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Abstract. In this paper, we propose a novel mesh deformation appraaaha-
nipulating differential properties non-uniformly. Guitléy user-speci ed mate-
rial properties, our method can deform the surface mesh ionauniform way
while previous deformation techniques are mainly desidioeduniform mate-
rials. The non-uniform deformation is achieved by matedighendent gradient
eld manipulation and Poisson-based reconstruction. Caning with previous
material-oblivious deformation techniques, our methagpdies ner control of
the deformation process and can generate more realistitge¥/e propose a
novel detail representation that transforms geometriailddbetween successive
surface levels as a combination of dihedral angles and batgic coordinates.
This detail representation is similarity-invariant andlyflcompatible with ma-
terial properties. Based on these two methods, we implememtltiresolution
deformation tool, which allows the user to edit a mesh insidgerarchy in a
material-aware manner. We demonstrate the effectivermessodustness of our
methods by several examples with real-world data.

1 Introduction
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Fig. 1. Mesh deformation with non-uniform control. (a) is the onigi model; (b) is the color plot
of user-speci ed materials, the green region is the hanaltethe blue region is the constraint; (c)
and (d) are results generated with and without non-unifaontrol respectively; (e) is the result
generated with the non-uniform propagation but with théarm reconstruction.

Mesh deformation has been widely studied in computer gcgpilost existing tech-
niques, such as freeform deformations, multiresoluti@hméues and recently intro-
duced differential domain methods are mainly designed ¢pggate the deformation



imposed by the user evenly into the in uence region. Howereal world object often

contains parts with different materials. Given outsideés; for a certain part how it de-
forms is determined by its corresponding material properiising material-oblivious
deformation techniques to edit objects with non-uniforniemal properties often pro-
duces implausible results with unnatural shape artifacts.

In this paper, we present a novel mesh deformation techriftpteallows the surface
mesh to be deformed in a non-uniform way. It is based on n@td@pendent Pois-
son equations and supplies non-uniform controls in bottptiepagation process and
the reconstruction process. The user is involved into tHerd®tion process by set-
ting material properties to indicate non-uniform regiorsle/the rest takes the default
value. These user-speci ed material properties guide tlopagation of local trans-
formations as well as the reconstruction to absolute coatds. Our method inherits
the advantages of differential domain methods and provideie exible control of
the deformation process. In particular, surface detaitsbeawell preserved during the
deformation, and in a material-aware manner.

To facilitate the editing of large meshes, we further extemdnon-uniform deformation
technique into a multiresolution version. Multiresolutitechniques have been proved
to be powerful to process gigantic models. However, lack aferal-dependent mech-
anism prevents existing multiresolution deformation aaghes to be adapted for our
purpose. Instead we propose a novel detail representatwtransforms geometric de-
tails between successive surface levels as a combinatihedral angles and barycen-
tric coordinates. This detail representation is similaiitvariant while existing repre-
sentations, such as local frame displacements [1-3] apthdiEment volumes [4], are
rigid-invariant. More importantly, the similarity-inviant detail representation is fully
compatible with material properties. Based on it, the useredit the simpli ed base
mesh with our single-resolution non-uniform editor andaithe detailed result auto-
matically.

The rest of this paper is organized as follows. After brieeyiewing the prior arts with
a focus on multiresolution techniques and differential donmethods in Section 2, we
present the non-uniform deformation technique in Sectidn $ection 4 we elaborate
how to perform non-uniform deformations in the multiresmo context. We demon-
strate that more realistic results can be generated witheleof material properties in
Section 5. Finally, we draw conclusions and point out pdsdilture work in Section 6.

2 Related Work

Our approach builds on recently introduced differentiahdn methods [5] that repre-
sents surface details as differential properties. Thegeaghes manipulate differential
properties and reconstruct vertex coordinates via solgisparse linear system. They
have a valuable feature that geometric details can be wedigoved during the edit-
ing process. Since differential properties are only traii®h-invariant, they must be
properly transformed according to user interactions. Téterhination of local trans-
formations can be achieved by either explicit interpola{®-8] or implicit tting [9].



Zhou et al. [10] extend the Laplacian coordinates to the melic graph to address
problems with large mesh deformations. However, all of ¢hasproaches regard the
edited mesh to be made up of a uniform material, thus lackfredditional control
of the deformation process. Based on this observation, wenexdifferential domain
methods to supply position-dependent control by inconregauser-speci ed material
properties.

In the context of boundary constraint modeling, Botsch awthbelt [11] propose a
freeform modeling framework based on a family of linear eliéintial equations. They
point out that the deformation in certain direction can bleagrted by explicitly shrink-

ing the underlying parameter domain in the same directitmchvaffects the discretiza-
tion of Laplacian operator consequently. Our method a@siemore general control of
the deformation by allowing the user to specify per-faceamal properties, which im-

plicitly modifying the domain mesh in a non-linear mannetistial properties have
also been considered by Popa et al. [12] to control the prtagof local transfor-

mations. Our method differs in the way that we also considatenial properties in the
reconstruction process (See Figure 1).

Multiresolution technique has been introduced into corapgtaphics community for
more than ten years [13]. Some approaches depend on semairegeshes [1] while
others work on irregular meshes directly [2, 3, 11]. Most tinesolution editing tech-
niques manipulate a static surface hierarchy, but vertexectivity of the base sur-
face [14] or the hierarchy itself [15] can also be dynamicatlarranged during large
deformations. These approaches share a common aspectona¢tic details between
successive levels are encoded as local frame displacenTémtse displacements can
be scalars along the normal directions [16] or vectors [1S&jce local frame dis-
placements are handled individually, the reconstructéailéd surface may have unnat-
ural volume changes when the base surface endures largendgifans. Consequently,
Botsch and Kobbelt [4] propose to use displacement volum&ead. Displacement
volumes are kept locally constant during the reconstragtimcess to preserve volume
and avoid local self-intersections. However, both locahfe displacements and local
volumes do not support material-dependent reconstrugtinaking us exploring a new
detail representation.

3 Mesh Editing with Non-uniform Control

Previous differential domain methods deform surfaces inaenal-oblivious way.
In this section, we present how to enhance these techniquéscbrporating user-
speci ed non-uniform materials. With the non-uniform casitmechanism, the defor-
mation process can be tuned in a ner granularity than previdifferential domain
methods. Therefore, more realistic results can be genkteatsly.



3.1 Material-Dependent Poisson Equation

A simple form of Poisson equation have been successfulljfieappo the context of
mesh editing [6]. In physics a more general form of this &lliquation is used to
describe the phenomena of steady-state heat conductio80nsalid medium. Com-
monly, the exact form in 3D Euclidian space is
ll il ll il ll il
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HereT is a steady-state temperature etf,is the source termin the interior. Arkg, ky
andk; are speed functions, namely thermal conductivities albnegt axial directions.
Therefore, different solid medium results different steathte temperature eld even
under the same set of boundary conditions. This basic oasenvmotivates us to use
material-dependent control for differential mesh editing

Qv 1)

In this paper we only consider isotropic materials, ks ky = kz= k. Whenk is con-
stant, Eq. (1) describes a uniform material case which ifiegpm [6]. In the following
we explore the Poisson equation de ned on surfaces withur@ferm materials, and
the thermal conductivityk is a scalar eld on manifold surface.

Since we adopt triangle meshes as the underlying surfaceseptation, we have to
discretize material-dependent differential operatorg-omanifold meshes. For this pur-
pose, we rst brie y review the uniform case, i.e., the stand differential operators
used in [6]. Given a piecewise linear scalar el{v) = fif;j(v) de ned on a 3D mesh,

the gradient operator is de ned 8 (v) = f;Nf;(v), wheref; is the scalar value on ver-
texvj, fi(v) is the piecewise linear basis afd;(v) is its gradient. Given a piecewise
constant vector eldw, the divergence of the vector el is de ned as

Nwwvi)= & ANFT w; 2)
T2Nr(vi)

whereNr (v;) is the adjacent triangle set of the vertgxandAr is the area of the triangle
T. Combining the gradient operator and the divergence operaé get the Laplacian
operator

1 5
Df(v)= 5 a (cotajj + cothyj)(fi fj); 3)
J2Ny(vi)
whereNy(v;) is the adjacent vertex set of the vertax ajj and bjj are two opposite
angles of the edgévi; V).

Now we extend the above procedure to the material-dependsat We assume that the
material property is a piecewise constant function i.&., k7 in a triangleT. Note
that the thermal conductivity terms are attached after pattial differential operator
in Eq.1. We thus de ne material-dependent gradient of b&gi$ asktNf,T. In other
words, the gradient of the pieces linear basis is resizeatdiry to its material property.
Then we can represent the material-dependent divergemcatopas

Ne wivi)= & krArRFT w; (4)
T2Nr (vi)



and the material-dependent Laplacian operator as

1 o
Dy f(vi) = 5 a (k? ;cotajj + kZcoth)(fi  f)): (5)
i2Ny(vi)
Given the guidance eldv and boundary condition§ = f; ;v; 2 TW, we get the
material-dependent Poisson equations:

Dcf=Ng w: (6)

3.2 Non-uniform Propagation

To ensure visually desirable deformation results, lo@ald¢formations imposed by user
interactions must be propagated (weighted with a fallaffdtion) into the region of in-
terest (ROI) smoothly. Inspired by [7], we consider the matelependent propagation
as a analogy of the heat conduction in a non-uniform mediuere Hmaterial prop-
erties are interpreted as their thermal conductivity. Téedas eld function f guided
the propagation process can be computed by the followingmaikidependent Laplace
equation:

Dcf=0; (7

whereDy is material-dependent Laplacian operator (See Eq. 5).

Actually, the propagation eld is equivalent to the steady-state temperature eld with
boundary temperatures set to be 1 on handle vertices andd@astrained verticed. is
also the minimizer of the following energy function:
z
min kk (W) fk2dw; (8)
w

wherek(w) is the user-speci ed material property as thermal conditgtilntuitively,

if the user wants to keep some regions as rigid as possiblhdéean set the material
properties of these regions with a large value. On the copiféhe user expects certain
regions to be freely deformed, he/she can set them with d salak.

After the propagation eldf is solved, we use it as the fall-off function to weight
local transformations. For rotation transformation, we iso multiply the rotation
angle while for scaling transformation, we addpto linearly interpolate between the
scaling ratior and 1 (no scale). Then we combine these local transfornsataarether
according to the user-selected transformation option.

3.3 Non-uniform Reconstruction

The propagation process assigns a local transformatioadio &iangle and we obtain
guidance vectors by applying it to original gradient vestddnlike [6], we consider
material properties in the reconstruction process as Wiell. Poisson mesh solver used



in [6] can be regarded as a special case of our material-dep¢one. Our method is
equivalent to the minimization of the following energy:
z
min k3w kN f wkdw: (9)
w

Note that the material-dependent Laplacian operator (@f.5} de ned on a domain
meshM with a non-uniform material can be regarded as a standardané&q. 3)
de ned on another domain mesh’ with a uniform material. The relationship between
M andM’ lies in for each edgévi;vj), the following equation is satis ed:

k? jcotajj + kZcothyj = cotai(} + cotbi(;: (10)

From this aspect, we can think of that material propertie@athe modifying factors
of the original domain meshi.

3.4 The User Interface

We adopt the handle-based editing metaphor. During editireguser selects the region
of interest (ROI) and deforms the mesh by manipulating alsragion inside the ROI,
called handle. The user manipulates the handle with a 9 degfrfeedom manipulator.
Besides this editing interface, we design a simple pick-dirad) interface that only takes
the pure translation of the handle as the input. In additiger can paint different parts
of ROl with different colors that represent correspondirajenials. After the user drags
the handle, our method automatically induces the necessttjon and scaling for the
ROI as well as the handle itself.

H

Fig. 2. lllustration of the determination of local transformatsdinom the handle movement.

The basic idea of determining the rotation and scaling fioerhiandle movement comes
from the Hermite interpolation, as shown in Figure 2. Catlenotes the center of the
boundary connectin(g constrained vertices and free vettitdedenotes the center of
handle vertices and  denotes the new center of handle vertices after translatiore
that the three point§, H andH’ can uniquely determine a plane provided they are not
degenerate. Tpe rotation axascan be easily determined by the cross product of two

| '
vectorsHC andH C. The scaling factos is de ned to be the ratio between the length



|
of H'C and that oﬂ-|C The left problem is to de ne the rotation angle, We consider
the circle passing through two pmrﬁBandH and tangent to the vectdﬂC at the
pointC. Then, we de ne the rotation angtgto be6é (HEHO) where the pomE is the

intersection of the Ilné-IC and the perpendicular bisector of the IlHeC Actually,
the angleq is twice the anglé(HCHO). Therefore, we do not need to construct the
circle at all. Provided the three poir@s H andH’ are coplanar, we simply ignore the
rotation transformation. We supply several options to supgifferent combination of
these local transformations. These estimated local tnamsitions are propagated into
the ROI (See Section 3.2) to generate guidance elds andafermed surface mesh is
reconstructed with Poisson equations (See Section 3.3).

4  Multiresolution Non-uniform Editing

The multiresolution paradigm is an ef cient way to deformilarge meshes with com-
plex geometric details. Typically, a multiresolution éatif framework consists of three
major components - the decomposition component, the récmtiisn component and
the deformation component. Since the non-uniform contrah@sh deformation is the
focus of this paper, in this section we show how to achieve gioial in the multires-

olution scenario. Note that the decomposition componemdependent to material
properties as a pre-processing step while the rest two aterisladependent.

4.1 Mesh Decomposition and Detail Encoding

Aiming at editing large meshes, we employ the ProgressivehM@M) [17] to rep-
resent the surface hierarchy. A PM is created by recursigpplying edge-collapse
operations to a detailed input mesh. In a PM representdtienedge-collapse and the
vertex-split are atomic operations for the decompositmmponent and the reconstruc-
tion component respectively. Note that in both operationgy the central one or two
vertices' coordinates are modi ed while all the rest do nbange their position. This
observation is particularly important since it allows uddoalize the detail encoding
and decoding procedures only with respect to the local 8tefa given edge.

After the surface hierarchy is created, geometric det@ta/ben successive levels need
to be encoded. Geometric details are typically de ned asdifference between the
original geometry and the approximated smoothed geom@ieyconsider the mem-
brane surface as the smoothed approximation, which can taénell by solving a
Laplace equation de ned on the local stencil of the givenesdgdenoted ad.(e)
with Dirichlet boundary conditions given by vertex cooraties on the boundaffL(e).
Since only two free vertices in the local stencil, the cqurexling Laplace equation is
a linear system with two equations:

b vy _ up .
c - 1 (11)

a
b Vo Uo



wherea, b, c come from Eqgn. 3 and; andu, are boundary conditions.

We adopt the original geometry to de ne the Laplacian opmrap that we can smooth
the geometry without affecting the underlying parametdion [18]. The correspond-
ing weights used to de ne the Laplacian operator can be dtorecomputed on the
y, trading off speed versus memory. After the smoothed appnation is solved, we
de ne the detail coef cients between a pair of triangles éogifrom the original geom-
etry and the smoothed approximation respectively (seer&iglu

Generally speaking, locating one detail trian@ie= ( wy;w>;ws) with respect to the
corresponding base triangle = ( v1;V2;Vv3) can be decomposed into two steps, which
are summarized by nine independent paraméieysz q; g»; a1; b1; az; bo) (See Fig-
ure 3). The rst step aligns the vertey to the vertex; and the offset vector g y; 2).
The second step rotates the trianfdealong the axislir de ned by the cross product
of the normal vecton, andn; so that both triangles are co-planar. The rotation angle
g1 is equivalent to the dihedral angle between the two trismdter the sake of the
reconstruction process, we need to encode thedixiwith respect to the base triangle
as well. Since the vectatir is co-planar with the base trianglg, it can be located by
rotating the vectow, vz around the axis, with a rotation angley,. After the sec-
. . 0 0 0 . .

ond step, we get the rotated detail trlan@f@ (wy;w,;w,) that lies in the same plane

. . . .0 0 .
with triangle T,. Now we can record the coordinates of vertisesandwy with re-
spect to the triangl&, = ( v1;V2;Vv3) and results in the rest four barycentric coordinates
(a1;by;az2; b2).

(b) (c)

Fig. 3. Encoding a detail triangl&; w.r.t. a base triangl&,.

Actually, since our reconstruction method can automadyicdd¢termine the position
of the detailed triangle from the base one, we do not needdordethe offset vec-
tor (x;¥;2). Therefore, our similarity-invariant detail coef cient®nsist of the rest six
parameter§qy; gz; ai; b1; az; bp).

4.2 Detail Reconstruction

After the user performs a material-dependent deformatioia dbase mesh, we need
to reconstruct pre-recorded geometric details with resfreaser-speci ed material
properties. There are two issues concerning materialrikpe detail reconstruction
process. The rst one is that material properties speci edliwe low-resolution mesh



should be up-sampled. The second one is each re nement ktepdstake the (up-
sampled) material properties into account. We present alutisns in the following
paragraphs in details.

Speci cally, after a vertex-split operation is performe&es immediately up-sample the
material properties. The material property of a newlytsplangle is set to be the
weighted average of its adjacent triangles. We adopt treztirdistance as the weighting
scheme. Then, a three-step reconstruction process is gediio reconstruct geomet-
ric details from previously encoded detail coef cients.eTlnst step is to generate the
approximated smoothed geometry by material-dependenatagquation(Egn. 11)
with new Dirichlet boundary conditions given by the defodrmse surface. Now we
can retrieve the detail triangles from the correspondirggtisiangles one-by-one. In
fact, the second step is carried out in the reverse ordereoétitoding process. First,
we determine the intermediate detail trian@fec (wi;wg;wg) using the barycentric
coordinategas; by; ap; bp) with respect to the base triandlg = ( v1;Vv2;Vv3). Note that
the vertexw; is superposed on the vertex. Then, the axislir is obtained by rotating
the vectow, vsaround the axig, with the rotation anglep. Finally, the intermediate
detail triangl€eT; is rotated around the ax@r with the rotation angle gy, resulting in
the detail triangld;.

Since the detail triangles have been extracted from theesponding base triangles
independently, the third step is to glue them together anéigae the consistent vertex
position for the central two vertices come from the vertphtoperation. To serve
for the purpose, a local material-dependent Poisson exquigiemployed. We gather
gradient vectors from broken detail triangles as the guidaald, which determines
the vertex position together with the new boundary condgio

0
a b vio_ Up+ Wy, (12)
by o w2 U,+ wp

whereay, by andc, come from Eqn. 5u(i andug are new boundary conditions; and
wy are the material-dependent divergence of vevteandv, respectively.

Although multiresolution techniques [3] have been empthipghe Poisson-based mesh
solver [6] for acceleration, our framework differs in theymaat it can automatically
adapt geometric details to a scaled base surface via in@inpg similarity-invariant
detail representation. Moreover, our detail reconstanctnethod is particularly suit-
able to material-dependent multiresolution editing wipitevious methods are gener-
ally dif cult for this purpose.

5 Results and Discussions

Based on techniques presented in Section 3 and Section d)plement a multiresolu-
tion editing tool for surface meshes. It can work on the sfagisolution mode as well
as the multi-resolution mode. Our editing tool can run iatéively for moderate models
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with around 20k vertices in the single-resolution mode Ha multi-resolution mode,
comparing with local frame displacements, our materiad#@ndetail-reconstruction
runs about 10-20% slower.

When editing CAD models, material properties can help aefeature regions to be
better preserved. Figure 1(c) demonstrates such a taslkcereal feature region of the
Mechpart model need to be preserved during the resizingeahthin body. We achieve
this goal by painting these feature regions with a large ratealued 5 and perform
non-uniform deformation with our technique.

Changing the value of material properties can lead to diffedeformation effects under
the same user interaction. Figure 4 demonstrates sevetdigebtained with different
material settings. The default value of material propsiiieset to 1 and we have found
the rangd1;5] is enough to simulate most of real world material-dependefdarma-
tions. We incrementally paint material properties on thesqrart and the foot part with
the value 2, and on the thigh part with the value 5. At the same, twe get more and
more realistic results as shown in Figure 4 (b), (c) and (d).

(a) (b) () (d)

Fig. 4. Deforming the right leg of the Man model with different ma#ésettings.

Figure 5 illustrates and compares results obtained wiflerdifit detail representations.
We simplify the Elephant model (Figure 5 (a)) and reconstgeometric details from
a uniformly shrunken base mesh (Figure 5 (b)). This expartrisefairly simple, but
we can clearly distinguish the difference between the tgmrierated with our method
(Figure 5 (c)) and that with local frame displacement (Feg6r(d)). Note that ne
details around the elephant's ear are not well-preservEjimre 5(d) due to the lack of
adaptation to arbitrary scaling. Figure 5 (c) and (d) arezed in two times for better
visualization.

Figure 6 shows the Armadillo model kicking a soccer, whiclyénerated with the

multiresolution editing mode. We decimate the original midd 70k vertices) to a sim-
pli ed version (15k vertices). We perform three non-unifoedits on the both hands
and the right leg of the simpli ed model. The detailed editesion is automatically

reconstructed by our tool with the help of similarity detadlef cients and material

properties. See our video submission for the whole editnoggss.
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(a) (b)

(c) (d)

Fig. 5. The ability of similarity-invariance is over-looked in &ting detail representations.

6 Conclusions and Future Work

In this paper, we propose a novel technique to deform theaserhesh non-uniformly
by incorporating user-speci ed material properties. Tl is achieved by overload-
ing previous material-independent discrete differemtsdrators and Poisson equations.
Moreover, we allow multiresolution mesh editing in a makdware manner by incor-
porating a novel similarity-invariant detail represeimat Several real world examples
demonstrate that plausible material-dependent defoomagisults can be generated by
our method easily. As pointed out in Section 3.3, designitajlared domain mesh for
a speci ¢ deformation task is a valuable research direction
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