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Abstract— We propose a method of maintaining balance for a
human-like character against large perturbations. The method
enables a human-like model to maintain its balance with active
whole-body motion, such as rotating its arms, bending down, and
taking a step, if necessary. First, we capture the human motions
of maintaining balance and abstract essential mechanisms from
these motions. Next, we construct a model of maintaining balance
that has a simple structure, such as an inverted pendulum. This
model has two modes of maintaining balance: keeping the feet
on the ground, and stepping. In this paper, the stepping mode is
mainly described. Finally, we generate whole-body motion based
on the model against several perturbations, and we discuss the
validity of our method.

I. INTRODUCTION

Recently, interest in generating dynamically consistent mo-
tion of human-like characters has been increasing in various
areas. In robotics, in order to operate a humanoid robot, it
is necessary to generate motions that have strict dynamic
consistency[1], [2]. In computer graphics, due to an increase
in the demand for realistic three-dimensional animation, many
researchers have developed techniques to generate consistent
human motion easily[3], [4], [5].

When we consider realistic human motion, dynamic con-
sistency of the motion is essential, and maintaining balance is
fundamental to dynamic consistency. In a human-like model
that supports its body by standing on two feet, the support
area of the feet is small and the center of mass (CM) is in
a high position; therefore, it is impossible to realize stable
motion without an adequate method of maintaining balance. In
particular, a method to cope with a sudden large perturbation
is indispensable for stable motion.

When we consider maintaining balance of a human-like
model, it is important to observe human strategy for main-
taining balance, because humans themselves use flexible and
effective ways to maintain balance. Thus, human strategy
is a good guide to developing robust and effective systems.
Humans employ large-scale whole-body active motions, such
as bending down, rotating their arms, squatting down, taking a
step, and so on. However, in research on maintaining balance
of human-like models, such human techniques for maintaining
balance have not been adequately studied.

With regard to previous work, some researchers have pro-
posed methods to deal with large, unexpected perturbations.
Zordan et al. designed a human model that receives joint
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torque as the input, and proposed a method to generate motion
satisfying a space-time constraint and reacting to external
perturbation, such as being boxed by someone [6]. However,
a character was not allowed to take a step and it could only
react passively. Fujiwara et al. developed a humanoid robot
that can fall over safely, by reducing the impact of falling, and
can stand up by itself [7]. In this work, an active reaction was
generated to fall over safely and to stand up again. However, it
is better that a character maintains its balance without falling
down if possible.

In this study, we focus on such large-scale whole-body
active motion against external perturbation and propose a
method to generate it by using parameters observed from
human motions. The basic concept of the proposed model of
maintaining balance is as follows:

o The model is based on the observation of human motion.
o The model is made as simple a model as possible.

Regarding the first concept, we capture human motion using
a motion-capturing system and force plates, and analyze it
in order to extract essential characteristics from it. We then
construct a model of maintaining balance based on it. Re-
garding the second concept, our model consists of a simple
structure like an inverted pendulum model (IPM), the extracted
parameters, and optimization calculation. It is controlled via
global quantities, such as the CM and the zero moment point
(ZMP). The advantages of a simple model are as follows:

« One can pay attention to only the essential part of motion.

« Effective whole-body motion can be generated even if the
posture momentarily gets far away from a stable posture.

+ Motion of maintaining balance can be decoupled from
other motion.

In order to cope with larger perturbation, we design two modes
for the model; maintaining balance by keeping feet on the
ground and by stepping. In this paper, we mainly focus on the
latter mode and describe it.

The contributions of this paper are that (1) we propose
a model of maintaining balance using a simple structure
whose parameters are extracted from human motions, and that
(2) we show by simulation that characteristics of complex
human whole-body motion for maintaining balance can be
well represented using the simple model.

The remainder of the paper is organized as follows: Sec-
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tion II describes the model of maintaining balance. Section
III shows simulation results of the model, and Section IV
discusses them in aspects of appearance and dynamics. Finally,
Section V concludes the paper.

II. MODEL OF MAINTAINING BALANCE

In this paper, we propose a method to generate motion
for maintaining balance against large perturbations applied
to a human-like character. It consists of two modes. One is
the method in which the character maintains its balance by
keeping its feet planted firmly on the ground. The other is
that in which the character takes a step to prevent itself from
falling down.

When some sort of perturbation is applied to the character,
it first tries to keep its balance by the mode of keeping its
feet on the ground. Human-like motion, such as rotating arms
and bending down, is generated here in order to maintain
balance. In this mode, these motions are obtained as a result of
optimization calculation. The detail of this method is described
by our previous work [8].

However, because a character was not allowed to take a
step in the first mode, it cannot maintain its balance when
a perturbation is too large. Practically, we cannot find any
solution in the optimization calculation. In such a case, the
other mode, maintaining balance by stepping, is adopted. In
the remainder of this paper, we describe this mode. Stepping
motion is generated in the following way. First, trajectories of
the CM and the feet are calculated by a simple physical model
like an IPM. In order to determine control parameters for the
model, we capture human motions using a motion-capturing
system and force plates, analyze it, and extract essential
parameters from it. Next, whole body motion is generated
based on the trajectories of the CM by inverse kinematics (IK).
Dynamic balance is not yet addressed in this step. Finally,
using optimization calculation by the quadratic programming
method, the motion is modified to a well-balanced motion.
Motion is generated frame by frame; a generated posture of
a frame is used as an initial posture of the next frame. We
describe each step in the following sections.

A. Determining Outline of Motion

In order to generate a stepping motion, first, trajectories of
the CM are determined by a physical model like an IPM. A
stepping motion is modeled from two states. One is a state
from the time when a swinging leg leaves the ground to when
it again comes in contact with the ground. In this state, the
model is supported by one leg. The other state is a state after
the foot again contacts the ground, and the model is supported
by both legs (Figure 1). In the former state, a rotational spring
is assumed to be attached at the base of the IPM, and it
generates torque to prevent the IPM from falling down. In
the latter state, the stepping leg is assumed to be a spring that
absorbs the shock of the foot contact.

We captured the human motions of maintaining balance by
an optical motion-capturing system by Vicon Motion Systems

Fig. 1. Two states of IPM (before and after the foot contact): 6 and «
represent the lean angle and the stepping angle. = and a represent the length
between the CM and the swing foot and the length between the support foot
and the swing foot. These parameters at the foot contact are written as 0., a.,
Zc, and a.. The spring constants of the springs are k, and kp, respectively.
The natural length of the latter spring is xc.

with twelve force plates by KISTLER Japan. The motion-
capturing system records the position of markers attached to a
human body, and the force plates record the magnitude and the
direction of the forces that act on the ground. Various strengths
of force were applied near the CM of four subjects, who are
male students. They were told to keep their balance, stepping
only when necessary. The force was applied ten or fifteen times
to each subject. They sometimes kept their balance without
stepping, but at other times they had to take a step to prevent
themselves from falling down.

First, we examine the spring constant k. In the phase before
the foot contact, the IPM obeys the following equation:

mi%6 = mlgsin 6 — k0. (1)

Applying a human body to the IPM, k, is calculated based on
the equation. The value is shown in Figure 3. According to
the result, it can be said that the value of k, is small enough
that we can consider k, is zero.

Next, we examine where the stepping foot contacts the
ground. In order to determine this, it is necessary to determine
o, which is the stepping angle at the foot contact. According
to observation of human motion, the ratio of «a, and 6, is well-
converged independent of the subjects as shown in Figure 3.
This figure shows the average and the standard deviation of
a./0. about each subject. Therefore, it can be said that ../,
is always about 1.20.

Finally, the spring constant kj; is examined. According to
our model, the relationship between x and the ground reaction
force acting on the contact foot (f,) follows the equation of
fg = kp(x — x.). If the subjects actually moved obeying
our model, points of (f,,z) lie on a straight line when we
plot them on a two-dimensional graph. Figure 2 shows such a
graph based on the captured data. We can see that the points
definitely lie on a regression line. The spring constant, k,
is obtained as the gradient of the regression line. The spring
constant calculated from the captured data is shown as the
table in Figure 3. Values of k;, converge well about one subject,
but the value is different among the subjects. This means that
there is individual variation about kp.

By using this IPM-like model with the parameters set by
observing captured human motion, we construct the whole-
body motion against large perturbations.
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Fig. 2. Relationship between z (distance between a foot contact point and
CM) and f4 (the ground reaction force acting swing foot). Lines in the graphs

are regression lines.

ka Q¢ 96 kb
Subject | avg std avg std avg std
1 799 | 1844 1.29 | 0.215 || 25100 | 5400
2 101.8 | 273.6 1.07 | 0.221 17900 | 7000
3 -83.5 | 560.7 1.30 | 0.167 12700 | 4200
4 -96.6 | 2649 1.16 | 0.300 || 13500 | 4300
total 15.8 | 356.3 1.20 | 0.256 —

Fig. 3. Parameters from captured data: The second, third, and fourth columns
show parameters kq, ac/0c, kp, respectively. With regard to kp, the total is
not calculated because individual variation is observed.

B. Generating Lower Body Motion Using IK

Next, lower body motion is generated based on the designed
trajectories of the CM obtained in the previous section. IK
calculation is used here. It is performed twice: IK for the CM
is solved first, and then IK for the foot is solved. In the former,
the link structure from the ankle of the support leg to the CM
is considered. In the latter, the link structure from the hip
joint of the swing leg to the heel is considered (Figure 4).
The destination of the CM in solving IK is determined from
the trajectory of the CM, which was calculated by the IPM.
With regard to upper body motion, we consider it in the next
section, and now the upper body posture in the previous frame
is used as the upper body posture.

We solve IK by an iterative algorithm using a pseudo-
inverse matrix. Now, let & = (6y,...,60,)T be angles of
the joints related to the link structure for considering IK
structure, p, and z; be the position and the rotational axis of
each Degree-of-freedom (DOF), and 7 = (P*, Q)7 be the
position and the rotation of the end effectors, such as the CM
and the stepping foot. The angles of three DOF joints and
the rotation are expressed by Euler angles. The relationship
between 7 and @ is written by Jacobian:

. > . (2

g zo X (P —pg) z; X (P —p,;)
ZO e z?,
The IK problem is solved using the pseudo-inverse matrix,
JT(JJT)~1, iteratively. The actual procedure of solving the
IK is as shown in Figure 4.

C. Generating Whole Body Motion by Optimization

Finally, we generate whole body motion. Because only the
lower body was considered in the previous section, there was
redundancy in the upper body. In this section, well-balanced
motion is generated by making use of the redundancy.

set r for initial 6

while (||Pgest — 7| > 0) {
obtain .J for @
A = JT(JIT) Y rgest — 7)
renew 6 as 6 + A6
renew r for new 6

Fig. 4. Left: The link structures for solving IK. Two links are considered in
this algorithm. Right: The procedure for solving IK.

Let 0, be the angles of the joints in the upper body. The
problem in this section can be written as “obtaining angular
acceleration Hu which satisfies the constraint that a ZMP
should be within the foot support area.” A ZMP is a concept
proposed by Vukobratovic et al. [9] and is the point where
a horizontal element of the moment induced by the ground
reaction becomes zero. It is always within the support area
if motion is dynamically consistent. The unknown variable in
this problem is angular acceleration 6, because only it can
be directly controlled by the system. Angles 6,, and angular
velocity @,, are not directly controllable.

In order to solve the problem, the quadratic programming
method is used. Because it allows only linear formulae as
constraints, the constraint about a ZMP has to be expressed as
a linear formula. From the definition of a ZMP, it is written
as

n=(p—s)xN, 3)

where p is the ZMP, n is the moment around the CM, s is the
position of the CM, and NN is the sum of the ground reaction
force. Now let p be (p.,0,p.)T. Substituting the equation of
motion, N = m(§ — g), the equation (3) can be solved as

Ny + sam(8y — gy) — SyMiy

Pz = - 4)
m(3y — gy)
N, — S,m(8S, — + s, mS,
P, =— ( K 9u) + 5y . 5)
m(3y — gy)

Here, because the position of the CM is a function of joint
angles (i.e. s(@)), and the angular momentum of the whole
body is a function of joint angles and their velocity (i.e.
1o, é)), both the acceleration of the CM (3) and the moment
acting around the CM (I) can be written as linear functions
about the acceleration of joint angles 6):

}:q&+d. (6)
Therefore, we can write a ZMP as a fraction of linear formulae

about :

cf@ +d; cZTH +d,
e = ey D= (7N

cl'0+d, el +d.
where ¢, and d, are constants. On the other hand, because the
acceleration of the CM and the moment around the CM are
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calculated by dynamics calculation if angles, angular velocity,
and angular acceleration of the joints are determined:

5=15(0,0,0), n=n(0,0,0). (8)

the coefficients of the linear formulae in (6) are determined
by calculating (8) about 6' for all i:

, i-\gh
6" =(0,...,0,1,0,...). )

Therefore, we can determine the coefficients in (7). If we
approximate the foot support area by N, lines:

D:{Oéllli1+ﬂ,2’,+’y, >0|Z: 1,,Nb}, (10)

the constraint that a ZMP should be inside the foot support
area is written as

(i=1,...,N,). (11)

Substituting (7) in it, the condition can be written as linear
inequalities about 6.

In addition to the constraint about a ZMP, we have to
consider another constraint to prevent the character from
jumping. If the denominator of (7) becomes negative, it means
that the character is jumping. In this algorithm, we do not
consider jumping motion, so the denominator should be always
positive. This condition is written as §, > g. This can be
written as a linear formula because @ is written as a linear
formula as shown above.

Satisfying these conditions, motion of the upper body
is determined using optimization calculation. The quadratic
programming method is used here. We take the following
quadratic programming problem to determine the angular
acceleration of the joints in the upper body.

aipy + Bipz + v >0

min 9. 09, (12)
s.t. a;py + Bip. >0 (i=1,...,]Np) (13)
5, > g. (14)

The objective function aims to minimize the square summation
of the angular acceleration. This is employed in order to
generate low-cost motion. C' is a weight matrix. As mentioned
above, the constraints can be written as linear inequalities
about é; thq_refore, they also can be written as linear inequal-
ities about 8,,.

III. SIMULATION RESULTS

In this section, results of simulation are shown when several
types of perturbation are applied to the character. The genera-
tion of motion is performed every 0.01 second. Perturbation is
applied to the CM of the model and control begins 0.2 second
after perturbation is applied in order to simulate the response
delay in a human case.

Figure 5 shows the result when a force of 300N is applied
for 0.1 second from the backward direction. The model
maintains balance by rotating its arms. Humans also make
these kinds of motions when they receive a sudden, large
perturbation, because it is effective to reduce the effect of

the induced angular momentum that makes them fall down
forward.

Figure 6 shows the result when a force of 300N is applied
for 0.4 second from the backward direction. Compared with
the previous experiment (Figure 5), the magnitude of the
applied force is the same, but the duration is four times as
long as in the first experiment. At first, the method by keeping
the feet on the ground is employed, and the character rotates
its arms to keep its balance. At last, however, it becomes
impossible to maintain balance by using the method; then,
maintaining balance by stepping is applied. Yellow bars in
the figures stand for the inverted pendulum model used for
generating steps.

We also apply the method to the situation where pertur-
bation is applied during walking. The model of maintaining
balance holds in the case of walking. However, a parameter of
a./0. is different. It is ~1.4 during walking while it is ~1.2
during standing upright. It means that a human takes a larger
step when perturbation is applied during walking. Figure 7
shows the result. The first figure shows normal walking motion
from the captured motion. At the time of the second figure,
perturbation is applied to the model and our method begins to
work. The velocity of the joints in the initial state is calculated
from the captured data. A force of 300 N is applied for 0.4
second from the backward direction. After the perturbation,
the character keeps stepping but the distance of stepping gets
larger than normal walking and the waist is bent down.

IV. DISCUSSION

In this section, the results of simulation are compared with
human motion. However, motions are different in every person,
and, moreover, motions of the same person are different
at different times. Therefore, it would not make sense to
simply compare motions. In this study, we abstract essential
parameters from captured human motion, make the model of
maintaining balance based on the parameters, and reproduce
whole-body motion from the behavior of the simplified model.
If the characteristics of human motion, which are not modeled
in the simplified model, appear in the reproduced motion, we
may say that this is evidence that our model is reasonable.

A. Apparent Aspect

First, we compare the results of simulation with human
motion in an aspect of appearance. In Figure 10, we examine
two motions of maintaining balance: by keeping the feet on the
ground and by stepping during walking. The upper rows show
the captured human motions of maintaining balance when a
force is applied. The middle rows illustrate characteristics of
these motions. The lower rows show the results of simulation.

The figures on the left show the case of maintaining balance
by keeping the feet on the ground. When a force is applied to a
subject, who is a male, from his backward direction, his body
leans forward and he begins to rotate his arms. It is effective in
preventing humans from falling down because the momentum
induced by this motion reduces the momentum of the whole
body and prevents it from falling down. Next, he stretches
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Fig. 5.

Maintaining balance by keeping feet on the ground (300N, 0.1sec, from backward direction)

Fig. 6.
ground, but finally, it takes a step in order to prevent it from falling down.

Maintaining balance by stepping (300N, 0.4sec, from backward direction): First, the character maintains its balance by keeping the feet on the

Fig. 7. Balance maintenance during walking (300N, 0.4sec, from backward direction): The first frame shows captured walking motion. In the second frame,
force is applied to the character, and then the method of maintaining balance by stepping is employed to generate the motion of maintaining balance.

his legs and bends down to move his waist backward, and
then, he can recover his balance. We can see that the above
characteristics are well represented in the generated motion.

The figures on the right show the case when perturbation
is applied during walking. The force is applied from the
backward direction when a human and a human-like character
support their bodies by their left feet during walking. When
perturbation is applied, the human takes a larger step to prevent
himself from falling down. At the same time, he takes the
counter action, moving his left shoulder and his left arm
forward, to maintain his balance in a right-left direction. The
characteristics of this human motion are also observed in the
generated motion by simulation.

As shown above, the characteristics of human motion are
well reproduced in the generated motion in both cases. An
important point to emphasize is that only macro parameters,
such as the CM and the ZMP, are considered in the model
of maintaining balance; thus, such characteristics are not pro-
grammed in advance, but are rather the results of optimization
calculation. The fact that the motion similar to a human is
generated as the result of optimization calculation based on
the simple model means that the model correctly represents
the essential part of maintaining balance of a human.

B. Dynamic Aspect

Next, we compare results of simulation to human motion
in an aspect of dynamics. Here, we focus on the magnitude
of perturbation that can be handled without stepping. We
performed an experiment in which perturbation was applied
to a subject who was told to maintain his balance by keeping
his feet on the ground as much as possible. A strain gauge was
used then in order to record the applied force. The magnitude

of the impulse that is applied in each trial is calculated by
integrating the output of the strain gauge. Figure 8 shows
the calculated impulse and whether the subject could maintain
balance without stepping or not.

According to the table, we can estimate the limit of the
impulse for which the subject could maintain balance without
stepping. For perturbation from the backward direction, the
limit is estimated as ~40 Ns, and for perturbation from the
forward direction, it is estimated as ~ 35 Ns. In the latter
case, the subject could maintain balance without stepping in
the fourth trial although the larger perturbation of 44.5 Ns
was applied. However, the subject’s success in maintaining
balance occurred mainly because the subject by mistake made
a counter motion before perturbation was applied.

Comparing this, the proposed model generates stable motion
against perturbation from backward and forward directions for
the perturbation of ~35 Ns and ~30 Ns respectively. If the
perturbation is increased, the result becomes unstable. For an
impulse of 40 Ns from the backward direction, the method
could not find a solution. For an impulse of 35 Ns from the
forward direction, the method also could not find the solution.

Figure 9 is a graph to compare the result of simulation with
the human case. The upper band represents the case when
perturbation is applied from a backward direction, and the
lower band represents the case when perturbation is applied
from a forward direction. The horizontal axis represents the
applied impulse. The green area shows the range of impulse
in which a solution of the optimization calculation is stably
found, while the red area shows the range of impulse in which
no solution is found without stepping. The mark ‘)’ means
that the subject could maintain his balance without stepping
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Trial Impulse Step Trial Impulse Step

1 29.4 no step 1 29.1 no step
2 35.9 no step 2 39.0 step

3 54.7 step 3 34.0 no step

4 43.5 step 4 44.5 no step
5 38.4 no step 5 47.8 step
6 36.7 step

Fig. 8. Impulse applied to the subject: The tables show the magnitude of

the impulse (Ns) applied to the subjects when the force applied from the
backward direction (the left) and from the forward direction (the right). The
column “Step” shows whether the subject could maintain balance without
stepping or not. “no step” means he could and “step” means he could not.

for the impulse, while the mark ‘x’ means that he could not.
According to the graph, it can be said that the human character
under the proposed method shows a similar dynamic property
to a human regarding the limitation of impulse that can be
handled without stepping.

In the proposed model, the mode by keeping the feet
on the ground is taken at first, and if perturbation is too
large, it switches to the mode by stepping. The largeness of
perturbation is judged by whether any solution is found or
not at the optimization step in the mode by keeping the feet
on the ground. Therefore, the above correspondence between
simulation results and human motion shows that the threshold
to choose the mode can be well represented by our model.

V. CONCLUSION

In this paper, we discuss motion for maintaining balance
against perturbation, in particular sudden and large perturba-
tion, and propose a method to generate such motion using a
simple mechanism based on observation of human motion.

First, we capture human motion using a motion-capturing
system and force plates, and abstract essential parameters
controlling the motion. Next, we make a model for maintaining
balance based on the parameters. Finally, we generate the
whole-body motion of maintaining balance by optimization
calculation against several kinds of perturbation. In practice,
we model two types of whole-body motion of maintaining
balance: keeping the feet on the ground, and stepping. In this
paper, we mainly describe the latter mode.

Comparing the generated motion by the model with human
motion, it is found that characteristics of human motion are
well reproduced in the generated motion. In addition, we
examine the magnitude of perturbation that can be handled
without stepping. As a result, a good correspondence appears
between the generated motion and human motion. It shows
the fact that the generated motion represents characteristics of
human motion not only in an apparent aspect but also in a
quantitative aspect.
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