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Abstract

We describe a fast method for creating physically based
animation of non-rigid objects. Rapid simulation of non-
rigid behavior is based on globa deformations. Con-
straints are used to connect non-rigid piecesto each other,
forming complex models. Constraints also provide mo-
tion control, allowing model pointsto bemoved accurately
along specified trgjectories. The use of deformations that
are linear in the state of the system causes the constraint
matricesto beconstant. Pre-invertingthese matricesthere-
fore yields an enormous benefit in performance, allowing
reasonably complex models to be manipulated at interac-
tive speed.
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1 Introduction

A good deal of work has been done toward the use of
physical simulation as a means of producing animation.
Despite the wealth of impressive results, physically based
modeling is not in wide use, because of the unfamiliarity
and complexity of the methods, because of the computa-
tional expense of simulation, and because of the difficulty
of controlling simulated objects. In this paper we present
afast and simple formulation for building and controlling
models composed of non-rigid pieces. Our method has
three major parts:

Non-rigid objects.  Our model for non-rigid dynamics
isbased on global deformationswith relatively few degrees
of freedom. Thisformulation providesobjectsthat deform

in a geometrically simple but physically correct way. A
further simplificationisachieved by restricting attention to
deformationsthat arelinear in the system’s state variables.
Thisclassincludes both free-form deformationsof the sort
described in [14], and simpler affine deformations. One
beneficial effect of this simplification is that the body’s
mass matrix is constant, allowing it to be pre-inverted.

Attachment constraints. Point-to-point attachment
congtraints are used to build complex models from the
simple non-rigid pieces. Attachment constraints are im-
plemented using a method fully described in [19], and
related to those in [4] and [11]. The ideais to calculate
a condtraint force that accurately counters applied forces
that would otherwise pull the pieces apart. Ordinarily,
obtaining the constraint force requires the solution of a
linear system at least once per time step. The linear-
ity restriction, however, causes the constraint matrix to be
constant, except when constraintsare added or deleted. By
pre-inverting this matrix, we need only perform a matrix
multiplcation instead of an inversion at each step.

Mation control. The same machinery that supports
attachments allows specified object points to be moved
accurately onarbitrary trgjectories. Controlling themotion
of a point is not fundamentally different from nailing it
in place, except that the “nail” is moving as a known
function of time, giving rise to simple additive terms that
takeaccount of itsmotion. Aswith attachment constraints,
the restriction to linear deformations ensures a constant
constraint matrix.

Together, these elements give us the capability to cre-
ate non-rigid pieces, wire them together in arbitrary ways,
then control the motion of arbitrary points on the objects.
A reasonably accurate view of the resulting models is to
regard them as articulated puppets, whose parts are made
of rubber, jello, or other non-rigid materials, with spec-
ified points under full control of the “puppeteer.” Our
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method is fast enough to be practical: using widely avail-
able hardware, we can achieve interactive, even rea-time
performance with models that are complicated enough to
be interesting subjects for animation.

This basic capability isonly a starting point. Given the
ability to control the motion of arbitrary points, how shall
we specify where they should go? Interesting approaches
include direct manual control and interactive keyframing.
Our recent emphasis, however, has been on the develop-
ment of a vocabulary of goal-directed behaviors that are
chained to create complex actions. Anexampleof asimple
atomic behavior is one that smoothly moves a body point
to a specified position and velocity over a specified time
interval. A slightly more elaborate one makesabody point
chase and capture a moving target point. Simple chain-
ing permits the specification of compound actions such as
“Make point a grab point b, moveit to point ¢, then let go.”

1.1 Background

A number of authors have investigated the use of
articulated-body dynamicsfor animation [1, 17, 7, 9, 13].
Several of these employ highly efficient recursive dynam-
icsformulations, but they are specific to articulated models
composed of rigid bodies. The use of non-rigid dynamics
for animation has been described in [15, 12, 16, 5, 10]
The use of large finite-difference meshes, (or of mass-
spring lattices, which are essentially equivalent,) poses a
performance problem for two reasons: first, such systems
possess many degrees of freedom, and second, they tend to
|ead to stiff equationswhich areexpensivetosolve. In[10],
Pentland and Williams describe the use of modal analy-
sis to create simplified dynamic models. By discarding
high-frequency modes, the dimensionality and stiffness of
the models are both drastically reduced. The models we
develop here yield similar advantages, though we arrive
there by avery different route.

The use of constraint methods for model creation and
motion control has been extensively treated. [3, 18, 7, 9,
4,12, 11, 20, 19, 13] A number of these entail the use
of inverse dynamics to calculate constraint forces. The
formulation employed here, which is based on the method
of Lagrange multipliers, is described fully in [19], and is
also closely related to that presented in [11].

2 Linear Deformations

2.1 The mechanics of global defor mations

A global deformation[2, 14, 6] isamathematical function
that maps space to itself by assigning new, deformed co-
ordinates to each point within some region of undeformed
space. Applying aglobal deformation to an object entails
deforming the space in which the object sits, allowing the

points on the object’s surface to be carried along. Any
given deformation has associated with it some control pa-
rameters, such as bend or twist angles, that govern its
behavior. Global deformationswere originally introduced
as a purely geometric modeling tool, allowing primitive
shapes to be modified in stylized but interesting ways by
manually adjusting the parameters.

Global deformations may also be made to serve as a
substrate for simplified nonrigid dynamics by augment-
ing them in two respects: we embed masses in the space
on which the deformation acts, and we define an energy
of deformation that induces the desired behavior, such as
elasticity or volume preservation. As with the simplified
modal models of [10] the use of simple global deforma-
tions offersthe twin advantages of reduced dimensionality
and the elimination of the high-frequency componentsthat
lead to stiffness. In return for this large performance ad-
vantage, we naturally give up the ability to deform our
objects in ways that cannot be represented using the cho-
sen global deformation.

As an aid to understanding the derivation that follows,
imagine a cloud of fixed point masses, all subjected to a
global deformation. Although stationary in undeformed
coordinates, the deformed points would be seen to move
in response to a change of the deformation parameters.
The addition of mass thus associates with any parame-
ter displacement a mass displacement. This association
allows us to express the body’s inertial proprties, in par-
ticular its kinetic energy, as a function of the deformation
parameters and their time derivatives. Once we have ex-
pressed the kinetic and potential energies as a function of
the parameters, Lagrange's equations of motion(see[8] or
any other classical mechanics text) provide a cookbook
procedure for deriving the equations of motion, producing
a generalization of the familiar f = ma. In the parlance
of Lagrangian dynamics, the vector of parameters consti-
tute the system’s generalized coordinates, which we will
denote by q.

To derive Lagrange’s equations one must first express
the kinetic energy 7' as a function of ¢ and ¢, and the
potential energy V' as a function of ¢. In terms of the
Lagrangian, definedas L = T'— V/, Lagrange's equations
arethen

(5 =52 -Q=0, ®

where () is the force in ¢-space, known as generalized
force.

Thekinetic energy of aparticle at position « with mass
m isjust imz?, and the kinetic energy of a deformable
body is the sum of its mass points' kinetic energy. For an



arbitrary deformation, the velocity of aparticleis®
z; = Jijqj,
where the Jacobian matrix .J is defined by

g, = 2%
dq;

If the mass at z is m, then the kinetic energy due to the
point massis

T = %mxzxz = %mJijJikfljflk- 2
and the kinetic energy of the whole body is just the sum
of this quantity over al the point masses. In the case of a
continuous mass distribution, the sum becomes an integral
and massis replaced by mass density.

The form of the potential energy V' depends on the
desired behavior. For example, in a global bend defor-
mation with bend angle 8, an energy term of the form
V = (# —6,)?> would attract § elastically to the rest value
0,-. Thegeneraizedforce istypically dueto point forces
applied to the object. The generalized force due to a point
force f applied at = is Q = f;J;;, with the Jacobian J
evaluated at .

2.2 Linear deformations

The preceding discussion appliesto any deformationfunc-
tion. However, the Lagrangian equations of motion sim-
plify greatly for deformations that are linear functions of
thestate. Such deformationsmay be expressedin theform

z; = Rijpj,

where x is aworld-space point, the components of matrix
R are the generalized coordinates, and p is a function of
the undeformed point, but not of R or of time. While
deformations of this form are linear in the state R, =
may depend nonlinearly on the undeformed coordinates
through the function p. For example, p might be defined
by p(z,y,2) = [1,;U,y,z,:vy,:nz,yz,xz,yz,zz] , which
is2nd order. In fact, any polynomial deformation may be
cast in thisform.

Since p is not a function of time, we then have point
velocity _

z; = Rijp;

and kinetic energy

1. .
T = ERiniijk,

1Inindex notation, an unsubscripted quantity isascalar, one subscript
denotes a vector, and two denote a matrix. Under the summation con-
vention, the appearance of any index twice in aterm implies summation,
so that M;;v; means Ej M;jv;, whichismatrix M times vector v.

where M is aconstant symmetric mass matrix defined by

Mj, = Z (mpjpr) ,

with summation performed over all the mass pointsin the
body.

For the sake of readability, wewill omit the potential en-
ergy V, noting that theforcedueto V' is —(0V/dq), which
may be subsumed in the generalized force (). Therefore
the Lagrangianisjust L = T'. To obtain Lagrange’sequa-
tions, we observe that

oL 1

O_RT 5 (5ir(sstik + (SiréksRij) Mjka (3)

where the ¢'s are Kroeneker deltas, defined by d;; = 1
if « = j, and zero otherwise; that is, the identity matrix.
Using the identity a;d;; = a;, and also the symmetry of
M, we obtain

oL

aRrs
It follows straightforwardly that

d oL ..
S (=) = R My,
dt (aRm> Fori My

= Rrk]\/[ks~

and also that
OL

OR,s

Combining these pieces, Lagrange's equations are

0.

RijMji — Qi =0, (4)

and since M is congtant, its inverse W may be pre-
computed, giving

Rij = Qs Wy;. 5)

Finally, the generalized force () dueto aforce f applied
at world-space point z; = R;;p; IS

8;ri

Qrs = fiaRrs

= fi0irbjspj = frDs-

The inverse mass matrix W represents the linear func-
tion that maps forces into accelerations. The fact that
W is constant affords some gain in efficiency in solving
equation 5 because the matrix need not be inverted anew
at each step. This is not a large advantage because the
matrix is relatively small. The major benefit of a con-
stant W will emerge later in the discussion of constraints.
Figure 1illustrates a second-order deformableobject, with
p(x,y,2) = [L2,y, 2,2y, x2,yz,2% y?, 2?] ,andwith R
a3 x 10 matrix.



2.3 Affine deformable bodies

A particularly simple linear deformation has
pz(rg) = [Tl, r2,T3, 1] )

where r isapoint in body coordinates, and

mi1 Mm21 M3z

mi2 MMz MmM32

miz M2z M33
t1 t2 t3

Ri]' =

which resembles a homogeneous transformation matrix
with the rightmost column deleted. The 3 x 3 subma-
trix m is an ordinary 3D transformation matrix, and ¢ is
a trandation vector. A body defined by subjecting mass
points to this deformation is permitted to undergo affine
transformations—trandation, rotation, stretch, and shear,
with equations of motion as given in equation 5. Despite
the limited range of deformations they afford, affine de-
formable bodies offer two significant advantages. first,
graphics workstations perform affine deformations very
quickly; and second, the potential energy terms that yield
elastic and volume preserving behavior become extremely
simple.

2.4 Potential energy functions for affine
bodies

An affine deformable body is in its undeformed state ex-
actly when the submatrix m is an orthogonal matrix, de-
fined by m;;m;, = ;1. To see why, note that the squared
magnitude of a transformed vector z; IS m;jmirx;xy.
Thisis equal to the squared magnitude of x for all x ex-
actly when m is orthogonal. An energy function whose
minimum lies at the undeformed state is

2
Ve = ke Imijmix — djil”,

where k. is a gtiffness constant. Thisisa“rigidity” term,
giving elastic behavior.

The affine deformation is volume preserving exactly
when det(m) = 1, so that an energy function that resists
compression and dilationis V, = k. |det(m) — 1/%, where
k. is also astiffness constant. Theimposition of thisterm
gives a body that, when stretched along one dimension,
reacts by squashing aong the others, and vice versa.

The required gradients that give the forces due to both
these energy terms are readily derived. Velocity depen-
dent damping forces may be imposed on these and other
potential functions using the form

ov

i = —kaV 50—,
Qi =~k ok,

where k4 is a positive drag constant. Adjusting the stiff-
ness and drag constants yields a wide range of physica
behavior, from a bouncy jello-like response to near rigid-

ity.

3 Constrained Dynamics

In [19] we present a general formulation for constrained
dynamics, similar to that of [11], and moreloosely related
to [4]. Here we briefly summarize the genera solution,
then develop the smplified form for deformable bodies
defined by linear deformations.

3.1 Thegeneral form

If vector ¢ representsthe state of a physical system, thena
holonomic constraint may be defined implicitly by afunc-
tion ¢(q, t), where the states consistent with the constraint
are those that satisfy ¢(q,t) = 0. For example, if a and b
are pointswhose world-space coordinatesdepend on state,
then a(q) — b(q) = Oisaconstraint that requiresthe points
to coincide. If multiple constraints are to be met simulta-
neoudly, then ¢ is a vector al of whose components must
vanish. If the system beginsin alegal state, withc = 0
and ¢ = 0, then requiring that ¢ = 0 thereafter suffices
in principle to hold the constraints in force. ¢ dependson
the acceleration ¢, so requiring that ¢ = O defines a sub-
space of legal accelerations. Because ¢ in turn dependson
force, the problem of constrained dynamicsisto calculate
a congtraint force that projects the acceleration into the
legal subspace. Because it is expressed differentialy, this
turns out to be alinear problem even when the constraints
depend nonlinearly on state.

To obtain the constraint equations we first express ¢ as
afunction of §. Applying the chain rule twice gives

Bci . Bcz . Bzci

a—qlej a—quj + 2’ (6)

¢ =
noting that
Bcz o Bzci .
dq; ~ 9q;0q,
The term 9?¢; /Ot? reflects the direct dependence, if any,
of ¢ on time, in contrast to its indirect time dependence
through g.
The equations of motion in turn give ¢ as a function of
the known applied force ) and an as yet undetermined
constraint force C, according to

4 = Wir(Cr + Qr),

where W is an inverse mass matrix. Substituting into
equation 6 and setting ¢ to zero gives

80,» 601 . dzci
Wik (Cr + Qk) + ¢, Y t oz

=0, (7
5 ™



where only the constraint force C' is unknown. Equation
7 gives a set of linear conditions that C' must satisfy, but
in general there are fewer equations than unknowns. This
deficiency isrectified by requiring that the constraint force
does not add or remove energy from the system, which
leads to the requirement, known as the principle of virtual
work, that the constraint force be alinear combination of
the constraint gradients. Thisin turn means that C' must
satisfy 5
Ci
C] - Az aq]' )

for some vector A. The \'s are known as Lagrange mul-
tipliers. Substituting for C' in equation 7, after some re-
arrangement, gives

8ci aCT 6ci 80, . 820,»

|:aqj ik 8(]]4;:| /\r - aq]' W]ka + aq]' qj + Btz )
)

in which the matrix on the left hand side is square, with
dimensions of the constraints, and only A is unknown.
The constraints are enforced by solving equation 8 for A,
using A to compute C', adding C' to the applied force, and
computing the constrained acceleration ¢. In practice, an
additional feedback term must be added to the force to
inhibit drift, and also to bring the system to a legal state
initially. Including the damped feedback term, the total
force becomes

80,»
(3(]]' ’

Qj + (\i + ac; + B¢;)

where o and 3 are constants.

Equation 8 refers to the entire constrained system. Ina
system comprising anumber of distinct objects, the global
state vector ¢ is formed by concatenating those of the
original objects, and the constraint vector ¢ is formed by
concatenating the constraints. The inverse mass matrix
W isblock diagonal, receiving a block from each object.
The constraint Jacobian receivesanon-zero block for each
constraint/object pair for which the constraint depends on
the object.

Although we have written the constraints as direct func-
tions of state, in practice there is usually an intermediate
quantity to which constraints are applied. For example, a
congtraint that nails a pair of points together depends on
the points, and the points' coordinates depend in turn on
the respective objects’ state. See[19] for a general parti-
tioning schemethat exploitsthiskind of structure. Inbrief,
if ¢ isaconstraint on one or more points, x is a point on
which ¢ depends, and g is the state of the object to which
x is attached, then the chain rule gives

dc; _ Oc; Oxy,

8qj N al'k 8qj ’

as the Jacobian block representing ¢'s dependence on ¢
through the point z.

3.2 Impulses

When very largeforcesact for very short times, producing
large transient accelerations, it is often useful to describe
the behavior of the system in terms of the integral over
the short time interval, neglecting the internal dynamics
of the event, and to treat the duration of the event as zero.
The force integral is known as an impulse. Instead of
accelerations, impulses produce instantaneous changes in
velocity. The calculation of an impulse response closely
resembles that of an acceleration. The equation §; =
w;;Q; becomes Ag; = w;;1; where I istheimpulse, and
Aq isthe changein velocity. In computing an impulse all
non-impulsive forces, such as gravity, are neglected.
Impulses are most frequently encountered in the anal-
ysis of collisions. Here, we are interested in impulses in
connection with motion control, where we may wish to
allow the prescribed velocity of a controlled point to un-
dergo a discontinuous change. The desired discontinuity
appears in the direct derivative of the constraint with re-
spect to time, leading to an equation similar to equation
8:
oc; e, oc;
[aqj Wi 8qk} T

where the right hand side gives the constraint discontinu-
ities. Once \ isobtained, the constraint impulseis

(9)

6ci

I=) .
(3(]]'

3.3 Linearly deformable bodies

Now we recast equation 8 for the special case of a sys-
tem of linearly deformable bodies, subject to constraints
each of which depends linearly on one or more points on
the bodies. This restricted class of constraints includes
point-to-point attachments, and constraintsthat nail points
in place or require them to follow arbitrary known trajec-
tories. This set is thus sufficient for building models by
attaching deformable pieces together, and controlling the
modelsby controlling the motions of specified points. The
benefit of imposing thisrestriction isalarge one: the con-
straint matrix on the left hand side of equation 8 remains
constant, except when constraints are added or deleted.
The matrix is inverted whenever the constraint structure
changes, after which evaluating the constraint force re-
quires only amatrix multiply rather than the solution of a
linear system. Figure 2 illustrates the behavior of linearly
deformable bodies subjected to attachment constraints.

If 2 is a point on a linearly deformable body then its
derivative with respect to the body’s state is

Wrs = Wrs (Rijpj) = 0irPs,



which is a constant. Because each constraint is a linear
function of one or more points, the derivative of any con-
straint ¢ with respect to a point z is a constant as well.
Hence the global constraint Jacobian is composed of con-
stant blocks each having the form é;,.p,, possibly times a
constant. For example, a two-point attachment constraint
of theforma; —b; = Oyieldstwo such blocks, one positive
and the other negative.

Because z is a vector and R is a matrix, the derivative
has rank 3. In practice, though, the R’s are flattened
and concatenated to form the global state, so that in an
expression like §;,-ps, the r and s are combined to form a
linearized stateindex, and the quantity may then beviewed
asablock inthe global matrix. The bookkeeping involved
in performingtheseindex calculationsisgreatly smplified
by the use of ablock-sparsematrix datastructure, in which
amatrix iscomposed of acollection of rectangular blocks.
Operations such as matrix-times-vector and matrix-times-
matrix are readily implemented in terms of this structure.

Once the constant Jacobian matrix has been computed,
the left-hand-side matrix of equation 8 can be calcul ated
and inverted. Because ¢ does not depend on ¢, one term

of the equation vanishes, giving
6ci 82ci
A = _Yri(a_quijk + W)’ (10)

whereY istheinverted constraint matrix.

4 Motion Control

The preceeding sections provide the machinery required
to animate a collection of connected objects—a puppet,
for example—by moving control points on the puppet as
arbitrary functions of time. As the control points follow
their assigned paths, the rest of the puppet moves with
correct passive dynamics. We begin this section by con-
sidering the generic problem of constraining a point to
follow a known trgjectory. Given this capability, we pro-
ceed to treat the issue of generating motion paths both by
interactive keyframing and by the specification of motion
goals.

A constraint that nails a point p at a fixed location n
may be written R;;p; — n; = 0. Such a nail constraint
depends on time only indirectly, through R, so that the
constraint’s contribution to the direct time derivative term
of equation 10 is zero. Suppose that the nail position n is
not constant, but is instead a known, twice-differentiable
function of time, n(¢).2 By saying that n(t) is known, we
mean that we have a way to evaluate n, n, and 7 at the
current time. We need not know anything further about

2We may relax this requirement to piecewise differentiability by in-
serting impulses at velocity discontinuities.

the form of n or the manner in which it is computed. The
control constraint then becomes

Rijp; —ni(t) =0,
with direct second time derivative

&% 5%n

o2~ o
Inserting this term into equation 10 induces a constraint
force that causes point p to move with the desired acceler-
ation. The feedback term

. aci
ac; + pe;) 7—
(e + Be) 5

inhibits drift from the desired trgjectory. Note that

. - on;
ci = Rijpj — (‘)—tz’

so that the feedback term as well as the constraint force
take account of the desired motion.

Depending on the acceleration supplied at each instant
in time, the control point can be made to accurately follow
any piecewisetwice-differentiabletrajectory. Thisform of
control isanalogousto attaching ajet engine at the control
point and continuously adjustingitsthrust to drivethe point
along the desired path. Note that it is not necessary that
the path be completely specified in advance—only values
at the current time need be known.

Having the general ability to control themotion of points
on an object makes it possible to separate the problem of
motion specification from that of enforcing the specified
motion. We now consider two approachesto motion spec-
ification: keyframing, and goal-directed motion.

4.1 Keyframed Motion Paths

A direct extension of standard animation techniquesis to
specify control point trajectories by interpolating between
keyframes. If a user is allowed to interactively position
control points on arbitrary frames, piecewise cubic splines
passing through the keyframed points suffice to provide
the required values for n, n, and # at each instant in
time. Provided that position and velocity are matched
at the beginning of a keyframed motion, our models are
able to track the keyframed paths accurately and stably at
interactive speeds.

Experiments quickly showed us that physical keyframe
control differsfundamentally from standard direct control
of object parameters. First, the quantitiesthat we are able
to control are more likely to be the ones that we want to
control. Second, we are permitted to employ far fewer
degrees of control than degrees of freedom, the rest of the
motion being determined by physics. This is a property



with no counterpart in conventional keyframing, where
nothing moves unless we moveit.

To fully exploit the ability to refrain from controlling
all aspects of the motion, control points ought not to bere-
garded as persistent entities whose keyframed trajectories
span an entire scene. The style of keyframe control that
we believe will be most effective is based on the ability to
freely turn control points on and off during an animation,
establishing and relinquishing control asrequired. For ex-
ample, in animating awalk it is necessary to control heel,
toe, knees, hips, shoulders, etc., but not all at the same
time. The heel position must be accurately controlled just
before and during the support phase, but during the swing
the hedl can simply be allowed to follow the toe. It would
be an unnecessary burden to specify the heel’s position all
the time.

The ability to turn control points on and off raises tech-
nical issues. Turning a path constraint off is simply a
matter of letting the point “go ballistic,” eiminating the
relevant blocks from the constraint matrix, and turning
off the restoring forces. Turning a path constraint on in
the midst of an ongoing motion is more difficult: at the
moment that control is initiated, the position and velocity
of the point being controlled must match those specified
by the splined trajectory. However, the point’s state can-
not generaly be predicted in advance. We handle this
problem using what we call constraint preroll, by analogy
to the video term. A short time before the nomina on-
set of control we dynamically compute a spline segment
that smoothly joinsthe point’s current position and veloc-
ity to those at the start of the pre-specified path. During
the preroll interval, this segment serves to bring the point
smoothly from its uncontrolled state to the required initial
State.

Impulses provide additional keyframing possibilitiesby
alowing control points to undergo arbitrary velocity dis-
continuities. For example, at the end of amotion path, itis
possible to insert an impulse that makes the control point
stop dead or “bounce,” simulating collisions. Although
not generally physical, starting a motion impulsively may
also produce interesting effects. We also use impulses as
a graceful way to start and stop animation runs. Before
starting the run, we use an impulse to install the initial
control point velocities, and at the end, an impulseis used
to bring them to an instant but well behaved halt.

4.2 Goal-Directed Motion

Keyframing of point trgjectories, though offering real ad-
vantages over object-parameter keyframing, can still be
a frustrating process, primarily because motion must be
specified in such aliteral way. For instance, the fact that a
reaching motion is intended to bring the hand into contact
with an object to be grasped is entirely lost in the tranda

tion to spline curves. If the object’s position is changed,
the hand will happily grab the empty space where it used
to be, unless the hand’s motion is manually changed as
well.

An dternative to keyframing is to specify the goals of
actions directly, dynamically calculating the motion re-
quired to satisfy them. In contrast to the first-principles
approach to motion synthesis described in [20], our ob-
jective hereis to develop a minimal vocabulary of simple
behaviors that are chained to produce motion. With the
ability to control the motions of individual object points
already in hand, it is comparatively smple to develop a
variety of useful atomic actions. To implement an action
that governs the behavior of one or more points, we must
provide away to computethe desired positions, velocities,
and accelerations, as a function of state and of time.

An example will illustrate the approach. Suppose we
want to make one point chase another, making contact at a
specified time, and with specified final velocity. If thetar-
get point is stationary, then a cubic spline segment can be
constructed, taking the chaser’ scurrent position and vel oc-
ity asinitial conditions, and the position and vel ocity of the
target point asfinal conditions. Asthe motion progresses,
the spline and its derivatives are evaluated to supply the
desired position, velocity, and acceleration. Thisisequiv-
alent to the “preroll” segment described earlier. To chase
a moving target, we use its current position and velocity
to make a linear prediction of its position at the desired
time of contact, build a spline to that point, and continu-
oudly update the estimate as things change. The action is
complete when the appointed contact time is reached.

Figure 3 shows some frames of a very smple anima-
tion in which a sky hook swoops down, grabs a pyramid,
flys off with it, then hangs itself up, leaving the pyramid
dangling. It was created using two primitive behaviors,
“Chase,” as described above, and “Connect,” which ap-
plies a velocity-matching impul se, then creates an attach-
ment constraint. For convenience, we define a behavior
“Grab” which performs a Chase followed by a Connect.
Having first created the geometry and defined some hamed
control pointsat strategic locations, we used the following
script to produce the motion:

Grab(hook-tip, pyr-tip, dtl, vxi, vyl)
Grab(hook_eye, sky_poi nt, dt2, vx2, vy2)

wherethe dt'sand v's are durations and final velocities
for the chase segments.

Figure 4 shows a more complex sequence in which a
hinge-horned monster skewers and ingests a small hu-
manoid. Thefinegrained actionisasfollows: the monster
waits until a humanoid comesin range, skewersit, moves
its“elbow” to asuitable spot, and accel eratesthe humanoid
to apoint just outside its mouth. At just that moment, the
monster |ets go, smultaneously stopping its claw, and the



humanoid pops neatly into the gaping jaws. Hereis the
script, includinginteractively chosen valuesfor timing and
velocity:

Wi t _For _Humanoi d()

Grab(cl awti p, humanoi d, 1.0)

Grab(el bow, feedi ng_position, 1.0, 0, 0)

Grab(cl awtip, nouthpoint, 1.0, -1.5,
-1.5)

Di sconnect (cl awti p, humanoi d)

Grab(humanoid, gullett, .5, -.07, -.07)

When no final velocity is specified, “Grab” com-
putes a default based on the current position and veloc-
ity, duration and distance to the target. The predicate
“Wait_For_Humanoid” serves to trigger the action when
suitable prey comes within range. Unlike a conventional
animation script, this sequence defines what amounts to
areflex. The monster responds to its environment, suc-
cessfully capturing its prey over a wide range of initial
conditions.
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Figure 1: A three-dimensional second-order deformable
object. The object isshown abovein itsundeformed state.
Below it isshown deformingin responseto aleftward pull,
whileits right-hand corners are held in place. This object
can bend, whereas an affine body may only stretch and
shear.

Figure 2: A two-dimensional triple pendulum moving un-
der theinfluence of gravity. The pendulum, whichisnailed
in place at the top, is composed of affine-deformable parts
connected using attachment constraints. The frames for
all sequencesare ordered top-to-bottom, then | eft-to-right.



Figure 3: Animation created by chaining motion goals. A
sky hook swoops down to grab a pyrmid, then hangsitself

up.

Figure 4: A hinge-horned monster skewers and ingests a
small humanoid. This compound behavior isin effect a
reflex, triggered by the arrival of suitable prey, which exe-
cutes successfully over awide range of initial conditions.



