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Abstract
This paper presents a dynamic motion control technique for human-like articulated figures in 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 response to the physical input. We have introduced
comfort and balance control to compute the angular acceleration of the figure’s joints. Our algorithm controls the
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 assumes that 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 challenge. Recently, many online applications such as computer
games and virtual environments require the generation of
realistic 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 sequences need to be
created in advance. Therefore, it is difficult to produce dynamically changing motion that respond to physical input
from the environment, such as the gravitational force when
carrying a heavy load, an external force, or a collision impulse 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 developed for dynamic motion control in such situations. This is one of the most important issues in 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 environmental 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 generates the resulting animation. When environmental physical input is applied to the
character, the dynamic motion control computes the angular
joint accelerations in order to produce dynamically changing motion in response to the physical input. We introduce
two kinds of dynamic control; comfort and balance control.
Under comfort control, when a torque on a joint exceeds the
available muscle strength of the joint, the angular joint accelerations are controlled so as to reduce the joint stress based
on the moment of inertia. Under balance control, when the
character is likely to lose balance, the angular joint accelerations are controlled so as to maintain balance. This approach
produces human-like dynamic motion control, such as reducing the stress on the back by swing the arms and maintaining balance by moving the pelvis, when the character
carries a heavy load or collides with other objects. This dynamic motion control method is specific to human-like articulated 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 resulting motion is not perfectly physically correct. However, our
method makes it possible to simulate realistic human motions at lower computational cost because the method does
not include heuristics. The goal of our method was not to es-
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tablish a stable control method but to produce realistic character reactions in response to physical interactions.
A number of techniques have been developed for generating character animation in real-time using dynamic simulation. However, most of these methods are aimed at generating physically correct motion from unnatural input motion such as specified keyframes and monotonous procedural
motion. Because these methods cannot utilize existing realistic motion sequences such as motion capture data, they are
not used in many applications. Our method assumes that input 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. Section 2 reviews related work and issues relevant to solve our
problem. Section 3 describes the structure of proposed system and its components. Section 4 presents a simple tracking
control algorithm to track an input motion directly. Based
on the tracking controller, section 5 then introduces a dynamic control algorithm for comfort and balance control. In
section 6, an experimental result is presented, and section 7
concludes this paper and outlines future research.

using the spacetime constraints approach, and then modifing the extracted dynamics and reconstruct the resulting motion for the original articulated figure. By this method, the
dynamics of an existing motion sequence 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 practically for two reasons. First, animations cannot be produced in real-time because solving an optimal problem requires significant computational time, hence an offline process. Second, because the spacetime constraint technique
controls motion in angular space, it is difficult to realize motion that interacts dynamically with the environment. During
static motion, joint stress and overall body balance depend
on primarily joint angle. However, during dynamic motion,
the effect of the moment of inertia due to angular joint acceleration should also be considered. The spacetime constraint
technique controls joint angle, and indirectly controls angular joint acceleration. The technique is 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. 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 dynamics for specific task.
2.1. Spacetime Constraints
In the spacetime constraints approach 20 , an optimal motion
trajectory 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 keyframe interpolation technique in whitch the required torque, calculated using inverse dynamics for each motion segment between specified keyframes is minimezed. Komura et al. 9 introduced a musculoskeletal model and an objective function
for minimizing muscle strength, thus allowing input motion
to be retargeted to other characters with different musculoskeletal models. Tak et al. 16 proposed a motion balance
filtering technique that modifies an input motion sequence
such that the balance of the figure is maintained during motion making dynamic adjuctments to the trajectory of the
zero moment point (ZMP). These methods are effective for
converting input motion to more realistic motion. Recently,
Popović and Witkin 14 proposed a transformation technique
based on a spacetime constraint approach and dynamics.
This method involves extracting the essential physical characteristics from an original motion for the simplified model

2.2. Dynamic Simulation
Dynamic simulation methods use a dynamic controller to
compute joint torques based on the current state and the desired motion. Forward dynamics simulation then generates
the resulting motion based on joint torque. A number of
researchers have developed dynamic controllers for a specific character skeletons and behavior, such as for walking 3 18 and athletic movements 6 . These controllers use
proportional-derivative (PD) servos to compute joint torque
based on the desired and current angle for each joint. The PD
controller determines the output torque in proportion to the
difference between the desired state θ d , θ˙d and the current
state θ, θ̇ (vector of angles and angular velocities, respectively) according to
τ = k p (θd

θ) + kv (θ˙d

θ̇):

(1)

The PD controller is easy to implement. However, the technique does not account for the dynamic characteristics of the
system. Therefore, to produce stable and natural motion, the
proportional gains k p and k v 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 transformation 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
c The Eurographics Association and Blackwell Publishers 2001.
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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 controllers for tracking kinematically specified general motion sequences have been proposed. Zordan and Hodgins 21 proposed a dynamic controller for general human upper-body motion. They combined the PD controller and optimal control in their system,
optimal parameters k p and k v are determinded so as to minimize the error between the desired and produced motion sequences. However, because determining the parameters requires an offline process, this method is not suitable for realtime applications. Kokkevis et al. 8 introduced model reference adaptive control (MRAC) as a replacement for PD control. They developed a MRAC controller that takes a convergence speed of the reference model as the parameter instead
of gain parameters.

Input Motion

Human Body Model

Controller

Angular
Acceleration

External Force and Impulse

Simulator

Current State

Figure 1: System structure.

3. System Description

Existing dynamic simulation methods are aimed at generating physically correct motion based on physically unnatural input motion such as manually specified keyframes and
monotonous procedural motions. Using dynamic simulation,
these methods generate motion that reflects a figure’s physical properties and accounts for external input such as external force or impact. However, these methods do not include
active control such as the comfort and balance controls presented in this paper. These methods control each DOF separately, failing to consider the effect of joint torque on the
angular acceleration of other joints.

The structure of the animation system presented in this paper
is shown in Figure 1. The system consists of two main module; a controller and a simulator. At each simulation step,
the controller computes the angular joint acceleration of the
figure, based on the current state of the figure and the motion 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, inverse dynamics is used in the controller to
take into account the torque required to realize a given angular acceleration. The algorithm for the controller is presented
in detail in section 4 and 5. The remainder of this section explains the other components in the system.

2.3. Motion Control using Dynamics

3.1. Human Body Model

A number of techniques have been developed for generating dynamically controlled motion based on dynamics for
a particular kind of task. Lee et al. 11 introduced a muscle
strength model into the inverse kinematics method, modifying the trajectory of an end-effecter and motion speed based
on the muscle strength of the joints. Boulic et al. 2 developed
the inverse kinetics method to control the trajectory of the
center of mass of an articulated figure. These methods make
it possible to create motion that includes comfort and balance control. However, they are unable to handle the change
of velocity of an articulated figure due to a collision impulse,
nor can they make use of existing motion data.

The human body model considered by this method is as an
articulated figure, which is a common representation in character 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 a figure is represented by the set of angles 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 polygonal geometry of each segment 6 . The polygonal geometries
also are used for collision detection and for computing the
contact surface between the segment and the ground. For our
experiments, we use a skeleton model that has 18 segments
and 39 joints (Figure 2).

Ko and Badler 7 developed system that produces a human walking motion with balance and comfort control using
inverse dynamics. They combined a walking motion generator and dynamic modification of the generated walking
motion. The system transforms the positions of the pelvis
and torso during the generated walking motion, and controls walking speed in response to the joint torques calculated by inverse dynamics in real-time. However, the computation of displacement does not include dynamics and remains dependent on empirically tuned parameters. Furthermore, the method is unable to handle interactions with the
environment.
c The Eurographics Association and Blackwell Publishers 2001.

The dynamic controller uses the 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 al. 13 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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exerted on the MMP and the moment of inertia of the whole
body in that configuration. After the integration, collision
detection and response are performed. When two figures collide, an impact force is imparted 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 reaction force acts between them. Reaction forces and other
external forces are considered in the inverse dynamics component of the dynamic controller.
(a)

(b)

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 a figure over time. Therefore, motion
data are expressed as the angular trajectories of all joints and
the spatial and orientational trajectory of the root segment. In
addition, while a foot is in contact with the ground, the joints
of the leg 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. As input motion is represented kinematically, 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 acceleration of
the joints, the rotational acceleration of the supporting segment of the figure (e.g. foot) is computed based on the angular joint acceleration, simulating falling motion. The segment 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 a supporting segment,
we use the zero moment point (ZMP) and minimum moment
point (MMP). The details of the concept of the ZMP are explained 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)), the figure is balanced and there is
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 area is the convex hull of contact surfaces between
the foot segments and the ground. The rotational acceleration of the supporting segment is computed from the torque

ZMP

MMP
ZMP

Figure 3: ZMP in (a) balanced and (b) unbalanced state.

4. Tracking Control
This section presents the algorithm used to compute the angular acceleration of all joints so as to track the desired motion, based on the current state of the figure and the desired
motion. This algorithm controls joint angular acceleration
directly rather than via joint torque, witch is the case in standard dynamic simulation systems. As result, the desired motion is almost exactly tracked. However, unlike standard animation and game systems in which the joint angles of a figure are directly controlled according to a desired motion trajectory, our tracking controller produces continuous motion
that approaches the desired motion even when the velocity of
the figure is changed through a collision. In addition, when a
figure loses its balance, a falling motion is generated as explained in section 3.3. The algorithm presented here is a simple 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 system. This tracking control also can be used alone, if a user
requires only continuous motion and lower computational
cost. This tracking control scheme does not require dynamics computations or muscle strength model, making it easily
to implement, with low computational cost.
4.1. Angular Acceleration of Each Joint
The angular acceleration for each joint is computed based on
the figure’s current state (joint angle and angular velocity),
c The Eurographics Association and Blackwell Publishers 2001.
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and the angular trajectory of the desired motion. As reviewed
in section 2.2, PD control servos are widely used for this
purpose in existing dynamic simulation systems 6 3 18 . Using
a PD controller, the output angular acceleration is computed
using the following equations;
θ̈ = k p (θd

θ) + kv (θ˙d

θ̇)

(2)

where (θ; θ̇) is the current joint angle and angular acceleration, (θd ; θ˙d ) is the desired state obtained from a desired
joint angular trajectory after ∆t, and k p and k v 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 ∆t, but also the
entire trajectory.
Therefore, we have decided to use a Ferguson curve to
compute output angular acceleration. A Ferguson curve is
a kind of interpolation curve, such as a B-Spline or Bezier
curve. However, while other spline curves are defined by a
set of values (time; value) at knot points, a Ferguson curve is
defined by (time; value; derivative) at knot points. This feature makes a Ferguson curve suitable for use in our method
because the current and desired state of a joint 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 trajectory. The projected trajectory, from the current state to the
state approaching the desired position of the target point, is
approximated by a Ferguson curve, as follows;
q(s) = (2s 3
(s

3s2 + 1)θ + ( 2s3 + 3s2 )θt +

3

T = target_time

2s2 + s)θ̇ + (s3

2s2 + s)θ̇t

current_time; s =

t



6θ

2θ˙t

4θ̇

4.2. Angular Acceleration of Limb Joints
When several limbs (arms and legs) of the figure are constrained, all joints in the limbs should be controlled cooperatively. For example, during a double support phase, the
joints in both legs should be controlled such that neither foot
leaves the ground, and if a figure is holding a ladder with
the right arm and right leg, all joints in 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 determined from the position and orientation of the pelvis ( p; o)
(6 DOFs) and the swivel angle of the knee around the vector
from the hip joint to the ankle joint s (1 DOF), by analytical
inverse kinematics 17 10 . The tracking algorithm determines
the spatial and rotational accelerations of the root segment
( p̈; ö ) and the swivel angular acceleration s̈ 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 as inverse 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 .

(3)

current_time
(4)
T

where (θt ; θ˙t ) is the desired state of the target point in the
desired angular trajectory. By taking the second derivative
of the trajectory and letting s = 0, the output angular acceleration can be determined, written as
θ̈ = 6θt

is continuous. At the target time, the output angular acceleration becomes discontinuous, as the target point becomes
the next extremity point in the desired trajectory. However,
the effect on the output angular acceleration is minimal as
long as the 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 always realized.

T2

(5)

=

While a target point is fixed, the output angular acceleration

5. Dynamic Motion Control
This section introduces a dynamic control method to compute an output angular acceleration in response to physical
input from the environment. The angular acceleration computed by the tracking control algorithm in the previous section is used as the initial angular acceleration. The output
angular acceleration is defined as the sum of the initial acceleration θ̈initial and the difference of the angular acceleration
∆θ̈ in dynamic motion control as follows;
θ̈out put = θ̈initial + ∆θ̈:

angle
Ferguson curve

target point

current state
time
current_time

target_time

Desired Trajectory

Figure 4: Tracking control using Ferguson curve.

c The Eurographics Association and Blackwell Publishers 2001.

(6)

Here, θ̈out put , θ̈initial and ∆ θ̈ are n-dimensional vectors,
where n is the total number of joints. Each row of the vectors corresponds to a single joint. Comfort and balance control are used in our method to relize dynamic motion control.
Under comfort control, when a torque exerted on a joint exceeds the available muscle strength of the joint, joint angular accelerations are controlled so as to reduce the joint stress
based on the moment of inertia. Under balance control, when
a character is likely to lose balance, angular joint acceleration is controlled so as to maintain balance. When the joint
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torque is within the available muscle range for all joints and
the body balance is maintained on θ̈initial , no dynamic control is performed and the controller outputs the initial acceleration θ̈initial as the output acceleration. In this way, motion
close to the desired motion trajectory is realized.
5.1. Control Foundation
The criteria for comfort and balance control are introduced
here in terms of the dynamics of articulated figures. The criteria and the use of comfort and balance control is not novel
work. The novel part of our work is the dynamic control algorithm that controls angular joint acceleration. Here, the
relationship between the criteria and the angular acceleration of a joint 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 considered as the criterion for comfort control. The joint torque
τ required to produce the joint acceleration θ̈ is computed by
an inverse dynamics method, expressed as
τ = H (θ)θ̈ + C(θ; θ̈) + G(θ) + F (θ)

(7)

where H (θ) is the moment of inertia, and C(θ; θ̈), G(θ) and
F (θ) are the influences on torque due to coriolis and centrifugal forces, gravity, and external force, respectively. The
dimension of all vectors is n, where n is the number of joints
of the figure. For the inverse dynamics, we use the NewtonEular method 4 . During a double support phase, an approximation 7 9 is used to determine the forces applied from the
upper body to each leg. The required torque of all joints is
computed in O(n). The available torque of the ith joint is depend on (θ i ; θ̈i ) as explained for the muscle strength model
in section 3.1 and given by
τmax;i = fmax;i (θi ; θ̇i ); τmin;i = fmin;i (θi ; θ̇i ):

τstress;i =

τ
: 0i;

;

τmin;i ;

if τi > τmax;i
if τi < τmin;i
if τmin;i < τi < τmax;i

The zero moment point (ZMP) and minimum moment point
(MMP), explained in section 3.3, are used as the 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 following equations 16 ;
ZMPx =

∑ mi xi (ÿi g) ∑ mi yi ẍi
;
∑ mi (ÿi g)

(11)

ZMPz =

∑ mi zi(ÿi g) ∑ mi yi z̈i
∑ mi (ÿi g)

(12)

where mi is the mass of the ith segment, (x i; yi ; zi ) is the position of the ith segment, and (ẍ i; ÿi ; z̈i ) is the spatial acceleration of the ith segment. As the spatial accelerations of segments are computed from the angular acceleration of joints,
the position of the ZMP is represented as a function of angular joint acceleration. When ZMP is outside the support area,
the MMP becomes the closest point from the ZMP within the
support area. Balance control is performed to move the ZMP
to the MMP (Figure 3(b)).
The relationship between the position of the ZMP and the
angular acceleration of a joint can be derived from equations (11) and (12) by considering the movements of an
augmented body 2 , defined as the imaginary rigid body supported by a single joint, consisting of all segments from the
joint to the end-effecters. The relationship is shown in Figure 5, where M is the mass of the augmented body, l 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
M
δZMPx
=
δθ̈i
∑ mi (ÿi

g)

f( px

ZMPx )ay

py ax

M
δZMPx
=
δθ̈i
∑ mi (ÿi

g)

f( pz

ZMPz )ay

py az

;

(13)

g

:

(14)

(9)

Comfort control is performed so as to minimize τstress;i for
all joints.
The relationship between the required change in joint
torque ∆τ and the corresponding change in angular joint acceleration can be derived from equation (7). The relationship
is dependent on the moment of inertia, as follows;
∆τ = H (θ)∆θ̈:

g

(8)

The requiered change in joint torque to satisfy the muscle
strength constraint is computed for each joint by the following equation;

8
< τi τmax i ;

5.1.2. Balance Control

joint
rotational axis

l
a
the cnter of mass

augmented body

(10)

Each column of the matrix H (θ) is computed solely from
the current angles in O(n) 19 . Comfort control is performed
based on the derivation of the joint torque in equation (10).

Figure 5: Velocity of ZMP from rotation of augmented body.

c The Eurographics Association and Blackwell Publishers 2001.
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Balance control is performed based on the spatial derivation
of the ZMP in equations (13) and (14).

(a)

(c)

(b)

(d)

y

Arms

y
z

Back

5.2. Control Strategy

x
z

A simple approach for computing ∆ θ̈ is to solve an optimization problem so as to minimize an objective function such as

j

j j

j

f (∆θ̈ ) = τstress + ZMP - MMP + ∆θ̈

:

(15)

However, solving the optimization problem requires significant computational time because this equation controls a
large number of DOFs. Although the objective function is a
good strategy for generating robust human motion 9 15 16, it
does not reflect motion control based on human experience.
We have developed a control method based on the observation of human movement. The method has been developed
dpecifically for human-like figures in a standing doublesupport phase. First, we categorize dynamic motion control
into two types; active and passive control. Under active control, a small number of primary joints are controlled so as to
reduce the stress on all joints and to maintain body balance.
Under passive control, joints under high stress are controlled
so as to reduce their own stress. For example, if a figure has a
heavy load in the right 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 control them efficiently. The arms are controlled through the two
angular joint accelerations for each shoulder joint ∆ θ̈arms
(4 DOFs) (Figure 6(b)). The rotational acceleration of each
shoulder around the x-axis and z-axis are controlled; the rotational 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 stress is
reduced by swinging both shoulder around the x-axis in opposite direction. This means that both shoulders should be
controlled corperatively. The back is controlled through the
three angular accelerations of the back joint ∆ θ̈back (3 DOFs)
(Figure 6(c)). The legs are controlled through the spatial acceleration of the pelvis segment ∆ p̈ legs (3 DOFs) (Figure
6(d)), because in this case the legs should be controlled cooperatively 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
∆ p̈legs . For the upper body (arms, back), the angular acceleration θ̈stress (k DOFs) is computed for the passive control of
k joints with stress exceeding the available muscle strength.
The number k depends on the initial torque due to the initial
acceleration θ̈ initial . The difference of the angular acceleration ∆θ̈ (n DOFs) in equation (6) is computed by
∆θ̈ = Sa θ̈arms + Sb θ̈back + Ss θ̈stress + J p p̈legs
c The Eurographics Association and Blackwell Publishers 2001.

(16)

x
z

x

Legs

Figure 6: Control of body parts; (a) all parts, (b) arms, (c)
back, and (d) legs

where Sa ; Sb and S s are the selection matrices that map each
controlled joint to the corresponding joint for the body ∆ θ̈ .
J p is the Jacobian matrix (n 3) that maps the controlled
special acceleration to the displacement of all joints in the
lower body, computed by inverse kinematics.



5.3. Control Algorithm
In the control algorithm, ∆θ̈arms (4 DOFs), ∆θ̈back (3 DOFs),
∆ p̈legs (3 DOFs) and ∆ θ̈stress (k DOFs) are controlled, each
having an effect all the others. This interaction makes it difficult to control all these targets at the same time. Therefore,
the algorithm computes each term in order, based on the order of importance.
Active control is applied to the arms, 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 the lower body has a significant influence on body
balance and the stability of motion, and hence the significant
change of the motion of the lower body causes unstable results. Therefore, comfort and balance control, using ∆ θ̈arms
(4 DOFs) and ∆ θ̈back (3 DOFs) are performed first. If the
joint stress cannot be reduced or balance cannot be maintained, the lower body is then controlled using ∆ p̈ pelvis (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 motion, the initial acceleration necessarily becomes large. As
a result, because the joint stress becomes large and the figure is likely to lose balance, control based on the conditions
causes unstable motion. To avoid this, the initial acceleration 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. The initial acceleration is computed. θ̈initial is computed
using the tracking algorithm in section 4.
2. Passive control for upper body. ∆ θ̈stress is computed for
all stressed joints.
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3. Active control for the upper body. ∆ θ̈arm then ∆θ̈back are
controlled so as to reduce joint stress, and ∆ θ̈stress is recomputed as the result of comfort control.
4. Passive and active control for the lower body. ∆ p̈ ppelvis is
controlled so as to reduce the stress on joints in the lower
body and maintain body balance.
5. Output acceleration θ̈out put is computed from θ̈arms ,
θ̈back , θ̈stress , and p̈legs .
5.3.1. Passive Control 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 one joint of the k joints is small, 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 inertia Hii affected by the angular acceleration and torque of the
individual joints. However, when the current state of a joint
differs significantly from the desired motion, the initial angular acceleration of the joint is large and control becomes
unstable. Therefore, we compute the change of the angular acceleration of each joint ∆ θ̈stress;i in two phases. First,
∆θ̈0stress;i is computed such that θ̈initial;i + ∆θ̈0stress;i is realizable within the available torque range of the ith joint when
the moment of inertia from other joints is ignored, given by
Hii (θ̈initial;i + ∆θ0stress;i ) + Ci + Gi + Fi > τmax;i
(17)
Second, ∆ θ̈stress;i is computed such that θ̈initial;i + ∆θ̈stress;i
is realizable when the moment of inertia from the angular
acceleration of other joints θ̈initial + ∆θ̈0stress is considered,
given by
τmin;i

<

τmin;i



<



Hi (θ̈initial + ∆θ̈0stress )+



Hii (∆θstress;i

∆θ̈0stress;i ) + Ci +Gi + Fi > τmax;i (18)

5.3.2. Active Control for Upper Body
Active control of the upper body involves calculating ∆ θ̈arm
and ∆ θ̈back , in that order. The rotational acceleration of each
part is computed for the comfort control of the jth stressed
joint (∆θ̈arm;c j or ∆θ̈back;c j ) and for balance control (∆ θ̈arm;b
or ∆θ̈back;b ). The largest acceleration is then used to control the part. When an environment input is applied to figure,
the stress of joints and the positional error of the ZMP often occur in the same direction. In that case, the rotational
acceleration for rducing the largest stress or for maintaining
balance can be expected to help the other stresses and imbalance. If unresolved stresses and imbalance remain, the next
part is controlled so as to solve them.
The rotational accelerations ∆ θ̈arm;c j and ∆ θ̈back;c j for reducing joint stress are computed for the jth composite joint
consisting of rotational joints. For example, if the wrist consists of three rotational joints, as in our model, the rotational
acceleration required to reduce the stress of the three joints

in the wrist ∆θ̈arms;wrist is computed for each joint simultaneously. As mentioned in section 5.1.1, the relationship between the displacements of the ith composite joint and the
rotational acceleration of the arms or back is expressed using a submatrix of the moment of inertia matrix H (θ), given
by
∆τ j = H 0 ∆θ̈arms;c j :

(19)

The required change of torque ∆τ j is computed from τstress .
The dimension of ∆τ j is always equal to or less than
∆θ̈arms;c j . Thus, ∆θ̈arms;c j is redundant. The solution so as
to minimize ∆θ̈arms;c j can be computed using the pseudo
inverse matrix H 0+ of H 0, given by
∆θ̈arms;c j = H 0+∆τ j ; H 0+ = H 0(H 0t H 0 )

:

(20)

The rotational acceleration of the arms for balancing
∆θ̈arms;b is computed in the same way such that the ZMP
is moved to the MMP. As described in section 5.1.2,
δZMP=δθ̈arms is computed using equations (13) and (14).
Within the rotational accelerations, ∆ θ̈arms;c j is computed
for all stressed composite joints and ∆ θ̈arms;b is computed for
the position of the ZMP, the largest of which is used to control the arms or back. When ∆ θ̈arms or ∆θ̈back is too large, the
stress on 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. Active and Passive Control for Lower 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 all joints in the lower
body is controlled indirectly through control of the spatial
acceleration of the pelvis. For comfort control, the spatial acceleration of the pelvis is computed for all composite joints
in the lower body. The relationship between the joint torques
in a composite joint and the spatial acceleration of the pelvis
can be derived from equations (16) and (10), written as
∆τc = H 0 J p p̈legs :

(21)

For balance control, the relationship between ∆ZMP and
∆ p̈legs is derived from equations (13) and (14) using the
weight and center of mass of the upper body. Passive control 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 pelvis is
computed for the stressed composite joints of the legs and
the ZMP. Within the spatial accelerations, the largest acceleration is used to control the lower body. As a result, the joint
torque for the output acceleration may exceed the available
torque range in this algorithm.
On human movements, when some large stresses work on
joints in the lower body or it likely to lose balance, the foot
leaves from the ground. During a single phase, by swinging
c 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 realize this kind of control, the motion needs to be controlled
not only in angular acceleration space but also in angular
space. This is 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 space is one of the most important directions of future work.
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6. Results
In this section, we present an experimental result. We created animations based on a keyframe motion sequence and
environmental physical input. We used a squatting motion as
input. The trajectories of the input motion were represented
by a B-Spline. The interval 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 control informatin is visualized 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 sufficiently reduce the stress on the back, the back was forced 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. After the impact, the figure attempted to track the input motion
while maintaing balance. These animations show that our
method produces dynamically changing motion based on input motion and environmental physical input.
The computational time for dynamic motion control on
the generated animation is shown in Table 1. The computational time become large when the joint torque of many
joints in the initial angular acceleration exceeded the available 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
(a) no interaction
(b) with 8kg weight
(c) with 15kg weight
(d) impulse applied

total
70.6
78.8
102.9
72.9

average
0.78
0.89
1.43
0.81

max
1.0
2.4
3.1
2.5

Table 1: Computational time (milliseconds) for dynamic
motion control on PC (Pentium III, 800 MHz), the total time
for 90 frames, average frame time, and maximum frame time.

c The Eurographics Association and Blackwell Publishers 2001.

Figure 7: Squatting animation; (a) no environmental physical 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 technique for human-like articulated figures. The key idea of the
mothod is to control the joints of a figure in angular acceleration space. This approach ensures continuous and realistically changing motion. The algorithm controls each part of
the figure through a minimum number of DOFs, and computes the output angular acceleration in carefully designed
steps. This approach has made it possible to generate dynam-
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ically changing motion in real-time. In experiments, our system successfully generated chainging motions in response to
the weight of a load and an external impulse.
As discussed in section 5.3.4, an important future research
goal is to combine the current tracking control technique
in angular acceleration space with a dynamic motion planning technique in angular space. In addition, we are going
to introduce a more realistic muscle strength model 9 . Using the strength model, animation accounting for the muscle
strength of the character will be generated.
Physically based approaches are yet to be widely adopted
in computer games. However, such applications require dynamically and realistically changing motion, otherwise are
limited to replaying motion sequences created in advance.
We believe that the proposed technique will break the limitations of physically based approaches.
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Figure 8: Squatting animation; (a) no environmental physical interaction, (b) with 8 kg weight, (c) with 15 kg weight, and (d)
impulse applied at the first frame. In the images, the figure in orange is the input motion, and the figure in white is the 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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