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Abstract

This paper presents a dynamic motion control technique for human-like articulated figuresin a physically based
character animation system. This method controls a figure such that the figure tracks input motion specified by
a user. When environmental physical input such as an external force or a collision impulse are applied to the
figure, this method generates dynamically changing motion in responseto the physical input. We have introduced
comfort and balance control to computethe angular acceleration of the figure' sjoints. Our algorithm controlsthe
several parts of a human-like articulated figure separetely through the minimum number of degrees-of-freedom.
Using this approach, our algorithm simulates realistic human motions at efficient computational cost. Unlike
existing dynamic simulation systems, our method assumesthat input motion is already realistic, and is aimed at
dynamically changing the input motion in real-time only when unexpected physical input is applied to the figure.
As such, our method works efficiently in the framework of current computer games.

1. Introduction

Generating realistic character animation is a difficult chal-
lenge. Recently, many online applications such as computer
games and virtual environments require the generation of
redlistic and continuous character animation in real-time.
Currently, such animations are generated by dynamically
composing motion sequences such as motion capture or
keyframed motion data. These motion sequencesneed to be
created in advance. Therefore, it is difficult to produce dy-
namically changing motion that respond to physica input
from the environment, such as the gravitational force when
carrying a heavy load, an externa force, or a collision im-
pulse from other objects. This kind of interaction between
a character and the environment are frequent and important
events in computer games. Nevertheless, very few methods
have been devel oped for dynamic motion control in such sit-
uations. Thisis one of the most important issuesin real-time
character animation.

This paper presents a dynamic motion control technique
for human-like articulated figures. This method controls a
character based on input motion specified by a user, and en-
vironmental physical input in a physically based character
animation system. In the system, the angular acceleration of
character’s joints are controlled so as to track the usr-input
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motion. Dynamic simulation then generatesthe resulting an-
imation. When environmental physical input isapplied to the
character, the dynamic motion control computes the angular
joint accelerations in order to produce dynamically chang-
ing motion in response to the physical input. We introduce
two kinds of dynamic control; comfort and balance control.
Under comfort control, when atorque on ajoint exceedsthe
available muscle strength of thejoint, theangular joint accel-
erations are controlled so as to reduce the joint stress based
on the moment of inertia. Under balance control, when the
character islikely to lose balance, the angular joint accelera-
tionsare controlled so asto maintain balance. This approach
produces human-like dynamic motion control, such as re-
ducing the stress on the back by swing the arms and main-
taining balance by moving the pelvis, when the character
carries a heavy load or collides with other objects. This dy-
namic motion control method is specificto human-likeartic-
ulated figures, controlling the arms, back and legs separetely
in order of importance. Each part is controlled through the
minimum number of degrees-of-freedom (DOF). A number
of minor factors are ignored in this method and the result-
ing motion is not perfectly physically correct. However, our
method makes it possible to simulate realistic human mo-
tions at lower computational cost because the method does
not include heuristics. Thegoal of our method was not to es-
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tablish a stable control method but to produce realistic char-
acter reactionsin responseto physical interactions.

A number of techniques have been developed for gener-
ating character animation in rea-time using dynamic simu-
lation. However, most of these methods are aimed at gen-
erating physically correct motion from unnatural input mo-
tion such as specified keyframes and monotonousprocedural
motion. Because these methods cannot utilize existing real-
istic motion sequencessuch as motion capture data, they are
not used in many applications. Our method assumesthat in-
put motion is already realistic, and is aimed at dynamically
changing the input motion only when unexpected physical
input is applied to the figure from the environment. As such,
our method works efficiently in the framework of current
computer games and other online applications.

The reminder of this paper is organized as follows. Sec-
tion 2 reviews related work and issues relevant to solve our
problem. Section 3 describes the structure of proposed sys-
tem and its components. Section 4 presentsasimpletracking
control agorithm to track an input motion directly. Based
on the tracking controller, section 5 then introduces a dy-
namic control algorithm for comfort and balance control. In
section 6, an experimental result is presented, and section 7
concludesthis paper and outlines future research.

2. Related Work

There are two main approaches for generating or editing
physically correct motion based on dynamics; spacetime
constraints and dynamic simulation. In addition, there are
motion control techniques using dynamicsfor specific task.

2.1. Spacetime Constraints

In the spacetime constraints approach 20, an optimal motion
trgjectory is automatically computed such that the resulting
motion minimizes an objective function based on spacetime
constraints specified by the user. Rose et al. 15 adapted this
approach to articulated figures and proposed a keyframein-

terpolation technique in whitch the required torque, calcu-
lated using inverse dynamics for each motion segment be-

tween specified keyframesis minimezed. Komuraet a. °in-
troduced a muscul oskeletal model and an objective function
for minimizing muscle strength, thus allowing input motion
to be retargeted to other characters with different muscu-
loskeletal models. Tak et a. 16 proposed a motion balance
filtering technique that modifies an input motion sequence
such that the balance of the figure is maintained during mo-

tion making dynamic adjuctments to the trgjectory of the
zero moment point (ZMP). These methods are effective for
converting input motion to more realistic motion. Recently,
Popovi€ and Witkin 14 proposed a transformation technique
based on a spacetime constraint approach and dynamics.

This method involves extracting the essential physical char-

acteristics from an original motion for the simplified model

using the spacetime constraints approach, and then modif-
ing the extracted dynamics and reconstruct the resulting mo-
tion for the origina articulated figure. By this method, the
dynamics of an existing motion segquence can be modified
easily. However, this method does not model the character’s
skeleton or strength. Furthermore, no human-like dynamic
control is employed.

Although the spacetime constraint technique makes it
possible to edit motion, ensuring both controllability and
physical realism, the technique is difficult to apply prac-
ticaly for two reasons. First, animations cannot be pro-
duced in real-time because solving an optimal problem re-
quires significant computational time, hence an offline pro-
cess. Second, because the spacetime constraint technique
controls motion in angular space, it is difficult to realize mo-
tion that interacts dynamically with the environment. During
static motion, joint stress and overall body balance depend
on primarily joint angle. However, during dynamic mation,
the effect of the moment of inertiadueto angular joint accel-
eration should also be considered. The spacetime constraint
technique controls joint angle, and indirectly controls angu-
lar joint acceleration. The techniqueis suitable for planning
stable motion by minimizing joint stress and maintaining
balance before motion is initiated. However, the technique
remains unsuitable for dynamic control in which the figure
is required to incidental physical input during motion.

2.2. Dynamic Simulation

Dynamic simulation methods use a dynamic controller to
computejoint torques based on the current state and the de-
sired motion. Forward dynamics simulation then generates
the resulting motion based on joint torque. A number of
researchers have developed dynamic controllers for a spe-
cific character skeletons and behavior, such as for walk-
ing 3 18 and athletic movements 6. These controllers use
proportional-derivative (PD) servosto compute joint torque
based on the desired and current anglefor eachjoint. The PD
controller determines the output torque in proportion to the
difference between the desired state 64, 84 and the current
state 6, 6 (vector of angles and angular velocities, respec-
tively) according to

T = kp(0g — 0) +ku(6g — 6). @

The PD controller is easy to implement. However, the tech-
nique does not account for the dynamic characteristics of the
system. Therefore, to produce stable and natural motion, the
proportional gainskp and ky need to be tuned empirically for
both the character and motion. van de Panne 18 developed an
optimization technique so as to tune the various parameters
of gait motion. Hodgins and Pollard 5 proposed a transfor-
mation technique that transforms a successful controller to
another character. However, it remains difficult to construct
a controller that works successfully. Furthermore, because
these systems combine dynamic controllers and reference
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motion generators that are specific for a particular task, it
is difficult to adopt the model for other motions.

Recently, more advanced controllersfor tracking kinemat-
ically specified general motion sequences have been pro-
posed. Zordan and Hodgins 2! proposed a dynamic con-
troller for general human upper-body motion. They com-
bined the PD controller and optimal control in their system,
optimal parameters kp and ky are determinded so as to mini-
mize the error between the desired and produced motion se-
guences. However, because determining the parameters re-
quires an offline process, this method is not suitable for real-
time applications. Kokkeviset al. 8 introduced model refer-
ence adaptive control (MRAC) asareplacement for PD con-
trol. They developed aMRAC controller that takes a conver-
gence speed of the reference model as the parameter instead
of gain parameters.

Existing dynamic simulation methods are aimed at gener-
ating physically correct motion based on physically unnatu-
ral input motion such as manually specified keyframes and
monotonousprocedural motions. Using dynamic simulation,
these methods generate motion that reflects a figure's physi-
cal properties and accountsfor external input such as exter-
nal force or impact. However, these methods do not include
active control such as the comfort and balance controls pre-
sented in this paper. These methods control each DOF sep-
arately, failing to consider the effect of joint torque on the
angular acceleration of other joints.

2.3. Motion Control using Dynamics

A number of techniques have been developed for generat-
ing dynamically controlled motion based on dynamics for
a particular kind of task. Lee et a. 11 introduced a muscle
strength model into the inverse kinematics method, modify-
ing the trgjectory of an end-effecter and motion speed based
onthe muscle strength of thejoints. Boulic et al. 2 developed
the inverse kinetics method to control the trgjectory of the
center of mass of an articulated figure. These methods make
it possible to create motion that includes comfort and bal-
ance control. However, they are unableto handle the change
of velocity of an articulated figure dueto acollision impul se,
nor can they make use of existing motion data.

Ko and Badler 7 developed system that produces a hu-
man walking motion with balance and comfort control using
inverse dynamics. They combined a walking motion gen-
erator and dynamic modification of the generated walking
motion. The system transforms the positions of the pelvis
and torso during the generated walking motion, and con-
trols walking speed in response to the joint torques calcu-
lated by inverse dynamics in real-time. However, the com-
putation of displacement does not include dynamicsand re-
mains dependent on empirically tuned parameters. Further-
more, the method is unable to handle interactions with the
environment.

(© The Eurographics Association and Blackwell Publishers 2001.
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3. System Description

The structure of the animation system presented in this paper
is shown in Figure 1. The system consists of two main mod-
ule; a controller and a simulator. At each simulation step,
the controller computesthe angular joint acceleration of the
figure, based on the current state of the figure and the mo-
tion input by a user. The simulator then updates the state
of the figure through dynamic simulation. A human body
model and external physical input are considered in both the
controller and the simulator. Unlike standard controllers 6 8
21 control joint torque, our controller controls angular joint
acceleration directly. No forward dynamics are used in our
system. Instead, inversedynamicsis usedin the controller to
takeinto account the torque required to realize agiven angu-
lar acceleration. The algorithm for the controller is presented
in detail in section 4 and 5. The remainder of this section ex-
plains the other componentsin the system.

3.1. Human Body M odel

The human body model considered by this method is as an
articulated figure, which isacommon representationin char-
acter animation. The articulated figure consists of segments
and joints; each rigid segment is connected by one, two, or
three rotational joints. For example, the shoulder has three
joints and the elbow has one. Based on this skeleton model,
the configuration of afigureis represented by the set of an-
gles of all joints and the position and orientation of the root
segment. In addition, each segment has physical properties
relevant to dynamic simulation, such as mass and moment
of inertia. These properties are calculated from the polygo-
nal geometry of each segment 8. The polygonal geometries
also are used for collision detection and for computing the
contact surface between the ssgment and the ground. For our
experiments, we use a skeleton model that has 18 segments
and 39joints (Figure 2).

Thedynamic controller usesthe available muscle strength
of each joint as the criterion for comfort control. We adopt
a simple muscle strength model 7 11 in whitch two muscle
strength functions; the maximum and minimum available
torque, are assigned to each joint. Pandya et a. 2 showed
by collecting human strength data that these values can be
approximated by functions of the joint angle and angular
velocity. We assigned approximated strength functions to
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Figure 2: Human skeleton model.

each joint, taking into account references including muscle
strength data 13 11,

3.2. Motion Representation

Desired motion is specified in terms of the displacements
of the configuration of afigure over time. Therefore, motion
dataare expressed asthe angul ar trajectories of all joints and
the spatial and orientational trajectory of theroot segment. In
addition, whileafoot isin contact with the ground, the joints
of theleg is controlled such that the foot is held in the same
position (as explained in section 4.2). Therefore, the time
when each foot lands on the ground and leaves again should
also be indicated. Asinput motion is represented kinemeati-
cally, any form of motion capture data or keyframe motion
sequence can be used as an input to our system.

3.3. Dynamic Simulation

Given the angular accelerations of all joints, the simulator
updates the angles and angular velocities of all figures by
Eular integration ?. In addition to the angular accel eration of
the joints, the rotational acceleration of the supporting seg-
ment of the figure (e.g. foot) is computed based on the an-
gular joint acceleration, simulating falling motion. The seg-
ment upon which the moment of the center of mass of the
figure is maximum is chosen as the supporting segment. To
compute the rotational acceleration of asupporting segment,
we usethe zero moment point (ZMP) and minimum moment
point (MMP). The details of the concept of the ZMP are ex-
plained in 16, The ZMP is the point where the torque exerted
by the figure on the ground is zero. When ZMP is within the
support area (Figure 3(a)), thefigureisbalanced and thereis
no rotational acceleration of supporting segment. Otherwise,
rotational acceleration occurs around the MMP where the
exerted torque is minimum. The MMP is the closest point
from the ZMP within the support area (Figure 3(b)). The
support areais the convex hull of contact surfaces between
the foot segments and the ground. The rotational accelera-
tion of the supporting segment is computed from the torque

exerted on the MM P and the moment of inertia of the whole
body in that configuration. After the integration, collision
detection and responseare performed. When two figurescol-
lide, animpact force isimparted on each and their velocities
change. The velocity changes are computed by solving the
linear equation 12 8. If the figures remain in contact, a re-
action force acts between them. Reaction forces and other
external forces are considered in the inverse dynamics com-
ponent of the dynamic controller.

QQQ“ @“
° §QMMP
q\ ZMP

Figure3: ZMP in (a) balanced and (b) unbalanced state.

4. Tracking Control

This section presents the algorithm used to compute the an-
gular acceleration of al joints so asto track the desired mo-
tion, based on the current state of the figure and the desired
motion. This algorithm controls joint angular acceleration
directly rather than viajoint torque, witch isthe casein stan-
dard dynamic simulation systems. Asresult, the desired mo-
tion is almost exactly tracked. However, unlike standard an-
imation and game systems in which the joint anglesof afig-
ure aredirectly controlled according to a desired motion tra-
jectory, our tracking controller produces continuous motion
that approachesthe desired motion evenwhen the vel ocity of
thefigureis changed through acollision. In addition, whena
figure loses its balance, a falling motion is generated as ex-
plained in section 3.3. Thealgorithm presented hereisasim-
ple and direct tracking control. A more advanced dynamic
control for realizing human-like movements is presented in
the next section as an extension of this tracking control sys-
tem. This tracking control also can be used alone, if a user
requires only continuous motion and lower computational
cost. Thistracking control scheme does not require dynam-
ics computations or muscle strength model, making it easily
to implement, with low computational cost.

4.1. Angular Acceleration of Each Joint

Theangular accelerationfor eachjoint iscomputed based on
the figure's current state (joint angle and angular velocity),
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andtheangular trajectory of the desired motion. Asreviewed
in section 2.2, PD control servos are widely used for this
purposein existing dynamic simulation systems © 3 18, Using
aPD controller, the output angular acceleration is computed
using the following equations;

6 =kp(6g — 0) +ky(0g — 6) @)

where (6, é)_ is the current joint angle and angular acceler-
ation, (04,8q) is the desired state obtained from a desired
joint angular trajectory after At, and kp and ky are the gain
parameters. The parameters need to be tuned for each joint
and each motion, making it difficult to contruct a general
controller by this approach. In addition, to realize a stable
control, a controller should take into account not only one
state in the desired angular trajectory after At, but also the
entire trgjectory.

Therefore, we have decided to use a Ferguson curve to
compute output angular acceleration. A Ferguson curve is
akind of interpolation curve, such as a B-Spline or Bezier
curve. However, while other spline curves are defined by a
set of values(time, val ue) at knot points, a Ferguson curveis
defined by (time, value, derivative) at knot points. This fea-
ture makes a Ferguson curve suitable for use in our method
becausethe current and desired state of ajoint is defined by
the joint angle and angular velocity. To compute the output
angular acceleration, this method first determines the target
point for which the motion is calculated to approach, taken
as the closest extremity point to the desired angular trajec-
tory. The projected trgjectory, from the current state to the
state approaching the desired position of the target point, is
approximated by a Ferguson curve, as follows;

A(s) = (28— 32+ 1)0+(—25>+ 35 +
(P — 2% +5)0+ (s° — 257+ 5)6 ©)

t —current_time

where (6¢,6t) is the desired state of the target point in the
desired angular trgjectory. By taking the second derivative
of the trajectory and letting s= 0, the output angular accel-
eration can be determined, written as

6 = {66 — 60— 26 — 40} /T? (5)

While atarget point isfixed, the output angular acceleration

T =target_time— current_time,s=

Aangle

Ferguson curve target point

current state

time

—

current_time target_time

Desired Trajectory

Figure 4: Tracking control using Ferguson curve.
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is continuous. At the target time, the output angular accel-
eration becomes discontinuous, as the target point becomes
the next extremity point in the desired trgjectory. However,
the effect on the output angular acceleration is minimal as
long asthe current state is close to the desired trajectory. In
addition, an instant of discontinuity has little influence on
the motion trajectory in angular space. Therefore, realistic
continuous motion is alwaysrealized.

4.2. Angular Acceleration of Limb Joints

When severa limbs (arms and legs) of the figure are con-
strained, al joints in the limbs should be controlled coop-
eratively. For example, during a double support phase, the
jointsin both legs should be controlled such that neither foot
leaves the ground, and if a figure is holding a ladder with
theright arm and right leg, al jointsin both limbs should be
controlled cooperatively.

We use a human body model in which each limb has
7 DOFs (Figure 2). The angles of the 7 joints are deter-
mined from the position and orientation of the pelvis (p,0)
(6 DOFs) and the swivel angle of the knee around the vector
from the hip joint to the anklejoint s (1 DOF), by analytical
inverse kinematics 17 19, The tracking algorithm determines
the spatial and rotational accelerations of the root segment
(p,6) and the swivel angular acceleration 5 for constrained
limbs using the tracking algorithm presented in section 4.1.
The angular acceleration of the joints of the constrained
limbs are computed using an analytical inverse kinematics
method in the same way asinverse kinematics were used for
joint angles. The inverse kinematics algorithm for angular
accelerations is easily derived from the inverse kinematics
method for angles 17 10,

5. Dynamic Motion Control

This section introduces a dynamic control method to com-
pute an output angular acceleration in response to physical
input from the environment. The angular acceleration com-
puted by the tracking control algorithm in the previous sec-
tion is used as the initial angular acceleration. The output
angular accelerationis defined asthe sum of the initial accel-
eration Gjtjz and the difference of the angular acceleration
A6 in dynamic motion control asfollows;

Boutput = Binitial +AB. (6)

Here, Boutput, Oinitia and AB are n-dimensional vectors,
where n is the total number of joints. Each row of the vec-
tors correspondsto asingle joint. Comfort and balance con-
trol are used in our method to relize dynamic motion control.
Under comfort control, when a torque exerted on ajoint ex-
ceeds the available muscle strength of the joint, joint angu-
lar accelerationsare controlled so asto reducethejoint stress
based onthe moment of inertia. Under balancecontrol, when
a character is likely to lose balance, angular joint accelera-
tion is controlled so as to maintain balance. When the joint
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torque is within the available muscle range for al joints and
the body balance is maintained on Binitial » NO dynamic con-
trol is performed and the controller outputs the initial accel-
eration Ginitia asthe output acceleration. In thisway, motion
closeto the desired motion trgjectory is realized.

5.1. Control Foundation

The criteria for comfort and balance control are introduced
herein terms of the dynamics of articulated figures. The cri-
teria and the use of comfort and balance control is not novel
work. The novel part of our work is the dynamic control al-
gorithm that controls angular joint acceleration. Here, the
relationship between the criteria and the angular accelera-
tion of ajoint is derived for the dynamic control altorithm
sedcribed in section 5.3.

5.1.1. Comfort Control

Joint torque that exceeds available muscle strength is con-

sidered as the criterion for comfort control. The joint torque
7 required to producethejoint acceleration 6 is computed by
an inverse dynamics method, expressed as

T=H(0)0+C(6,0) +G(8) + F () 7

where H(8) is the moment of inertia, and C(6,6), G(6) and
F(6) are the influences on torque due to coriolis and cen-
trifugal forces, gravity, and external force, respectively. The
dimension of all vectorsisn, where nis the number of joints
of the figure. For the inverse dynamics, we use the Newton-
Eular method 4. During a double support phase, an approx-
imation 7 ¢ is used to determine the forces applied from the
upper body to each leg. The required torque of al jointsis
computed in O(n). Theavailable torque of theith joint isde-
pend on (6;,6;) as explained for the muscle strength model
in section 3.1 and given by

Tmaxi = fmaxi(6i,6i), Tmini = fmin,i(6,6i).  (8)
The requiered change in joint torque to satisfy the muscle
strength constraint is computed for each joint by the follow-
ing equation;

T — Tmaxi,  If T > Tmaxii
Toressi = 4 T —Tmini, if Ti < Tmin,i 9
0, if Tmini < Ti < Tmaxi

Comfort control is performed so as to minimize Tgressj for
all joints.

The relationship between the required change in joint
torque At and the corresponding changein angular joint ac-
celeration can be derived from equation (7). Therelationship
is dependent on the moment of inertia, as follows;

AT = H(8)A8. (10)

Each column of the matrix H(8) is computed solely from
the current anglesin O(n) °. Comfort control is performed
based on the derivation of the joint torque in equation (10).

5.1.2. BalanceControl

The zero moment point (ZMP) and minimum moment point
(MMP), explainedin section 3.3, are used asthe criterion for
balance control. The position of the ZMP is computed from
the spatial accelerations of all segments on the assumption
that the ground is defined as ZMPy = 0 according to the fol-
lowing equations 15;

T mixi(Vi — ) — Tmiyi¥%
ZMP, = 11
P >m(yi—9) ' (1)
Ymiz(¥i —g) — X myig
ZMP; = 2 12
>m(yi—9) (12)

where m; is the mass of the ith segment, (x;, Vi, z) is the po-
sition of the ith segment, and (X, Vi, % ) isthe spatial acceler-
ation of the ith segment. Asthe spatial accelerations of seg-
ments are computed from the angular acceleration of joints,
the position of the ZM P is represented as afunction of angu-
lar joint acceleration. When ZMPis outside the support area,
the MM P becomesthe closest point from the ZM P within the
support area. Balance control is performed to move the ZMP
to the MMP (Figure 3(b)).

Therelationship between the position of the ZMP and the
angular acceleration of a joint can be derived from equa-
tions (11) and (12) by considering the movements of an
augmented body 2, defined as the imaginary rigid body sup-
ported by asinglejoint, consisting of all segments from the
joint to the end-effecters. The relationship is shown in Fig-
ure 5, where M is the mass of the augmented body, | is the
vector from the joint to the center of mass of the augmented
body, r is the rotational axis of the joint, and a is the spatial
acceleration of the augmented body. Using these variables,
the spatial derivation of the ZMP can be computed by

SZMP M
36  Im(yi—9)

MR« M
36,  Im(yi—0)

{(px—ZMP)ay — pyax}, (13)

{(pz—ZMPz)ay— pyaz}. (14)

rotational axis

the cnter of mass
augmented body

)

Figure5: \elocity of ZMP from rotation of augmented bodly.
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Balance control is performed based on the spatial derivation
of the ZMP in equations (13) and (14).

5.2. Control Strategy

A simpleapproach for computing A6 isto solve an optimiza-
tion problem so asto minimize an objective function such as

f(A6) = |taress| + [ZMP - MMP| +|A6].  (15)

However, solving the optimization problem requires signif-
icant computational time because this equation controls a
large number of DOFs. Although the objective functionis a
good strategy for generating robust human motion 9 15 16, jt
does not reflect motion control based on human experience.

We have developed a control method based on the obser-
vation of human movement. The method hasbeen devel oped
dpecifically for human-like figures in a standing double-
support phase. First, we categorize dynamic motion control
into two types; active and passive control. Under active con-
trol, asmall number of primary joints are controlled so asto
reduce the stress on all joints and to maintain body balance.
Under passive control, joints under high stress are controlled
so astoreducetheir own stress. For example, if afigurehasa
heavy load in theright hand, active control moves other parts
to assist the motion of the right arm by reducing the stress
on the right arm, while passive control moves the joints in
the right arm based on joint stress.

To perform active control, the human figure is controlled
through three parts; the arms, back and legs (Figure 6(a)).
We choose primary DOFs for the each part in order to con-
trol them efficiently. Thearmsare controlled through thetwo
angular joint accelerations for each shoulder joint ABarms
(4 DOFs) (Figure 6(b)). The rotational acceleration of each
shoulder around the x-axis and z-axis are controlled; the ro-
tational acceleration around the y-axis is not used because
the influence of the motion component on other joints is
smaller than that of the other axes in terms of dynamics. If
the stress around the y-axis exerted on a joint, the stressis
reduced by swinging both shoulder around the x-axisin op-
posite direction. This means that both shoulders should be
controlled corperatively. The back is controlled through the
three angular accel erationsof the back joint A 6pag (3 DOFS)
(Figure 6(c)). Thelegs are controlled through the spatial ac-
celeration of the pelvis segment Apjes (3 DOFs) (Figure
6(d)), becausein this case the legs should be controlled co-
operatively so as to satisfy the constraints of both feet, as
explained in section 4.2. For the lower body (legs), active
and passive control is computed at the same time through
APjegs. For the upper body (arms, back), the angular acceler-
ation Bgress (k DOFS) is computed for the passive control of
k joints with stress exceeding the available muscle strength.
The number k dependson the initial torque dueto theinitial
acceleration 6 it . The difference of the angular accelera-
tion A6 (n DOFs) in equation (6) is computed by

AB = SaBarms + SoBpack + SOstress + JpPlegs  (16)
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Figure 6: Control of body parts; (a) all parts, (b) arms, (c)
back, and (d) legs

where S, §, and Ss are the selection matrices that map each
controlled joint to the corresponding joint for the body A6 .
Jp is the Jacobian matrix (n x 3) that maps the controlled
specia acceleration to the displacement of al jointsin the
lower body, computed by inverse kinematics.

5.3. Control Algorithm

In the control algorithm, ABarms (4 DOFS), Abpaa (3 DOFS),
Aplegs (3 DOFS) and Abgress (k DOFs) are controlled, each
having an effect all the others. Thisinteraction makesit dif-
ficult to control all these targets at the sametime. Therefore,
the algorithm computes each term in order, based on the or-
der of importance.

Active control isapplied to thearms, back and legs, in that
order. The control of the upper body is more applicable than
the control of the lower body in human motion control. The
control of thelower body has a significant influenceon body
balance and the stability of motion, and hencethe significant
change of the motion of the lower body causes unstable re-
sults. Therefore, comfort and balance control, using A6arms
(4 DOFs) and Abpae (3 DOFs) are performed first. If the
joint stress cannot be reduced or balance cannot be main-
tained, the lower body is then controlled using AP pevis (4
DOFs).

In control upper body, passive control is applied before
active control. When environmental input is large and the
current state is significantly different from the desired mo-
tion, the initial acceleration necessarily becomes large. As
aresult, because the joint stress becomes large and the fig-
ureislikely to lose balance, control based on the conditions
causes unstable motion. To avoid this, the initial accelera-
tion is first reduced through passive control. Active control
is then applied based on the reduced acceleration in order to
realize output acceleration close to the initial acceleration.
Based on these strategies, the algorithm for dynamic motion
control is described as follows;

1. Theinitial acceleration is computed. Binitial 1S computed
using the tracking algorithm in section 4.

2. Passive control for upper body. A6sress is computed for
all stressedjoints.
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3. Active control for the upper body. ABarm then Afpag are
controlled so as to reduce joint stress, and A fgress is re-
computed asthe result of comfort control.

4. Passive and active control for the lower body. AP ppeivis IS
controlled so asto reduce the stress on jointsin the lower
body and maintain body balance.

5. Output acceleration Qoutput is computed from Barms,
Oback: Ostress, and Plegs.

5.3.1. PassiveControl for Upper Body

Passive control of the upper body involves controlling the
change of the angular acceleration of k joints. If the initial
angular acceleration of onejoint of the k jointsissmall, then
the influence of that joint on other joints is also small. This
algorithm controls the angular acceleration of each joint of
the k joints separately considering only the moment of iner-
tia H;; affected by the angular acceleration and torque of the
individual joints. However, when the current state of ajoint
differs significantly from the desired motion, the initial an-
gular acceleration of the joint is large and control becomes
unstable. Therefore, we compute the change of the angu-
lar acceleration of each joint ABgressi in two phases. First,
ABiress is computed such that Binitial j + ABress is realiz-
able within the available torque range of the ith joint when
the moment of inertia from other joints isignored, given by

Tmin,i < Hii - (Binitial i + ABgressi) +Ci + Gi + F > Trmax;
) ) . @an
Second, ABgress; is computed such that Bjnjtiali + ABgressi
is realizable when the moment of inertia from the angular
acceleration of other joints Qjpitia) + AB4ress iS cONsidered,
given by

Tminj < Hi - (Binitial + AO%ress)+
Hi - (ABgressi —Aégtremi) +C +Gi+F > Tmax, (18)

5.3.2. ActiveControl for Upper Body

Active control of the upper body involves calculating A farm
and A6, in that order. Therotational acceleration of each
part is computed for the comfort control of the jth stressed
joint (A@armcj Or ABpaccj) and for balancecontrol (ABarmyp
or Aébamb). The largest acceleration is then used to con-
trol the part. When an environment input is applied to figure,
the stress of joints and the positiona error of the ZMP of-
ten occur in the same direction. In that case, the rotational

acceleration for rducing the largest stress or for maintaining
bal ance can be expected to help the other stressesand imbal -

ance. If unresolved stresses and imbalance remain, the next
part is controlled so as to solve them.

The rotational accelerations ABarm,c and ABpaccj for re-
ducing joint stress are computed for the jth composite joint
consisting of rotational joints. For example, if thewrist con-
sists of three rotational joints, asin our model, the rotational
acceleration required to reduce the stress of the three joints

in the wrist Aéarmwrig is computed for each joint simulta-
neously. As mentioned in section 5.1.1, the relationship be-
tween the displacements of the ith composite joint and the
rotational acceleration of the arms or back is expressed us-
ing asubmatrix of the moment of inertiamatrix H(0), given
by

Aty = H'ABarmscj. (19)

The required change of torque At j is computed from Tgress.
The dimension of Atj is aways equal to or less than
ABarmscj- Thus, ABarmsj is redundant. The solution so as
to minimize |A@arms cj| can be computed using the pseudo
inverse matrix H'* of H’, given by

ABarmscj = H' AT, HF =H/(H'"H))™.  (20)

The rotational acceleration of the arms for balancing
ABarmsp IS computed in the same way such that the ZMP
is moved to the MMP. As described in section 5.1.2,
8ZMP/86arms is computed using equations (13) and (14).

Within therotational accelerations, ABarms,cj is computed
for all stressed compositejointsand Aéa,mb iscomputedfor
the position of the ZMP, the largest of which is used to con-
trol thearmsor back. When ABarms or ABpac iStoo large, the
stresson joints in the shoulders or back exceed the available
torque. In this case, the rotational acceleration is reduced by
passive control using equations (17) and (18).

5.3.3. Activeand PassiveControl for L ower Body

Control of the lower body is achieved by controlling the
change of the spatial acceleration of the pelvis in the same
way as active control is applied for the upper body. The
change of angular acceleration for al joints in the lower
body is controlled indirectly through control of the spatial
acceleration of the pelvis. For comfort control, the spatial ac-
celeration of the pelvisis computed for al composite joints
inthelower body. Therelationship between thejoint torques
in acompositejoint and the spatial acceleration of the pelvis
can be derived from equations (16) and (10), written as

Ate = H' JpPlegs. (21)

For balance control, the relationship between AZMP and
Afyegs is derived from equations (13) and (14) using the
weight and center of mass of the upper body. Passive con-
trol for the lower body is included in this control algorithm.
The pelvis is controlled in the same way to active control
for the upper body. The spatial acceleration of the pelvisis
computed for the stressed composite joints of the legs and
the ZMP. Within the spatial accelerations, the largest accel-
eration isusedto control thelower body. Asaresult, thejoint
torque for the output acceleration may exceed the available
torque rangein this algorithm.

On human movements, when somelarge stresseswork on
joints in the lower body or it likely to lose balance, the foot
leaves from the ground. During a single phase, by swinging

(© The Eurographics Association and Blackwell Publishers 2001.
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the moving leg or moving the foot to a stable position, more
efficient and flexible control is achievable. However, to re-
alize this kind of control, the motion needsto be controlled
not only in angular acceleration space but also in angular
space. Thisis beyon the scope of this paper. Therefore, the
current algorithm is unable to control a figure successfully,
when excessive forces or impulses are applied to the figure
and the leg must be moved for stabilization. In such case,
joint stresses on some joints are ignored, or the figure falls
down by losing balance. Combining our method and motion
planning in angular spaceis one of the most important direc-
tions of future work.

6. Results

In this section, we present an experimental result. We cre-
ated animations based on a keyframe motion sequence and
environmental physical input. We used a squatting motion as
input. The trgjectories of the input motion were represented
by a B-Spline. Theinterval between each frame of dynamic
simulation was 1/30 second. Figure 7 shows the images of
the generated animation. In Figure 8*, both the input and
generated motion are renderd as stick figure, and the con-
trol informatin isvisualized using arrows. When no physical
input is applied (a), the input motion was almost directly
tracked. With an 8 kg weight (b), the arms are controlled for
balance and to reduce the stress on the back. With a 15 kg
weight (c), because active control of the arms could not suf-
ficiently reducethe stresson the back, the back wasforced to
bend. Subsequently, the figure recovered to the input motion
by swinging the arms. In the last animation (d), an impulse
is applied to the figure from the front at the first frame. Af-
ter the impact, the figure attempted to track the input motion
while maintaing balance. These animations show that our
method produces dynamically changing motion based onin-
put motion and environmental physical input.

The computational time for dynamic motion control on
the generated animation is shown in Table 1. The compu-
tational time become large when the joint torque of many
joints in the initial angular acceleration exceeded the avail-
able range because comfort control is computed for each
stressed joint. The computational time required for one step
of dynamic motion control was 3 milliseconds in the worst
case (c). This system generated the animations in real-time.

interaction total average max
(@) nointeraction 70.6 078 10
(b) with 8kg weight 78.8 089 24
(c) with 15kg weight | 102.9 143 31
(d) impulse applied 72.9 081 25

Table 1: Computational time (milliseconds) for dynamic
motion control on PC (Pentium Ill, 800 MHZ), the total time
for 90 frames, averageframetime, and maximum frametime.

© The Eurographics Association and Blackwell Publishers 2001.

Figure 7: Sguatting animation; (a) no environmental phys-
ical input, (b) with 8 kg weight, (c) with 15 kg weight, and
(d) impulse applied at the first frame. The numbers on the
corner of images shows frame number.

7. Conclusion

In this paper, we presented a dynamic motion control tech-
nique for human-like articulated figures. The key idea of the
mothod is to control the joints of afigure in angular accel-
eration space. This approach ensures continuous and realis-
tically changing motion. The algorithm controls each part of
the figure through a minimum number of DOFs, and com-
putes the output angular acceleration in carefully designed
steps. Thisapproach hasmadeit possibleto generate dynam-
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ically changing motion in real-time. In experiments, our sys-
tem successfully generated chainging motionsin responseto
the weight of aload and an external impulse.

Asdiscussedin section 5.3.4, animportant future research
goal is to combine the current tracking control technique
in angular acceleration space with a dynamic motion plan-
ning technique in angular space. In addition, we are going
to introduce a more realistic muscle strength model °. Us-
ing the strength model, animation accounting for the muscle
strength of the character will be generated.

Physically based approaches are yet to bewidely adopted
in computer games. However, such applications require dy-
namically and realistically changing motion, otherwise are
limited to replaying motion sequences created in advance.
We believe that the proposed technique will break the limi-
tations of physically based approaches.
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(@) (©)

(b) (d)

Figure 8: Sguatting animation; (a) no environmental physical interaction, (b) with 8 kg weight, (c) with 15 kg weight, and (d)
impulse applied at thefirst frame. In the images, the figurein orangeistheinput motion, and the figurein white isthe generated
motion. A red arrow at joints indicates the stress on the joint. Blue, green and yellow arrows at the joints indicate comfort,

balance and passive control, respectively.
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