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Abstract—In this paper, a dual-resolution modeling framework the corresponding changes to the original one to obtain a
for a sketch-based animation editing system is presented. For the smooth but feature preserved editing result.
easy-to-use purpose, a sketch-based user interface is oftered The key-pose editing in this framework is based on the

for editing a skeleton-based animation model. However, due to keleton-dri def fi First i tic skelad
the loss of relationship information about the details of the model, Skeleton-ariven deformation. First, an automatic s B

a shape deformed from the skeleton in some cases will producetracting module (Sec. IlI-A) is introduced to automatigall
unexpected artifacts. To reduce these artifacts, in our system construct the skeleton and skin binding of a 3D character

we rst generate a coarse mesh as an abstract layer from the model for further editing. Then, a sketch-based key-frame
input model based on quadratic error metrics while considering g iting module (Sec. I1I-B) is provided to let a user adjust
the skeleton constraints. Then, the original model is projecteda
the abstract layer to construct a displacement map to preserve the auto-generated_ skeleton to create the key-po_ses of the
the difference between the original model and the simpli ed one. Character model. Since a skeleton-based deformationmsyste
Hence, when we apply a Laplacian-based smoothing operator to may produce notorious artifacts, a Laplacian-based srimapth
reduce the deforming artifacts, the smoothing operator can only operator is introduced in the editing module to smooth these
be applied to the coarse mesh and provide the corresponding \nqesired artifacts (Sec. IV-B). Based on the smoothedeshap
changes to the original model to obtain a smooth but feature . L . . .
preserved editing result. we recalculate the skin binding in the anlmgnon to proc_jL_Jce
a better result (Sec. IV-C). To avoid the details of the aditi
|. INTRODUCTION model to be over-smoothed caused by the smoothing operator
To produce a 3D character animation, it is needed to provided to increase the interactivity of the editing, the editin
the key-poses of a 3D character model, and the animation candel is simplied rst to generate a coarse mesh as an
then be generated by interpolating the key-poses. Howtwerabstract layer. Then, the original model is projected to the
edit the 3D character model is not very easy, since there melystract layer to construct a displacement map to preserve
be many degrees of freedom (DOF) that need to be controll¢ide difference between the original model and the simpli ed
Although traditional or commercial model editing systeras ¢ one. Hence, the smoothing operator can only be applied to
help talented animators to provide high quality 3D charactthe coarse mesh and provide the corresponding changes to the
animation, these systems are usually hard to use. Evendor thiginal one to obtain a smooth but feature preserved egditin
talented animators, they still need to read a lot of documemesult. Since we are using two kinds of meshes for editing a
and manuals before using the systems and always needEb model, this structure is so-called dual-resolution mneesh
spend a lot of time for editing. Therefore, we propose astructure (Sec. IV-D) in this paper.
easy-to-use animation editing framework with a sketchetlas
user interface in this paper. An easy-to-use frameworkllysua
implies low quality editing result. To prevent this disadtege, To edit the key-poses or key-shapes of a 3D model, some
we also provide a surface smoothing operator with a dualeformation methods are proposed. Free-form deformation
resolution meshes editing structure in this framework. ¢déen (FFD) introduced by Sederberg and Parry [1] is one of the
even for a novel user, he or she can also easily generatenadel editing methods. Since the user needs to handle many
character animation in a short time with acceptable quality control points, the editing process is not easy to handle
Our system basically consists of two modules. One igell. Some other methods deform an object by its skeleton
an automatic skeleton extracting module which is used iatuitively because the skeleton describes the pose of pesha
automatically construct the skeleton and skin binding oba 3well. For example, Magnenat-Thalmaret al. used such
character model for further editing. The other is a sketabeld technique to provide a linear blend skinning method [2], [3]
key-frame editing module which is used to edit the key-posészaruset al. used an axis instead of using a lattice to try to
of the character model with the extracted skeleton and skinovide an ef cient and intuitive deformation method cdlle
binding. This editing module contains a smoothing operataxial deformations (AxDf) [4]. Chang and Rockwood used a
and a dual-resolution meshes structure which uses thenatigiBézier curve to de ne the desirable skeleton of the deformed
mesh and its simpli ed version for editing. The smoothingbject [5], and Singh and Fiume used wires for deformation
operator is only applied to the simplied mesh and providef].

Il. RELATED WORK



To provide a much simple and intuitive model editindor interactive editing. To avoid the requirement of the diub
environment, some sketch-based editing systems are mopogsion connectivity, Kobbelet al. [19] used a discrete fairing
recently. Teddy [7] is a sketch-based shape modeling totdchnique to de ne the decomposition and reconstruction op
Using Teddy, the user can draw some 2D free-form strokegtions by separating the high-frequency details fromadwe
interactively on screen and the Teddy system then can aut@quency shape and eventually recombine the two infoonati
matically construct the plausible 3D polygonal surfacea@h to recover the original mesh.
huri et al. provided a sketch-based 2D to 3D interface [8]. 1. M OTION CREATION
Using this interface, a base mesh of the 3D character model '
can be modied to closely match to an input sketch with In our system, the motion of a 3D character model is
minimal user interaction. Motion Doodles [9] is a novel gyst created based on the skeleton of it. A skeleton tree plays a
for sketching the motion of a character. Using this system,magjor role in the de nition of motion. It is also useful to
user can only draw a continuous sequence of lines, arcs, @&fply a motion data for editing by sketches. To achieve this
loops, and an animated motion can then be created for #i¢pose, an automatic skeleton extracting process is pegpo
character. Hua and Qin developed a scalar- eld based FFDllowing, each skeleton can be assigned a motion data or
(SFFD) [10]. With the SFFD method, users can directly sket@flited by stoke curves drown by sketches.

a scalar eld of an implicit function to control the defornia A. Skeleton Extraction
of any embedded model.

Yoshizawa et al. developed a new scheme for free- Our goal for extracting the skeleton from a 3D model is to

nd a concise skeleton that is suitable for animation cointro

form skeleton-driven global mesh deformations [11]. Inithe g h
method, a Voronoi-based skeletal mesh is rst extractechfro@nd €diting. To avoid the problem that a generated skeleton

a given model, and the skeletal mesh can then be modi &ytoo complex to control, our skeleton is represented as the
by FFD. Duncan and Swain introduced a new tool that alloy@MPosition of a set of some important points with linkages.
animators to change the position of some sets of controls wit'€r€ are three main stages for generating such a control
mouse strokes [12]. Their system works well with pen-bas&¢eleton.

input devices and provides an interface for posing complex Feature detection: This initial procedure detects the
skeleton intuitively. Kho and Garland developed a sketch- features of a 3D character model to nd some suitable
based mesh deformation system [13]. In their system, a user POsitions to represent skeletal points inside the model.
can just use a 2D sketch to easily deform a mesh in 3D space. Connection construction: To preserve the topology rela-

In their system, they also provide many operators such as tion of the model, the neighborhood relationship of each
twisting, indirect control, smoothing, and adaptive rement. skeletal point is inherited from the edge connectivity of

Capell et al. [14] proposed a framework for the skeleton-
driven animation of elastically deformable characters.hare
acter is embedded in a coarse volumetric control latticaghvh

provides the structure needed to be deformed by the nite

element method. Nealest al. [15] presented a method based

the surface mesh.

Re nement for shape variation: Two skeletal points
connected by a straight line cannot suitably describe the
variation of the shape. Hence, we introduce a force eld
to force the skeleton path to follow the shape's varied

on this idea for the intuitive editing of surface meshes by form.
means of view-dependent sketching. This system lets the useTo select some important feature points as the essential
easily determine the handle, either by silhouette selectigkeletal points, we develop a procedure to evaluate whidis pa
and cropping, or by sketching directly onto the surfacare suitable as the end points, connection points, and joint
Zhou et al. [16] presented a novel technique for large defopoints, where are three kinds of essential points of ouresikl
mations on 3D meshes using the volumetric graph Laplacianodel. Fig. 1 shows different stages in the algorithm. The
They rst construct a graph to represent the volume inside tlinput model is shown in Fig. 1 (a). Initially, a Voronoi diagn
input mesh. This graph's Laplacian encodes the volumetii constructed to locate the initialized candidates (Figb)),
details as the difference between each point in the graphd some essential domain balls are extracted (Fig. 1 (c)).
and the average of its neighbors. Preserving these volionetkn end point is de ned as locally far from the main part:
details during deformation imposes a volumetric constthiamt a geodesic distance is measured on the surface, and then a
prevents unnatural changes in volume. Huab@l. proposed watershed algorithm is applied to detect where an end pgint i
a subspace technique that builds a coarse control meshdaro(fig. 1 (d)). Then, a visibility repulsive force eld is irdduced
the original mesh and projects the deformation energy ataladjust all other skeletal points except the end pointdéo t
constraints onto vertices of the control mesh by using themmelocal minima and form the connection points (Fig. 1 (e)).
value interpolation [17]. Following this, a neighborhood relationship from the mesh
For easy implementation and suitable for an arbitrary mestgnnectivity is determined (Fig. 1 (f)), and then the pohmitt
a bind weight approach is adopted. However, there are eitifahas more than two connection linkages is assigned as a joint
when deforming the shape of a model. To reduce these apeint. Finally, a snake algorithm based on the repulsivedor
facts, a dual-resolution approach is often used. Zerial.[18] eld is applied, and all linkages are adjusted to t the shape
proposed a multi-resolution representation based sudidivi variation (Fig. 1 (g)). For more details, please refer to][20
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Fig. 1. Different stages in skeleton extracting algorithm.

B. Key-pose Editing

To edit the key-poses of the 3D model for each key-
frame is to determine the variation of the local frame among
the selected skeleton. Based on the above results, all of the
skeletons consist of many axis line segments, which are t by
NURBS curves and de ned as:

P Nip (W)W P; |

C(u)= -P=0 :
) i=o Nip (U)w; @) (®) ©

where P; is the control pointw; is the weight,N;, (u) is
the i-th B-spline basis function of degrge and is de ned
recursively as following:

Nip (U) = uilipu'ui Nip 2(u) + %Niﬂ » 1(u);
oo 1 ifu2 [uisuie)
NioW =" otherwise ' (d) Q) ®

To t a NURBS curve into these sample points, the numbéid: 2 (&) The user can easily rotate or scale the 3D model byppaup
. . . ' window. (b) Initially, a target skeleton is selected. (c)eTirser draws a new
of Contr_0| points is determined by the skeleton length. AtknQyeleton curve on the view plane. (d) The user can draw anatie for
vector is calculated by the cord length and a least squarexis through its projected skeleton in shadow on the giqulane. (e) and
approximation is adopted. (f) Two different views of the editing result.
To deform a skeleton for the key-poses, each skeletal point
is embedded in a local frame. There are six DOF that need to
be controlled including the position and the rotation angjles
position can be determined by drawing a stroke on the screen.
To edit a 3D curve by a sketch, we provide two projection
planes. One is the view plane, and the other is the ground (&) (b) © (d)
plane as shown in Fig. 2.
The user can rotate the model to the best view point
to edit the shape. After a skeleton curve is selected as a
target, the mouse curser is snapped on this curve to select

a (connection) point to begin the deformation. After the lef

. (e) ® (@) (h)
button is pressed, the user can draw a new skeleton curve. All
of the changes are constrained on the planes that are pavalle Fig. 3. The sequence of edited key-poses.

the projection plane. Since there are two continuous cuates

each (connection) point we can thus determine its direaifon ] )

the tangent line. Therefore, the rotation angle is deteschinC: Motion Interpolation

by the change of direction on their tangent lines. When welf the key-poses have been edited as Fig. 3, the anima-
draw a new curve, the system predicts the nal curve to léibn may be discontinuous between the key-frames. In the
the user be able to understand the nal result and the nerevious methods, the space-time constraints problem has
position of the end point. After the left button is releasda, been discussed widely [21], [22], [23]. We do not focus on
cursor will move to the shadow curve of the target skeletdhis problem too much and adapt an interpolation approach
to edit in the ground plane. Fig. 2 shows the editing sequenigased on interpolating the skeleton curve to generate the in
of the sketch-based editing module. between poses for smoothing the motion. We assume that the



begin and the end of the key-frames are represented as where C;(p; g and Cq4(p; ) are the topology and geometry

static poses. Thus, the motion consists of acceleration atwbts, respectively, and is the weighting. The topology cost

deceleration processes. If the con guration of the begisepois de ned as the difference of the covering range between

is p, and that of the end pose ig, the in-between posesthe two binding nodes, which is representechasx(d(p;))

are dened as (t) = w(t) , +(1  w(t)) ¢, wherew(t) min(d(p;)), 8pi;p; 2 M(q), where M (g) represents the

is a normalized slow-in/slow-out weighting function. Ifeth feature set that is matched ¢p The covering range in mesh

user has speci ed more than one key-poses, an interpolatgpace is de ned as the neighborhood area at the binding

sequence is generated only based on these key-poses. The pasition.

motion is the interpolated motion sequence composed of theTo reduce the computational cost, if a face is very close to

original key-poses. a control surface, we can bind them rst. Then, we recover

the rest parts until all of the faces have de ned their bigdin

relationship based on the cost function. Each vertex on the
Since to create the motion of a 3D character model biyesh needs a de nition corresponding to the skeleton. Thus,

editing its skeleton may produce notorious artifacts, iis thafter one patch on the mesh surface is bound to the skeleton,

section, the shape deformation due to the motion of thee can determine its skin binding on each vertex based on its

skeleton is described. First, the initial character posefeyred neighboring faces. Fig. 4 shows the result.

to the "dress pose”. Each vertex on the surface of the model

is assigned a set of in uences. Each in uence has different

skin bindings which de ne the binding relationship between

its skin (surface of the model) and skeleton. After the skele

has deformed, the new position of each vertex is calculaged b

the following equation [24]:

IV. SHAPE DEFORMATION

n
vVi= _ WiMiD, v
1=
wherevg is the new positionyy is the original position at
the dress posew; are the inuence weightingM; is the
transform matrix, and, * is the inverse of the dress pose
matrix associated with theth in gence. Fig. 4. The faces on the mesh are bound to the domain balls orkéfetcen.
To deform the shape according to the deformed skeleton.
First, we determine the skin binding relationship between
the shape and the skeleton. Then, a smoothing operatoBisSmoothing Operation

introduced to solve the artifacts on the shape due to theTo deform a model by editing its skeleton is simple, but

skeleton deformation. To avoid the details of the edltlng:lB10 there may exist many notorious artifactS, such as the f(uﬁgw
to be over-smoothed caused by the smoothing operator, a dgxamples:

resolution mashes structure is also proposed. In the joint part of two different skeletons (linkages), it

A. Initial Skin Binding is hard to deform it well.
S . o Large deformation at elbow-like position causes artifacts
In general, the skin binding relationship is de ned as the

mapping among the nearest features between the shape ar]ld Twist operation makes the volume decreased.
the skeleton. However, sometimes it is hard to nd a proper 0 avoid these artifacts on the surface, we provide a smooth-

. L - tor to solve this problem. Because the Gaussian It
mapping. For example, around the joint of the skeleton, ¥ m4 9 Opera . . _ :
produce wrong skin binding since the geometric distancetis rf shrinkage, the Fourier descripta; = f (k)x, which can

) : . . . N _ N
so reliable for nding the skin binding. To avoid this cases w € 3pplledl\: times |te|;at|v?_:y, .€.X th_ F (k) tx’ c.ant_be f
need to preserve the correct topological relationship. used as a low-pass ier. However, the exact projection o

First, we build many domain balls on the skeleton as t e subspace of low frequency is just not longer feasible.

representable feature points. The surfaces of the domé b aub_in [25] provided a ftransfer function to approximate a
constitute a control surface. Then, we de ne a geometry c spuner descriptor as:

function based on the distance between the control surfate a f(ky=(1 k)1 k);

the mesh surface. For the two surfaceand , we calculate )

the normalized geodesic distance. lfgh:p,; ;png and vlvher? and determine the pass-band frequency &pgl=
foi;;  ohg be the feature sequence inand , respec- ~ * = > 0. In our implementation, we set =  0:5 and
tively. Then,0  d(p1)  d(pz) d(pn) 1, where _=0:526 respectlvgly, anét = xis the discrete Laplacian.
d(pi) is the normalized geodesic distancep®  andq 2 The discrete Laplacian of a discrete surface can be de ned by

a cost function for mapping them is de ned as: the following weighted average over the neighborhoods:
' X

E(p;d) = G+ C g(p;9; LOa)y= 0 Wi (5 X0



wherew;; is de ned as: However, if we use the original skin binding, it can not proeu
1 the adjusted pose. Thus, we need to recalculate the skin
p kvj vik : binding to t the pose. Lets be an adjusted pose, we adjust
i kv vik ! the skin binding to makevg t into vs. If the interpolation

, ) . result is not good enough, we can apply one more smoothing
In general, the result of the Taubin smoothing operation iserator on the selected key-frame. Assuming that we have

good enough. However, it sometimes produces over-smcg)thigl]ready adjustedn key-poses, then the skin binding can be
of the surface. To solve this problem, we provide a Congt*ai%djusted as minimizing the following equation:

based smoothing operator. First, we need to draw a reference X

curve. Based on the reference curve, a region of faces is m Vo'd Vi 2

selected as a smoothing target. Then, a domain surface that i=1 s

is based on this reference curve is constructed as a cornistravhere i is a adjusted key-pose. After the skin binding is
To construct this domain surface, the distance between tegalculated, the animation sequence is also smoothed.

reference curve and the skeleton curve is determined by the

nearest distance. The distance is represented as the raBiu$ual-Resolution Meshes Structure

when a domain surface is constructed on the skeleton curveTo avoid over-smoothing the detail features on the surface

Let p(vi) be a projection position on the skeleton curve adnd to speed up the interaction, we do not apply the smoothing

vertex vi, d(vi;p(vi)) be the distance between the verteyperator on the original model directly but a simplied one

vi and its projectionp(vi), andry,) be the radius of the instead as Fig. 6. Initially, we simplify the original model

projection point, then a smoothing operator can be de ned lito a coarse one by using the quadratic error metric (QEM)

minimizing the following energy function: approach [30]. It is an fast and intuitive method to simpfy
_ _ _ 3D model, but it only takes the shape of the model into con-
E= g LM+ We d(viip(vi)) T ) sideration. DeCoro and Rusinkiewicz [31] proposed a view-

and pose-independent method for the automatic simpliocati

f skeletally articulated meshes. Based on their idea, we al
dd the skeleton constraints to the QEM.

To take the skeleton into consideration, the new quadratic
error matricQ? is modi ed as:

whereR is the selected regiot,(v;) is the Laplacian, and/,
is a weight of the constraint. This idea is similar to Kho an
Garland’s approach [13]. In contrast, their approach psefe
to preserve its original position, but we prefer to presehe
reference curve. Fig. 5 shows the smoothing result.

2= w; Qi+w, S+ws Ej

where Q; is the original QEM cost ofv;, S; is the cost
computed by the distance fromto the skeletonk; is the cost
computed by the distance from to the end of the skeleton,
andwsi, w,, wz are the weighting of these three functions.
Then, we determine the relationship between the coarse
model and the original one as a displacement map for the
coarse model. If a vertex of the original model can be prejct
onto a face of the coarse mesh, it will bind to this face.
Otherwise, it will bind to the closest vertex. Thus, we nead t
(a) (b) nd a hyperplane on this vertex with its neighbor. A moving-
least-squares (MLS) model on the shape is adopted [32]. This

Fig. 5. After the smoothing operator, the artifacts in (a) @m@oved as (b). approach estimates a projection hyperplane.

H, = fxjn x D =0;x2 R3g;knk=1;

C. Skin Binding Adjustment

As described in the previous section, each smoothed p
is represented as the adjusted pose. To perform a be
animation, we need to recalculate their skin binding to éth X
adjusted pose. The same idea has been presented in PSD (pose _(n ri D)2 (kri rk);
space deformations) [26], SBE (shape by example) [27], MWE 21
(multi-weight enveloping ) [28], EigenSkin [29], and Molkhr wherer is the nearest point from the center of a cejl,are

where is the standard inner produat,is the normal vector,
Mt D is the distance to the plane, so that the following
Sgntity is minimized:

work [24]. some neighbor points near| is the set of the indek, and
As described before, the new position of each vertex of tfiga normal distribution function. Since the weighting ftion
deformed model is de ned as: (kri  rk) decreases as the distaniag rk increases, the

0 X n L resulting hyperplanél, approximates a tangent hyperplane to
Vg = o1 wiMiD; “vg: the shape near the point



Fig. 8. A child is playing our system.
Fig. 6. The dual-resolution meshes of a seahorse model.

Thus, each vertex on the original model will be projected
onto the closest face or the hyperplane of the coarse model.
The resulting form isss = H;(u;v)+ d n, wherevs is the
position of the vertex on the original moddH;(u;v) is a
projection position on the hyperplamged is the distance, and
n is the normal vector.

V. RESULTS

The major goal of this paper is trying to make the key- o _ , _
pose editing process easier and suitable for a novel user. i 9 An animation sequence generated by an eight-yedrstit, a novice.
evaluate our system, we invited a professional animatoraand
eight-years-old child (Fig. 8) to use our system. The animat

has many years of experience in animation production, ket tpir:gl ?QSLTSI model to achieve a smooth but feature preserved

child only has a little experience on computer operating. Furth h K that d be i d
Fig. 7 is generated by the animator in a few minutes. After.a urthermore, there are some work that could be improve

little training time, he was already familiar with this sgst. In in the future, such as the trajectory editing, inverse kiates

his experience, the system is easy to learn and use. AIthOL@?%j on phystlﬁal constra![nts d and more mst'to?l templates.
our system has some limitations, such as the pose can 2! fs using be rl?ousedo_ raw-a new §decB cu;ve, V\tﬁ
speci ed only in one projection plane, the testing animato N also use a background image as a guide. based on the

said this system is good enough for a prototype editing ape in the ir_na_ge, we can construct a skgleton of the shape.
present the idea. Fig. 9 is generated by the child also in a f us, by specifying the mapping relationship between the 3D
minutes skeleton and the 2D skeleton, an animation sequence can be

driven from a video.

VI. CONCLUSIONS ANDFUTURE WORK

. L . _ ACKNOWLEDGMENT
Editing an animation sequence is not an easy work; we

hence provide a friendly user interface to let this work meeo  This work was partially supported by the National Science
intuitive and fun in this paper. In our system, a user coul@douncil of Taiwan under NSC97-2221-E-002-224, and also
select a character to generate its control skeleton auicaiigt by the Excellent Research Projects of the National Taiwan
For key-pose editing, each skeleton segment can be adjudtkiversity under NTU97R0062-04.

by drawing a new curve. The major drawback of our system is
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