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Abstract— Central pattern generator (CPG) consisting of
neural oscillators, generates rhythmic signals using simple input
signal. It can modify motor patterns to handle environmental
perturbations by sensory feedback. In this paper, an evolution-
ary CPG for stable bipedal walking by the increased double
support time is proposed. The proposed CPG generates swing
motion of arms as well as ankle and the center of pelvis (COP)
motions in Cartesian coordinate system. Sensory feedback
pathways in the proposed CPG use force sensing resistor (FSR)
signals. The sensory feedback maintains humanoid robot’s
balance and prevents it from falling down to the ground. To
optimize the parameters of the proposed CPG, evolutionary
algorithm is employed. The effectiveness of the scheme is
demonstrated by simulations with the Webot model of a small-
sized humanoid robot, HSR-IX, developed in the RIT Lab.,
KAIST.

I. INTRODUCTION

In spite of the complexity of high dimensional systems,

many methods for walking pattern generation for stable

walking of bipedal robots have been developed [1]-[4].

There are two typical approaches to generate robust walking

patterns of humanoid robots: dynamic model based approach

and biologically inspired approach. In dynamic model based

approach, one of popular schemes is to use 3-D linear

inverted pendulum model (3-D LIPM) [5], [6]. In biolog-

ically inspired approach, central pattern generator (CPG)

is the most widely used method to generate the walking

pattern for bipedal robots. It can endogenously produce

multidimensional rhythmic signals without rhythmic sensory

or central input. Also, it can alter motor patterns to deal with

environmental perturbations using sensory feedback. Taga

successfully developed to generate robust biped locomotion

using CPG with appropriate feedback signals even in an

unknown environment [7], [8]. Then, many researches of

biped locomotion based on CPG have been studied. Naka-

mura et al. presented a learning scheme for a CPG controller

called a CPG-actor-critic model, whose learning algorithm

is based on a policy gradient method [9]. Righetti et al.
developed a new architecture for building programmable

CPG which can encode arbitrary periodic trajectories as limit

cycles in a network of coupled oscillators [10]. Endo et
al. introduce a learning framework for a CPG-based biped

locomotion controller, which controls tip positions of legs

in the Cartesian coordinate system, instead of trajectory of

each joint, using a policy gradient method [11]. Heliot et
al. developed a method for providing in real time a reliable
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synchronization signal for cyclical motions such as steady-

state walking [12]. This approach estimates a phase variable

on the basis of several implicit central pattern generators

associated with a set of sensors.

This paper proposes an evolutionary CPG for stable

bipedal walking by the increased double support time. Biped

locomotion consists of single and double support phases.

In human’s walking, the percentage of the double support

time is greater than 20% for stable bipedal locomotion

[13], [14]. However, in previous researches on CPG-based

bipedal locomotion control, the double support phase was not

considered and the percentage of the double support time was

less than 5%. For stable bipedal locomotion, in this paper,

the CPG, which generates swing motion of arms as well

as ankle and center of pelvis (COP) motions in Cartesian

coordinate system, is employed [15]. It modifies vertical and

sagittal ankle motions and COP motions by the increased

interval of the double support phase. The body posture

for sensory feedback is obtained using the signals of force

sensing resistor (FSR) sensors attached to the sole of foot.

To optimize the parameters of the CPG, quantum-inspired

evolutionary algorithm (QEA) is employed [16], [17]. The

effectiveness of the proposed scheme is demonstrated by

computer simulations with the Webot model of a small-

sized humanoid robot, HSR-IX, developed in the RIT Lab.,

KAIST.

This paper is organized as follows: In Section II, the neural

oscillator and QEA are introduced to generate rhythmic

signals and to optimize the parameters of CPG, respectively.

Section III proposes an evolutionary CPG. In Section IV, sim-

ulation results are presented and finally concluding remarks

follow in Section V.

II. PRELIMINARIES

A. Neural Oscillator

Neural oscillator [18], [19] is widely used as a CPG in

robotic application. It is defined as follows:

τ u̇i = −ui −
N∑

j=1

wijyj − βvi + u0 + feedi (1)

τ ′v̇i = −vi + yi (2)

yi = max(0, ui) (3)

where ui, vi and yi are the inner state, the self-inhibition

state and the output signal of the ith neuron, respectively.

u0 is the input signal that affects the output amplitude and

wij is the connecting weight which determines the phase
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difference between the ith and the jth neurons. τ and τ ′

are time constants. They have influence on the shape and

frequency of output signal. β is the weight of self-inhibition.

feedi is the sensory feedback signal which is necessary for

stable biped locomotion.

B. QEA

QEA is based on the concept and principles of quantum

computing, such as the quantum bit and the superposition

of states [20]. QEA handles the balance between exploration

and exploitation easier than conventional genetic algorithms,

such as EA and GA. QEA also needs a small number of

individuals to explore the search space and quickly finds

global solution in the search space.

In QEA, Q-bit is the smallest unit of information. It is

defined as the pair of numbers (α, β). They satisfies (|α|2 +
|β|2 = 1). Note that |α|2 and |β|2 are probabilities that Q-bit

will be 0 and 1 states, respectively. When the number of Q-

bits in Q-bit individual is m, the following Q-bit individual

is defined as a string of Q-bits:

qt
j =

[
αt

j1 αt
j2 . . . αt

jm

βt
j1 βt

j2 . . . βt
jm

]
.

At generation t, QEA maintains the population of Q-bit

individuals, Q(t) = qt
1, q

t
2, . . . , q

t
n, where n is the size of

population. During the evolutionary process, more diverse

individuals are generated because the Q-bit individual rep-

resents linear superposition of all possible states probabilis-

tically. The detailed procedure of QEA and its structure for

single objective optimization problems are described in [16],

[17].

III. CPG SCHEME

This section presents the proposed CPG, which consists

of neural oscillators, for biped locomotion. The CPG is

developed to generate swing motion of arms as well as

ankle and COP motions for stable walking by the increased

double support time. The body posture for sensory feedback

is obtained using signals of FSR sensors attached to the sole

of each foot.

A. Application to Bipedal Locomotion of the CPG

In the previous researches on biped locomotion control

based on CPG, the CPG generates each joint’s torque or

trajectory [7]-[10], [12]. However, by these methods, it is

difficult to know the phase difference between each neurons.

Then it is difficult to set the parameters of the neural

oscillator in CPG. Also, it is difficult to set initial states in

CPG. Because it is difficult to know appropriate initial state

of each joint’s torque or angle when humanoid robot starts

to walk. To overcome these problems, this paper designs the

CPG, which generates swing motion of arms as well as ankle

and center of pelvis (COP) motions in Cartesian coordinate

system. The proposed method is simple to set up connecting

weights in neural oscillator because it is easy to get the phase

difference between neural oscillators and the initial states of

Fig. 1. The sagittal and vertical motions of both feet.

Fig. 2. The lateral motion of COP.

inner states in neural oscillator and to modify the step length

or foot height.

The CPG generates the sagittal, vertical and lateral ankle,

and COP motions as follows [15]:

Pzl = Zc − Az(y1 − y2) (4)

Pzr = Zc + Az(y1 − y2) (5)

Pxl = −Ax(y3 − y4) (6)

Pxr = Ax(y3 − y4) (7)

Py = Ay(y5 − y6) (8)

where Pzl/r and Pxl/r are the vertical and the sagittal

distances from COP to left and right ankles, respectively

(Fig. 1). Py is the lateral distance between COP and the

center position of both ankles (Fig. 2). Az , Ax and Ay are

the amplitude scaling factors. Zc is the offset factor.

The projected ankle’s motion on X-Z plane can be approx-

imated as a semi-ellipsoid. Thus, the desired phase difference

between ankle’s vertical and sagittal position trajectories

should be π/2. Also, for humanoid robot’s stability along

the lateral direction, the lateral distance between COP and

the support leg should be minimized in single support phase

and the COP should be given as the center position of both

ankles along the lateral direction at the double support phase.

To satisfy these conditions, the phase difference between Py

and Pz , which is the vertical distance from COP to swing

leg’s ankle, should be zero.

When humanoid robot increases walking speed, it may slip

because of yawing moment. To make up for the yawing mo-

ment, arm swing motion should be provided. The following

498

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on July 15,2021 at 13:43:36 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 3. The swing motion of both arms.

CPG generates the swing motion of left and right arms:

θl = Aθ(y7 − y8) (9)

θr = −Aθ(y7 − y8) (10)

where θl/r is the pitching angle of left/right shoulder, re-

spectively (Fig. 3). Similarly, Aθ is the amplitude scaling

factor.

The yawing moment can be approximated as follows:

|T | = |mlDlẍsl + Jbθ̈b + mbDbẍb

+maDa1 ẍa1 − maDa2 ẍa2 | (11)

where ml,mb and ma are the mass of each leg, body and

each arm, respectively. ẍsl, ẍb and ẍa1/2 are the accelera-

tions of swing leg, body, and left/right arm, respectively,

along sagittal direction, respectively. θ̈b is the yawing angle

acceleration of body and Dl, Db and Da1/2 are the distance

between swing leg, body, and left/right arm, respectively, and

supporting leg along lateral direction (Fig. 4). In (11), |xsl|
and |xb| are defined as |2AX(y3 − y4)| and |AX(y3 − y4)|,
respectively from (6), (7). Then, ẍb = 0.5ẍsl, and ẍa2 =
−ẍa1 , as θl = −θr. Accordingly, (11) can be approximated

as

|T | = |ẍl(mlDl + 0.5mbDb) + Jbθ̈b

+maẍa1(Da1 + Da2)|. (12)

For decreasing yawing moment, in (12), the phase difference

of ẍa1 and ẍsl is π. xa1 is proportional to −sinθ, then ẍA1 is

proportional to sinθ. If −π/2 < θ < π/2, when θ increases,

sinθ increases, and also, when θ decreases, sinθ increases.

Thus, the phase difference between the position trajectory of

swing leg’s ankle along the sagittal direction and the pitching

angle of shoulder becomes π.

B. Increase of the Double Support Time

Biped locomotion consists of the double support phase

and single support phase. The double support phase is

very important for stable biped locomotion [13], [14]. In

the double support phase, the cumulative error in single

support phase is decreased and the COP moves near the next

supported leg. Therefore, stability of bipedal locomotion is

improved. However, in previous studies of biped locomotion

based on CPG, the double support phase was not considered

and the double support time was very short. Thus, it is hard to

generate stable biped locomotion. If CPG generates sagittal

and vertical ankles motions and COP motion using (4) and

(5), the double support time is the moment of y1 − y2 = 0.

Fig. 4. The yawing moment.

Therefore, in this paper, to increase appropriate the double

support time, (4) and (5) are rewritten as follows:

Pzl =

⎧⎨
⎩

Zc − A′
z(y1 − y2 − uz), if y1 − y2 > uz

Zc + A′
z(y1 − y2 − uz), if 0 ≤ y1 − y2 ≤ uz

Zc − A′
z(y1 − y2 + uz), if y1 − y2 < 0

(13)

Pzr =

⎧⎨
⎩

Zc + A′
z(y1 − y2 + uz), if y1 − y2 < −uz

Zc − A′
z(y1 − y2 + uz), if − uz ≤ y1 − y2 ≤ 0

Zc + A′
z(y1 − y2 − uz, if y1 − y2 > 0

(14)

with

A′
z = Az

A1,2

A1,2 − uz

where uz is a parameter for the double support phase, Ai,j

is amplitude of yi − yj and A′
z is modified scaling factor of

equal step height using (4) and (5). When |y1 − y2| < uz ,

the state of biped locomotion is the double support phase.

Thus, the double support time is determined as uz .

When the state of biped locomotion is the double support

phase, it is hard to satisfy (6) and (7). Thus, biped locomotion

along the sagittal direction is rewritten as follows:

Pxl =

⎧⎨
⎩

(Ax − 2A′
x)(y3 − y4), if y1 − y2 > uz

Ax(y3 − y4) − 2A′
xP ′

x, if 0 ≤ y1 − y2 ≤ uz

−Ax(y3 − y4), if y1 − y2 < 0
(15)

Pxr =

⎧⎨
⎩

(−Ax + 2A′
x)(y3 − y4), if y1 − y2 < −uz

−Ax(y3 − y4) + 2A′
xP ′

x, if − uz ≤ y1 − y2 ≤ 0
Ax(y3 − y4), if y1 − y2 > 0

(16)

where P ′
x is defined as |y3−y4| at the beginning of the double

support phase, A′
x, which is defined as Ax|y3 − y4|/P ′

x at

y1 − y2 = 0, is the scaling factor for equal step length using

(6) and (7). It is periodically updated when y1 − y2 = 0.

C. Sensory Feedback Design

Sensory feedback pathways are designed to maintain hu-

manoid robot’s balance and to prevent it from falling down

to the ground. In this paper, sensory feedback gets the

information of humanoid robot’s body posture using FSR
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sensors which are attached to the sole of each foot. The

sensory feedback pathways are defined as follows:

feed1 =
{

k1Sv + k2Sl, if y1 − y2 > 0
−k1Sv + k2Sl, if y1 − y2 < 0 (17)

feed2 = −feed1 (18)

feed3 = k3Ss (19)

feed4 = −feed3 (20)

feed5 =
{

k4Sv + k5Sl, if y1 − y2 > 0
−k4Sv + k5Sl, if y1 − y2 < 0 (21)

feed6 = −feed5. (22)

with

Sv = FL + FR − mg

Sl = FLl − FLr + FRl − FRr

Ss = (FLf
− FLb

) − (FRf
− FRb

)

where Sv, Sl and Ss are the sensory informations about body

postures along the vertical, lateral and sagittal directions,

respectively. FL/R is the left/right foot’s vertical reaction

force and m is the mass of the humanoid robot. FLf/b and

FRf/b are the left and right foot’s front/back vertical reaction

forces, respectively. FLl/r and FRl/r are the left and right

foot’s left and right vertical reaction forces, respectively.

Since feed1 and feed2 modulate the vertical positions of

both ankles and body, Sv , which is related to the vertical

body posture, is considered. feed3 and feed4 modulate the

sagittal positions of both ankles and body, so Ss, which is

related to the sagittal body posture, is considered. feed5 and

feed6 modulate the lateral position of COP, so Sl, which

is related to the lateral body posture, is considered. Also,

(y1 − y2) and (y5 − y6) are in phase, so (feed1 − feed2)

and (feed5 − feed6) are satisfied to be in phase. Therefore,

Sl should be considered in calculating feed1 and feed2.

Similarly, Sv should be also considered in calculating feed5

and feed6.

D. Evolutionary Optimization for the CPG algorithm

In the proposed CPG, connecting weights and feedback

scaling factors should be optimized for stable biped loco-

motion. In this paper, these parameters are optimized by

QEA [16], [17]. This optimization is performed through two

separated QEA processes.

In the first process, connecting weights are obtained by

QEA to satisfy the phase difference conditions derived in

the above. The phase differences between y2n−1 and y2n (n
= 1,. . . ,4) is π, then the phases of y2n−1 and y2n−1−y2n are

equal. The phase difference between (y1−y2) and (y5−y6),

and (y3 − y4) and (y7 − y8) are equal to zero. Also, the

phase difference between (y1 − y2) and (y3 − y4) is π/2,

then the phase difference between y1 and y3 is π/2, y1

and y4 is 3π/2, y2 and y3 is 3π/2, and y2 and y4 is

π/2. The connecting weights determine the phase difference

between the ith and the jth neurons, then if each phase

difference is equal, each connecting weight is also equal.

The connecting weights are determined as shown in Table

TABLE I

CONNECTING WEIGHTS

w1,2 2.0 w2,1 2.0 w3,4 2.0 w4,3 2.0
w5,6 2.0 w6,5 2.0 w7,8 2.0 w8,7 2.0
w1,6 0.5 w6,1 0.5 w2,5 0.5 w5,2 0.5
w3,8 0.5 w8,3 0.5 w4,7 0.5 w7,4 0.5
w1,3 w1 w1,4 w2 w2,3 w2 w2,4 w1

w3,1 w2 w3,2 w1 w4,1 w1 w4,2 w2

w5,7 w1 w5,8 w2 w6,7 w2 w6,8 w1

w7,5 w2 w7,6 w1 w8,5 w1 w8,6 w2

I. The key objectives in optimizing w1 and w2 are to make

the phase difference between (y1 − y2) and (y3 − y4) as π/2
and the amplitudes of (y1 − y2) and (y3 − y4) are equal

to 1. Considering these objectives, the objective function is

defined as follows:

f1 = kp|ΔTm − Tp/4| + ka(|A1,2 − 1| + |A3,4 − 1|) (23)

with

ΔTm = tm(3,4) − tm(1,2)

where kp and ka are the scaling factors, tm(1,2) and tm(3,4)

are the times when (y1 − y2) and (y3 − y4) have maximum

values and Tp is the period of (y1 − y2). A1,2 and A3,4 are

the amplitudes of (y1 − y2) and (y3 − y4), respectively.

In the second process, to maintain humanoid robot’s

balance, feedback scaling factors are obtained by QEA and

the objective function is defined as follows:

f2 = kpfp + krfr + P (24)

with

fp =
T1∑

T=0

|θp|

fr =
T1∑

T=0

|θr|

where kp and kr are the scaling factors. fp/r is the sum

of pitching/rolling angle of COP for T1. When humanoid

robot rocks while walking, |θp| and |θr| increase and bipedal

locomotion is unstable. P is the penalty which is given if

humanoid robot loses its balance and collapses.

IV. SIMULATIONS

The proposed CPG was implemented on the computer

simulations with the Webot model of a small sized humanoid

robot, HSR-IX (Fig. 5) [21]. 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 consists of 14 RC servo

motors in the upper body and 12 DC motors with harmonic

drive for reduction gears in the lower body. Webot is the 3-D

robotics simulation software. Users can conduct the physical

and dynamical simulation using Webot [22]. τ/τ ′ = 1/2
and τ = Aτ were used. The parameters in the CPG were

optimized by QEA.
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(a) (b) (c)

Fig. 5. (a) HSR-IX. (b) Simulation model. (c) Configuration.

TABLE II

INITIAL STATE OF INNER STATE

u1 0.3055 u2 0.3055 u3 -0.3788 u4 0.8783
u5 0.3055 u6 0.3055 u7 -0.3788 u8 0.8783
v1 0.1242 v2 0.5591 v3 0.2319 v4 0.5280
v5 0.1242 v6 0.5591 v7 0.2319 v8 0.5280

A. Evolutionary Optimized Connecting Weight in the CPG

In the simulations, Zc was set as 23.95cm. The initial

states of u1, . . . , u8 and v1, . . . , v8 were set as shown in

Table II to make the initial state of PZl
= PZr to Zc. kp and

kr were taken as 5.0 and 1.0. w1 and w2 in Table I were

obtained as 4.718 and −3.907, respectively, by QEA.

B. Walking Simulation Results

Fig.6 shows the COP vertical, sagittal, and lateral trajec-

tories generated by the proposed CPG with increase of the

double support time. The thick and thin lines represent the

COP trajectories in the single and the double support phases,

respectively.

Fig. 7 shows pitching and rolling angles of the COP while

walking with increase of the double support time. Ax = 1.5,

Ay = 3.0, Az = 1.0 and Aτ = 1.0 were used. As shown

in the figure, humanoid robot was more stable when uz =
0.4. When uz = 0.4, the double support time increases and

COP is able to move toward the next support leg in the

double support phase. Therefore, COP is closer to the support

leg than uz = 0.0 in single support phase and it improves

stability of bipedal locomotion.

The sensory feedback pathways in the CPG maintain

humanoid robot’s balance and prevent it from falling down

to the ground. In this paper, the sensory feedback pathways

were designed by FSR signals. Fig. 8 shows the effect of

including sensory feedback pathways. AX = 3.0, Ay = 3.0,

AZ = 1.0, Aτ = 1.7 and uz = 0.6 were used. The

parameters in sensory feedback pathways were evolutionary

optimized by QEA. In this simulation, the amplitudes of

humanoid robot’s COP rolling and pitching angles while

walking with sensory feedback were smaller than with-

out sensory feedback. This result illustrates that sensory

feedback based on FSR sensor maintains humanoid robot’s

balance and prevents it from falling down to the ground.

Fig. 6. The COP trajectories generated by the proposed CPG with increase
of the double support time. The thick and thin lines represent the COP
trajectories in the single and the double support phases, respectively.

V. CONCLUSION

This paper proposed an evolutionary CPG for stable

bipedal walking by the increased double support time. The

proposed CPG generates swing motion of arms as well as

ankle and center of pelvis (COP) motions in Cartesian coor-

dinate system. The sensory feedback pathways in the CPG

were designed by using FSR signals. The parameters in the

CPG were optimized by using QEA. It optimized connecting

weights to satisfy appropriate phase differences between each

neurons and feedback scaling factors to maintain humanoid

robot’s balance. To demonstrate the performance of the

proposed scheme, computer simulations were carried out

with the Webot model of the small-sized humanoid robot,

HSR-IX, developed in the RIT Lab., KAIST.
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