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Figure 1: A design automation application — after modelling the compatible meshes by our duplicate-skins algorithm on three human mode
given in various representations (wheéteis a two-manifold mesttl, is a polygon soup with many holes, and the shapéif represented
by a point cloud), the clothes designed arotiidcan be automatically "graded” to fit the body shapéigfandHs.

Abstract 1 Introduction

As compatible meshes play important roles in many computer- Representing the models in com_pat_ible meshes is a fundamental
aided design applications, we present a new approach for mod_probl.em for a large class qf applications, such as mesh metamor-
elling compatible meshes. Our compatible mesh modelling method PhOSiS [Alexa 2002; Kanai et al. 2000; Lee et al. 1998jvay

is derived from the skin algorithm [Markosian et al. 1999] which Shape blending/editing [Biermann et al. 2002; Kraevoy and Sheffer
conducts an active particle-based mesh surface to approximate the?004; Praun et al. 2001], detail and texture transferring [Kraevoy
given models serving as skeletons. To construct compatible meshes@Nd Sheffer 2004], parametric design of free-form models [Wang
we developed a duplicate-skins algorithm to simultaneously grow 2005; Seo and Magnenat-Thalmann 2004; Allen et al. 2003; Praun
two skins with identical connectivity over two skeleton models; €t &l 2001; Marschner et al. 2000], and design automation [Wang
therefore, the resultant skin meshes are compatible. Our duplicate-et aI: 2_005]' Compe_tlble meshes_, I.e. meshes with an identical con-
skins algorithm has less topological constraints on the input mod- NECtivity, support bijective mapping between two or more models
els: multiple polygonal models, models with ill-topology meshes, which establish |mmed|_ate point correspondences between models.
or even point clouds could all be employed as skeletons to model 1herefore, each vertexin one mesh has a unique corresponding ver-
compatible meshes. Based on the results of our duplicate-skins al-{€X in every other mesh. The research presented in this paper devel-

gorithm, the modelling method ofAry compatible meshes is also ~ OPS & new algorithm to construct compatible meshes between given
developed in this paper. models. For two given modebM, andM,, our duplicate-skins algo-

rithm manipulates two skin meshes with consistent connectivity to
. ) ) approximate the geometry &y andM,. Note that the model here
CR Categories: 1.3.5 [Computational Geometry and Object Mod-  means the geometry represented by various representations (e.g., a
eling]: Boundary representations—Curve, surface, solid, and ob- yolygonal mesh or a point cloud — séf, H, andHg in Fig.1).

ject representations; J.6 [COMPUTER-AIDED ENGINEERING]:  The correspondences of semantic features on the given midglels
Computer-aided design (CAD)—Computer-aided design (CAD)
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andM, are specified by users or by a feature recognition algorithm. To explicitly and rapidly construct compatible meshes with differ-
Our duplicate-skins algorithm can construct identical entities on the ent geometries, the skin algorithm presented in [Markosian et al.
resultant meshes for corresponding pairs of position markers. 1999] is adopted to develop our duplicate-skins algorithm. The
. .. original purpose of Markosian et al. is to rapidly design a rough
Compatible meshes are usually requested on the models with Sim-free_form shape via direct interactivities. A user could interactively
ilar features (i.e., we seldom have the need to build a compatible scypt a free-from surface (skin) that approximates the underlying
mesh between a tori and a cube); also, we assumed that the corregiyen models. The mesh connectivity of skin is updated in the it-
sponding features have been correctly specified. It is meaninglesserations of skin evolution. Inspired by their work, we developed

to map the leg of a humai; to the head of another human body 5 new algorithmduplicate-skinsto grow over various geometries
H» and correlate the bellybutton éf; to the shoulder oH, at the and obtain compatible meshes.

same moment.

When updating the conductivity of a mesh, three mesh optimization
operators in [Welch and Witkin 1994; Hoppe et al. 1993] are itera-
tively used:edge swapedge split andedge collapseln the sense

of mesh optimization, our approach is related to many remeshing
approaches in literature, which reconstruct high-quality meshes for
The work presented in this paper is closely related to the so- given surfaces. A complete review of the remeshing techniques for
called cross-parameterization technique, which established bijec-surfaces can be found in [Alliez et al. 2005]. As the dynamic opti-
tive maps between models. Alexa gave a good review of cross- mization manner is adopted in our duplicate-skins algorithm, some
parameterization and compatible remeshing techniques developedf our ideas are borrowed from [Surazhsky and Gotsman 2003;
for morphing in [Alexa 2002]. The general ways are to parame- Kartasheva et al. 2003; Ohtake et al. 2003; Vorsatz et al. 2003;
terize the different models to a common domain. Classifying these Ohtake and Belyaev 2002; Botsch and Kobbelt 2001; Ohtake and
techniques according to the types of parameterization domain, thereBelyaev 2001; Vorsatz et al. 2001] — particularly when the topo-
are three categories commonly used: planar, spherical and simpli-logical changes neighboring to mesh entities are associated with
cial parameterization. sharp features on the given model. However, all the above ap-

. L ) proaches consider single meshes while our approach extends the
The traditional surface parameterization problem considers the Casesrategies to duplicate meshes.

where the domain is a planer region. Kraevoy et al. [Kraevoy et al.

2003] introduced a Matchmaker scheme for satisfying correspond- The same as other dynamic optimization approaches, a good start-
ing feature point constraints in both the planer domain and the ing pointis usually helpful to the convergency. Therefore, in our al-
model’s surface. When cross-parameterization is used for geom-gorithm, theradial basis functiofRBF) based shape interpolation
etry processing, it is sometimes possible to limit the computation to techniques are employed to create desirable initial skin meshes to
disk-like parts of the surfaces [Biermann et al. 2002; Desbrun et al. fit the underlying skeleton models. An RBF offers a compact func-
2002]. After the entire surface is cut to disk-like parts, each part tional description of a set of surface data. Interpolation and extrap-
is parameterized independently. In some techniques, the surface islation are inherent in the functional representation. The benefits of
cut into a single chart [Sheffer and Hart 2002; Sorkine et al. 2002], modeling surfaces with RBFs have been recognized in [Yngve and
while in others, it is cut into an atlas of parts (e.g., [Julius et al. Turk 2002; Cohen-Or et al. 1998; Carr et al. 1997; Savchenko et al.
2005; Sander et al. 2003; Levy et al. 2002; Sander et al. 2002]). In 1995]. The radial basis functions associated with a surface can be
either case, the cuts break the continuity of the parameterization, evaluated at any location to produce a mesh at the desired resolu-
and make it difficult to use a planar parameterization approach to tion. [Carr et al. 2001] suggested a RBF-based approach, which
construct a low distortion bijective mapping between two different can be used for reconstructing the incomplete scan data. Similar
models. to [Cohen-Or et al. 1998], we adopted the global RBF in our ap-

o ) o ) proach to deform initial skin meshes into desirable shapes and ori-
Another popular choice is spherical parameterization, which uses gntations.

a sphere as the base domain [Alexa 2002; Gotsman et al. 2003;
Praun and Hoppe 2003]. An important limitation of spherical pa-
rameterization is that it can only deal with a closed and genus zero
surface. One more general approach is to let the domain be a coars
base mesh, called simplicial parameterization. The surface is parti-
tioned into matching patches with a consistent inter-patch connec- Surface representation based on polygonal meshes has become a
tivity [Praun et al. 2001; Kraevoy and Sheffer 2004; Schreiner et al. standard in many geometric modelling applications. The mesh
2004]. The challenge in this way is that it is difficult to globally representation is flexible and general with respect to shape and
optimize the parameterization. In addition, all of these techniques topology as well as conducive to efficient algorithm processing
requires the meshes on given models are valid and two-manifold. on meshes. We use the now widespread terminology of mesh
Our duplicate-skins algorithm does not have this constraint so that from [Spanier 1966]. A triangular mesh is described by a pair
the range of models to be processed is broadened. Although, sev{K,V), whereV = (v1,...,vn) describes the geometric position of
eral researches in literature (e.g., [Nguyen et al. 2005; Ju 2004]) the vertices ird¢ (typically d = 3) andK is a simplicial complex
mentioned techniques that can repair the meshes with ill-topology, representing the connectivity of vertices, edges, and faces. The ab-
an operation with less constraints is always welcome. stract compleXX describes vertices, edges and face®,4s2 sim-

L . o plicies, that is, edges are paifg j}, and faces are triple§, j,k}
Avoiding explicit parameterization, [Allen et a_l._2003] e_mployed a of vertices. The neighborhood ring of a vertg is the set of adja-
mesh surface as a template and the connectivity of this template iScent verticesN(i) — { j|{i, } € K} and itsstaris the set of incident
fixed to approximate thg geometry o_f the input point cloud. They simplicesstar(i)
formulated an optimization problem in which the degrees of free-
dom are an affine transformation at each template vertex. However, Skeletonsre the given models and regarded as a geometric refer-
their solution is limited to very specified inputs and this can in- ence, they may be closed mesh surfaces, surfaces with boundaries,
troduce severe approximation errors when the input models have anon-manifold surfaces, polylines or even isolated points, as shown
significantly different geometry. in Fig.2. In the duplicate-skins algorithm, a pair of skeletons are

1.1 Related work

(}.2 Definition of Terms

= Uiec,ceK qC.



assigned asourceandtarget skeletons respectively. Our method 2  Skin Algorithm
does not require these two skeletons share the same number of ver-
tices or triangles, or have identical connectivBharp edgesn the

given skeletons are edges with relatively large curvatures. We give a more detailed description of the original skin algo-

rithm [Markosian et al. 1999] as below which works as the basis

Skinis the mesh growing over a skeleton. We refer to the vertices Of our duplicate-skins algorithm. With a skeleton médtas the

of the skin agarticles For a skin, @arget edge lengtlis defined input, the skin algorithm governs a skin meStgrowing overM
which is the expected skin edge length. We take the target edget® approximate its shape with a smooth mesh whose connectivity
length as the criterion of skin connectivity modification. The tar- S more regular. The algorithm consists of five steps: 1) the con-
get edge length is measured in terms of the average edge length oftruction of the first skir§ 2) search for the tracking position and
skeletons, i.eLiag = ratio x Layg. Each particlep should track to face for each particle o8 3) reposition particles; 4) modify the
one position locally closest tp on the relative skeleton. This po- ~ connectivity ofS 5) update the tracking position and face for parti-
sition is called theracking position We refer to the face contain- ~ ¢les onS. The 3rd to 5th steps are iteratively applied®until the

ing the tracking position as theacking face Our duplicate-skins ~ movement of all particles o8is less than a small valueand no
algorithm simultaneously constructs two skins respectively for the further modification of mesh connectivity is needed.
sourceandtargetskeletons. These two skins should be guaranteed

compatible and we call these two skinscamlicate-skins There is no limitation to the topology of the first skih The only

requirement is tha® should show the shape that can vary into the
source/target model by an elastic deformation. For example, for
genus-0 models, a mesh with a box shape or a spherical shape
f bounding them is a good initial skin. However, for genus-1 models,
we must introduce tori-like initial skins.

Like most of the technologies used to build the correspondence
between meshes [Allen et al. 2003; Sumner and P@p20D4;

Kraevoy and Sheffer 2004; Schreiner et al. 2004], a small set o
position markersre necessary to be specified on the source and tar-

get skeletons. These markers are enforced as mapping constraintefore entering the iteration of skin evolution, the closest point and

taking two head models as an example, the markers constrains thgace of each particle on the skeletSmust be found to serve as the

correspondence of ear, nose and eyes as well as other facial eletracking point and face. The global searching strategy is applied to

ments/features. accurately obtain the first tracking. In the later iteration steps, to
speed up, a local search strategy replaces the global one.

To gradually attract skin toward the skeleton, the movement of each
1.3 Contribution particle is measured from its tracking position, its current position
and its neighbors on the skin. The new locatigrw(p) of the

articlep is computed b
We propose a new method for compatible mesh modelling — a P P P y

duplicate-skins algorithm, which simultaneously grows two skins v —av v 1
with identical connectivity over two skeleton models while satis- new(P) 0(P) +BVe(P) + y (P) @

fying the feature correspondences. Compared to other recent aPiyvherevo(p) is the current location of the partiche(p) is the center

proaches for the same purpose, the_method presented in this papegs p's 1-ring neighbors, ansk(p) is the target position that com-
shows almost no topological constraint on the models to be approx- puted by

Itgqt?c:ﬁg).(lle” the input models can be in various geometry represen Ve (P) = Vo(P) + Win(ds — Fs)Verk (P) @)
. ) ) wherevyk(p) is the unit tracing direction to the closest point on

Based on the results of our duplicate-skins algorithrry com- skeleton. ds is the distance fronp to its tracking positionys is
patible meshes also can be easily determined. As the feature veryhe yser specified offset between the skeleton model and the final
tices (i.e., position markers) are correlated to particles on the skin gkin andwy, is the moving ration in the rang®, 1] which controls
meshes, the feature correspondences amongsidéleton models  the amount of movementr, B andy are positive coefficients, and
are satisfied. a +B+y= 1. B controls the smoothness of the skin. The trade-off
for selectingf3 determines the behavior of the skin, e.g. a laége
Rads to the over smoothed skin; on the other hand, if a very gmnall
is adopted, uneven particle distribution and sliver triangles could be

roducedyis calculated by = 1— o — 3. From our experiments,

e choosexr = 0.3. A non-linear and attenuating function is used
to evaluate the value @8 where the iteration step is the function
variable.

Sharp edges are well preserved on the resultant compatible meshe
from our algorithm, which is important for many applications. A
new sharp feature tracking method is developed to guarantee thal
the sharpness-preserved results can be given on the compatibl
meshes.

Thanks to the connectivity optimization in the duplicate-skins al-

gorithm, the resultant compatible meshes are relatively regular, so|n the connectivity modification step of the skin algorithm, three
that they can serve as good inputs for the downstream geometrypperators:edge swapedge split andedge collapsdrom [Welch
processing applications where the irregularity usually leads to un- and Witkin 1994; Hoppe et al. 1993] are iteratively applied to re-
satisfactory results. move extreme long and short edges, and at the same time increase

. ) . . the minimal angle in triangles. Through this, the shape quality of
The rest of the paper is organized as follows. Section 2 gives a morene triangles on the skin mesh is optimized.

detailed description of the original skin algorithm [Markosian et al.

1999]. Section 3 details our duplicate-skins algorithm. Section 4 As claimed by [Markosian et al. 1999], the skin algorithm can work
presents the method to constraef\ry compatible meshes. In sec-  with the skeleton models in the form of closed mesh surfaces, sur-
tion 5, several applications of the compatible meshes are demon-faces with boundaries (more generally saying - non-manifold mod-
strated — the applications fall into two categories: free-form mod- els), polylines or even isolated points. Examples are given in Fig.2.
elling and design automation for customized free-form products. Benefitting from this characteristic of the basic skin algorithm, our
Finally, section 6 discusses the limitations of our algorithm and sug- duplicate-skins algorithm can model compatible meshes approxi-
gests future research directions. mating various skeleton models. Details are addressed below.



Figure 2: Various models could be employed as skeletons: (a) a
closed mesh surface, (b) a wire-frame, (c) a non-manifold structure
assembled from several mesh patches, and (d) isolated points.

3 Duplicate-Skins

To seek a method to construct compatible meshes for various free-
form models, we propose a new technique and nardepticate-
skinswhich is derived from the original skin algorithm. The most
important difference is that we can now simultaneously manipulate
two skins in various geometries but with identical mesh connectiv-
ity. Benefitting from the desirable high-quality of skin meshes, the

resultant compatible meshes give a bijective mapping between them

that is guaranteed to be smooth and continuous. The following ad-
dresses the details of our duplicate-skins algorithm for generating
compatible meshes between a pair of skeletons.

3.1 Algorithm overview

The input to the algorithm consists of two skeletdfis= (Ko, Vo)
(source) andM; = (K3, V1) (target) and two sets of position markers
(includingPy = {(%,¥i,%),i = 1,...,n} defined onMy and its cor-
respondenc®, = {(x,y{,Z),i = 1,...,n} defined orM;). A point
(i,Yi,z) € Py should be mapped to the poif¥,y{,Z) € P;. The
duplicate-skins algorithm is then outlined as below, after which the
key phases of the algorithm are detailed successively.

1: Construct the first skig for Mg;

2: Construct the first ski®; for My by copyingS to S; and de-

form S to be aroundvi; by the marker$y andPy;

Initialize the tracking position to every particle globally;

Determine the particles that should track to the position mark-

ers;

: repeat

Reposition the particles in tandem with andS;

Modify the mesh connectivity;

Update the tracking position of a particle if it does not track

to a marker;

: until no change occurs;

10: if Mg or M1 has sharp featuréhen

11:  Find corresponding sharp-tracking-edges on s&yendS; ;

12:  repeat

13: Reposition the particles in tandem witg andS;

14: Modify the mesh connectivity;

15: Update the tracking position of a particle if it tracks nei-
ther a position marker nor a sharp edge;

16: until no change occurs;

17: end if

3:
4:

oNoa

To let the resultant meshes have the correct correspondence on th
position markers, if a particle 08y tracks to a position marker

T = (Xm,Ym,Zm) € Py, the identical particles (in terms of topol-
ogy) on'S; should track to its corresponding marker (i.€.,=

(Xns Ym» Zm) € P1). For searching the tracking positions at the very
beginning, space subdivision techniques (e.g., Octredeiree)
could be used to speed up the algorithm. We employ an Octree
with a fixed depth in our implementation. Different from the par-
ticles tracking to markers, the other particles can freely track to ei-
ther a vertex or a surface point (i.e., an interior point on a triangle)
on skeletons. However, even if the space partition strategy is em-
ployed, it is still inefficient to conduct a global closest point search
in every iteration step. In [Markosian et al. 1999], a local update
strategy is conducted: for a particfg the new tracking point is
only searched on a limited number of faces — the set of entities to
be searched;, includes the current tracking fadeof p and the
faces containing any vertex df on the skeleton; and in order to
get out of a local minimum, for any particfg € N(p), the tracking
facef’ of p’ and the faces; € star(j) for j € f’ are all added into

I". The above strategy relies on the local connectivity on skeletons,
thus fails on models with ill-meshes or point cloud models. To
overcome the limitation, we change the strategic rules for locally
updating tracking points to the follows:

e for a particlep, if an Octree nodeYy contains the current
tracking point ofp, its new tracking point is searched among
the faces/vertices held byy and the spatial neighboring
nodes ofYy;

e for the purpose of jumping out of the local minimum, again
the Octree nodes containing the tracking points of the particles
p’ € N(p) are added into the range of searching.

Source skeleton

Target skeleton

M,

Figure 3: lllustration to explain why the RBF-deformation is
needed for constructing initial skins. On the source skin and skele-
ton (right), the green particlpis the point on the skig closest to

the marker at heel ol (they are linked by the tracking vector in
blue); however, the corresponding particlemfp’ € S, is not the
closest point to the corresponding markemdn so that the disper-
sion of tracking directions occurs aroupdsince the particles near

to p’ all track to their closest points &8 but p’ does not. Note that
the topologies ofy and$; are always identical.

3.2 Initial Skins

To describe how we generate the initial skins in more detail, let us
use the example shown in Fig.3. For two feet models, as the source
and target skeletons (i.eMo and M; respectively), are placed in
different positions and orientations. As explained previously, the
easiest way to generate initial skins for genus-0 models is to con-
struct skin meshes as the bounding boxes orthogonayinpaxes.



However, problems may be encountered when position markers are
specified on skeletons. For example, see Fig.3, after searching
through the skin for the source skeleton, the green parfiche

skin & is closest to the marker point (in red) at the heel. Since
the particles tracking the markers on the source and target skeletons
should be identical, the corresponding particlepobn the target
skin - p’ € S; is not the closest point to the heel marker. Figure 3
gives the tracking directions gfandp’ in blue color. However, all

the particles aroungd’ will still track to their closest points oMs;

in other words, the tracking directions are dispersed, which easily
leads to poor or even invalid meshes (e.g., face flipped). Therefore,
to eliminate the occurrence of the above situation, the construction
problem ofS; after obtainingS is reformulated as follows.

; 7 1z
‘ }4‘% ’y‘u;vm

Problem: Given a set of position marke® defined onMg and w

P with respect tavl; and a surfac&, find a surfaces; which is
transformed frongy and the deformation fror§, to S; is equivalent
to the deformation fronf, to Py.

The above problem is solved by defining a deformation function

W(...) lettingP = W(Ry) so thatS; = W(S) is easily obtained. The

radial basis function (RBF) is the most suitable candidate for this
deformation function [Botsch and Kobbelt 2005; Turk and O’Brien

2002]. In general, a RBF is represented in the piecewise form ©

n
W) = p() + ZA“”(”X‘ all) (3) Figure 4: lllustration of the method with pre-skinning to construct

initial duplicate skins. (a) Initial duplicate skins in box shape; af-
wherep(x) is a linear polynomial that accounts for the rigid trans- ter S have been obtained, tI8 is obtained by RBF-deformation.
formation, the coefficientd; are real numbers to be determined and (b) Beginning with the initial duplicate skins in (a), the result of
| - | is the Euclidean norm ofi3. To achieve a global deforma-  the duplicate-skins algorithm is shown in very uneven triangula-
tion, the basis functio(t) is chosen ag(t) = t3 (the triharmonic tions (see two close-up views) — this is because that some faraway
spline as [Yngve and Turk 2002]). The coefficieatsand the co- particles are enforced to track markers on the target skeleton. (c)
efficients ofp(x) can be easily determined by lettib(7i) = 1/ for Construct initial duplicate skins by the method with pre-skinning,
all pairs of 1; € Py and T/ € Py plus the compatibility conditions  where the shape @& after several (5 to 8) runs of the single-skin
SMA = SPAT =0. The formulated linear equation system has algorithm is adopted to crea& instead of the box shape in (a).
been proven to be positive definite unless all the poinB iandPy
are coplanar.

the above RBF-deformation function to cre&earoundM;. In
our experience, four to eight pairs of uniformly distributed mark-
ers for each handle will be enough. For instance, as the example
shown in Fig.10, red points are the position markers. The initial
(P es) =W (pe ). 4 skins consist of one tori mesh and another mesh deformed from tori
by RBF. Therefore, starting from the genus-1 initial skins, our du-
The result of the foot example by this deformation is shown in plicate skins are iteratively evolved to take the form of the skeleton
Fig.4(a), where the initial ski; follows the orientation of skele- shape with mesh optimized.
ton M;. Also, compared to Fig.3, the green particle®ns much
closer to the marker at heel. This greatly reduces the chance to gen-
erate self-overlapped skins. However, uneven triangulation could
still happen (see Fig.4(b)), since the somewhat conflicting tracking
directions still exist among the particle which are enforced to track
markers and its neighbors. Therefore, to completely eliminate the In our duplicate-skins algorithm, two skins are adopted to approx-
conflicting tracking directions, an alternative way with pre-skinning imate their relative skeletons. In the course of skin evolving, the
is proposed to construct the initial duplicate skins. Firstly, we per- mesh topology updating is identical on duplicate skins, even though
form several runs of the single skin algorithm for the source skele- they interpolate different underlying geometries. That is the pri-
tons. The result skin is applied & and then this skin is deformed ~ mary ingredient for the generation of compatible skins. Obviously,
to fit the target skeleton by Eq.(3) and (4), so tBatis created. when we apply the edge-based optimization operators, the measure-
Figure 4(c) shows the result from this change. The source and tar-ments on two skins should both be under consideration.
get skeletons are respectively approximated by their corresponding
skins. In this way, the green particle is almost the closest particle
to its corresponding markers through the whole sRin Conse-
quently, a significant feature is introduced here: our duplicate-skins
algorithm is independent of the placement of input skeletons.

The use of RBF guarantees smooth geometric deformation. Thus,
the geometry of target ski®; can be determined by smoothly
blending the positions of the vertices on the source Skias

3.3 Optimize connectivity on duplicate skins

To evaluate the criteria of edge splitting, the edge lengthi§@and

S, are both taken into account. We perform the edge split if either
edge{i, j} €  or its corresponding edgf’, j'} € S satisfies the
splitting condition. Note that the duplicate skins share one target
edge lengthitag. For two skeletons with sizes that differ signif-
The above RBF-deformation based method also enables our methodcantly, we scaleM; by the ratiop = DLo/DL before applying

to work for those genuk-models k # 0). If enough number of po- our algorithm wherédLy andDL; are the diagonal lengths of the
sition markers are well defined around each handle, we can dupli- bounding boxes oMy andM;. After computing the compatible
cate a mesh from the source skeleldgto serve a§y and employ meshes, we scald; andS; back to the original dimension by the



ratio p~1. When{i, j} and{i’, j’} are both less than half dfag, 3.4 Sharp edge recovering
these two edges can be collapsed.

Criterion 1: A pair of edgei, j} € S and{i’, '} € S, are allowed The original skin algorithm cannot give a correct construction at

to be splitif [V | > 1.5Ltag or [VV/]| > 1.5Ltag. sharp fea_tures of a skeleton. If a skeleton has sharp geometric
J features (i.e., creases where the surface does not have continuous
Criterion 2: A pair of edges{i,j} € S and {i’,j'} € S are tangent pla_nes) on it, the skin_always a_Iiases the sharpness with
included in the edge-collapse candidates if and onlijvif/j|| < approximation artifacts. As pointed out in [Kobbelt et al. 2001],
0.5Ltag and||V{V/ || < 0.5Ltag. increasing the sampling rate of surfaces will not cause the skin to

converge to the sharp edges and corners if no special treatment is
To prevent over-optimization in one iteration step, the numbers of given. Our tests also prove this (see Fig.6). In this section, we
splits and collapses are limited in each run. In fact, the avail- propose an efficient scheme that recovers sharp features on the re-
able edges for either split or collapse are sorted by the ratio of sultant skins. Note that this only works for the skins interpolating
their edge length to the target length. The ratio is defined by skeletons (i.e.rs=0in Eq.(2)).
max([|vivj [, [ViVj|) /Ltag for split and([[vivj|| + [IV{v]||)/2Ltag for
collapse. We do the split or collapse operations on only the first
10% of edges in priority. Analogous to the basic skin algorithm,
any edge that is too long (or too short) is still guaranteed to be split
(or collapsed) eventually.

On the skeleton meshes, all the endpoints of sharp edges are de-
fined assharp verticesand all the triangle faces belonging to the
stars of sharp vertices are callgloarp facesAfter the sharp edges
have been identified on the skeleton meshes, several edges of the
skin, named asharp-tracking-edgesre enforced to align to these
Furthermore, we propose the following scheme to estimate the features. Also, to prevent breaking the sharpness on the resultant
edge-swap criterion. As shown in Fig.5, if we swap the two edges skins, the meshes around sharp tracking edges should be specially
in red color, we need to compare the maximum opposite angles treated during connectivity optimization. As mentioned in the algo-
shown in the triangles before and after swapping, where the op- rithm overview, the sharp edge recovering procedure is regarded as

posite angles are respectively denotedabyand; (i = 1,2,3,4). a type of post-processing. When applying the algorithm, the skins

The criterion for edge-swapping on duplicate meshes is given as have almost interpolated the given skeletons, so only several runs

follows. are needed and can be completed in a short time. The most impor-
o o ) tant phase is to determine the sharp-tracking-edgeSand $;

Criterion 3: Defining dmax = max{ai} and fmax = max{fi}, if which can be decomposed into three steps:

and only if amax > Bmax the pair of edgesi, j} € Sy and{i’,j'} €

S, are considered to be swapped. e Find the sharp edges, vertices and faces on skeletons;

e Determine the particles tracking to sharp vertices;

&
" A e Compute the shortest path on the skins between each pair of
: particles which track to the two endpoints of a sharp edge,

where the path passes along the skin edges.

k
T A For extracting the sharp edges on skeletons, we can either manually
i i N ., . N .
i L Ve g\ pick the edges or automatically detect them by the discrete sharp
b %21 > operator referring to the discrete mean curvature at the mesh edges.
/ For an edge with dihedral anglée, He = 2|/ €| cos% (ref. [Hilde-
o brandt and Polthier 2004]) is given as the mean curvature dh
Iz He exceeds a threshold, the edge is labelled as a sharp edge.
Next, we need to find the corresponding sharp-tracking-edges on
Figure 5: Edge-swap for duplicate-skins: left part — the efigg} the skins. More specifically, a li§le of edges are enforced to track
and its adjacent triangles &, right part — the edgéi’, |’} and its each of the edgeswith *sharp label. To successfully recover sharp
adjacent triangles on the target siép features on skeletons, the curve formeddgymust be single-wide.

Thus, the particles tracked to sharp vertices in the bijective manner
(i.e., without repeating) are found first. The shortest path linking the
two particles tracking to a pair of endpoints are then determined by
the Dijkstra’s algorithm. To speed up the searching, we filtered out
most of the edges on the skin — only the edges with their endpoint
tracking to sharp vertices/edges/faces are regarded as legal paths.
Also, the edges that have been labelled as sharp-tracking-edges in
previous searches are prevented from the searching (by assigning
their length too). As a result, for every list of sharp-tracking-edges,

Ce, its starting and ending particles track to the endpoints ahd

the interior particles o are restricted to the inertia points ety

the proportion of lengths. In other words, the particle€is are
tracked to the sharp edges exactly. Therefore, the sharp edges are
preserved list by list. See the models in Fig.7, the red edges on a
Figure 6: Aliasing errors are introduced by the skin algorithm: top skin are the sharp-tracking-edges on the skin while the blue ones
row, for the box skeleton given in the most left, the resultant mesh are sharp edges on the skeleton.

from the skin algorithm has a high quality but degenerates in the . ) . i )

sharp edges and corners; bottom row, for the given cylinder with a Finally, as pointed out in the algorithm overview, when we itera-
coarse and irregular mesh, even if a denser mesh is employed, thdively optimize the connectivity on a skin mesh, several configura-

original skin algorithm can hardly recover the aliased sharp curves. fions need to be discussed if any entity related to sharp features is
under consideration.




Figure 8: Cases that should be specially treated in the sharp-edge-
preserved mesh optimization, where red edges denote the sharp-
tracking-edges and red points are the particles tracking to sharp
features. (@) Two cases that the edggj} cannot be collapsed.
Figure 7: Shape edge recovering: (a) given skeleton meshes, (b) theb) If the particle{i} tracks to sharp features, the degenerated parti-
sharp edges (in blue) on skeletons and their corresponding sharp<le {h} maintains the position and tracking information{of. (c)
tracking-edges (in red) on skins, (c) the sharp edge recovering re-The configurations for collapsing, j} if either {k,i} or {k, j} is a

sults on individual skeletons, and (d) the result of duplicate-skins sharp-tracking-edge.

with sharp edges recovered.

4 n-Ary Compatible Meshes
Criterion 4: If an edge on skin is a sharp-tracking-edge, this edge

is prevented from swapping. The duplicate-skins algorithm above can successfully generate the
compatible meshe®) andS; to approximate the given two skeleton
modelsMg andM;. However, for some applications (e.g-way
blending, sample based parametric design of freeform models, etc.),
the compatible meshes are requested for more than two skeleton
models. Then-Ary compatible meshes can be generated through
the vertex transformations on the results from our duplicate-skins
algorithm.

Criterion 5: For the convenience of implementation, if an edge

is a sharp-tracking-edge, we prevent edge-split on it; otherwise, the
list Ce holding e needs to be updated and the tracking position of
the newly inserted vertex needs to be searched.

Criterion 6: If both two particles of an edge are endpoints of sharp-
tracking-edges, collapse on this edge is not allowed.

) ) ) o ) Suppose that the compatible meshes are requested skele-
The configuration considered by the above criterion could be either on modelsM; (i = 0,...,n— 1), the duplicate-skins algorithm is

of the two cases shown in Fig.8(a), where the first one eliminates thefirst appliedn — 1 times on the pairs of skeletons Mg and M;
sharp-tracking-edge and the second one merges two diverse sharp¢j = 1.... ,n—1). Thus,n—1 pairs of skins are obtained; for the
tracking-edges into one. convenience of description they are denote&py ands; j, respec-

Criterion 7: If an edge{i, j} satisfies the collapse-length criterion tively. Letting S = Syu) andS, = §y), we conduct the following

and only one of its endpoinis} tracks to sharp features, this edge ﬁ‘/'lgo“thm to determine the mesh8;s(j > 1) compatible 105 on
could be collapsed. I . . .

1: Duplicate a skin mesB; with S;
The degenerated verteh} from {i,j} and the edgese 2: for all vertexp € §j do ,
star(i)Ustar(j) must be carefully processed. The position{b} 3:  The closest poinpc of pon y; is found; _
is not located at the middle df, j} after collapsing, but should in- 4 Pc must be inside a triangl€ € §y;), the barycentric coor-
herit the position of the particle tracking to the sharp features (i.e., dinates ofpc onT - (ac, Bc, ) is thenrecorded;
the position of{i} in Fig.8(b)). In addition, if eithefk,i} or {k, j} 5: By the pair of skinsS; andSj), T could easily find its
is a sharp-tracking-edge, the eddeh} degenerated from the trian- corresponding triangl&’ on ST
gle {_i, k. j} must _be assigned as a sharp-tracking-edge as iIIu_strated 6:  Applying the braycentric coordinat@rc, B¢, ye) on T/, the
in F|g._8(c_). Slm_llarly, th_e ngeél,h} shOL_lld be a sharp-tracking- new position ofp on 3(].) can be computed;
edge, if eithekl,i} or {I, j} is sharp tracking edge. 7. Move p to the new position;

8: end for

Criterion 8: For a pair of edgedi, j} € S and{i’,j'} € S, if

either of them satisfy one of the above four criteria, the topology Repeating the vertex transformation, the new shag® afpproxi-

update of the edges should follow the above rules. matingM; is easily determined. It is easy to find that all steps of the
o . . . ) above algorithm can be finished in a short time except the closest

Criterion 9: During the iteration of sharp edge recovering, we Up- point search step. For this step, the space partition strategy which

date the tracking position and tracking face of the particles, only if 55 peen previously employed in the tracking point search is used

they do not track to any sharp vertex/edge. again to accelerate the process.

As mentioned in the outline of our algorithm, the loop for interpo- About the approximation error . Although easy to implement, the
lating sharp features works as a post-processing procedure; henceabove algorithm fon-Ary compatible meshes enlarge thé ap-

the iteration should have a small number of steps and this additional proximate error (see Fig.9a). This enlargement is led by the closest
loop does not degenerate the efficiency of our algorithm. point projection, wherej) is employed to approximatel;. The



not a single manifold surface, benefited from the duplicate-skins al-
gorithm, we can still generate compatible meshes on a rabbit model
and the bear model. The body of bear was selected and reshaped
to the shape of its corresponding part on the rabbit, so that the final
bear model is obtained. Figure 12 gives the original head mod-
els and the compatible meshes for two head models. The posi-
tion markers in red take the role of defining the correspondences
of semantic features. After the compatible meshes have been con-
structed, it is very easy to change the female’s nose by the shape of
the male model’s (see Fig.13). The shape variation performed in the
above three examples are all with the help of the displacement-map
technique which is widely used in computer graphics applications.
Briefly, the detail geometry of a mesh surfadgor part of a mesh
surface) is encoded on a low-pass filtekaf M, and then the en-

Skel M, —_——— = 5 aft f i S . . —
steton 1 yafter ransfommation v coded surface details are added onto another filtered iéso
X Error —+—.— Refined S that the details ok are shown oM’.
Figure 9: L2 approximate error analysis: (&} is enlarged on the
compatible meshes generated using vertex transformation (compar-
ing the approximation error of ;, andS;), and (b) the approxima-
tion error (bothS ;) andS;) can be reduced by refinirtg;.
Table 1: Computational Statistics
Examples Fig10 | Fig.11 [ Fig.12 &y A

Number of Triangles (skeleton I} 3,356 | 3,270 | 4,638
Number of Vertices (skeleton I)| 1,128 | 1,648 | 1,821
Number of Triangles (skeleton 1I) 616 2,228 | 8,030
Number of Vertices (skeleton Il)| 308 1,165 | 4,017
Number of Triangles (skin) 2,634 | 13,654 | 19,880
Number of Vertices (skin) 1,317 | 6,829 | 9,942
Comp. Time (in sec.) ~10 ~83 ~40

b
i

4;5;»"
"
7o
L
vl

J\

LK,
s
Vi)
N

A
v
Vé

o5

0y
0
X
X
:V
P

55
Ay
£
I

<\
e
s
=l

I+
)

i
5
g

=

o
S|
%
Ay,

oy
5
A

)

]
LT
SRR

=

&

error can be reduced by refini®y;) while keeping the same con- ) . . ) .
nectivity onS;. By the refinement, the approximation error shown Figure 10: Tori-MechPart example: our duplicate-skins algorithm
on §) is decreased so that the error givennis also reduced ~ can generate compatible meshes on genus-1 models with sharp-

(comparing the errors shown in different rows of Fig.9). We can €dges well recovered.
also apply the repositioning step of our duplicate-skinsSpifior
several runs to decrease the approximation error.
g T
|
|
i
i
|
i
|
I=
|
|
|
|
ployed to partially deform the mechanical part into the torus. Our i
duplicate-skins algorithm is applied to the design of a toy bear in
the example shown in Fig.11. The original bear model consists of 1 - Figyre 11: Toy bear design with our duplicate-skins algorithm.
hemisphere, 3 spheres and 3 cylinders. Although the bear model is

5 Results and Applications o

All the examples shown in this paper are tested on a standard PC -
with AMD 1.6 GHz mobile CPU and 480MB RAM. For the ex-
amples shown in Fig.10, 11 and 12, the computational statistics are
listed in Table 1.

5.1 Free-form modelling

Our first example is to apply our duplicate-skins algorithm on
genus-1 models (a torus and a mechanical-part with sharp edges).
As seenin Fig.10, twelve pairs of manually specified position mark-
ers (red points) govern our algorithm and establish correct corre-
spondences on the resultant compatible meshes. Sharp edges ar
well recovered. Then, the compatibility of the meshes are em-




Figure 12: Compatible meshes generated on head models: (a) given
heads models and the position markers defined on it (red ones), and
(b) resultant compatible meshes.

Figure 14: Shape interpolation among three head models.

+ = encode the coordinate of each vertex on clothes by the compatible
meshH;. Then, based on the correspondences between triangles
among$S;, S, andS;, we can easily fit the clothes to the shape
aroundS, andS;. Figure 16 shows a similar design automation

application in the shoe industry, where the foot models have been

. , ) previously shown in Fig.4.
Figure 13: Cut-and-Paste modelling for changing the nose on a

head model.

6 Limitations and Discussion
Figure 14 demonstrates the compatible meshes on 3 head models
so that the interpolation triangle among three head models could be ) )
determined. The-Ary compatible meshes are usually employed in  This paper presents an approach for modelling compatible meshes
the application of the parametric design of free-form models (e.g., ON give models. Our duplicate-skins algorithm works on the models
the parametric design of human models [Wang 2005]). As shown represented by polygonal meshes, a polygon soup, or a point cloud.
in Fig.15, after obtaining the input parameters from users, a set of The algorithm drives two active particle-based mesh surfaces (i.e.,
human models are selected from the human model database, wher&kins) with identical connectivity to approximate the given models
all human models stored in the database come with surfaces havéhat serves as the skeleton. One major limitation of the algorithm
compatible meshes. By a numerical optimization scheme, we canis the shrinking effects: when using skins with a relatively large tri-
determine the synthesis weights of this set of human models so thatangle size to model compatible meshes on the skeleton with com-
the result synthesized models give the user specified parametersplex details, the shrinking effect occurs around the details since the

where the synthesis is eventually a weighted blending procedure. Sampling rate on skins is low. Also, the sharp edge can hardly pre-
served if the resolution of skin mesh is lower than the resolution of

skeletons. This is in fact the problem addressed by the sampling
theory. Increasing the sampling frequency can solve this problem
to a certain degree but cannot guarantee the preservation of details
o ) ) o since there is no mechanism in our current approach to ensure de-
The application of the resultant compatible meshes is not limited to t5j| preservation. This is definitely an area we should consider in
the variation of mesh surfaces themselves. The compatible meshesghe future. One possible approach for solving this problem is to
are also very important to the design automation problem in sev- empjoy the compatible meshes generated by our method as the con-
eral industries (e.g., apparel industry, shoe industry, jewelling in- tro| network of subdivision surfaces, then the detail geometry could
dustry, eye-wear industry, etc.). In all these industries, there existspe recovered in the later mesh refinement procedure. The approxi-
a common quest for design automation: after carefully designing a mation error of our approach also needs to be further studies, and a

product’s geometry around a model in standard size and shape, it iscyrvature-based mesh refinement could be considered in our frame-
desired to automatically transform the geometry of the product to \ork to reduce the error.

other models with customized shapes while maintaining the origi-

nally spatial relationship between the product and the model (i.e., Another limitation of this approach and also all the other cross-
preserving the fitness). For example, Fig.1 shows this application parameterization algorithms (e.g., [Kraevoy and Sheffer 2004;
in the apparel industry. After constructing the compatible meshes Schreiner et al. 2004]) is that the algorithm relies too heavily on
from various input models (two-manifold mesh model, a polygon the position markers when modelling the gekusodels. For in-
soup with holes, or a point cloud), we can apply the t-FFD or p- stance in the Tori-MechPart example in Fig.10, if all the markers on
FFD technigue [Kobayashi and Ootsubo 2003; Wang et al. 2005] to the toriM; are mapped to the markers all being placed on the left

5.2 Design automation for customized products



User Input

Height: 168cm
Bust Girth: 95cm
Waist Girth: 70cm
Hip Girth: 96cm
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Figure 16: Design automation of shoes: for the given two foot mod-
els with position markers (top-left), our duplicate-skins can gener-
ate a pair of compatible meshes (top-right); after designing the shoe
around the source model, we can automatically re-warp the shoe
around the target model by t-FFD using the compatible meshes.

Figure 15: Parametric design of human models, where the human
models with compatible meshes are synthesized into a model satis-References
fying the user input parameters.
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