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Abstract

Physical simulation of dynamic objects has become commonplace %
in computer graphics because it produces highly realistic anima- <%7
tions. In this paradigm the animator provides few physical param- 9 @

eters such as the objects’ initial positions and velocities, and the

simulator automatically generates realistic motions. The resulting
motion, however, is difficult to control because even a small adjust-
ment of the input parameters cant drastically affect the subsequen
motion. Furthermore, the animator often wishes to change the end-
result of the motion instead of the initiphysical parameters.

We describe a novel interactive technique for intuitive manipula-
tion of rigid multi-body simulations. Using our system, the anima-
tor can select bodies at any time and simply drag them to desired
locations. In response, the system computes the required physical o o
parameters and simulates the resulting motion. Surface characterissimulation is that the animation is generated automatically—the an-
tics such as normals and elasticity coefficients can also be automatimator only needs to specify a few physical parameters such as ini-
ically adjusted to provide a greater range of feasible motions, if the tial positions and velocities.
animator so desires. Because the entire simulatiitingghrocess Despite the appeal of simulation techniques, their primary draw-
runs at interactive speedsi the animator can rap|d|y design Comp|exbaCk is lack of intuitive control over the resulting motion. The ani-
physical animations that would be difficult to achieve with existing mator often wishes to adjust the motion to achieve a desired effect
rigid body simulators. such as a new end-position or a more pleasindc! However, di-

) ) . ) rectly altering the underlying physical parameters to try to achieve
CR Categories: 1.3.7 [Computer Graphics]: Three-Dimensional  the desired effect is often cumbersome and nonintuitive. In many
Graphics and Realism—Animation; 1.3.6 [Computer Graphics]: cases, the animator would prefer to edit the animation itself, by di-
Methodology and Technigues—Interaction techniques; G.1.7 [Nu- rgct manipulation of positions and velocities.

merical Analysis]: Ordinary Differential Equations—Boundary We introduce a novel interactive technique for manipulating rigid

lFigure 1: The animator manipulates the simulation by first fixing
the hat's landing position on the coatrack with a “nail” constraint.
While the animator rotates the hat at an earlier time to achieve the
desired spin, the constraint maintains the desired landing location.

value problems body simulations. Throughout the interaction, our system displays
Keywords: Physically Based Animation, Animation with Con- the entire trajectory of all objects in the scene. The animator is
straints free to manipulate thentiremotion by grabbing and changing the

state of the object (position, velocity, etc.) at any location on its

trajectory. For example, suppose the animator wants to design a
1 Introduction scene in which an actor successfully tosses his hat onto a nearby
coatrack, but instead has an animation of the hat falling to the floor.
In our paradigm, the animator first selects the hat at its landing po-

Physical simulation programs provide powerful tools for creating .. d simolv d X h K Th
realistic motion in animated shorts and feature films. These meth- S'tion and simply drags it onto the coatrack. There are many ways

ods enable quick and easy generation of complex physical behay-" which ;he ha; can land on lthe c;‘)atrapk and the current motion
iors such as a ball bouncing, window breaking [22], cloth folding MY not have the desired style. The animator can adjust the style

[2], and water flowing [10, 24]. An attractive feature of physical b_y first f|X|_ng the 'a'.”d'"g position on the coatrack to ensure_the _de-
sired landing location and then rotating the hat at an earlier time

*Carnegie Mellon University, 5000 Forbes AvenusttsBurgh, PA unti t_he hat motion a(_:hleves the desired spin (F_Igure 1). .
15213-3891http:/www.cs.cmu.edu/jovan This hat example illustrates the use of position constraints to
control rigid body animations. More generally, our system pro-
vides the ability to set arbitrary position, orientation, and velocity
constraints on multiple objects at multiple points in time. Further-
more, we also provide floating time constraints that may be satisfied
at any point in time. For example, an animator can adjust where a
mug hits the ground on its third bounce, without fixing the time
when that bounce occurs.

A key problem in controllingdynamic simulations is obtaining
sufficient degrees of freedom to avoid over-constrained problems.
Popovt, and Andrew Witkin. Interactive Manipulation of _In our Sy.Stem the animator may a.dd deg_rees of freedo”.‘ by vary-
Rigid Body Simulations. InComputer Graphics (Proceed- ing _phyS|cal parame_ters that specify the internal properties of th_e
ings of SIGGRAPF2000) Annual Conference Series. ACM _enwronr_nt_ant, including shapes, masses, surface normals,_elastlc-
SIGGRAPH, July 2000. ity coefficients, and moments of inertia. Often the best choice for
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these parameters is not at all obvious to the animator but yet canCarlo (MCMC) method to construct 3-D motions that achieve de-
have a very dramatic effect on the resulting animation. Our sys- sired body configurations. Chenney’s technique excels at construct-
tem automatically adjusts these physical parameters according toing motions for systems with chaotic behavior such as the motion
the animator's desired effect. We have found this céipato be of pins after collision with a bowling ball. The main drawback of
useful even in under-constrained problems. In particular, motion in these approachesis lack of interactivity: these systems may require
chaotic systems is highly sensitive to small perturbations in the ini- several hours to construct a solution. If the animator does not like
tial conditions. Adding control variables near desired manipulation the resulting motion, she must adjust the deslvedy configura-
times (i.e. variation of surface normals at the previous collision) im- tions and start again. We argue that interactivity is essential when
proves the conditioning without affecting the perceived realism of aestheticsis a primary concern.
the animation [4]. Furthermore, the additional parameters increase Our interactive technique is related to the method for geometric
the range of feasible motions, enhancing the animator’s ability to modeling described by Witkin et al. [28]. Similar techniques have
create interesting effects. also been devised for drawing applications [13], interactive cam-
Interaction is an integral component of our approach. The ani- era control [14] and others. In its treatment of motion discontinu-
mator is able to directly control the motion without manipulating ities, our approach most closely resembles that of Harada et al. [17],
the underlying physical parameters, and immediately sees the re-which combines continuous and discrete optimization for applica-
sults of her adjustments. As a result, she can quickly explore the tions in architectural design. In this approach, when the imposed
space of possible motions to achieve the desired behavior. Unlike architectural constraints can no longer be enforced with the contin-
previous motion-construction tools [29, 8, 21, 19, 23], our system uous parameters, the solver performs a local discrete search to find
does not evaluate the quality of motion with an objective criterion a new room arrangement in which the constraints are satisfied.
such as time-optimal motion. Instead, the animator imparts her aes-
thetic or other subjective criteria and interactively guides the system

towards the desired motion. 3 Interactive Manipulation
Internally, our system represents the entire motion of bodies by ) ) )
the physical parameters that control the simulation (i.é&ialposi- Our algorithm computes the required physical parameters so that

tions and velocities, surface normal variations and other parametersthe resulting motion satisfies desired constraints. In this section,

included by the animator). As the animator interactively manip- We define some basic concepts and give a top-level description of

ulates the motion, the system computes the new physical param-our algorithm.

eters that achieve the desired motion update. This is achieved in

real time using a fast differential update procedure in concert with ; ; ;

a rigid body simulator. Motion discontilties pose an additional 3.1 Simulation Function

challenge (e.g. when a point of collision changes to a diffei@retf Following the Lagrangian approach, we describe mechanical sys-

on a body’s polyhedral mesh) because the motion changes abruptlytems in terms of their generalized coordinates and velocities [26].

When this happens, our system performs a local discrete search inA system of one or more rigid bodies is described lmpeaeralized

physical parameter space to compute the motion that most closelystatevectorq whose components are the generalized coordinates

complies with the desired adjustments. and velocities of théodies in the system. The behavior of a system
The remainder of the paper is divided into six sections. In Sec- is described by a set of ordinary second order differential equations

tion 2, we discuss related work. We outline the basic algorithm in [26], which we write in vector form as a coupled first order differ-

Section 3, and discuss further details in Section 4 and Section 5.ential equation,

In Section 6, we outline the specifics of our prototype implemen- J

tation and report on the experimental results, and in Section 7, we _

conclude and describe directions for future work. Eq(t) =F(talt), @

whereF' (¢, q(t)) is derived from the Newton’s law (e.g. see Equa-
2 Related Work tion 8). As mentioned in Section 1, our technique varies several
physical parameters—in aitidn to the initial position and velocity
Dynamics and motion of mechanical systems are important to many qo—to modify the simulation. We encode all of these parameters
fields. Optimal control theory provides the groundwork for maxi- in the control vectoru, and extend the differential equation appro-
mizing the performance of evolving dynamic systems [25]. In robot priately:
path planning, kinodynamic planning refers to the problem of com-
puting robot paths that satisfy both dynamic and kinematic con- iq(t) — F(t,q(t),u) @)
straints [9]. In computer graphics, the spacetime constraints tech- dt ’ e
nique for animation of characters computes optimal motion subject __ . . . . .
to constraints [29, 8, 21, 19, 23]. Other techniques [3, 6, 16] also | NiS equation of motion completely describes the system in free
rely on gradient information to compute the motion that satisfies flight (i.e. when there are no collisions): integrating Equation 2
certain constraints. All of the above techniques solve for the actu- Y1€!dS
ating forces which produce a motion. Because of this, they do not .
o_IirectIy apply to our_problem of control_ling th_e riglnbdy sir_nula- _ a(t) = qo(u) +/ F(t,q(t), u) dt. ©)
tions because we wish to control passive objects (i.e. objects with-
out any self-propelling forces).

Several researchers have addressed the inverse problem of con- Collisions can be handled in a number of ways, but for computer
structing a dynamic rigid body motion given the desired body con- animations the simple Poisson collision model suffices [20]. This
figurations. Tang et al. [27] formulated this inverse problem as an model can represent elastic and inelastic impacts by applying in-
optimization task and extended the genetic algorithm technique to stantaneous impulses to the collidingdies. The system simulates
compute solutions for a class of 2-D N-body problems. For a 2-D the motion during free flight by numerically solving Equation 2.
billiards simulation, Barzel and colleagues [4] computedcess- At collision times additional impulses are applied to the system.
ful shots using a backward search from the desired final locations Because the control vectaorincludes physical parameters such as
of billiard balls. Chenney [7] applied the Markov Chain Monte surface normals at collisions and elasticity coefficients, the impulse

to



I(q~,u) directly depends on the control vectar At collisions

the simulator maps the generalized state an instant before the col-

lision g~ into the state an instant after the collisigi (e.g. see
Equation 10):

4)

More abstractly, given the control vectarthe rigid body simu-
lator computes thesimulation functionS, which specifies the state
of the bodies in the world at every point in time:

q(t) = S(t,u). (5)

In principle, the animator could manipulate the motigit) by ad-
justing the control vecton. However, such a form of control would
be tedious because the relation betwaemndq(t) is complex and
nonintuitive. Instead, we would like to allow the animator to spec-
ify the state of bodieg(;) at specific times; = ¢o,... ,tn, and
let the algorithm compute the control vectothat produces the de-
sired motion. This is a difficult problem [27, 7] for three reasons.
First, the domain of the simulation functighis high-dimensional:
for a single3-D body, the components of the generalized state
are the body’s pason, orientation, linear, and angular velocity
(i.e.q € R?® x SO(3) x R® x R?). Second the simulation func-
tion is highly nonlinear. A consequence of the integral nature of
the simulation function is that small changes in the initiahdi-
tions can result in drastic modifications of the motion. Third, the
simulation function is not continuous. Eachllision event (e.g.,
different vertices of an object colliding with theamd) bifurcates
the simulation function.

We adopt a differential approach for manipulating the simulation
function. The animator adjusts the motion by specifying a differ-
ential change of motiodq; in the generalized statg(¢;) at time

at =q +I(q ,u).

t;. The system responds by reshaping the current motion to com-

ply with the adjustments. Continuing the interactive manipulation,

the animator gradually guides the system toward the desired solu-

KR

Figure 2: The simulation function for the motion of a particle
bounce.

describe the particle’s path in free flight. The solution to this differ-
ential equation yields the simulation function:
) +vy+ | 2
X v _ %th

_(x@®)) _
o= (V(t)> | v+ ( O )
—gt

If the particle collides with an immovable obstacle, the Poisson
collision model applies animpulse to change the particle’s velocity.
For frictionless collisions, the impulse acts in the direction of the
surface normah at the point of collision. The equation,

e

vi=v7 —2(n-v )n, (10)
applies an impulse to instantaneously change the patrticle’s velocity
before the collisions~ into its velocity after the collisiow ™.

Given these analytical expressions for the particle’s motion, we
can plot the space of all possible trajectories for the particle as a
function of the initial ©nditions and the environment. For concrete-
ness, suppose the particlelmes with a single parabolic obstacle.
For notational convenience, we introduce a unit circle around the

obstacle: the particle enters the circle at some afgleith unit

tion. To compute a new control vector that reshapes the motion in e |ocity vector directed towards a point at heighabove the tip,

compliance with the differential changég;, we locally linearize
Equation 5,

_ 88(@', ll) su

0qi ou

(6)

We combine all animator-specified constraints into a linear system

which we solve forfu by conjugate gradient technique. The dif-
ferential vectoru describes the direction in which to change the
current control vecton to obtain the desired motion chandge; .
The differential update is simply a small step in the computed di-
rection,

@)

Given the new, updated control vectaf, a rigid body simulator

u =u+edu.

bounces off the obstacle, and exits the circle at another ahgle
(Figure 2). Our objective is to determifig as a function ofl, and
h.

In this example, the simulation functigh: R> — R maps the
control vectoru = (6o, h) into the particle’s final, exit positiof.
Given an initial entering, and exitingd s state, our gradient-based
interactive technique can smoothly transform this solution to one
which satisfies one or more constraints, for example to achieve a
different exiting staté)’;. Our technique converges easily because
the simulation function is smooth over the domain of control pa-
rameters (Figure 2).

The general motion of many rigid bodies is much like this sim-
ple particle example. To describe the state of a single 3-D rigid
body, we increase the dimensions of the generalized state, adding
the components of orientation, angular velocity, and extending the

computes the new motion and displays the result. At this point the POSition and linear velocity to 3-D. Two or more rigibdies are

entire process repeats.

3.2 2-D Particle Example

To help provide an intuition for the issueaderlying our approach,
we begin with an illustrative example.ufpose that a single 2-D

particle moves under the action of gravity. The generalized state

q € R* encodes the particle’s positione R? and velocityv €
R2. If ¢ is the acceleration of gravity, the equations of motion,

v(t)

¢ (x(0)) _
2 (0)- (%))

®)

modeled by adding additional components to the generalized state.
Surface parameters such as normals and elasticity coefficients may
also be added, if desired. Note that the number of rigid objects is
not explicitly represented, we are merely expressing the cumulative
degrees of freedom of the system. Our implementation makes use
of this representation to enable complex multi-object simulations
with the same computation techniques and data structures used to
implement particle simulations.

4 Manipulation without Discontinuities

The algorithm outlined in Section 3 relies on the efficient computa-
tion of the Jacobian matridS(¢;, u) /0u. Computing the Jacobian



matrix with finite differences is expensive because of the need to  Differentiating Equation 13 and solving for the collision time
perform multiple simulations. In addition, theaocuracies of the derivative we obtain
finite differences approach would be prohibitive for our approach.

Instead we use a specialized automatic differentiation technique. dte(u) _ _ (0E/9q) - (9q/0u) (14)
We decompose the simulation functiéhinto analytically differ- du OE/0t
entiable functions and numerically compose the Jacobian matrix
using the chain rule. For example, suppose that a sindlision
occurs at time. and the simulation functio§ (¢, u) describes the
body’s state at some time after thellision ¢y > t.. We decom-
poseS(ts,u) into three functions:

The derivatives on the right-hand side of Equation 14 are computed
analytically, with the exception diq/0u, which is defined by the
integral expression (second and third term in the sum) in Equa-
tion 12. We compute this integral expression by numerically in-
tegrating differential equation
Fi.: pre-collision free-flight function, which maps the initial con-
ditions and perhaps additional elements of the control vec- d dq(t) _ OF(t,q,u)
tor u into the body’s state at., an instant before collision dt ou Ou
(e.g. Equation 9 for 2-D particles);

)

until time ¢. with the initial conditiondqo (u)/du.

Ci.: collision function, which applies the impulse and maps the ~ The computation 0fF:; (u) /Ou is similar: we apply the Leib-
body’s state an instant beforelligion into thebody'’s state at nitz rule to obtain
t., an instant after collision (e.g. Equation 10 for 2-D parti-
cles); eo s i P ). g 2
ou AT du
Fi,: post-collision free-flight function, which maps thmdy’s ac o OR(t
" state an instant after the collision into thedy’s state at;. % + / % dt
te(u)
The functional composition expressisgt s, u) becomes: )
and evaluate the right-hand terms as before.
S(ty,u) = Fi,(u) o Cy. (u) o Fi (). (11) To compute the derivatives @IC; (u)/0u we differentiate the
Equation 4:
Although the free-flight motion of the particle in Section 3.2 has
a closed-form and is analytically differentiable, this is generally not 9Ci,(u)  OF.(u)  OI(q ,u)
the case for 3-D rigid body motioh.To compute the derivatives ou__ ou + ou
of 0F:.(u)/0u, we first integrate the equations of motion (Equa- o _
tion 1) until timet., Once all derivatives of the sub-functions have been computed we
find the simulation function derivatives by applying the chain rule:
te(u)
Ftc (u) = do (u) +/ F(tv q; u) dt7 88(tf, u) _ 8-7:tf 8th 8]——tc 8th 8-7:tf
fo du  9C. \0F, du ' Odu du
and take the derivative of both sides with respeai to o ]

Although we have shown the derivative computations for the
0F . (u) ) te(u) composition of three phases, an abritrary number of such phases
~u_ ~ 7u (qO(u) + / F(t,q,u) dt) : can be composed in an analogous manner.

to

To evaluate this expression we apply the Leibnitz rule [18] to inter- 4.1 Differential Update

change the integral and the derivative: . . .
Having computed the Jacobians, we can formulate the constraint

OF;. (u) dt.(u) equations (Equation 6). Given such equations, we solve for
“ou F(tc(u),q,u) du + the differential vectordu. Because this system is often under-
to(u) (12) constrained (Section 1), we solve the following minimization in-
90 (u) +/ oE(t,qu) 50 stead:
Ou to Ou
min (5u”Mdu + d”su) (15)
The simulator computes the valuelft.(u), q, u) at the collision. du
To compute the collision time derivativé.(u)/du we define a subjectto 6q; — 9S(t1,u) su
smooth collision event functiod(¢, q) such that at the collision Ju
time t.(u),
E(tc(u)v Cl) =0. (13) 5 88(tn, ll) su
For the 2-D particle, for example, the collision event functién e Ou

cag bhe debflnedlas the signed distance function between the particlery e minimized objective function has a dual purpose: it seeks the
and the obstacle. smallest change from the current state of the simulation and the
1The Equation 11 is written in this form for notational convenience. Smallest deviation from the desired values of the simulation param-

More precisely, this equation 8(t s, u) = F¢ , (u, Ce, (u, Fr,. (u))). eters suc_h as surface _normals at the collision. Tr@cnﬁa_ll matrix
2For the special case of freely rotating 3-D rigid body (no torques), there M describes the relative scale between parameters in the control
is an analytic Poinsot’s solution [26]. vectoru. The animator can describe the desired scaling to specify
3The conditions for applying the Leibnitz rule require tfiats contin- how the system should change the parameters. For example, the
uous and has a continuous derivati® /du. These conditions are met ~ animator may instruct the system to favor changing the initial posi-
under reasonable assumptions about external forces. tion rather than the initial velocity of body. The vectod defines



desired values for physical parameters. For example, if the system
varies the surface normal at a collision we can specify the true ge-
ometric normal as the desired value and the system will attempt to
stay as close as possible—once all constraints are satisfied—to the
true surface normal. Specifically, dfuy is the desired change in
the control vecton then settingd = —du, and optimizing Equa-

tion 15 will minimize (Ju — dug)” (fu — duy). Because the objec-
tive is quadratic and all constraints are linear, we use the Lagrangian
multipliers to reformulate the minimization as a linear system and
solve fordu [12].

Our technique is a form of gradient descent: we continuously
linearize the problem and move in the gradient directian For a
large gradient stepsize the gradient descent method may diverge. L o
Line minimization is the preferred method for choosing the step- obstacle changes abruptly and thus the collision impulse applied in
size in a gradient method, but it requires considerable computation. Equation 10 is discontinuous. This abrupt change carries over to
In practice, a small fixed stepsize has good convergence propertiedhe subsequent particle motion and corresponds to a discontinuity
while also enabling interactive update rates. in the s_,lmu_latlon function. We cannot d!sregard piecewise linear

The gradient descent converges only to a local optimum [5]. Lo- @Pproximations because the interactive rlg_ld body S|mulat_ors oﬁen
cal convergence is sufficient and effective for our interactive set- @pproximate smooth geometric models with polygonal (piecewise

Figure 3: Sample particle bounce motions with polygonal obstacle
and the corresponding piecewise smooth simulation function

ting: the animator drags a body towards the intendedtipos— linear) meshes—mostly because meshetitizte faster and easier
guiding the system out of undesirable local minima—and the sys- Collision detection. _ o _ _
tem quickly reshapes the motion to comply with the change. In general, the simulation function is piecewise continuous. A

connected set of control vectors for which the simulation function

. . . is continuous defines a connected component in the control space.
4.2 Manipulation Constraints We call these connected componestisooth componentecause
n a smooth componentthe simulation function is continuously dif-
erentiable. For example, a set of control vectors for which the par-
ticle collides with the same edge of the obstacle defines a smooth
component (Figure 3). In this example, the four smooth compo-
nents correspond to motions of the particldlidmng with each of
the four edges. The figure emphasizes two main problems caused
by discontinuities: the loss gfhysical feasillity and degradation
of convergence. We describe these problems and our solutions in
the remainder of this section.

When the animator specifies the constraints, the system maps thes
constraints to the appropriate differential changes of mafign

We distinguish three types of constraints: state constraints, expres
sion constraints, and floating constraints.

State constraints occur when the animator “nails down” objects
(e.g., fixing position, orientation, linear velocity or angular velocity
to specific values). Suppose that the animator wants the Aaty
time t; to have the statg’,, and thatq 4 is a subset of the gener-
alized state of the whole systeqwhich describes the state of the
body A. We write the desired differential changeds — qa (¢;).

In this case the nail constraint is enforced at a specific time instant5.1  Physical Feasib ility
;. . . . .

Expression constraints are generalizations of the state con-AS Shownin Figure 3, the polygonal approximation of the obstacle
straints. Any differentiable expression of the generalized sjate ~ restricts the physically fea5|_ble exit points for the particle. Note that
can represent a constraint. For example, the animator can equate th&0mMe values of ; are unattainable because the surface normal near
speed of two bodies with the constraitqa (t:))| — |v(as(t:))]- the origin is discontinuous: the particle cannot exit at the section of

Both state and expression constraints can be specified withoutthe circle directly above the origi{ nearr/2). This restriction
fixing the time of evaluatior;. The animator can express a con- of feasible results becomes especially evident when the animator
straint at a particular event—say, the fifth collision in the simula- ©Ver-constrains the system with many desired body configurations.
tion. Time of collisiont.(u) is not fixed and thus the time of the Finer polygonal approximations reduce the gaps in the piecewise
constraint can “float” For example, we can reduce the angular ve- smooth function, but overly fine approximations increase the colli-

locity w of body A with the constraint-w(qa (t:)) - w(qa(t:)). sion detection time and reduce interactivity. _

Subsequent modification of various simulation parameters will _ Our approachto this problem is twofold. First, we introduce ad-
change the time at which the collision occurs, but the floating con- ditional control parameters to vary the surface normals on a polyg-
straint will still be enforced. onal mesh and to simulate a collision with a smooth obstacle. If

the mesh approximates a smooth surface the desired normal can be

computed from a smooth local interpolant or, if available, from the
5 Manipulation with Discontinuities true smooth surface. The normal can then be adjusted dynamically

by including the normal deviation within the control vector As
When the simulation function is continuous, the interactive manip- Figure 4 illustrates varying surface normals extends the range of
ulation technique described in Section 4 effectively convergesto the smooth components to increase the physically feasible regions.
desired motion. In general, however, the simulation function con-  Second, we use curvature-dependent polygonal approximations
tains discontinuities that may cause this technique to diverge. Inin our simulations because they keep the facet count low for fast
this section we describe a method for improving the convergence collision detection and simulation, but also provgteod first-order
for piecewise continuous simulation functions. approximations to the original surface [11]. For discontinuities due

The simulation function is discontinuous whenever polygonal to polygonal approximations of smooth surfaces, the computed dif-

(piecewise linear) meshes are involved in collisions. For example, ferential changéu continues to contain valuable information. Ap-
suppose we modify the particle example from Section 4 and replace proximating smooth surfaces with polygonal meshes is well stud-
the smooth, curved obstacle with a piecewise linear polygonal curve ied in computer graphics. In general, good approximations allo-
(Figure 3). As long as the particle collides with the same edge, the cate many facets to areas of high surface curvature and fewer facets
simulation function remains continuous. On the other hand, when to near-planar surface regions. For these polygonal meshes, de-
the particle collides with a different edge, the surface normal on the spite the discontinuity in the surface normals, the currently collid-



a momentary lag. While the lag could be reduced with a faster im-
plementation, the visual pop is unavoidable in situations where the
underlying motion is discontinuous. If sampling does not produce
any reasonable smooth component, the system remains within the
current smooth component. The animator is thus blocked from ad-
justing the motion in a particular way, but can continue to guide the
system in a different way.

Figure 4: Varying surface normals reduces the gaps to increase'mer""Ctiﬁnh Ofk(]:ohurse,tlo guaran:ee conveorgencewe vc\j/ould have f
physically feasible regions. to search through the entire control space. Our system does not ad-

dress this more general problem—the high dimension of the control
space makes the search especially difficult. Instead, our technique
relies on the animator to guide the system to a motion that satisfies
given constraints. For example, a body théttatly flies over a wall

may have to bounce off the wall and fly in the opposite direction to
accomplish the desired constraint. Our technique will not make
these transformations automatically. For a large class of motion de-
sign tasks, this behavior is desirable and sufficient. The interaction
5.2 Convergence allows the animator to quickly experiment and guide the system to-
ward the desired collision sequence. For example, to transform the
motion of a basketball during a successful free throw, the anima-
tor may want to bounce the ball off the backboard before it goes
through the hoop. In this case, the animator first guides the ball
into a backboard dlision, and then guides it tbugh the hoop. We
emphasize that the single constraint specifying a successful shot
does not uniquely determine the desired collision configurations:
the ball may bounce off the backboard, off the floor or even off the
scoreboard. An automatic system would have to choose the desired
motion (or keep track of a possibly exponential number of motions)
according to some objective criteria. Instead, our system provides
the animator with interactive, direct control over the motion and
allows her to guide the system to the appropriate solution.

ing facet is also a good first-order approximation to the underlying
surface. In this case the differential change continues to be a
good predictor for the differential update because the first-order ap-
proximation is sufficiently accurate for linear Equation 6.

The interactive technique of Section 4 converges to the desired
motion if there exists a path from the initial to the desired con-
trol vector within a single smooth component. With discontinu-
ities, such a path may not exist. The discrete search must guide
the control vector between the appropriate components, piecing to-
gether a path that crosses discontinuities. Especially in higher di-
mensions, this is a daunting task for an interactive system. In gen-
eral, the search must take into account physically feasible regions
and jump to smooth components in possibly distant regions of a
high-dimensional control space. The most important criterion for
selecting smooth components is that theyilitate convergence to

the desired motion. In addition, unless instructed otherwise, the
components should preserve the “style” of the current motion, as
that may be of primary importance. For example, if an animator
desires a successful “off-the-backboard” basketball shot, it is unde-6 Implementation and Results
sirable to jump to a smooth component corresponding to a direct,
“nothing-but-net” motion. Lastly, the discrete search must com-
plete quickly to maintain interactivity. Our solution relies on two
concepts: sampling and interaction.

Implementation ~ The implementation of our system is decom-
posed into three parts: (1) a differential control module, (2) a rigid
body dynamics simulator, and (3) a user interface for motion dis-
play and editing. The control of the system is animator-driven. In
Sampling In the presence of discontinuities our technique be- response to an edit (a mouse event), the control module recomputes
comes more sensitive to the stepsizand the directiorbu in the control parameters needed to accomplish the desired motion
the differential update (Equation 7). With a large stepsizthe adjustments. These parameters are then provided to the physical
gradient-descent method may diverge. The approximation errors simulator, which recomputes the motion and updates the display.

in du also adversely affect convergence. To improve convergence, We use the general-purpose rigid body simulator developed by
we use sampling to find the best values for these parameters. ToBaraff [1]. Alternatively, specialized simulators could be used that
find a good stepsizewe use a form of the successive stepsize re- provide tighter integration with the differential control module. Our
duction techniqué:our discrete search chooses aitiah stepsize manipulation tool controls the simulator at two points: (1) it pro-

e and reduces it a few times to select the motion that most closely vides the control vecton for the simulation and (2) it modifies the
matches the desired result. Convergence results for gradient methimpulses at collisions using the modified surface normals and elas-
ods with non-random errors, such as approximation errofgiin ticity coefficients. The simulator, in turn, computes the new motion
exist [5], but there are no standard techniques for improving the and returns the new collision events. The computed motion is used
convergence. Recall from Section 5.1 that for discoritiesidue to to update the display and thelligions are used to define a new
polygonal approximations, the update vediaris a good heuris-  expression for the equations of motion (Equation 11).

tic for the new samples. Thus, when the simulation is directed off  For example, a single-bounce motion has a decoitiposorre-

the edge of the smooth component, our system samples the consponding to Equation 11. A change in the control parameters may
trol space from the normal distribution centered around the sug- cause another bounceto occur. In this case, the simulator detects the
gested updatéu. Each such sample may produce a pointon a new additional collision. In regonse, our system automatically updates
smooth component. We evaluate how well the corresponding mo- the equations of motion by adding an additional collision function
tions comply with the constraints and jump to the most promising and two more flight phases to expression in Equation 11.
component. The animator perceives the jump as a minor “pop” N We use the exponential map parameterization of orientations
the resulting motion and typically, following the jump, the contin-  [15] in the control vectom, finding that it yields better results than
uous manipulation continues. The sampling procedure also causeshe normalized quaternions.

4Successive stepsize reduction is not theoretically sound because the im- ) ]
provementat each iteration is not enough to guarantee convergence. NeverExamples  This section demonstrates the use of our system to
theless, it often works in practice [5]. construct several physically based animations. All of these exam-



ples were created by direct manipulation in real-time, and each re-formed into one in which the scissors first bounces off the ground,

quired between two and ten minutes of editing to achieve the de- performs a somersault in the air, and stiltsassfully lands on the

sired animation. For each of these examples, Figure 5 shows thecoatrack. This example demonstrates how progressively more inter-

animations before interaction, at an intermediate point, and after esting and complex motions may be created from simpler motions

the desired motion is obtained. Each image in the figure displays using our interactive editing approach.

the entire simulation by tracing out the trajectories of one or two

points on the moving objects (shown in black). After experiment-

ing with a variety of different interfaces, we have found that this 7 Conclusion

display minimizes clutter yet provides the animator with a sense of

the cumulative motion that is sufficient for most interaction tasks.

aozr;%ﬂ?gﬁ;rﬁ:rggnggLgﬁg:gggﬁ; Iﬁn\g%\'l‘j:i?% ?r?éni?wltitrggi%trlnon asmani|_oulatin_g rigid multbody simulations. Instead of changing

o ) . ~© _ the simulation parameters directly, we provide an intuitive inter-

Th_e objective of the first ex_ample is to have two eggs collide i face through which the animator can manipulate thétjposand

the air and land successfully into two buckets on the ground (Fig- ye|ocity of objects directly. Using our system, the animator can

ure 5(a)). Creating such a motion by simply adjusting initial posi- yapidly design difficult physical animations that would be difficult

tions and velocities of the objects would be extremely difficult due 4 5chieve with existing rigid body simulators.

to the complexity of the motion and the constraint that the buckets 4 gome design tasks, the interactive paradigm is not the most
themselves cannot be moved. In contrast, the desired animation is,

. : . . - . effective. For example, the animator may be hard pressed to chart
easily created from scratch using our interactive manipulation tech-  + the sequence of collisions that will lead billiard balls into
nique. First, the starting positions of the eggs are fixed, and the ,cyets 1 general, this is a difficult problem that, in some cases
velocities and orientations are assigned arbitrarily. By clicking at may not even have a solution. Other motion-construction tech-
a point on its flight path, the animator then interactively drags the o657, 27] address these problems and, in some scenarios, con-
first egg’s trajectory towards the second egg so that the two objectsgy,ct appropriate motions after extensive computation. We envi-
collide in the air. Rinning at roughly 20 frames per second, the ' gjon 5 hybrid system that integrates a motion-construction tech-
system computes the required changes in the initial orientation andnique with our interactive manipulation tool to improve the effec-
velocity of botheggs to achieve the desired motion updates. Once tiveness of the interactive paradigm
one egg is in the bucket, the animator applies a nail constraint to fix .

. ; ; For the Jacobian evaluation (Section 4), our technique assumes
its ending state and then drags the second egg into the other bUCkeEhat the collision function is analytically differentiable. This is not

In the second example, the animator’s goal is to drop a plank onto 5\ ays the case with the rigid body simulator we use in our proto-
two supports to form a table. The problem is made more difficultby e implementation. During a resting (i.e. sustained) contact or for
requiring the plank to collide with a pyramid object in the air, prior  mitiple simultaneous collisions the applied impulses are solutions
to landing centered on the supports. This example requires the sysyg 3 Jinear complementarity problem (LCP) [1]. In general, LCP
tem to solve for the initial plank position, orientation, and velocity problems do not have closed-form, analytically differentiable solu-
(both linear and angular) in order to achieve the desired configura-jons. There are many alternative formulations which may facilitate
tion after the collision. Like the previous example, this is achieved anaytic differentiation. Further, the interactive manipulation tech-
by allowing the animator to directly manipulate the plank’s desired pjque would benefit from a specialized rigid body simulator. For
position and orientation while the system interactively computes example, the simulator could simultaneously integrate both body
the corresponding physical parameters. This manipulation occursgiates and their derivatives.
in two steps: first the animator selects the plank after it collides Lastly, the interactive manipulation is not possible for all rigid
with the pyramid, and positions it above the supports. Second, the , i hody systems: in some scenarios simulation alone requires
plank’s orientation is interactively aligned so that it lands squarely. ¢onsigerable computational time. In these cases the animators will
on the supports (Figure 5(b)). . have to resort to an offline motion-construction technique.

The third example demonstrates the use of normal and elasticity
parameters to aid editing operations, and the use of floating time
constraints. Suppose the animator wishes to keegliaglanug
from tipping over without changing itsitiel position, orientation,
or velocity. This is accomplished by adding new control parameters ) )
to control the surface normal and elasticity parameters of the floor W& would like to thank the members of the CMU graphics lab for
at the points where the mug hits the floor. To keep the mug from helpl_ng us shape our |dea§. Sebast_lan_GraSS|a and Paul Heckbert
tipping over, the animator first straightens the mug so that it is up- Provided valuable suggestions and insights. We also thank Elly
right at the fourth bounce. The system accommodates this change/Vinner and lvan Sokifor helping us in the final stages of our paper
by modifying the floor normal at the third bounce. Note that this submission. The support of the Microsoft Corporation is gratefully
changein the normal will typically alter the time at which the fourth acknowledged.
bounce occurs, requiring a floating time constraint (Section 4.2).

Due to its angular velocity, however, the muil $ips over (Fig-
ure 5(c), center). This is prevented by constraining its angular ve- References
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Figure 5: Physical motions (left) are interactively edited to satisfy desired constraints (right). Intermediate motions during the edits1g proces
are shown at center. (a) An egg is dragged into a bucket after collision with a second egg. The second egg is required to fall into a second
bucket with a nail constraint. (b) A table top is made to land on its legs after collision with a pyramid. (c) A tumbling mug is kept from

tipping over by editing its orientation andh@ular velocity at the fourth diission with the gound. (d) A bounce and a flip is added to an
animation where a scissors lands on a coatrack. All interaction occurs in real time.




