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A Comparative Study among Three Automatic Gait Generation
Methods for Quadruped Robots∗

Kisung SEO†a), Member and Soohwan HYUN††, Nonmember

SUMMARY This paper introduces a comparison of three automatic
gait generation methods for quadruped robots: GA (Genetic Algorithm),
GP (genetic programming) and CPG (Central Pattern Generator). It aims
to provide a useful guideline for the selection of gait generation methods.
GA-based approaches seek to optimize paw locus in Cartesian space. GP-
based techniques generate joint trajectories using regression polynomials.
The CPGs are neural circuits that generate oscillatory output from an in-
put coming from the brain. Optimizations for the three proposed methods
are executed and analyzed using a Webots simulation of the quadruped
robot built by Bioloid. The experimental comparisons and analyses pro-
vided herein will be an informative guidance for research of gait generation
method.
key words: robot automatic gait generation, quadruped robot, genetic
algorithm, paw trajectory, joint trajectory, genetic programming, central
pattern generator

1. Introduction

Planning gaits for quadruped robots is a challenging task,
because there are many degrees of freedom and, thus many
parameters need to be set properly [1], [2]. Providing good
locomotion capabilities for robots is very significant for al-
lowing them to carry out useful tasks in a variety of envi-
ronments [1]–[3]. The automatic generation of gaits is es-
pecially important for walking robots because different en-
vironments and newly developed robots make it important
to generate a variety of gaits in a short period of time [2].
Gaits may be optimized for different properties, including
fast velocity and/or high stability, and for specific require-
ments such as highest or lowest posture, and for various
“personality traits.”

Existing automatic generation methods for quadruped
gaits include: GA (Genetic Algorithm) based ap-
proaches [4]–[6], GP (Genetic Programming) based ap-
proach [9], and CPG (Central Pattern Generator) based ap-
proaches [11], [12].

However, it is difficult to rate those methods for a given
robot, because published studies mainly focus on specific
robots and operation environments, specific problems to be
solved, and specific algorithms to be improved. In other
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words, there is no published research comparing these ap-
proaches in the same environments for the same robots.

Therefore, experimental comparisons and analysis for
automatic gait generation methods will be a useful guideline
for selection of gait generation method.

In this paper, the three representative gait generation
methods named above are compared for a quadruped robot.
In order to compare the three methods in as fair and unbi-
ased a fashion as possible, the same experimental environ-
ments and performance indexes are selected for all. To in-
vestigate the characteristics of the three approaches, imple-
mentations and experiments on GA, GP and CPG based gait
evolution are executed for the Bioloid quadruped robot in
the Webots environment. Various performance indexes and
important features are summarized including velocity, sta-
bility, gait space, and necessity of inverse kinematics. Sec-
tion 2 describes GA based evolution of gait in the Cartesian
space, and Sect. 3 explains GP based evolution of gait in the
joint trajectory framework. Section 4 describes CPG based
gait generation. Section 5 presents experimental results for
evolved gaits, and Sect. 6 concludes the paper.

2. GA Based Gait Generation in Cartesian Space

We use an evolutionary approach based on genetic algo-
rithms to optimizing the locus of the robot’s paw for gait
generation in Cartesian space intuitively. To evolve the lo-
cus of paw positions for a quadruped robot, in this paper, the
shape of the locus is represented by a third-order spline to
obtain a flexible shape – not limited rectangular, trapezoid,
and arc which are used in widely.

The locus could be obtained by third-order spline in-
terpolation between two points—the end point of the lifting
paw and the starting contact point of the lowering paw. The
foot locus is shown in an enlarged window in Fig. 1. Let T

Fig. 1 An example of third-order spline locus.
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be the time to complete one step and D be the length of one
step. Assuming that the paws are in contact with the ground
at t= 0 and t=T, we get the following constraints:{

X(t) = 0 t = 0,T
Y(t) = 0 t = 0,T

(1)

Letting (Xe, Ye) be the position of end point A when paw
is lifting and (Xs, Ys) be the position of start point B when
paw is lowering. During a one-step cycle, assuming that the
paw reaches the point A at t= te and the point B at t= ts we
get the following constraints:

X(t) =

{
Xe t = te
Xs t = ts

Y(t) =

{
Ye t = te
Y s t = ts

(2)

When the paw is in contact with the ground at t= 0 and t=T,
letting Vxs, Vxe, Vys, Vye be the X and Y velocity, we can
get the following constraints:

Ẋ(t) =

{
V xs t = 0
V xe t = T

Ẏ(t) =

{
Vys t = 0
Vye t = T

(3)

To satisfy constraint (1) (2) (3), and the continuity condi-
tions of the first derivative and the second derivative, X(t),
Y(t) can be characterized by third-order polynomial expres-
sions. Besides the third-order spline loci, a large set of pa-
rameters for gait and stance and the number of movement
points to complete one full step must be determined as men-
tioned in [4], [5].

3. GP Based Gait Generation in Joint Space

As a second approach, the concept of the gait generation
in joint space is in Fig. 2. The joint trajectories of shoul-
der and knee for a quadruped robot are represented in 2-D
space; the vertical axis is joint angle and the horizontal axis
is time. Without the need for conversion of paw position
from Cartesian space to a set of joint angles, a gait is de-
termined directly by a series of joint positions (or angles),
which corresponds to one cycle of paw locus in Cartesian
space.

Specification of gait as a set of joint trajectories is done
by evolving a polynomial function of time for each joint as
a separate GP tree, but evolving them simultaneously.

The numerical expressions generated by each GP tree
resemble those generated when using GP to perform sym-
bolic regression. In Fig. 3, the GP tree on the right side rep-
resents some polynomial expression that translates as shown
on the left into the joint angle for one of the quadruped robot
joints.

Major differences between GA method are as follows.
First, a solution for gait is simply represented by each joint’s
trajectory with fewer parameters. Second, inverse kinemat-
ics calculations are not necessary to compute the gait of the
quadruped robot. Third, a solution for gait is a form of
continuous curve, so no interpolation process is required.
Fourth, the shape of paw locus is not known explicitly.

Fig. 2 Gait generation in joint space.

Fig. 3 Representation of trajectory of a joints via a GP tree.

4. Central Pattern Generator Based Gait Generation

CPGs (Central Pattern Generators) are neural circuits capa-
ble of producing coordinated patterns of high-dimensional
rhythmic output signals while receiving only simple, low-
dimensional input signals. To utilize this phenomenon, non-
linear oscillators were introduced as mathematical models
of the natural CPGs [11], [12]. The oscillator proposed in
[11] is based on these differential equations:

τ̇v = −α x2 + v2 − E
E

v − x, τẋ = v (4)

where v and x represent the current state of the oscillator, E
is a positive constant that represents the energy of the oscil-
lator, determines the rate of convergence towards the limit
cycle and τ is the time constant that determines the oscilla-
tion’s frequency.

By choosing the E and τ parameters, it is possible to
control the amplitude and frequency of the oscillations. The
result of Eq. (4) is introduced into Eq. (5): where aij and bij

represent the strength of the coupling of the x and v states
of oscillator j into oscillator i.

τ̇vi = −α
x2

i + v2
i − E

E
v − x +

∑N

j

(ai jx j + bi jv j)

x2
i + v2

i

(5)

In this paper, the following topology was used in experi-
ments, as are shown in Fig. 4. Each single node in here cor-
responds to an oscillator which is mentioned above.

Major features of CPG method are as follows. First, a
solution for gait is represented by each joint’s trajectory as
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Table 1 Evolutionary parameters for three gait generation approaches.

Table 2 Comparison results for three gait generation approaches and built-in gait.

Fig. 4 Topology of CPG model.

similar as the case of GP method, inverse kinematics calcu-
lations are not necessary too. Second, gait solution is a form
of continuous curve and the shape of paw locus is not known
explicitly as same as GP method. Third, many CPG param-
eters are used to optimize a gait as similar as GA method.

5. Experiments and Analysis

Here the above three representative gait generation methods
are compared for a Bioloid [15] Kit quadruped robot. Fig-
ure 5 shows simulation model of quadruped robot. In order
to compare the three methods fairly and with as little bias as
possible, the same experimental environments, performance
indexes and available computational efforts are used.

Evolutionary parameters for three gait generation ap-
proaches shown in Table 1.

The fitness function of gait generation is defined to ob-
tain the joint trajectory set that provides the fastest walking
with only a small sideways diversion described in Eq. (6),
where x is total forward distance reached, z is sideway di-
version [2], [5].

f itness = ((0.9 × (−x)) − |(0.4 × z)|)2 (6)

Fig. 5 Simulation model of quadruped robot.

20 iterations of experiments are executed for each method
in Webots [14] robotics simulation software. The tabular re-
sults of velocities, the vertical variation and average height
of shoulder, space, approach, and features for generated
gaits by three methods and the built-in gait of Webots sim-
ulator are shown in Table 2. We observe that the GP-based
method yielded the best max velocity, and the GA results
showed superior average velocity to the other methods. The
GP results showed larger deviation even though the max ve-
locity was highest. The results of CPG represented less devi-
ation than those of GP, and the max velocity was very close
to the GP case. All three methods are superior to the existing
foot trajectory based method.

From comparisons of variation and height of motion
data for GA, GP and CPG, the vertical variation of CPG
is seen to be lowest, which is closely related to stabil-
ity of walking. In the other index of shoulder height, the
CPG result is lowest, and has the lowest standard deviation,
too. The vertical variation means the difference between the
highest and lowest y coordinate of the shoulder during walk-
ing. The average height represent the mean y coordinate of
the shoulder during walking, measured every 32 ms, and its
standard deviation. The unit is cm.
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Therefore, the movement with the CPG method seems
to be more stable than with GA and GP methods in simula-
tion. The GP method is next closest to CPG. Although, the
variation of the built-in gait is most stable, it is only due to
the manual design of gait to maintaining stability mainly.

6. Conclusions

Three gait generation methods based on GA (Genetic Algo-
rithm), GP (genetic programming) and CPG (Central Pattern
Generator) are implemented and compared using the task of
a fast locomotion scheme for a quadruped robot including
the existing foot trajectory based method. Optimizations us-
ing the three proposed methods are executed and analyzed
using the Webots simulation for a quadruped robot built by
Bioloid.

In simulation, the GP method is superior in terms of
max velocity, while the GA and CPG methods show good
average speed performance. The CPG method appears to
be better than the GA and GP in regard to height of move-
ment and variation of height, which are closely related with
balancing and stability.

The three methods (GA, GP, and CPG) all seem to have
some unique features for gait generation. The GA method
provides intuitive understanding of gait patterns, because
they are affected mainly by the locus of the paw. There-
fore, we can figure out some characteristics of gait based on
analyzing the loci of paw positions. However, this approach
depends heavily on the pre-defined shape of the paw locus,
so is very different from global optimization.

The GP method with joint trajectory optimization has
more possibility to reach global optimization because it is
not dependent on a locus shape, but depends only on perfor-
mance. However, it is difficult to obtain a global optimum
because of the enormous size of the search space.

The CPG method gives the possibility of practical op-
timization in this research, proving to be outstanding for
adaptive walking in irregular terrain generally.

These investigations will provide some support for

the conjecture to find new and innovative gaits and will con-
tribute to development of new gait research.
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