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Abstract. In this paper, a stable modifiable walking pattern generator (MWPG)
is proposed by a employing arm swing motion. The arm swing motion is gen-
erated by a central pattern generator (CPG) which is optimized by a constraint
evolutionary algorithm. In this scheme, the MWPG generates a position trajec-
tory of center of mass (COM) of humanoid robot and the CPG generates the arm
swing motion. A sensory feedback in the CPG is designed, which uses a inertial
measurement unit (IMU) signal. For the optimization of the CPG parameters, a
two-phase evolutionary programming (TPEP) is employed. The effectiveness of
the proposed scheme is demonstrated by simulations using a Webots dynamic
simulator for a small sized humanoid robot, HSR-IX, developed in the Robot
Intelligence Technology (RIT) Lab, KAIST.

1 Introduction

These days many humanoid robots have been developed [1]-[4]. However, their control
algorithms still need to be improved further to perform a practical task. In this regard,
research on developing robust walking patterns of humanoid robots plays one of impor-
tant roles in this field.

There are two typical approaches to bipedal walking of humanoid robot, such as
dynamic model based approach and biologically inspired approach. In the former, a 3-
D linear inverted pendulum model (3-D LIPM) is one of popular schemes [5]– [8]. A
modifiable walking pattern generator (MWPG) extends the conventional 3-D LIPM for
a zero moment point (ZMP) variation by the closed form functions and can modify the
humanoid robot’s walking pattern in real-time while walking [9], [10]. In the latter, a
central pattern generator (CPG) is widely used [11]-[14]. It can generate rhythmic out-
put signals and modify generated signals to deal with environmental disturbance using a
sensory feedback. Also, for stable bipedal walking, the methods about controlling upper
body were developed. The process was presented to generate whole body motions for a
biped humanoid robot from captured human motion [15]. A method to generate whole
body motion of a humanoid robot considering linear/angular momentum was presented
[16].

This paper proposes a stable MWPG with a arm swing motion using a constrained
evolutionary optimized CPG. The proposed scheme generates a position trajectory of
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the humanoid robot’s COM using the MWPG. Also, to stable walking, the CPG gener-
ates the arm swing motion and a sensory feedback in the CPG modifies the generated
arm swing motion. Generated arm swing motion is proportional to the sagittal step
length like human. The sensory feedback gets a inertial measurement unit (IMU) sig-
nal. To optimize the parameters of the CPG, a two-phase evolutionary programming
(TPEP) is employed considering equality constraints [17], [18]. The effectiveness of
the proposed scheme is demonstrated by computer simulations with the Webots model
of a small sized humanoid robot HSR-IX developed in the Robot Intelligence Technol-
ogy (RIT) Lab., KAIST.

This paper is organized as follows. In Section II, the arm swing motion planning
using constrained evolutionary optimized CPG is proposed. In Section III, simulation
results are presented and finally concluding remarks follow in Section IV.

2 Stable MWPG using CPG

This section presents the proposed stable modifiable walking pattern algorithm with
the arm swing motion using constrained evolutionary optimized CPG. In this paper, to
generate the trajectory of COM, the MWPG is employed [9], [10]. Meanwhile, the arm
swing motion is generated by the constrained evolutionary optimized CPG for stable
bipedal walking.

2.1 Neural Oscillator

In this paper, a neural oscillator (NO) is employed to generate a rhythmic signal for the
humanoid robot. The NO is composed of two neurons, each of which consists of two
mutually excited neurons: an extensor neuron (EN) and a flexor neuron (FN) to generate
rhythmic signal. Each neuron is defined as follows (Fig. 1) [19]:
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Fig. 1. Neuron structure. The lines ending with black and white circles are inhibitory and excita-
tory connections, respectively.
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τ ′v̇i = −vi + (ui)
+ (2)

(ui)
+ = max(0, ui) (3)

where ui, vi and (ui)
+ are a inner state, a self-inhibition state and a output signal of

the ith neuron, respectively. u0 is a constant input signal, wij is a connecting weight
between ith and jth neurons, τ and τ ′ are time constants, β is a weight of the self-
inhibition, and Feedi is a sensory feedback signal which is necessary for stable biped
locomotion, of the ith neuron. Using EN and FN, the NO is defined as follows (Fig. 2):
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Fig. 2. Neural oscillator.
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where the superscripts e and f denote the EN and the FN, respectively. oi is output
signal of ith NO.
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2.2 Arm Swing Motion by CPG

Human generates the arm swing motion while walking. The arm swing motion de-
creases yawing momentum and help to keep humanoid robot’s balance while walking.
Using the NO, the arm trajectory is generated as follows for stable walking like human:

plarm =







karm(−Spre + S + Spre
2A1

(o1 +A1)), if support leg is left

karm(Spre + S + Spre

2A1

(o1 −A1)), otherwise
(9)

prarm = −plarm (10)

where pl/rarm is a sagittal distance between the left/right elbow and the center of the
humanoid robot’s body. karm is a scaling factor. S and Spre are sagittal step lengths
at the present and the previous footstep, respectively. A1 is a amplitude of o1. When
support leg is left/right, o1 should become −A1/A1 at beginning single support phase
and o1 should become A1/−A1 at end double support phase to make like human.

The sensory feedback of the NO alters plarm and prarm for stable walking. For stable
walking, the sensory feedback of the NO should minimize slip while walking. The
sensory feedback gets the information from the yawing angle of the humanoid robot’s
body using IMU signal. The sensory feedback is designed as follows:

Feede
1
= kf (θy − θdy) (11)

Feedf
1
= −Feede

1
(12)

where kf is the scaling factor. θy and θdy are the real and desired yawing angles of the
center of humanoid robot’s body, respectively.

2.3 Evolutionary Optimization for CPG

The objective of this evolutionary optimization is to obtain the desired output signal
of the NO and to minimize slip by the yawing moment. To obtain the desired output
signal of the NO, time constants of the NO should be optimized. If support leg is left,
when the magnitude of the output signal of the NO reaches the minimum (maximum)
value, the time Tmin

1
(Tmax

1
) should be equal to time at beginning single (end double)

support phase. Thus, Tmax
1

−Tmin
1

should be equal to the single support time Tss+Tds.
Also, when the magnitude of output signal reaches zero, the time T 0

1
should be equal

to the middle value of Tss + Tds. To minimize slip by the yawing moment, the scaling
factor in the sensory feedback should be optimized. To satisfy these constraints and the
objective, the following objective function considering equality constraints is defined
to obtain the time constants and the scaling factor in the sensory feedback by the TPEP
[18]:

Minimize f = fyawing + P (13)

subject to

(Tmax
1

− Tmin
1

)− (Tss + Tds) = 0

T 0

1
− Tss + Tds

2
= 0
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Fig. 3. (a) HSR-IX. (b) Simulation model. (c) Configuration.

with

fyawing =
∑

|θy − θdy |

where P is the penalty which is given if humanoid robot loses its balance and collapses.
fyawing is the sum of |θy − θdy | while walking.

3 Simulations

The effectiveness of the proposed algorithm was demonstrated by computer simulations
with the Webots model of the small sized humanoid robot, HSR-IX (Fig. 3). HSR-IX
is the latest one of HSR-series. HSR is a small-sized humanoid robot that has been
in continual redesign and development in RIT Lab, KAIST. Its height and weight are
52.8cm and 5.5kg, respectively. It has 26 DOFs that consist of 14 RC servo motors in
the upper body and 12 DC motors with harmonic drives for reduction gears in the lower
body. Webots is the 3-D robotics simulation software. Users can conduct the physical
and dynamical simulation using Webots [21].

3.1 CPG Parameters Setting using TPEP

In the simulation, Zc was set as 23.35cm. β and u0 were set as 2.5 and 2.5, respec-
tively. The connecting weight, w, was set as 2.5 to make the phase difference between
EN output and FN output to π [19]. The initial values of inner states, u1 and u2, and
the self-inhibition states, v1 and v2, were set as −0.0042, 0.8372, 0.1834 and 0.6501,
respectively, to make initial value of o1 to the minimum value at beginning of single
support phase. Tss and Tds were set as 0.8s and 0.4s, respectively. P in the objective
function was set as ∞. For the constrained evolutionary optimization of the CPG, the
simulation model of HSR-IX modeled by Webots, was employed. The constrained evo-
lutionary optimized parameters were obtained by TPEP as Table 1.
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Table 1. Constrained evolutionary optimized parameters by TPEP.

Time constants
τ 0.4676

τ ′ 0.3089

Scaling factor
karm 0.6023

kf 3.2140

Table 2. A list of commanded step lengths.

Steps S (cm) L (cm) Support foot

1st 4.0 6.0 Left

2nd 4.0 -6.0 Right

3rd 6.0 6.0 Left

4th 4.0 -6.0 Right

5th 7.0 6.0 Left

6th 5.0 -6.0 Right

7th 2.0 6.0 Left

8th 6.0 -6.0 Right

9th 7.0 6.0 Left

10th 0.0 -6.0 Right

3.2 Walking Simulation using CPG

In this simulation, the simulation model of HSR-IX by Webots was used. Table 2 shows
the list of step lengths used for the simulation.

Fig. 4 shows the trajectories of plarm and prarm while walking. As shown in the
figure, the amplitudes of plarm and prarm were proportional to the sagittal step length
like human. Fig. 5 and Fig. 6 show the measured yawing momentums while walking
without the arm swing motion and with the arm swing motion using the proposed CPG,
respectively. As shown in the figure, the amplitude of yawing momentum was decreased
by the arm swing motion using the proposed CPG. It means HSR-IX could walk stably
with the proposed algorithm.

4 Conclusion

This paper proposed a stable MWPG algorithm with the constrained evolutionary opti-
mized CPG. The MWPG was employed to generate COM position trajectory. The arm
swing motion was generated using the CPG. To minimize yawing momentum while
walking, the sensory feedback in the CPG modified generated signals. The sensory
feedback got the disturbance information using IMU sensor. TPEP was employed to
optimize parameters of the CPG considering some constraints. In order to demonstrate
the performance of the proposed scheme, computer simulations were carried out with
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Fig. 4. Position trajectories of left and right arms. The thick and thin lines represent the trajecto-
ries when support leg is left and when support leg is right, respectively.

the Webots model of the small sized humanoid robot, HSR-IX developed in the RIT
Lab., KAIST. In the simulation, the amplitude of yawing momentum was decreased by
the arm swing motion using the proposed CPG.
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Fig. 5. The measured yawing momentum while bipedal walking without the arm swing motion.
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Fig. 6. The measured yawing momentum while bipedal walking with the arm swing motion.

5 ACKNOWLEDGMENTS

This research was supported by the MOTIE (The Ministry of Trade, Industry and En-
ergy), Korea, under the Technology Innovation Program supervised by the KEIT (Korea
Evaluation Institute of Industrial Technology)(10045252, Development of robot task
intelligence technology that can perform task more than 80% in inexperience situation
through autonomous knowledge acquisition and adaptational knowledge application).

This research was also supported by the MOTIE (The Ministry of Trade, Industry
and Energy), Korea, under the Human Resources Development Program for Conver-
gence Robot Specialists support program supervised by the NIPA (National IT Industry



9

Promotion Agency)(H1502-13-1001, Research Center for Robot Intelligence Technol-
ogy).

References

1. Y. Sakagami, R. Watanabe, C. Aoyama, S. Matsunaga, N. Higaki, and K. Fujimura (2002)
The intelligent ASIMO: system overview and integration. In Proc. IEEE/RSJ Int. Conf. Intell.
Robot. Syst., 2478–2483 2002

2. K. Akachi, K. Kaneko, N. Kanehira, S. Ota, G. Miyamori, M. Hirata, S. Kajita, and F. Kane-
hiro (2005) Development of humanoid robot HRP-3P. In: Proc. IEEE-RAS Int. Conf. Hu-
manoid Robots, 50–55 2005

3. Y. Ogura, H. Aikawa, K. Shimomura, H. Kondo, A. Morishima, H.-O. Lim, and A. Takanishi
(2006) Development of a new humanoid robot WABIAN-2. In: Proc. IEEE Int. Conf. Robot.
Autom., 76–81 2006

4. I.-W. Park, J.-Y. Kim, J. Lee, J.-H. Oh (2006) Online free walking trajectory generation for
biped humanoid robot KHR-3(HUBO). In: Proc. IEEE Int. Conf. on Robot. Autom., 1231-
1236 2006

5. S. Kajita, F. Kanehiro, K. Kaneko, K. Fujiwara, K. Yokoi, and H. Hirukawa (2002) A realtime
pattern generator for biped walking. In: Proc. IEEE Int. Conf. Robot. Autom. 31–37 2002

6. N. Motoi, T. Suzuki, and K. Ohnishi (2009) A bipedal locomotion planning based on virtual
linear inverted pendulum mode. IEEE Trans. Ind. Electron 56(1):54–61

7. K. Erbatur and O. Kurt (2009) Natural ZMP trajectories for biped robot reference generation.
IEEE Trans. Ind. Electron. 56(3):835–845.

8. T. Sato, S. Sakaino, E. Ohashi, and K. Ohnishi (2001) Walking trajectory planning on stairs
using virtual slope for biped robots. IEEE Trans. Ind. Electron 58(4):1385–1396

9. B.-J. Lee, D. Stonier, Y.-D. Kim, J.-K. Yoo and J.-H. Kim (2008) Modifiable Walking Pattern
of a Humanoid Robot by Using Allowable ZMP Variation. IEEE Trans. Robot. 24(4):917-925

10. Y.-D. Hong, B.-J. Lee, and J.-H. Kim (2011) Command state-based modifiable walking
pattern generation on an inclined plane in pitch and roll directions for humanoid robots.
IEEE/ASME Trans. Mechatron. 16(4):783–789

11. G. Taga (1994) Emergence of bipedal locomotion through entrainment among the neuro-
musculo-skeletal system and the environment. Physica D: Nonlinear Phenomena 75(1.3):190–
208

12. S. Aoi, and K. Tsuchiya (2006) Stability analysis of a simple walking model driven by an
oscillator with a phase reset using sensory feedback. IEEE Trans. Robot. 22(2):391–397

13. L. Righetti and A. J. Ijspeert (2006) Programmable central pattern generators: an applica-
tion to biped locomotion control. In: Proc. IEEE Int. Conf. Robot. 1585–1590 2006

14. C.-S. Park, Y.-D. Hong, and J.-H. Kim (2011) An Evolutionary Central Pattern Generator
for Stable Bipedal Walking by the Increased Double Support Time. In: Proc. IEEE Int. Conf.
Robot. Bio. 497–502 2011

15. S. Nakaoka, A. Nakazawa, K. Yokoi, H. Hirukawa and K. Ikeuchi (2003) Generating whole
body motions for a biped humanoid robot from captured human dances. Robotics and Au-
tomation. 3905–3910 2003

16. S. Kajita, F. Kanehiro, K. Kaneko, K. Fujiwara, K. Harada, K. Yokoi and H. Hirukawa (2003)
Resolved momentum control: humanoid motion planning based on the linear and angular
momentum. Proc. IEEE/RSJ Int. Conf. IROS. 1644–1650 2003

17. H. Myung and J.-H. Kim (1996) Hybrid evolutionary programming for heavily constrained
problems. BioSystems 38(1): 29–43.



10

18. J.-H. Kim and H. Myung (1997) Evolutionary programming techniques for constrained op-
timization problems. IEEE Trans. Evol. Comput. 1(2):129–140

19. Matsuoka K. (1985) Sustained oscillations generated by mutually inhibiting neurons with
adaptation. Biol Cybern 52(6): 367–376

20. M. Vukobratovic and B. Borovac (2004) Zero-moment point-thirty live years of its life. Int.
J. Humanoid Robot 1(1): 157–173

21. O. Michel (2004) Cyberbotics Ltd. WebotsTM: Professional mobile robot simulation. Int. J.
Advanced Robot. Syst. 1(1): 39–42


	Main
	Return

