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Abstract—The evolution of a dynamic walking weight from the support foot to the landing foot. This
gait of biped robot is presented in this paper. Thes the weight acceptance phase [21].

gait is generated for a biped robot to walk on pErom the biological point of view, human walking is
flat ground and climb up stairs. For the trajectoryiso based on the memory of the gait. After learning,
based gait generation, various parameters satisfymans utilize the gait with the one that has the best
ZMP criterion and can realize continuous walkingperformance. Various parameters are used in the gait
The evolutionary algorithm is used to choose thgeneration for the robot. Normally the parameters are
parameter combinations. Simulation studies shoyned manually. Although continuous dynamic walking

performance in dynamic walking. The RoboSapien, gchjeved always.

17 DOF biped robot is built to apply and verify the

walking algorithm. Evolutionary algorithms (EA) [22] are stochastic

search techniques based on natural selection and the
survival of the fittest. Nature produces a population
with individuals that fit the environment better. By
mimicking this concept, EA are successfully used in
various fields. In EA, each individual represents a
1 INTRODUCTION search point in the space of potential solution of a given

There are various algorithms to generate walkingroblem. Descendants of individuals are generated by
gait for humanoid robot. Trajectory based gait genrandomized processes intended to model recombina-
eration is simple to use and achieve desired perfdion and mutation. Recombination exchanges infor-
mance. Static walking can be achieved by Center ofiation between two or more parent individuals and
Gravity (CG) control [1]. The Zero Moment Point mutation corresponds to an erroneous self-replication
(ZMP) trajectory control [2], [3] can realize stableof individuals. To evaluate the performance of each
dynamic walking. The ZMP is the point on the groundndividual, a fitness value is assigned to individuals.
around which the sum of all the moments of the activéhe probability of the individual to be selected as a
forces equals zero. In order to achieve stable dynamp@rent depends on the fitness value. The individual
walking, the ZMP must be kept inside the supponith a better fitness value has more chance to be
region. This criterion ensures that the support foot iselected. This ensures that good quality is inherited
stationary on the ground in single support phase. Undby the following generation.

such CirCUmStanceS, the blped robot can be ConSiderqu\/cﬂutionary a|g0rithms are also useful to generate
as a traditional manipulator for analysis purposes. optimal robot walking sequences. Some applications
In recent years, a lot of biped robots have beep3] [24] on robot motion control are very success-
developed [4-7] and many researchers [8-20] hav@l. This paper describes an evolutionary algorithm
focused their research on biped walking control. for p|anning motion patterns for the b|ped robot.
The walking cycle is divided into single supportedeyolutionary algorithm is utilized to search for the

phase and double support phase. In the single suppesimbination of parameters that can result in the best
phase, cubic polynomial is used to generate the hip apérformance.

swing foot trajectories which satisfy the ZMP criterion.

: : . The paper is organized as follows. The biped robot
The swing foot should follow a desired trajectory s introduced in Section 2. In Section 3, the trajectory

Iavcilr? o(lj)sta;)clles and t? Sﬁt'Sfy tt?]e Iangj'?q[ ConfStra'Tﬁased algorithm for gait generation is proposed. Evolu-
n the double support phase, the robot transters rfl%nary algorithm is described in Section 4. Simulation

This work is supported by the University Faculty Research Furﬁ':nd .eXpe”mentaI results are prowded in Section 5.
R-263-000-087-112 Section 6 concludes the work.
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2 BIPED ROBOT ROBOSAPIEN

RoboSapien (Fig. 1) is a fully autonomous humanoid
robot designed and built in the Mechatronics and
Automation laboratory of National University of Sin-
gapore. The objective of the RoboSapien project is to
design and build a research platform to investigate the
humanoid robot walking motion and the use of artificial
intelligence tools. The robot can achieve static and
dynamic walking on flat ground avoiding obstacles. It
can climb up and down stairs. RoboSapien also has the
ability to locate and kick a ball into a goal. The robot
is 47 cm tall and weights 2 kg.
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Fig. 2. Joint configuration of RoboSapien

commands the low level controller. The high level
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The joint configuration of RoboSapien is shown in
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Fig. 2. Table | lists the specifications of RoboSapien. 5 Videolcamera
| Walking control
TABLE | : Tilt sensor
SPECIFICATIONS OFROBOSAPIEN ‘ DSP AD
length mass : PWM Force sensors
Trunk | 0.14 m | 0.8 kg : AD
Thigh | 0.08 m | 0.3 kg :
Shank| 0.08 m | 0.2 kg ‘ DC servo motors for legs ‘
Foot | 0.043 m| 0.1 kg

. Fig. 3. Control system configuration
The control system structure of RoboSapien is

shown in Fig. 3. The system is divided into two ) ) )

parts: a high level control part and a walking control Based on the information from the tilt sensor and

part. Digital Signal Processors (DSP) are used as tRéht force sensors, the walking motion and other
controller (Motorola 56F805 and 56F807) in the twgactions are ge_:nerated according to the high level com-
parts. The two controllers communicate through Serighand. The high level controller commands the DC

Peripheral Interface (SPI). The high level controlle€v0 motors via PWM generator. After the desired

receives the video camera signals via serial port. THR@Sitions are generated by the walking control algo-
camera provides the position information of an objedﬂthma the position information are sent to the DC servo

within a specified color range. The controller reads thg0tors.

IR sensor’s signal to obtain the distance and position

information of obstacles. The controller also receives 3 GAIT GENERATION

the signal from a digital compass. The compass pro- The walking motion of the biped can be determined

vides the directional information and navigates théy the hip and foot trajectory. Predetermined trajecto-
robot. According to the information received from theries are used for the gait generation. The hip and swing
sensors, the high level controller makes decisions affidot trajectories are generated by cubic polynomial.



ZMP criterion is used to ensure the stability of dynamic KT KT +Ton kT +Te KT +T
walking. As shown in Fig. 4, if the initial and final '
states are known, the trajectory can be generated by a
cubic polynomial. If the trajectory satisfies the ZMP
criterion, the robot can achieve continuous walking.
Only sagittal motion is discussed in this work.

Hip trajectory
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As shown in Fig. 4, hip trajectory can be generated
# by cubic polynomial if the initial and final states are
known for single support phase. Generally, the initial
state is known. The final state includes hip position
[The, 2ne])T and hip velocity[vyze, vize]’. The desired

Fig. 4. Hip and foot trajectory hip velocity [vnze,vhze]T is specified. For any given
0., zne Can be derived using (1). Consequently, is
derived.

Since the initial and desired final states are known,

3.1 Derivation of the hip height the hip trajectory for single support phase can be

After careful observation of human walking, a gengenerated. The initial and final constraints associated
eral rule is derived to determine the optimal hip heighf/ith & cubic trajectory forz direction z(t) can be
for walking. The hip is lifted to a maximum height described as:
when walking up stairs. When walking down stairs,

the hip is lowered down to enable the foot to reach the zps T t=kT

lower stair. This rule is represented by: an(t) = Zhe if t = kT + Tys, 2)
2pe = min(max(hy), max(hy)), Q) ; _ ) Uzhs if ¢ = kT
" (ma(hs), macr(lu) “lt) { vone if £ = KT + Ty, )

- N whereT' is the period for a single step arid; is
T (wne, zne) iy the period of the single support phase.
- The parameters of the cubic polynomial,

21 ()= ap+ ay (t=kT)+ as (t—kT)*+ a3 (t—kT)3, (4)

can be derived based on the initial and final constraints.

The cubic trajectory for: directionz,(t) is divided
into two parts: betweemn,, (kT') andzy (kT +T,;) and,
betweenzy (kT + T,p) andxp, (kT + Tss). Ty, is the
time point, measured with respect to kT, at which the
| ! hip is vertically above the ankle joint. The constraints
for z,,(t) can be described as:

Fig. 5. Determine the height of hip

l‘h(t) = Ths t=kT
wherehs andhym are respectively the possible and zp(t) = xp1 t=kT+T,p
maximum hip heights for the support lely; and h;m zp(t) = Tpe t=KT+Ts,
are respectively the possible and maximum hip height Tp(t) = vghs t=kT (5)
for the landing leg as shown in Fig. 5. Equation (1) ip(t7) = 2p(tT)  t=KT+Typ
is valid for various ground conditions, no matter what Tp(t) = vghe t=KT+T,
the terrain is: flat ground, rough or stairs. [ Zn(t) = as t=KT,



where a; is the specified initial acceleration. The
parameters of a polynomial trajectory can be derived Te
using the constraints in (5., andT,, in a walking Lemp = m’ ©)
cycle are_shown in !:|g. 6. It is supposed t_h_at the initial wherez.,,., is ZMP, 7, is the ankle torque.
acceleration and final speed are specified carefully P
such that a hip trajectory which satisfies the physical

constraints can be generated. 4 GAIT EVOLUTION

In the gait generation algorithm, introduced in the
3.3 Swing foot trajectory previous sectlon,_there are various parameters to tune
) o ] to. This process is complicated and normally the best
Cubic polynomial is used to generate the swing foqie formance can not be achieved. This part introduces

trajectory of single support phase. At the starting, eyolutionary algorithm for turning the parameters.
and ending points, the following position and speed | eyolutionary algorithms, strings and characters

constraints must be satisfied: are used to simulate chromosomes and genes. An
evaluation function or fitness functiafi(¢) is defined
rp(t) =xps  t=KT to evaluate the performance of each gene combination.
zp(t) =xzpe  t=KT+T g ) The ideas of population, generations, reproduction,
2p(t) = zps  t=KT crossover and mutation are also used to simulate a
2p(t) = zpe  =KT+Tg natural system. The reproduction genetic operation is
based on the Darwinian principle of reproduction and
ty(t)=0 t=kT survival of the fittest. In order to keep the best individu-
tp(t) =0 t=kT+Ts, @ als, the fittest are copied to the next generation without
2r(t)=0 t=kT any change. The genetic operation of crossover creates
2r(t) =0 t=kT +Tss, new individuals through the recombination of the genes

from the previous generation. Two independent parents

i \I/:vihe;eszf ﬂ;ﬁ é i ;;Mlénzﬁ] :ngf ngﬁ'sg?rshr;?\’m are selected based on the probability determined by
9. &L pleng " 9 the fitness. A mutation point in the string is chosen at

While climbing stairs, the steps are considered arsandom and the single character at that point is changed
obstacles. Such an obstacle is at a distance,ofthe 9 P 9

step width) and has a height of, (the step height). random!y. The changed individual is copied to the new
. - . . eneration.

In order to avoid colliding with the obstacle the helghtg A set of strinas is used to represent the pooulation

of the swing foot should be larger thdih, atz = z,. g b Pop

. . . °" and each string is evaluated by the fitness function.
The associated constraints can be described as: L .
Another generation is created according to the perfor-

mances of individuals of the current generation. During
{ ) =Ho t=kT'+T, () the formation of the following generation, the genetic
£(t) =0 t=kT +1T,. operators of reproduction, crossover and mutation are

Given the start and end positions erandz direc- utilized.
tions, and the height of the obstadt,, a smooth foot The process of the evolutionary algorithm is outlined
trajectoryf (t) = [z(t), z¢(t)]” can be generated with below: [22]
a cubic polynomial. Inputiy, A, ©1, Oy, O, O

The joint position of h|p and knee of the Swing |eg Output:a*, the best individual found during the run,
can be derived by inverse kinematics. Suppose the Hb
and swing foot positions in the sagittal plane at time ", the best population found during the run.
areh(t) = [zn(t), 2n(O]7 and f(t) = [w4(t), 2 (1)]7, L1 0;
then the inverse kinematics of the swing leg can be 2 P(t) < initialize();
derived as follows: 3 F(t) «evaluatel(t), p);

4 while (I(P(t), ©;) truedo
— S — 5 P'(t) + recombine P(¢),0,);
{ " ] = [ S =)+ (e (D=2, ()7 ] 6 P”(t) « mutate £'(t), O.n);
- [ o5 V@ (O —2r (D)% (zr () =2 (1)) J " 7 F(t) < evaluate P”(¢), \);
2Lo 8 P(t + 1) « selectP”(t), F(t), u, Os);

As shown in Fig. 46, = 0, + 6, andf;, = 26,. 0, 9t +t+1,;
and#,, are the hip and knee joint angles respectively. where  and A denote the parent and offspring
The thigh and shank are of the same length population sizes.P(t) characterizes a population at

For different parameters, the hip and foot trajectoriegenerationt. Parameter set®,.,0,, and©®; are used
are generated. ZMP can be derived from the ankle represent the characteristics of recombination, mu-
torque: tation and selection.




In the gait generation algorithm introduced in the
previous section, there are various parameters to tune.
Four of the parameter®(, T, Ts, andzg.) which
affect the performance greatly are optimized through
EA. The walking performance is evaluated from the
ZMP trajectory. The associated fithess function is:

1
N (@ (1) — Tazmp(0))?

Table Il lists the parameters used in the evolutionary
algorithm.
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TABLE Il . ‘ ‘ ‘ ‘ ‘ s ‘ ‘
PARAMETERS OF THE EVOLUTIONARY ALGORITHM R s S
Parent sizeu 20 ) )
Offspring sizex 70 Fig. 8. ZMP before evolution
Generation 100
Crossover Ratio 0.7 TABLE Il
Mutation Ratio 0.15
Reproduction Rafio| 0.05 PARAMETERS OF WALKING SIMULATION
Parameter value
step length 0.115 m
walking speed| 0.1 m/sec

5 SIMULATION AND EXPERIMENTATION

5.1 Smulation

5.2 Implementation

A 12-DOF biped model in Yobotics [25] is The developed algorithm is implemented on the
used to verify the developed algorithm. Proportionalbiped robot RoboSapien and stable walking is
Differential (PD) controller is used on each joint. Theachieved.
biped model has the same parameters as that of the
biped robot RoboSapien. The parameters utilized in
the simulation study are listed in Table IIl.

6 CONCLUSION

In this work, an evolutionary algorithm based biped
robot walking gait generation is presented. A 12-DOF
biped robot is simulated in Yobotics to verify the
performance. The performance is also validated by
implementing the algorithm on a 17-DOF biped robot
RobpSapien.
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Fig. 7. Fitness changing with generation

As shown in Fig. 7, both the maximum fithess anéﬁ]
average fitness converge after about 100 generation. In
this evolutionary algorithm, the best individual in each
generation is replicated to the next generation.

Fig. 8 and 9 show respectively the ZMP trajectory’]
before and after the evolution. Fig. 10 shows the
simulation of the biped robot climbing up stairs.
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