception
of humanoid robot, gaze control researches were also performed [9, 10]. There was
an approach employing fuzzy measure and fuzzy integral for the gaze control of
humanoid robots [11].
Due to the trait of walking process, humanoid robots keep swinging mainly along
the lateral direction. For the precise acquisition of information for surrounding environment, such sway motion-originated side effect in the coordinates of objects have
to be canceled out in advance before starting the vision processing. If the vision
processing is performed without sway motion cancellation, oscillative CoM patterns
would be reflected in each estimated coordinate of a detected obstacle whenever the
robot walks. Thus, the sway motion cancellation is the one of essential preprocessing procedures for robust navigation of humanoid robots. Dune et al. proposed a
sway motion cancellation strategy for visual servoing [12]. They used the predictive walking pattern generator information as reference signals to cancel out sway
motion in Y-axis of HRP-2 robot. Note that they only focused on lateral direction
of walking without considering sagittal one. Started from this research, the visionbased 3D model tracking research considering sway motion cancellation was also
performed [13]. In the research, the previously proposed sway motion cancellation
framework was adopted to match 3D object models with vision information. However, as they did not considered sway motion cancellation in the sagittal direction.
Moreover, their approach required a precise prediction model due to the synchronization inaccuracy between components of their navigation system.
This paper proposes a sway motion cancellation scheme incorporated with humanoid walking pattern generation algorithm along with RGB-D camera-based vision system. As a RGB-D camera, a Microsoft Kinect sensor is used in this paper.
HSR-IX, which was developed at the Robot Intelligence Technology laboratory,
KAIST, uses modifiable walking pattern generation (MWPG) method to generate
walking patterns [4, 14]. By using the center-of-mass (CoM) trajectory obtained
from the walking pattern generator in the robot, the side effect caused by the sway
motion during walking can be canceled out from the coordinates of detected obstacles which are obtained by the RGB-D camera-based vision system. In addition, the
proposed sway motion cancellation scheme considers sagittal direction of walking
as well as lateral one by The proposed scheme and system are verified by experiments using HSR-IX.
This paper is organized as follows. Section 2 explains how the vision system is
implemented using a RGB-D camera. Section 3 presents the proposed sway motion
cancellation scheme for humanoid robots. Then, Section 4 describes the result of
experiments along with the developed experimental system, and concluding remarks
follow in Section 5.
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2 RGB-D Camera-based Vision System
In order to implement a vision system which is capable of providing depth information as well as color information, a RGB-D camera is employed as a vision sensor
incorporated with attached ARS sensor to compensate roll and pitch angles of the
vision module as shown in Fig. 1 [15–17]. The roll and pitch angles of the vision
system against the gravity direction, θ ars = [θr , θ p ]T , are used to get rid of the 3D
points belong to the ground by compensating the rotation of the vision module [17].

ARS
S

Fig. 1: Vision module with attached ARS sensor.
Robot Intelligence Technology Lab.
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θ ars is obtained through a Bluetooth connection between the ARS sensor and
a Linux-based vision processing server which calculates the coordinates of obstacles using OpenNI and OpenCV libraries [18, 19]. Since the conversion process of
a RGB-D point to one in the world coordinate one using OpenNI library have to be
applied point by point, it takes about 23 ms for converting a 640 x 480 resolution
RGB-D image using an Intel CoreDuo 2.3 GHz computer with 2G RAM. To decrease this world coordinate conversion time, a look-up table for depth conversion
is pre-generated and used. By using this look-up table approach, depth conversion
time for one image could be decreased under 9 ms in average. Fig. 2 describes the
vision processing procedure including ground filtering, color-based obstacle detection, and the generation of coordinates for detected obstacles from robot orientation.
After the preprocessing to eliminate the effect of radial distortion using the intrinsic matrix of RGB camera, color-based segmentation with the obstacle color set is
performed using equally-spaced seeds for adaptive flooding of segments [19]. Then,
the derived center points ci of thresholded segments are converted to ones in the real
world coordinate, cRi using the rotation matrix R(θθ ars ) and the world coordinate
generation function of OpenNI [18]. Incorporated with this color image-based process, depth image-based vision processing is also performed simultaneously. Note
that the initial calibration to match the centers of color and depth-based images is
performed in advance as shown in Fig. 2. Then the 3D points in the depth image,
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Fig. 2: Vision processing procedure.

Pn , are converted to ones in the robot coordinate system, PRn by using the intrinsic
parameters obtained from the process of the calibration [20]. After that, the ground
points are filtered out to decrease computation time. That is, ones under the threshold are filtered out to obtain obstacle-related 3D points. In case of the HSR-IX, the
threshold is set to -52 cm since the height of the robot is 52 cm. After that, the
filtered points are moved by 52 cm along the Z-axis in order to compensate for the
height of the robot. As a result, 3D points possibly belonging to obstacles, P̄Rn , could
be distinguished from the ground points. Since cylinder-shaped obstacles are used
for this system, their center positions could be obtained by using the trait of the
shape. The coordinates of obstacles are calculated as follows:
P̂Roi = T (mean( Psetnear
oi
with

2

), robs ),

(1)

R
R
R
R
Psetnear
oi = {P̄n | P̄ci − Pnmin 2 < λ , P̄nmin ∈ Ai },
R
R
nmin = arg min( P̄n 2 , P̄n ∈ Ai ),
n

Ai = {P̄Rn | cRi − P̄Rn

2

< αro , col(P̄Rn ) = i},

where α is an initial threshold coefficient used for adjusting the boundary to select
3D points of the corresponding obstacle, nmin is the index of the nearest point from
the robot among Ai , λ means the small distance threshold for selecting closer points
than αro , mean(β ) calculates the mean coordinate of β , ro is the radius of obstacles,
col(C) checks the color index of corresponding 3D point C, and T (D, E) translates
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3D point D along the direction of D with the additional distance of E. In this paper,
α and λ are assigned as 2.0 and 5 cm, respectively.

3 Sway Motion Cancellation
Fig. 3 shows the system integration and communication diagrams between servers.
To guarantee the constant vision processing period, vision and navigation modules
are individually implemented using separate servers. The robot transmits its internal states including the CoM coordinate trajectory and supporting leg information to
the navigation server at every 20 ms. This information is used for the sway motion
cancellation in Section 4. In Fig. 3b, t j is the periodic instant at the jth control instant which the vision sensor takes the corresponding RGB-D information, t sc
j is the
instant of the sway motion cancellation at the beginning of the navigation process,
∆t Vj , ∆t Nj , and ∆t wj mean vision processing, navigation and delay periods, respectively. After finishing one loop of the navigation process, the navigation server waits
to transmit the corresponding walking command for ∆t wj to maintain the synchronization between servers.
As shown in the figure, the visual information is periodically acquired at every
∆tloop . The navigation server performs sway motion cancellation using ∆t Vj at every t sc
j . After finishing the calculation of navigation process, the navigation module
calculates ∆t wj , and waits to transmit the walking command for the corresponding
control period. Through this waiting process, the navigation server can transmit its
walking command at every exact control period. In this paper, ∆tloop was set to 500
ms to maintain the whole processing periods consistent since the processing time
periods of vision and navigation servers are not consistent. In order to obtain the exact Y coordinate of CoM of the robot at t j , CM yj , the navigation server retraces the
y
history of CM y , H CM
, from the sway motion cancellation time t sc
j using the vision
j
y
V
CM
y
processing time ∆t j . H j
stores CM values received from the robot through an
UDP connection.
Though the sway motion-caused side effect for the obstacle detection is mainly
shown along the lateral direction of the robot, Y-axis, we can find that the sway
motion is also revealed in the X-coordinates of detected obstacles as a smaller oscillative pattern. In the sagittal direction, as described above, the oscillative pattern
of X-coordinates for the detected obstacles is mainly caused by the compliance of
legs and control inaccuracies. However, since such oscillative pattern is synchronized with CM yj pattern, it could be also diminished by using CM yj as for the case
of lateral direction. Thus, these two directions of sway motion can be considered
simultaneously. The sway motion cancellation for the sagittal direction of the robot
is performed using the 2nd order polynomial-based estimation for the affect of sway
motion according to the distances of obstacles from the robot along the X-axis. This
is because the accuracy of 3D coordinate conversion decreases as the distances of
the obstacles are increases. By measuring the peak and valley values of the coordinates of detected obstacles, the magnitude of fluctuation synchronized with the
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Fig. 3: Developed system environment.
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sway motion from the robot has been measured. Using the measured coordinates,
sway motion in sagittal direction is modeled as 2nd order polynomial as follows:
∗
P̄Roj = R(θ j−1
)−1 P̂Roi − [Asag 1]T CM yj

(2)

with
Asag = p1 x̂c2i + p2 x̂ci + p3 ,
∗
where P̂Roi = [x̂o j , ŷo j ]T is the detected coordinates of the jth obstacle, θ j−1
is the
∗
T
j-1th pan angle θ j−1 , and P̄o j = [x̄o j , ȳo j ] is the finally obtained sway motion canceled coordinates of ith obstacle. θ j∗ = [θP∗j , θT∗j ]T is the pan/tilt angle for jth period.
In this paper, the parameters for the 2nd order polynomial for (2) are assigned as
[p1 , p2 , p3 ] = [0.0298, −0.0160, −0.0002].

4 Experimental Results
Fig. 4 shows the result of obstacle detection using the proposed vision system. As
described in Section 2, after the ground filtering, RGB-D information-based obstacle
detection was performed. In the figure, red and green obstacles were denoted using
3D cylinders according to the result of the obstacle detection process.
Fig. 5 shows the experimental setup used for sway motion cancellation experiments. As shown in the figure, two obstacles with red and green colors were used
for the sway motion cancellation experiments. In order to verify the proposed sway
motion cancellation scheme, sway motion cancellation experiment was performed.
In the experiment, the robot walked in place along with rotating its panning angle
with 20sin(π/33)ti where t j is the jth time step. Note that, as the tilt angles were
∗ ) in advance which is described in Section 3, the
compensated by using R(−θ j−1
effect of tilt angle change was not considered in this experiment. Fig. 6 shows the
result of the experiment. The truncated periods of xo2 and yo2 in Fig. 6c and Fig. 6d
means that the corresponding obstacle was out of sight at that periods. As shown in
Fig. 6, the sway motion cancellation scheme was successfully canceled the oscillative pattern in the coordinates of obstacles generated by the sway motion of the robot
during walking. As described in Section 4, the sway motion cancelated coordinates
of obstacles were calculated after the compensation process of head rotation.
The performance of this sway motion cancellation scheme is also verified by
comparing the mean values of the maximum variations for each of periods of sway
motion canceled and the original coordinates of the two obstacles as presented in
Table 1. As presented in the table, the proposed sway motion cancellation scheme
was successfully canceled its affect in the coordinates of the obstacles.
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Fig. 4: Obstacle detection result.

Fig. 5: Experimental setup for sway motion cancellation.
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Fig. 6: Initial and sway motion-canceled coordinates of obstacles.
Table 1: Statistical result of the mean of the maximum variations for each of periods.
Coordinate Original (cm) Sway motion-canceled (cm) Improvement ratio (%)
x
1.409
0.582
41.3
Obstacle 1
y
5.976
2.324
38.8
x
2.611
0.920
35.2
Obstacle 2
y
5.310
2.841
53.5

5 Conclusion
This paper proposed a sway motion cancellation scheme incorporated with the CoM
trajectory of the humanoid robot along with a RGB-D camera-based vision processing module. By using the depth information preprocessed by rotation using the roll
and pitch angles from the attached ARS sensor, the obstacle detection and calculation of their coordinates could be performed efficiently. In particular, ground filtering process decreased the number of candidate 3D points for the calculation of
obstacle coordinates, and incorporation between color and depth information was
effectively considered. Using the developed vision system, sway motion cancellation scheme was applied for the coordinates of obstacles considering the coordinate
of CoM. The proposed scheme was verified through experiments using HSR-IX,
and showed effective sway motion cancellation performance.
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