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Abstract — During the last years research and development on legged robots
has grown steadily. Legged systems present major advantages when compared with
“traditional” vehicles, allowing locomotion in terrain inaccessible to vehicles with
wheels and tracks. However, its energy consumption still lag being these vehicles,
existing several aspects that need to be improved and optimized. One of them re-
gards the parameters values that these machines should adopt to minimize the energy
consumption. Due to the large number of parameters involved in this optimization
process, one way to achieve meaningful results is using evolutionary strategies. Ge-
netic Algorithms are a way to "imitate nature” replicating the process that nature
designed for the generation and evolution of species. The objective of this paper is to
present a genetic algorithm, running over a simulation application of legged robots,
which allows the optimization of several parameters of a quadruped robot model, for
distinct locomotion gaits.
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1 Introduction

Several walking robots have been developed up to date [1]. Compared with traditional vehicles
with wheels and tracks, their major advantage is the fact of allowing locomotion in terrain inac-
cessible to other type of vehicles, because they do not need a continuous support surface.

Since legged locomotion robots are inspired in animals observed in nature, a frequent approach
to their design is to make a mechatronic mimic of the animal that is intended to replicate, either in
terms of its physical dimensions, or in terms of characteristics such as the gait and the actuation of
the limbs. Several examples of robots that have been developed based on this approximation are
discussed by Silva and Machado [1].

However, in the present state of development, there are several aspects that need to be improved
and optimized in these machines. With this idea in mind, different optimization strategies have
been proposed and applied to these systems, either during its design and construction phases, or
during its operation [2].

One possibility makes use of genetic algorithms (GAs) as the engine to generate robot structures.
GAs are an alternative way of imitating nature. Animals characteristics are not directly copied but,
instead, is replicated the process that nature conceives for its generation and evolution.
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Figure 1: Kinematic and dynamic quadruped robot model (left) and its control architec-
ture (right)

In some cases it is performed a GA modular approach to the robot design [3, 4, 5]. There are also
works on which evolutionary strategies are used to optimize the structure of a specific robot [6, 7].
Other authors proposed the use of GAs for the simultaneous generation of the mechanical structure
and the robot controller, for distinct types of robots [8, 9, 10, 11, 12].

Bearing these ideas in mind, the objective of this paper is to present a GA, running over a
simulation application of legged robots, which allows the optimization of a quadruped robot model
parameters, for distinct locomotion gaits often used by animals moving at different velocities.

The remainder of this paper is organized as follows. Section two presents the robot model and
its control architecture. Sections three and four present the implemented GA, and some simulation
results, respectively. Finally, section five outlines the main conclusions of this study.

2 Robot Model and Control Architecture
2.1 Kinematics and Trajectory Planning

We consider the model of a legged robot (Figure 1, left) with n = 4 legs, equally distributed
along both sides of the robot body, having each one two rotational joints (i.e., j = {1, 2} = {hip,
knee}) [13].

Motion is described by means of a world coordinate system. The kinematic model comprises:
the cycle time 7', the duty factor 3, the transference time t7 = (1—/3)T, the support time tg = 57T,
the step length Lg, the stroke pitch Sp, the body height H 5, the maximum foot clearance F, the
it" leg lengths L;; and L;y (being the total length of each robot leg equal to 1 m) and the foot
trajectory offset O; (i = 1, ..., n). Moreover, a periodic trajectory for each foot is considered,
with body velocity Vp = Lg / T.

Gaits describe sequences of leg movements, alternating between transfer and support phases. In
this work are considered three walking gaits (Walk, Chelonian Walk and Amble), two symmetrical
running gaits (Trot and Pace) and five asymmetrical running gaits (Canter, Transverse Gallop,
Rotary Gallop, Half-Bound and Bound). These are the gaits usually adopted by animals moving at
low, moderate and high speed, respectively, being their main characteristics presented in Table 1.

Given the particular gait and the duty factor (3, it is possible to calculate, for leg ¢, the corre-
sponding phase ¢;, the time instant where each leg leaves and returns to contact with the ground
and the Cartesian trajectories of the tip of the feet (that must be completed during ¢7) [14]. Based
on this data, the trajectory generator is responsible for producing a motion that synchronises and
coordinates the legs.

The robot body, and by consequence the legs hips, is assumed to have a desired horizontal
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Gait o1 P2 93 P4 B
Walk 0 05 075 0.25 0.65
Chelonian Walk 0 0.5 0.5 0 0.8
Amble 0 0.5 0.75 025 045

Trot 0 05 0.5 0 0.4

Pace 0 05 O 05 04

Canter 0 03 0.7 0 0.4
Transverse Gallop 0 0.2 0.6 0.8 0.3
Rotary Gallop 0 0.1 06 05 03
Half-Bound 0.7 0.6 O 0 0.2
Bound O O 05 05 02

Table 1: Quadruped gait parameters

movement with a constant forward speed Vp, being the Cartesian coordinates of the hip of the
legs, for leg 4, given by pra (t) = [#ima(t), yirra(t)1T [13].

Regarding the feet trajectories, for each cycle, the desired trajectory of the foot of the swing leg
is computed through a cycloid function and described by (for leg i) pra(t) = [zira(t), yira(t)1T [13].

The algorithm for the forward motion planning accepts, as inputs, the desired Cartesian trajec-
tories of the leg hips pyq(t) and feet ppq(t) and, by means of an inverse kinematics algorithm
1)1, generates as outputs the joint trajectories ® q(t) = [f;14(t), @s24(t)]T [13], that constitute the
reference for the robot control system. In this study it is adopted the mammal leg configuration,
namely selecting in 1)~ the solution corresponding to a forward knee.

In order to avoid the impact and friction effects, at the planning phase null velocities of the feet
are considered in the instants of landing and taking off, assuring also the velocity continuity.

2.2 Robot Dynamic Model
2.2.1 Inverse Dynamics Computation

The model for the robot inverse dynamics is formulated as [13]:

I =H(©)®+c(0,0)+g(©) - Fru —IT(O)Frr (1)

where I is the vector of forces/torques, ® is the vector of position coordinates, H(®) is the
inertia matrix and c ((--)7 @) and g(®) are the vectors of centrifugal/Coriolis and gravitational

forces/torques, respectively. The matrix J T (@) is the transpose of the robot Jacobian matrix, Fry
is the vector of the body inter-segment forces and Fry is the vector of the reaction forces that the
ground exerts on the robot feet, being null during the foot transfer phase.

Moreover, the joint actuators are not considered ideal, exhibiting a saturation, being the maxi-
mum torque that each actuator can supply 7;;rrqz-

2.2.2 Robot Body Model

The dynamic model for the hexapod body and foot-ground interaction (Figure 1) considers a com-
pliant robot body, divided in n identical segments (each with mass Mn~"!, while making the total
mass of the robot equal to 100 kg) and a linear spring-damper system is adopted to implement the
intra-body [13]. The parameters of this spring-damper system, K, g and B,y (1 = {z, y} in the
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{horizontal, vertical } directions, respectively), are defined so that the body behavior is similar to
the one expected to occur on an animal [13].

2.2.3 Foot-Ground Interaction Model

The contact of the i*" robot foot with the ground is modelled through a non-linear system (Fig-
ure 1) with linear stiffness K, r and non-linear damping B, (7 = {x, y} in the {horizontal,
vertical} directions, respectively) [15]. The values for the parameters K nF and By are based on
the studies of soil mechanics [15].

2.3 Control Architecture

The general control architecture of the multi-legged locomotion system is depicted in Figure 1
(right), being G.1(s) a PD controller and G2 a simple P controller [15]. The trajectory planning
is held in the Cartesian space, but the control is performed in the joint space, which requires the
integration of the inverse kinematic model in the forward path. The control algorithm considers
an external position and velocity feedback and an internal feedback loop with information of foot-
ground interaction force.

3 Developed Genetic Algorithm

GAs are adaptive methods which may be used to solve search and optimization problems [16]. By
mimicking the principles of natural selection, GAs are able to evolve solutions towards an optimal
one. Although the optimal is not guaranteed, the GA is a stochastic search procedure that, usually,
generates good results. The GA maintains a population of candidate solutions (the individuals).
Individuals are evaluated and fitness values are assigned based on their relative performance. They
are then given a chance to reproduce, i.e., replicating several of their characteristics. The offspring
produced are modified by means of mutation and/or recombination operators before they are eval-
uated and reinserted in the population. This is repeated until some condition is satisfied.

3.1 Structure of the Used Chromosome

The chromosome used in the developed GA presents 34 genes (i.e., 34 robot parameters). The
genes are organized as presented in Table 2: the first gene (L) contains information regarding the
step length and the last gene (K d92) contains the derivative gain of joint 2 of the robot rear legs.
These values are coded directly into real numbers (value encoding).

3.2 Measure for the Fitness Evaluation

For the fitness function is used the mean absolute density of energy per travelled distance E,, [17].
This index is computed assuming that energy regeneration is not available by actuators doing
negative work (by taking the absolute value of the power). At a given joint j (each leg has m =2
joints) and leg 7 (n = 4 legs since a quadruped is being considered), the mechanical power is the
product of the motor torque and angular velocity. The global index E,, is obtained by averaging
the mechanical absolute energy delivered over the travelled distance d:

Eap = %ii /0 ' 755 () 0 (t)‘dt [Jm~1] 2)

The performance optimization is achieved through the minimization of the index El,,.
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Minimum Value Variable Maximum Value

0 < L, < 10m

0 < Hpg < 1m

0 < o < 1m

0 < Ly < 1m

0 < L12 S 1m

0 < Loy < Im

0 < Loy < 1Im

0 < O, < 10 m

0< M, < 100kg

0 < My < 10 kg

0 < M, < 10 kg

0 < Moy < 10 kg

0 < Moy < 10kg

0 < K.n < 10000 Nm

0 < Ky, < 10000 Nm

0 < B, < 10000 Nms~*

0 < By, < 10000 Nms~!
—400 <  Tiimin < 0ONm

0 < TimMaer < 400Nm
—400 < T12min S 0 Nm

0 < T12Mazx < 400 Nm
—400 < Tolmin < 0Nm

0 < To1 Mazx < 400 Nm
—400 < T29min < 0Nm

0 < T2o Mazx < 400 Nm

0 < Kpn; < 10000

0 < Kd11 < 1000

0 < Kpp < 10000

0 < Kdp < 1000

0 < Kpyy < 10000

0 < Kdsy < 1000

0 < Kpp < 10000

0 < Kdgg < 1000

Table 2: Interval of variation of the 34 genes used in the chromosome



MANUEL E SILVA

3.3 Base Structure of the Developed GA
The outline of the specific GA is as follows:

1. Start: Generate a random population of v = 50 chromosomes. The values for the genes
that constitute the chromosome are uniformly distributed in the ranges mentioned in Table 2.

2. Simulation: Simulate the robot locomotion for all chromosomes in the population.
3. Fitness: Evaluate the fitness function for each chromosome by computing F .
4. New population: Create a new population by repeating the following steps:

— Selection - Select the 4 best parent chromosomes according to their fitness. These
solutions are copied without changes to the new population (elitism).

— Crossover - Select 90 % of the individuals to be replaced by the crossover of the par-
ents: two random parents are chosen and an arithmetic mean operation is performed to
produce one new offspring.

— Mutation - Select 1 % of the individuals to be replaced by mutation of the parents: one
random parent is chosen and a small number is added to selected values, to make a new
offspring.

— Spontaneous generation - The remaining individuals are replaced by new randomly
generated ones (such as in step 1).

5. Loop: If this iteration is the 500" or the GA has converged (the value of the fitness function
for the chromosome with the best fitness function is equal to the one that is in the position
corresponding to 90% of the population), stop the algorithm, else, go to step 2.

4 Simulation Results

The main objective of this study was to find the optimal values for the robot model and controller
parameters, considering that the robot was moving with V7 = 1 ms~!, while adopting the gaits
Walk (1), Chelonian Walk (2), Amble (3), Trot (4), Pace (5), Canter (6), Transverse Gallop (7),
Rotary Gallop (8), Half-Bound (9) and Bound (10).

This study started by determining the optimal values for the robot model and controller param-
eters, considering a robot moving at Vi = 1 ms™!, with the Walk Gait. Running the GA, with the
parameters described in subsection 3.3, the algorithm converged to the results given in Table 3.

Analyzing the results presented in Table 3 it should be referred that the length of the upper
segment of the leg should be smaller than the corresponding length of the lower segment. In the
same way, the upper segment of the leg should be heavier than the lower segment. Finally, the
trajectory of the legs must be displaced to the rear of the moving direction, as indicated by the
values of the parameters O;.

Following, the GA was executed with the same parameters, for the distinct gaits under analysis.
The algorithm converged to the results that are described in the sequel. There was one exception:
for the Chelonian Walk gait the GA did not converge, although several attempts (distinct runs of
the GA) were made.

Figure 2 depicts two charts with the optimum values of the Step Length (Lg) (left) and Body
Height (Hp) (right), for the distinct gaits under consideration, determined by the GA. It is seen
that the robot should move with a value of Lg ~ 1.1 m, except for the Canter and Bound gaits,
for which case it should be Lg ~~ 1.3 m. Concerning the value for the Body Height, analyzing the
chart presented in the left part of this figure, one can conclude that the robot should adopt a value
of Hg ~ 0.8 m.
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Parameter Optimum Value

Ly, = 1.056 m
Hp = 0.724m
Fe = 0.076m
L, = 0484m
L, = 0516m
L21 = 0.425m
L22 = 0.575m
O; = —0.38m
O, = —0.035m
M, = 83.134kg
Ky, = 79991.055 Nm

K,, = 9084.575 Nm
B,, = 991.235 Nms~*
By, = 92.299 Nms ™

Tiimin = — 296.987 Nm
TiiMaez = 105.782 Nm
Tiomin = — 136.718 Nm
TioMaez = 145.311 Nm
T21min — — 287.426 Nm
To1Max — 115.196 Nm
Toomin = — 283.489 Nm
TooMax — 342.611 Nm
Kp;; = 3012.207
Kdyy = 789.264

Kpis = 4395.400
Kdi;, = 165.975

Kpyy = 3202.196

Kdyy = 543.265
Kdy; = 156.955

Table 3: Optimum values for the hexapod parameters while walking with the Walk Gait,
being Vi =1 ms™!, E,, = 500.002 J/m and the travelled distance d = 1.281 m.
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Figure 2: Optimum values of the Step Length Lg (left) and Body Height Hp (right), for
the gaits under study
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Figure 3: Optimum values of the front legs links lengths L1, and L5 (left) and of the rear
legs links lengths Loy and Lo (right), for the gaits under study

Figure 3 depicts two charts with the optimum values of the front legs links lengths Li; and
L5 (left) and of the rear legs links lengths Lo; and Los (right), for the distinct gaits under study,
determined by the GA. Analyzing the results presented in these figures it should be referred that
the length of the upper segment of the leg should be smaller than the corresponding length of the
lower segment. The relation between the lengths of both segments is L;1/L;2 ~ 0.3/0.7.

There are only two exceptions to these general results; for the case of the front legs, when the
robots adopts the Amble gait both segments should be of similar lengths and when the quadruped
adopts the Bound gait the results obtained by the GA indicate that the lower segment of the leg
should be smaller than the corresponding upper segment.

In Figure 4 are presented two charts with the optimum values of the foot trajectory offset O
and Oy (left) and of the Body Mass (M p) (right), determined by the GA, for the gaits under
study. Concerning the foot trajectory offset, the results presented in this chart indicate that the
robot should move with the feet trajectory displaced to the rear of the hip trajectory (in the moving
direction), as indicated by the values of the parameters O;. Regarding the robot mass distribution,
the body should concentrate most of its value (it is assumed that the total mass of the robot is equal
to 100.0 kg) being Mp > 70 kg for all gaits under study, except for the Half-Bound.

Finally, Figure 5 shows two charts with the optimum values of the front legs link masses M1,
and M2 (left) and of the rear legs link masses Mo and Mas (right), determined by the GA, for
the gaits under study. The left chart indicates that the lower segment of the front legs should be
heavier than the upper segment (M2 > M;1), except for the Half-Bound gait.

In a similar manner, the right chart indicates that the lower segment of the rear legs should be
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Figure 4: Optimum values of the foot trajectory offset O; and O, (left) and of the Body
Mass Mp (right), for the gaits under study
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Figure 5: Optimum values of the front legs link masses M, and M, (left) and of the rear
legs link masses Mo, and Moo (right), for the gaits under study

heavier than the upper segment (Mo2

> Mos1), except for the Transverse Gallop gait. These

results seem to agree with the ones presented in Figure 3, since longer legs links segments are

heavier.

5 Conclusions

This paper presented a GA developed for the optimization of quadruped robot parameters. This
GA runs over a simulation application of legged robots (developed in the C programming lan-
guage), which allows the optimization of several parameters of the robot model and of its gaits for
different locomotion speeds.

Based on this GA, were determined the optimum locomotion parameters for the quadruped robot
and its controller, while the robot is moving at Vz = 1 ms~! with distinct gaits.

As ideas for future work, the author plans to develop several simulation experiments to find the
parameters that optimize the robot locomotion, from the viewpoint of the index E,,, for different
values of Vr in the range 0.1 < Vr < 10.0 ms™.
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