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SUMMARY

This paper explores the design of humanoid complicated
dynamic motion based on human motion capture. Captured
human data must be adapted for the humanoid robot because
its kinematics and dynamics mechanisms differ from those
of the human actor. It is expected that humanoid movements
are highly similar to those of the human actor. First, the
kinematics constraints, including ground contact conditions,
are formulated. Second, the similarity evaluation on the
humanoid motion based on both the spatial and temporal
factors compared with the human motion is proposed. Third,
the method to obtain humanoid motion with high similarity
is presented. Finally, the effectiveness of the proposed
method is confirmed by simulations and experiments of our
developed humanoid robot “sword” motion performance.

KEYWORDS: Humanoid robot; Similarity evaluation;
Motion capture; Dynamic stability; Kinematics constraint.

1. Introduction

Many researchers have studied walking pattern generation
for humanoid robots.'~!° Basically, their methods start from
the viewpoint of analytic equations. The advantage of such
methods is that the necessary constraints of mechanisms,
kinematics, and dynamics can be formulated first. Then,
the humanoid motion satisfying the necessary humanoid
constraints can be obtained by solving the formulated
equations. However, in the case of complicated motions,
such as human dance and sports performance, exact motion
equations are difficult to formulate and solve.

Recently, some researchers have discussed the generation
of complicated humanoid motion based on human
motion capture.!!"!® Since the kinematics and dynamics
mechanisms of the humanoid motion differ from those of
the human actor, the captured trajectories must be modified
to satisfy the constraints of kinematics and dynamics. Pollard
et al.'' demonstrated the dance motion of humanoid upper
arms by capturing human dance. But this study did not
investigate the stability of the robot. To obtain the humanoid
motion taking the stability into consideration, Yamane et al.'?
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presented the dynamics simulation of humanoid motion
based on captured data. Nakaoka et al.'*'* described a
method using a symbolic description of leg motion primitives
to create the real humanoid dance. Nakazawa et al.'>'®
presented a better method for matching the frames of human
motions and created blended motions according to the
matching result.!>10

The human trajectory is considered as a teaching motion.
It is therefore accepted that the humanoid movements
are highly similar to those of the human actor. The
above mentioned investigations discussed how to obtain the
humanoid motion based on human motion capture. However,
how to evaluate the similarity of the humanoid motion
comparing with the motion of the human actor quantitatively
has not been studied sufficiently. In addition, most of the
above mentioned investigations based on human motion
capture discussed humanoid motion in the case of a relatively
low speed.

This paper explores to propose a similarity function to
evaluate the similarity of the humanoid motion compared
with the human motion quantitatively based on both the
spatial and temporal factors, and to design the humanoid
complicated dynamic motion with similarity, kinematics con-
straints and dynamic stability in consideration. The structure
of this paper is as follows. In Section 2, the procedure for
designing humanoid motion is introduced. The kinematics
constraints are formulated in Section 3. In Section 4,
similarity evaluation function is proposed. In Section 5, the
algorithm to derive the humanoid motion with high similarity
and high stability is presented. Simulations and experiments
are provided in Section 6, followed by the conclusions in
Section 7.

2. Scheme of Motion Design

2.1. Model of the humanoid robot

We have developed a humanoid robot, BHR-02 (Fig. 1),
1.6 (m), 63 (kg), with 32 degrees of freedom (DOF) in total.
For each leg, there are 3 DOF in the hip joint, 1 DOF in the
knee joint, and 2 DOF in the ankle joint. For each arm, there
are 3 DOF in the shoulder joint, 1 DOF in the elbow joint,
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(a) Humanoid and its model

Fig. 1. Human and humanoid model.

2 DOF in the wrist joint, and 3 DOF in the hand joint. For
the head, there are 2 DOF.

Moreover, it is difficult to build an exact human dynamics
model since human skeleton is very complicated.!” In order
to use the captured human trajectory to design the humanoid
motion, a simplified human model with a rigid body-link
is built (Fig. 1b), and the joints and the DOF of the human
model are the same to those of the humanoid model (Fig. 1a).

2.2. Procedure for humanoid motion design
The procedure for generating humanoid motion from a
human actor includes the following steps (Fig. 2):

(i) Human motion capture;
(ii) Segmentation of primitive motion;
(iii) Kinematics mapping;
(iv) Dynamics mapping;
(v) Similarity evaluation;
(vi) Simulation and experiment.

Our motion capture system consists of 12 optical cameras and
38 reverberation markers located on the actor’s body. The sys-
tem records the positions of all markers at the rate of 100 fps.
The data of joint angles of the simplified human model is
computed through kinematics based on the data captured by
the motion capture system and the data is regarded as the
actor’s data which will be used in the following kinematics
mapping and similarity evaluation.

The actor’s data cannot be directly imported into the
humanoid robot because its kinematics and dynamics
mechanisms differ from those of the human actor’s.

By using kinematics mapping, the actor’s data is translated
into the humanoid data, satisfying the humanoid kinematics
constraints. For the upper limbs, the end-effectors of the arms
are in a free space, and their kinematics constraints primarily
include the joint range and the number of DOF. For the lower
limbs, since the contact conditions between the feet and the

Optical
camera |

Motion

Kinematics

capture mapping

Fig. 2. Procedure of motion generation.
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(b) Human and his model

ground are the key factors for humanoid locomotion, the
kinematics constraints of low limbs must include the ground
contact conditions in addition.

The purpose of dynamics mapping is to make humanoid
motion satisfy constraints such as dynamic stability and the
actuator’s properties, because the mass distribution and the
actuator power of the humanoid model are different from
those of the human actor.

Through the kinematics mapping and dynamics mapping,
the obtained humanoid motion may be a little different from
the human actor’s motion. Moreover, the actor’s motion
is a teaching motion, and it is therefore expected to keep
the similarity of the human actor’s motion, satisfying the
kinematics and dynamics constraints.

3. Kinematics Constraints and Dynamic Stability

3.1. Kinematics constraints

The kinematics constraints include joint angle range,
workspace, and limb contact. For example, the joint angle
must be within its range:

Grimin = Gri = Grimax> (1)
where i = 1,2,...n,n is the total number of DOF, ¢,
denotes the angle of each joint and (g,imin, ¢rimax) denotes
the joint angle limitation. The contact constraints between
the humanoid feet and the ground are crucial for humanoid
locomotion. Since the length of the leg limbs is not in
proportion to the bones of the human actor, the ground
constraints may not be satisfied, which may result in
trampling, slumping, and glissading.

When the humanoid robot moves from the single-support
phase, the swing foot should land on the ground with the
designed position and orientation. In the case of trampling

Experiment
on humanoid

Dynamics
mapping
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(a) Trampling out (b) Slumping (c) Glissading

Fig. 3. Ground contact constraints.

(Fig. 3a), the foot is in the air. Conversely, the foot is under
the ground surface in the case of slumping (Fig. 3b). Both
cases cannot be applied to humanoid motion.

During the double-support phase, both feet should be
stationary on the ground with no slip between the feet and
the ground. However, the positions of one or both feet may
change; that is, the glissade (Fig. 3c) occurs when the actor’s
angle data is applied directly to the humanoid robot. To keep
the designed contact position and orientation between the
feet and the ground, the kinematics constraint can be given
as follows:

{dmin # 0

i = min{((x; — 202 + (v — W2 + (2 — 2D}
@

where (x;, y;,z;) and (xg, yk, zx) represent two arbitrary

points in different limbs of humanoid robot, dp;, is the safe

distance for collision free between two points on the limbs

and truck. Equation (3) is the ground contact constraints:

Pr — P = F:(6,), 3)

where Pr and Pp denote the designed position
vectors of the right foot and the left foot of the
humanoid respectively, Pr = [X;r, Yrfs Zrfs GQrxs Qrys q--17,
Pro=[xip, Yips 2ips Gies Gy qiz)' s g Yeps 2ep), and
(xi7, yif, z1r) are the Cartesian coordinate of right foot and
left foot, (grx, gry, 2rz) and (qix, Y1y, 21;) are the attitude
angles of right foot and left foot relative to x-axis, y-axis,
and z-axis. F,(6,) denotes the kinematics function and 6,
represents the joint angles on the two legs.

3.2. Stability criterion

We use the zero moment point (ZMP) criterion introduced by
Vukobratovic to adjust the stability of the humanoid motion. '
The ZMP can be computed by the following equations:

- Yois miGi + &) - Y mifiz = Y0 Iiniy’
Yooy miZi+8)

4)

Vo = Z,Nzl mi(Z; + g)yi ; Z,N:1 m;y;z; — Zl]\;] IiXQix’
Yoimimi(Zi +8)

5)
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Fig. 4. Stable region and stability margin.

where (x;mp, Ymp, 0) is the coordinate of the ZMP, N is the
number of links, m; is the mass of link i, g is the gravitational
acceleration, and (x;, y;, z;) is the coordinate of the mass
center of link 7 on the absolute Cartesian coordinate system,
I;x and I;, are the inertial components, €2;, and €2;, are the
absolute angular velocity components around x-axis and y-
axis at the center of gravity of link i.

The convex hull of the contact points between the feet
and the ground is defined as stable region. If the ZMP is
within the stable region, the robot is able to walk stably. The
minimum distance between the ZMP and the boundary of
the stable region is called the stability margin (Fig. 4). If
the stability margin is larger, the robot will walk in a more
stable manner. Therefore, in order to ensure that the stability
margin is enough for the robot, the ZMP should be kept
within a region called the desired stable region where the
stability margin of the ZMP is larger than a specified value.
The desired stable region €2 is denoted by the following
equation:

Q= {(rxzmp, ryzrnp)lrxzmp = va T'yzmp

> R,,R, >0, R, > 0}, (6)

where ry;mp and 7y, are the stability margin in x direction
and y direction, R, and R, are the specified minimum
stability margin, respectively.

4. Similarity Evaluation

The data obtained from the kinematics mapping needs to be
modified to satisfy the dynamic stability and allow the robot
to move in a stable manner. Further more, it is expected that
the humanoid movements are highly similar to those of the
human actor.

As mentioned above, many researchers discussed how to
obtain humanoid motion based on human motion capture.
However, how to evaluate the similarity of the humanoid
motion comparing with the human motion quantitatively has
not been studied sufficiently. In addition, most of previous
published methods on similarity concern the movements
at some fixed time,'l13:15:16.18=24 and the rhythm of the
performance has rarely been studied.

Actually, the human actor’s performance is rhythmic. The
humanoid robot motion should have similar rhythm of the
human actor. Hence the evaluation of the humanoid robot
motion should not only include the spatial similarity, but
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Fig. 5. Segmentation result of hand movement.

also include the temporal similarity of rhythm with the
human motion. This section discusses the evaluation function
considering the spatial and the temporal similarity.

4.1. Segmentation of primitive motion

We divide the motion into two types, motionless phase
and primitive motion. The motionless phase is when the
actor takes a static pose for a moment and the motion
speed is zero at that time. The transition between two
motionless phases is regarded as a primitive motion. That
is to say that any two near primitive motions are separated by
one motionless phase. From this viewpoint, each primitive
motion is independent. It is possible that different parts of the
body perform primitive motions, which are independent from
each other in their own timing. We consider that synchronized
primitive motions of some parts can be integrated into one
primitive. Note that the motion segmentation of arm and leg
is different. Leg motion involves contact conditions between
the foot and the ground, so we consider the arm motion and
leg motion separately. In this paper, the target motion of
humanoid robot is Chinese Kungfu “Sword” which requires
high speed and high stability. The segmentation result of
hand movement according to the speed trajectory is shown
in Fig. 5.
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4.2. Similarity function

The spatial similarity between the human and the humanoid
can be expressed in two ways: the relations of the positions of
the end-effectors and the trajectories of joint angles between
the humanoid robot and the human actor. Since the limb
length of the humanoid model differs from that of the human
actor, the end-effectors’ position of the humanoid may be
considerably different from the human actor’s. When we use
the relations of the positions of the end-effectors to evaluate
the similarity, we should take the length of the limbs into
consideration. In this case, the joint angles can be acquired
by inverse kinematics. Since the actor’s joint angles have
been obtained, the relations of the trajectories of joint angles
are used to evaluate the similarity.

The rhythm similarity can be expressed by the relation
of the velocity between the humanoid robot and the
human actor. The velocity changes according to the
rhythm.

Let j(j =1,2,...,m) be the number of the sequence of
primitive motion after segmentation. For arbitrary primitive
motion j: Let Tjh be the time taken by human actor, we
sampled this primitive motion with time interval AT" = TT’
and the number of sample points is k. Let 7] be the time taken
by humanoid robot, we sampled this primitive motion with
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time interval AT = %,
is k.

Since the number of DOF of the human is different from
that of the humanoid, we simplified the human motion to
make the number of DOF the same as that of the humanoid.
The similarity function for arbitrary primitive motion j is
defined as follows:

and the number of sample points

1 1
Si=o — +l—a) ——— (D
1+ Ki-Bi 1+ > B

i=1 i=l1

where i is the sequence number of the joints, 8; represents the
spatial effect on similarity, 8/ represents the temporal effect

s i(tT) — Q" Dri(t") — Qi) .
on similarity, f; = 12AUI=Qut g 10nt )= Qi

0,i(t") = [g.:]) g:(1) ... q,.,»(t,f)]T denotes the ith joint
angles of the humanoid robot at sample points after
kinematics mapping and dynamics mapping, Qp(t") =
[qh,-(tlh) qhi(té’) qh,-(t,?)]T denotes the ith joint angles
of the human actor at sample points, AQ.(") =
| O,i(t ) max — Qi(t" )min| denotes the maximum difference of
the humanoid ith joint angles at sample points, A Q,(t") =
10t ) max — Qyi(t" )min| denotes the maximum difference of
the humanoid ith joint velocity at sample points, K; is the
scale coefficient of each joint; §; is the effect coefficient,
and 0 < a< 1. The former part of the function denotes the
spatial similarity, and the latter part of the function denotes
the temporal similarity. So the function only denotes the
temporal similarity, if « = 1; the function only denotes
the spatial similarity, if « = 0. The temporal similarity is
important here, because the typical characteristics of Chinese
Kungfu “Sword” are speediness, valor, rhythm and harmony.
Therefore, we set « = 0.5. 0 < §; < 1, and the larger the
value of §; is, the greater the similarity is. If S; = 1, the
similarity of humanoid movements is maximal.

For each primitive motion, we can obtain its similarity
value through Eq. (7). This value expresses both the spatial
similarity at the sample time and the temporal similarity
during the period of the primitive motion. In addition, to
imitate the whole human performance in rhythm, the velocity
of each primitive motion performed by humanoid should be
quicker or slower to the same extent, comparing with the
velocity of the same primitive motion performed by human
actor:

Take T as the duration of the whole performance of the
human actor, and let 7" = Y_ Tih. Take 7" as the duration
of the whole performance of the humanoid robot, and let
T =Y T/

For arbitrary primitive motion j, the following constraint
should be satisfied:

Th [k
l—esT—’,. T Sl+s (®)
j

where ¢ is the threshold, and ¢ > 0.
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Fig. 6. The adjusting range of waist position.

5. Humanoid Motion

As mentioned above, for each primitive motion, the actor’s
data should be modified before being adopted by the
humanoid. The foot trajectories have been modified during
the kinematics mapping, and the foot position has less effect
on the stability than the waist position, so only the waist
position is modified during the stability adjustment. The
modification range of the waist position (Fig. 6) is given
as:

Xwmin = Xw = Xymax
Yumin = Yw = Ywmax > 9

Zwmin = Zw = Zwmax

where (x,, Yu,Zw) 1S the coordinate of the waist,
(Xw min» Xwmax) (Ywmins Ywmax)s (Zwmin» Zw max) denote the
adjusted ranges in x, y, and z directions. We can get the
minimum and maximum ranges in x, y, z directions according
to kinematics constraints.

As analyzed above, the humanoid motion with high
similarity, satisfying the kinematics constraints and dynamic
stability, can be formulated as the following problem:

max S;, (10)

where §; is the similarity function for the primitive motion j,
which is expressed in Eq. (7). To solve Eq. (10), we propose
an algorithm shown in Fig. 7. First, kinematics mapping is
performed to satisfy the kinematics constraints, and then the
waist position is modified to adjust the dynamic stability to
satisfy constraint Eq. (6) according to the stability criterion,
which is showed in Section 3.2. If it does not satisfy Eq. (6),
dynamics mapping should be done again. The next similarity
value is calculated by Eq. (7). If the waist position is out
of its ranges in x, y, and z directions, we return to perform
kinematics mapping again. For the final primitive motion,
we select the trajectory that has the highest similarity value.
Then the whole performance can be obtained by connecting
these primitive motions smoothly, satisfying constraint
Eq. (8).

Since the whole performance consists of independent
primitive motions, the whole performance performed by
humanoid robot will have high similarity if each primitive
motion has high similarity.
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Fig. 7. Algorithm for humanoid motion.

6. Simulation and Experiments

For the experiment, we developed a humanoid robot, BHR-
02, with 32 DOF. The parameters of the robot are shown in
Table I. Each joint of the robot is actuated by a DC motor with
a harmonic-drive reduction gear. Thirty-two DC servomotors
are centrally controlled by an industry CPU board with
Pentium processors. There are 5 ISA bus expansion boards,
including two boards for A/D, D/A and counter, two boards
for force sensor, and one board for Ethernet. The OS is RT-
Linux.

BHR-02 has sensory devices, including 2 6-axes
force/torque sensors, 3 accelerometers, and 3 gyro-sensors.
Each of the two force/torque sensors is located on each foot
to detect the contact force between the foot and the ground.
The accelerometers and the gyro-sensors are located on the
body to estimate body acceleration and inclination, relative
to the gravitational direction.

We use the proposed method on our developed humanoid
BHR-02 to realize the Chinese Kungfu “sword” motion
and evaluate its similarity qualitatively and quantitatively.
The Kungfu “sword” motion is a complicated and dynamic
Chinese Kungfu movement.

Because the “sword” motion is very quick, it’s difficult for
the humanoid robot to maintain stability. In order to keep the
humanoid robot from tipping over, the sensory reflex control
is applied on-line.!’

Figure 8 evaluates the similarity qualitatively. Figure 8(a)
shows the sequence of the primitive motions extracted from
Chinese Kungfu “sword” performed by the human actor;
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Table 1. Parameters of humanoid robot.

Head Trunk Arm  Thigh Crus Foot

Length (cm) 22 54.1 54 31.5 31.5 13.5
Weight (kg) 1.1 17.2 35 5.8 3.9 1.5

Table II. Similarity in each primitive motion.

Primitive  Primitive  Primitive  Primitive  Primitive
motion ]  motion2 motion3 motion4  motion 5
S; 0.963 0.743 0.772 0.685 0.821

Fig. 8(b) shows the corresponding motion performed by the
humanoid robot model after kinematics mapping; Fig. 8(c)
shows the corresponding motion performed by the humanoid
robot model after dynamics mapping; Fig. 8(d) shows the
corresponding motion performed by the real humanoid robot.
The similarity value of each primitive motion (j =1 ~ 5)
is shown in Table II. Figure 9 shows the stability margin
of the humanoid robot in x and y directions, without
considering the dynamic stability. We can see that the
robot will tip over because the ZMP is sometimes outside
the stable region. Figure 10 shows the stability margin
after dynamics mapping. It is clear that, after considering
the dynamic stability, the ZMP is almost in the center of
the stability region. For quantitative similarity evaluation,
we present a figure of hip joint angle as an example.
Figure 11 shows the trajectories of hip joint before and
after kinematics mapping and dynamics mapping. We can see
that the trajectory is smoother, and the joint angle is within
the angle range, after kinematics mapping and dynamics
mapping.

We take the trajectory which has the highest similarity as
the final trajectory for each primitive motion, on the condition
that the trajectory satisfies the kinematics constraints and
dynamic stability. In some cases, similarity values are small,
for example, primitive motion 4 as shown in Table II,
because the motion range of the human “sword” is very
large. Moreover, the joint angle ranges of the humanoid robot
are limited, due to the mechanism’s structural limitation. In
order to satisfy the dynamics constraints of the humanoid
robot, major adaptations have been performed in some key
frames, so the motions of the humanoid robot in these frames
are considerably different from those of the human actor.
The similarity of primitive motion 1 is nearly 1, because the
velocity is slow and the movement range is small.

7. Conclusions

In this paper, we focus on the design and similarity evaluation
on complicated humanoid motion. The main results of this
paper can be summarized as follows:

(i) Similarity function to evaluate similarity quantitatively
including spatial and temporal factors is formulated, and
the algorithm to obtain the humanoid motion with high
similarity, and satisfying the kinematics constraints and
dynamic stability, is presented.
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(d) Corresponding motion performed by the humanoid robot

Fig. 8. Primitive motions of human actor and humanoid.
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(i1) The method of complicated dynamic motion trajectory
generation on the basis of human motion is proposed,
and the kinematics constraints and dynamic stability are
studied.

(iii) The effectiveness of our proposed method is illustrated
through “sword” experiment using our developed
humanoid robot.

For some complex motions which are difficult for the
humanoid to perform due to the constraints, such as the motor
torque and mechanism, the similarity value of some primitive
motions may be low. In such a case the similarity extent of the
whole performance is relevant to the complexity of motions
and the similarity of primitive motions. This issue will be
studied in our future work.
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