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Abstract 

Recently, biped robotics becomes an interesting topic 
for many control researchers. But it is easy to fall 
down. It is difficult to control a biped robot for sta- 
bly walking. So, the generation of the optimal walking 
trajectory is a important question for a biped robot to 
keep walking stably. This paper is proposed for gener- 
ating the walking trajectories resuIted in best perfor- 
mance of the biped robot using multi-objective evolu- 
tionary algorithm, although we know only mechanical 
information for a biped robot. We formulate a trajec- 
tory generation problem as a multi-objective optimal 
problem. We obtain all Pareto-optimal sohtions on 
the feasible solution region for the walking trajectory 
generation of a biped robot. Moreovcr this solutions 
are confirmed through simulations of a red biped robot 
frame. 

1 Introduction 

In recent years, there are many studies about the 
biped type robot. Bccause the biped robot is more 
adaptable than the mobile robot in a varied en- 
vironment. And this type can have more diverse 
possibilities in planning the motion. Above all it is 
more human-friendly than any other types. But it has 
also many weak points. It is easy to fall down. So it is 
difficult to control the walking without falling down, 
we should consider the stability of biped locomotion 
in various terrain. Besides, the biped robot has high 
complexity and redundancy. So the generation of the 
optimal walking trajectory is an important problem 
for the biped robot to keep walking stably. 
There are two schemes for the wdking pattern 
generation. First, one is a scheme which a designer 
manually defines the parameters to generate the walk- 
ing trajectory. [l] And the other is a scheme which a 
designer intelligently finds all parameters to satisfy 

the constraints required in walking. [2]-[9] While 
the former has to make extensive efforts of trials and 
errors to get the better performance, the latter does 
not need to repeat some efforts. So, the latter one is 
studied by many researchers. In this paper, we want 
to have no efforts of trials and errors manually using 
the evolutionary Algorithm. And we want to find all 
possible solutions for the adaptability of this system. 
First we formulate the trajectory generation problem 
as the parameter search problem. So we confirm that 
our EA scheme is valid. In addition, we formulate this 
problem as the multi-objective optimal problem. And 
using multi-objective evolutionary computation, which 
is applied by the strength Pareto-optimality Ill], we 
can find all feasible trajectories, which satisfy stability 
condition dynamically, consume the minimum energy, 
and simultaneously move the robot faster. These 
objectives are considered simultaneoudy, although 
they are often competing. While previous evolutionary 
methods are applied to obtain the best solution for 
a specified fitness function, proposed method can 
find many obtained possibilities which can be applied 
flexibly for planning walking patterns fit for given 
environment. 

2 Walking trajectory for a biped robot 

2.1 Model, of biped robot 
In order to easily approach the dynamics of this 
system, it is assumed that the robot link is a point 
mass. In Fig.1, it is assumed that every parameter is 
known obviously. There are 3DOF in the hip joint, 
lDOF in the knee joint, and 2DOF in the ankle 
joint. For a sagittal plane, the foot trajectory can 
be denoted by a vector Xf = k , ( t ) , ~ , ( t ) , B f ( t ) ] ~ ,  
where (zr(t),zf(t)) is the coordinate of the ankle 
position, which is described by a circle on the foot in 
Fig.1. The hip trajectory can be denoted by a vector 
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Figure 1: The model of the biped robot 

X h  = [ x h ( t ) ,  z h ( t ) , r 3 , ( t ) l T ,  where ( zL ( t ) , zh ( t ) )  is the 
coordinate of the hip position, which is described by a 
circle on the hip in Fig.1. 

2.2 Walking Cycle 
Biped walking is a periodic and can  be determined by 
the foot and hip trajectory, A walking cycle consists 
in two phases, a single support phase and a double 
support phase. During a single support phase, one 
foot is stationary on the ground, and the other swings 
forward from the rear. During a double support 
phase, two feet are on the ground. Fig2 describes the 
configurations of the biped robot in via point at time 
t. Fig.2 shows what each via point is characterized 
by. So foot and hip positions of each via point can be 
inferred. 

If both foot and hip positions of each via point 
are determined, all foot and hip trajectories of the 

' biped robot at time t also will be determined by the 
cubic spline interpolation. Inverse kinematics is the 
study of the motion of bodies without references to 
forces that cause the motion. If we know trajectory 
information in the Cartesian space, we can obtain the 
joint information, which is applicable to the motor, 
in the joint space using inverse kinematics. Finally 
we cm control the motor to walk along desired 
trajectory. Zero Moment Point(ZMP) is used to 
ensure the stability of dynamic walking. The ZMP is 
the point on the ground around which the sum of all 
the moments of the active forces equals zero. To have 
the robot walk stably, the ZMP have to be kept inside 

, 

Figure 2: The configurations of the biped robot in via 
point at time t 

the stable region. In the end, 00, which is an angle of 
inclination of the biped robot on x axis, should be de- 
termined for the ZMP to satisfy the stability condition. 
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2.3 Foot trajectory 
As shown in Fig.2, Tc is the period of the one step 
we define that the one step begin with the heel of 
the right foot in contact with the ground at time 
t = kT, and to end with the heel of the left foot 
in contact with the ground at time t = kT, + T, 
on the flat ground. Fd is the distance at a stride. 
At time t = kT, + O.STd, the forward foot comes in 
contact with the ground fully and the robot stands 
upright. The toe of swing foot leaves the ground at 
time t = kT, + Td. This time, we let fb  and fr be the 
angle of the swing foot as it leaves and lands on the 
ground. And (F-l, Fmb) represents the position of 
the highest point of the ankle of the swing leg at time 
t = kT, + T,. The heel of the swing foot lands on the 
ground first at time t = (k + l)Tc. And the step is 
repeated for the other foot. To smooth the trajectory 
generating by the interpolation, the following speed 
constraints must be satisfied: 

The cubic spline is one very effective, well-behaved, 
computationdly efficient interpolation method. The 
approach is to fit cubic polynomials to adjacent pairs 
of points and choose the values of the two remaining 
parameters associated with each polynomial so that 
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the polynomials covering adjacent intervals agree 
with one another in both slope and curvature at 
their common endpoint. The above equations are 
the constraints that the first and second derivative 
must be continuous. Then we can obtain a walking 
trajectory of all the time t .  But we should manually 
design the d u e s  of many constraints parameters 

Tm . 
suitably, Such p d  i pm1 5 Fmh 1 ff i fb , T c  , Td , a d  

2.4 Hip trajectory 
In Fig.2, consider the hip configuration. The con- 
straints of the hip trajectory is very simple, but is 
very important to stable the walking. we let dhf be 
the distance between z coordinates of the front foot 
and the waist at time f = kTc + Td. And we let 
also dhb be the distance between z coordinates of the 
rear foot and the waist at time t = (k + l)Tc. If a 
designer determines these parameters very well, ZMP 
is valid for stable walking during a single support 
phase. We assume that (H,,,,H,,,) is the highest 
and lowest positions at the middle of the swing stage. 
When a designer defines the value of the parameter, 
the singularity should be always considered. So it is 
embarrassing to arrange the parameters manually. 
And to prevent the upper body of the biped robot 
from being shaken to all directions, oh is defined by 
:rad on the flat ground. LikeMse, to smooth the 
trajectory by the interpolation, the following speed 
and acceleration constraints of the hip trajectory must 
be satisfied: 

2.5 ZMP trajectory 
As shown Fig.2, the robot leans on a side not to fall 
down. This is a very important factor. If this factor 
is defined well, we can move actually the robot stably. 
We need to generate the ZMP desired trajectory on a y 
axis. Fig3 is representing the desired ZMP trajectory. 
And an angle of inclination of the robot body is 

. ,.... .. .~ ,... 

U 

Figure 3: The desired ZMP trajectory 

applied for folIowing the desired ZMP trajectory, 00 
is an angle of indination of the biped robot. It can be 
derived as follows: 

where a is a scale factor for the 6’0. Finally, to design 
the trajectory, many parameters, such as Fd, &I, 

is required. So the EA method which is enable to 
automatically find trajectory parameters resulted in 
the best performance is chosen. Once these values 
is obtained, we can generate a walking trajectory 
with the constraints of the via points using the cubic 
interpolation. And then, by inverse kinematics, some 
joint trajectory which enable to keep the robot walking 
stably in following the desired Cartesian trajectory cam 

Frnh> ff, f b ,  dhbr dhfi Hnaaz, Hmin, T c ,  Tdr and Trn, 

be found. il 

3 Evolutionary algorithm(EA) for the 
walking trajectory generation 

3.1 Evolutionary algorithm 
EA is a searching algorithm known to be robust for 
optimization ‘problem. This method is based on the 
natural selection and population genetics. It is based 
on the interaction and biological evolution between 
individuals and the natural environment. The survival 
of the fittest exists. It is very adaptable in environ- 
ment. Nature produces a population with individuals 
that are better fit to the environment from a random 
population. Using this algorithm, we want to find the 
best parameters for dl via points of walking trajectory. 

3.2 Vector initialization 
Vectors consists of ,  parameters to want to find out. 
As shown in Fig.5, a vector means a set of the 
known parameters. Because the number of unknown 
values are 12, search space is so wide that it may be 
troublesome to converge on the global solution. To 
reduce such an effort, genes have some constraints. 
These are as follow: 
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. Initial vectors are created in this region. And Td and 
Tc is considered adequately for real system consisted of 
actual motors which have a limitation of the capacity. 

Figure 4: The definition of the vector 

3.3 Fitness function 
Here we apply the fitness function to be appropriate 
for the biped robot. We consider stability property, 
energy efficient performance, mobility property, and 
penalty for the basic constraints during a cycle. Each 
factor is used to define the fitness function. 
Letting fstability be the stability function for the 
fitness function. The definition of this function is 
shown below: 

. where T! means a set of points in the current popu- 
lation. Each term denotes the normalized functions, 
which is as follows: 

where N = 2, ~ d ; ~ ~ ( f T , ) , y d = ~ ~ ( ~ ~ ~ )  are the desired 
ZMP trajectory of a vector x, s ~ ~ ~ ( H T ~ ) ,  yZm,(kTa) 
are the current ZMP trajectory in every sampling 
time, C, is defined as standard configuration rate, 
which indicates the fineness degree of its trajectory 
shape for a foot, and T, is the sampling time for this 
system. The first term of fstability(x) is a mean value 
of the error between the desired ZMP and actual 
ZMP for all sampling times. And the second term 
represents a degree to be shaken from side to side 
during a single support phase. And the next term 
is related to the configuration of foot trajectory. So 
the larger is this value, the higher is the risk that 
the motor may go to the utmost limit of velocity and 
torque, and then the stranger is the shape of foot 
trajectory. Finally, last term describes the motion of 
the hip. So if this value is lager, whole configuration 
of walking trajectory is very abnormal. So these terms 
should be minimized. All terms c m  have the relative 
weight rate so that the weighted ratio of each term 
can change results differently. We must consider this 
points. 
And then letting fenerg#  be the energy efficiency 
function. The definitioq of this function is shown as 
follow: 

where the,z, is the z coordinate of the ankle of the 
swing leg. 
It means that the height of the swing leg from the 
ground is minimized. It can be applied for looking 
over the change of the joint angle slightly, Next, let 
fmobi[ity be the mobility performance function. The 
function can be derived as follow: 
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It is shown that if the value of the mobility function 
f m o b i l i t y ( x )  is less, a mobility performance is better 
and the motion is faster. 

4 Multi-objective EA(M0EA) for the 
walking trajectory generation 

At last, here, let fpna[ty(x) penalty function for the 
constraints. Above all, penalty function has the high- 
est priority. Because, if a certain vector violates the 
penalty condition, we cannot e d u a t e  the other hnc- 
tions. If vector fpenalty(x) has singularity positions, 
there can be no solution of the inverse kinematics so 
that the other functions cannot be defined about such 
positions. If the position at every time is violate the 
penalty condition, f s t a ~ i t y ( x )  and f s t a b i t i t y  ( x )  may be 
equal to zero. 

In applications of optimization methods, the solu- 
tion of such problems is usually computed by the 
weighted sum of the objectives. The multi-objective 
optimization problem finds the point x = (XI,. . . , 2,) 
which optimizes the d u e s  of a set of objective 
functions f = ( f i , .  . . , fm) within the feasible region 
of z(Fig.6). Fig5 describes the set of the Pareto 
optimgity solutions of the minimization problem. In 
detail, the definition of the Pareteoptimality is as 
follows: Assume a minimization probIem and think 
about two arbitrary vectors a , b  E P. It can be said 

k=O 

where P(kT,) is a function to obtain a penalty value 
at time kT,. 
Let ftota( be the total fitness function which is com- 
bination of four objectives. The d u e s  of different 
objective functions may have different amount of 
magnitude. If a fitness function is equal to a weighted 
sum of objective functions, it may be dominated by 
the objective functions with larger values than it. To 
solve such a problem, each fitness function is necessary 
to be nornialized as follow: 

(17) 
fi(a) _< fi(b),b'Z = 1 , .  . . ,w, A 
fi(.) < fi(b), 3 = 1,. . . ,m* 

Every vector which is not dominated by any other 
vector are called non-dominated set or Pareto- 
optimal set. For the walking trajectory, we can 
define that a set of objective functions are f = 

ered, because, if fpenat ty(x)  = 0, this vector (x) is not 
feasible and finally cannot be a solution. 
In multi-objective problem, there are many schemes 
to find the non-dominated set of solutions. Among 

{ f s t a ~ i t y  , fenergy r f m o ~ i t y ) .  fpena~ty  cannot be consid- 

the others, the strength pareto evolutionary algorithm 
which is modified for the walking trajectory problem 
is used. In other conventional ways, there is a serious 
problem that the solutions to be sought out are central- 
ized in a specified part. So to resolve such a difficulty, 

f i  (x) 
f i ( x )  + mayE* j,(y) (I5) 

where * is a set of points in the current population many related works =e carried out. As a result, some 
and fi(x) the fitness methods considering such a difficult point is very use- 
And f i ( x )  ful. The strength pareto evolutionqr algorithm is one One Of four fitness functions' 
produce the normalized value. In the end, the total 
fitness function to be minimized is simple summation 
of normalized objects as follow: 

of 

p Pareto-optimal solutions 
Q Feasible solutions 
o Non-feasible solutions ftotal = fatabil i ty + fenaergy + fmobility + f p e n a l t y  (16) 

After all, by simple tests in Section 5, we can confirm 
that this scheme is applicable for finding some solu- 
tions to enable the biped robot to walk stably. But 
(16) is only weighted summation of all fitness func- 
tion. So we should tune weighted ratios so that we 
can obtain the best trajectory which has the desired 
performances. Because there is no chance that we can- 
not choose another solution, this work is very delicate. 
So as previously stated, the walking trajectory prob- 
lem should be regarded as multi-objective optimization 
problem. Because this problem is to simultaneously 
optimize several incommensurable and often compet- 
ing objectives. We can have more chances that we may 
choose. 
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Figure 5: The Pareto-optimal set 
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Figure 6: FIow diagram of multi-objective EA 

4.1 Scheme for the walking trajectory 
Fig.7 shows us what the proposed algorithm used to 
solve this multi-objective optimization problem is in 
brief. The algorithm is as follows: 

(1) Initialize the popuIations P(vectors) and create 
the empty array for non-dominated set NP(Non- 
dominated vectors). 
(2) Find the non-dominated members in P. However, 
to decide whether a vector is the member of the 
non-dominated set, f = ( fetabii i ty,  f e n e r g y ,  f m o i i i i t y )  of 
the vector cannot be applied rawly. Because, if the 
position of a vector (x) at every time is violate the 
pendty condition, f s t a b i i i t y ( X )  and f a t a b m y  (x) may be 
equal to zero. So although they cannot be the solution 
to satisfy feasible constraints, they can pretend to be 
a member of the non-dominant solutions. So each 
vector should be translated as much as its penalty 
fitness value in objective space. So the.feasible region 
is filtered by removing impurities. And then find the 
non-dominated members in P .  Transfer them from P 
to  N P .  
(3) Leave the non-dominated members in N P ,  and 
remove the dominated members in P. 
(4) If the number of the non-dominated solutions 
are more than the desired number Nnondom, remove 
needless solutions in N P  by clustering method. 
(5) Evaluate the fitness of all vectors in P and N P .  
(6) Select vectors in P and N P  using genetic oper- 
ations such as crossover, mutation, and tournament 
with replacement. 
(7) If the number of the generation is equal to maxi- 
mum generations, terminate this algorithm, else go to 
(2).  

Paretebased approach is used for determining of 
the members of non-dominated set. The definition 
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which is mentioned above for the Pareto-optimality is 
adjusted to detect the non-dominated vectors which 
are associated with the walking trajectory of the biped 
robot. It can be said that vector (A) cannot be a 
member of non-dominated set, iff 

3B E P(OnIy,B # A), 
fi(A) + fpenalty(A1 5 f i ( B )  + f p e n a ~ t y P ) , V i - A  
f i (A)  + fpenaltg(A) < f i ( B )  + . f p e n a l t y ( B ) r  3i- 

(18) 
where (A),(B) E P. Only if B satisfying above a 
condition doesn't exist at all, vector (A) is chosen to 
compose the non-dominate set. To assign the fitness 
of each vector, we select the strength Pareto method. 
It is shown that the performance €or uniform distri- 
bution of solutions in object space is nice. Because 
there needs no extra function unlike any other fitness 
sharing method and so it is simple to embody. 
First, the vectors of the non-dominated set are 
evaluated. And then the vectors of the population 
set also are evaluated. The penalty fitness value 
of the vectors are used 'once more for getting the 
solution not to go against the penalty constrains, but 
to enable to walk actually. 
is more strengthened. After all, we can obtain the 
solution vectors whose penalty value is nearly equal 
to zero and which are members of the non-dominated 
set. So fitness assignment of vector x E N P  is like this: 

So required condition' 

where n,(x) represents the nuniber of vectors which 
vector x dominates among the set P ,  and N p  means 
the number of all vectors in P .  
. So fitness assignment of vector y E P is as foilows: 

x dominate y 

As you see, there are areas of rectangular shape. We 
can refer.these areas as niches. So, finally, the given 
solutions for the minimization problem are distributed 
evenly in areas which is close to the origin. Like such 
a paint, this method is different from any other fitness 
sharing method that uses distance information among 
vectors in object space. But performance is similar 
to fitness sharing method. Clustering should be used 
for preventing many solutions from crowding a specific 
area. The desired number Nnondom of non-dominated 
solutions is required to generate the infinite number of 
solutions. Procedure of clustering iterates to combine 
two dusters whose relative distance is minimum, so 
that the number of cluster may lessen. And the com- 
bination is accomplished by selecting a representative 
vector per cluster as the centroid, whose mean interval 
among the other vectors is minimum. 
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5 Simulation 

Population size 
Non-dominant vector size 

No. of generation 

5.1 EA simulation 

200 
50 
200 

Table 1: Parameters of EA 
Parent size I 150 

Offsmina size I 300 
No. of generation I 300 

Crossover ratio I 0.25 
mutation ratio . I  0.2 

system parameter@) [ 2 

A lZDOF biped robot model(Fig.??) is used to ver- 
ify the proposed schemes for E,4. The parameters used 
in the simulation are listed in Table 1. This section 
shows that a solution of EA is satisfied with various 
conditions of a optimal walking trajectory, However it 
also shows, that walking pattern constructed with one 
solution is very strained and uniform. This is a seri- 
ous drawback of this single objective method in such a 
biped robot walking which is required to be more flexi- 
ble and natural like human walking pattern. However, 
because the single objective method uses the weighted 
summation of fitness functions, tuning of weighted ra- 
tios is so difficult that we may not easily find the opti- 
mal solution. Figure 8 show us the convergence prop- 

Figure 7: The convergence of EA process 

erty of the proposed evolutionary algorithm. We can 
obtain the best solution of the single objective fitness 
function. As shown in.Figure 8, we can show that 
mean value of the fitness function keeps the diversity 
of each individual, and minimum value converges to the 
best one. Figure 9 indicates that this optimal solution 
by the EA is good performance of ZMP trajectory. 

5.2 MOEA simulation 
The parameters used in the multi-objective optimiza- 
tion evolutionary algorithm simulation are listed in Ta- 
ble 2. And as you can see, Figure 10 show that this 
method can enable to obtain various feasible SQhtionS 
in at all. Every solution is different from each other. 

ZMP Trq~tory 

: M  
h . .  

0 

Figure 8: The ZMP trajectory 

Crossover ratio I 0.3 
mutation ratio I 0.1 

svstem oarameter(b) I 2 

They are non-dominant vectors. 

6 Conclusion and Further Studies 

In this paper, EA is proposed to find the solution 
without the .manual efforts mentioned above. We 
propose three objects. First, the one is about stability 
of walking trajectory. And next is about efficiency 
of energy. Finally, the other is about the mobility of 
robot. EA, for a single objective optimal problem of 
walking trajectory generation, is applied to optimize 
the weighted sum of three normalized object values 
and one penalty function. So, by this processes, we 
can obtain a optimal solution for walking trajectory 
of biped robot. But this is not so good. Because these 
objects have a conflict each other, we cannot optimize 
at  the same time. So we propose the multi-objective 
evolutionary dgorithm to find many useful solutions 
all at  once. And we can obtain the multiform pat- 
terns using these solutions for walking like human. 
To apply the multi-objective problem, we use the 
modified the strength Pareto-optimality algorithm 
for this situation. At last, in simulations, proposed 
dgorithm to generate the walking trajectory is verified. 
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Figure 9: The Pareto-optimal solutions for this problems 
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