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Segmenting a Deforming Mesh into Near-Rigid Components

Abstract Given a deforming mesh in an animation, we praion [16]. Different applications may require different mesh
pose a new method to segment this mesh into several nsagmentations due to their different requirements. In gen-
rigid sub-meshes. From this deforming mesh over all framegal, most previous studies can be classified into two cat-
of an animation, we can analyze the degree of deformatiegories: patch-based and part-based segmentation methods
between two nearby faces on the mesh. Then, our algoritf28]. The patch-based methods usually segment a mesh into
partitions the given deforming mesh into near-rigid compalisk-like patches for applications such as texture mapping
nents where the segmentation boundaries always pass af¥2;20] and parameterization [10]. On the other hand, the
gions of large deformation. As a result, the mesh segmenpart-based methods partition a mesh into several so-called
tion is invariant to all frames of the given animation and theeaningful components[1,2,15, 16, 25] for applications such
motion of faces in each near-rigid-component can be regs modeling by example [7] and 3D model retrieval [34].
resented by the same approximate affine transformation. To

demonstrate the usefulness of the algorithm, we solve the

restriction of deformation transfer for triangle meshes [31] 2 Related Work

which requires similar reference poses between source mesh

and target mesh. . . N . .
Using different partitioning metrics, many automatic ap-

proaches have been proposed such as region growing [13],
hierarchical clustering [9], iterative clustering [23,27], spec-
tral clustering [5], fuzzy clustering [16] and approximate
convex decomposition [21]. Among them, many distance
metrics such as geodesic distance and angular distance be-
tween triangles are used to partition static meshes. Large
distance usually means the barrier exists between partitions,
1.1 Background thereby cutting the given mesh into sub-meshes at regions
with large distance.

Mesh segmentation plays an important role in computer gris¥st previous methods concentrate on segmenting static
ics for applications such as metamorphosis [10,17,18, Z2eshes. Recently, there are several methods working on seg-
30, 33], texture mapping [12,20], compression [14,19], siftenting non-static (e.g. deforming) meshes [11,15,19,28].
plification [8], collision detection [21], and skeleton extracln [15], the approach transforms the original mesh into a
multi-dimensional space so that the sub-meshes are similar
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cluster the vertices with similar motion, thereby partitioningy M = VV~1, where
meshes into sub-parts. Both methods compress each payti-
tion independently in their animation compression applica-~— = == "= "* ~
tions. However, from their results, the cutting boundary ma§= [V2 — V1 V3 — ¥y Vs — V1] 3)

deviate from the deformable regions. Therefore, the Negys, for each aimed posen the animation sequence, we
rigid partitions are not always obtained. can determine the deformation gradient of each facbe-
cause there exists a deformation transformakithetween

fl and f!, wheref' and f! denotef; in reference and aimed
poses, respectively. The difference of the deformation gra-
dient between any two adjacent facésand f; can be ob-
tained by a matrix subtractiod! — M!. We set the Frobe-

In this paper, we propose a new method to segment a déss norm of this difference to be the deformation distance
forming mesh into several near-rigid sub-meshes. We destween these two faces. In addition, our algorithm normal-
scribe a new distance metric based on the degree of the ides this distance by dividing it by the geodesic distance
formation between two nearby triangles over all frames &eod fi, f;), whereGeod fi, f;) is the distance between the
an animation. In this paper, a region with larger distance beentroid of adjacent facefsandf;. This is due to the follow-
haves with more deformation than areas with smaller digig observation in Figure 1. In this figure, when two similar
tance. The proposed algorithm sets segmentation boundagiissrete lines are bent into curves, the one with fewer ver-
at regions with more deformation in order to obtain neatices has larger rotation angles for adjacent edges marked by
rigid sub-meshes. These near-rigid sub-meshes are powirsles. Therefore, we should take this factor into account
tially helpful to many applications such as LOD of an aniand make deformation of the smaller triangles as obvious as
mation mesh [11] and deformation transfer [31]. possible by geodesic length normalization. This is especially

) {%ue in deformable regions which usually have smaller faces
In [31], there is a very useful approach proposed to trans{@b, other regions. Later in Section 3.2, this observation is

the existing deformation from the source mesh to the targgly seful to determine if two adjacent faces are deformable

mesh. However, this approach requires the reference posefot. The normalization of deformation distance can deal
of both source and target meshes to be similar. Otherwi§gi poth cases well in Figure 1.

the transferred results can be very unpleasant. Since our seg-
mentation method can segment a deforming mesh into near-
rigid sub-meshes, we can determine the rigid transformation

of each near-rigid sub-mesh; thereby adjusting the reference

poses of both source mesh and target mesh to be similar. The ¢

deformation transferred from source mesh to target mesh

with variant reference poses is used to demonstrate the use ¢ » »
fulness of the proposed algorithm.

[Vo — V1 V3 — V1 Vg — V1] 2

1.3 Contributions

2 The Distance Metric for Deforming Mesh

Fig. 1 The right curve with more vertices has smaller rotation angle
. . . between adjacent edges.
We propose a distance metric based on the deformation gra-

dient [31] of two adjacent faces in an animation sequence.
In this paper, this metric is called deformation distance. @ur algorithm computes the deformation distance between
very recent work [26] in mesh editing application also usesljacent facesand j in each frame, and chooses the largest
deformation gradient to extract material properties includne denoted aBjj. Djj is used to evaluate the degree of
ing rigid and non-rigid information. Deformation gradient isleformation between these two faces among all frames of
the non-translation portion of an affine transformation whidhe given animation. Therefore, the proposed distance metric
can represent the change between the reference pose anébthie deformation of two adjacent faces is formulated as:
aimed pose, including orientation, scale and skewv|_and ME— Mt 112
Vi,i € 1...3, be the vertices of two triangles, and Sumner gl = max M7= i IF
al. [31] add the fourth vertey, in the direction perpendicu- ! Geod fj, fj)

= yvteT (4)
lar to the triangle, where

WhereT is a sequence of animation poses. The distance be-
(V2 —Vvp) x (V3 — V1) tween two adjacent faces will be comparatively small if both
e V(2 —v V3 —V (1) faces have similar deformation gradients. Otherwise, the dis-
2= V1) X (Vg = V1) tance becomes large. Barriers are formed at the place which
Therefore, the non-translation transformation (i.e., deformiaas a large deformation, and these barriers separate the faces
tion gradient) between these two triangles can be obtairegghrt on the two sides of them. This is the reason why the
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proposed algorithm can partition the mesh at regions wi
large deformation.

3 Segmentation Algorithm

The proposed segmentation method is composed of the 1
lowing steps.

i i Fig. 2 (a) We show the deformable regions on the mesh. The color
L g:(?t?orr?tg f dual graph for the given deforming meShngicates that the region is deformable or not. It is close to blue if the

region has more deformation; otherwise close to white. (b) Showing

. . ... the faces in seA with maroon and seB with white. (c) A feature face
2. Select feature faces and determine to which partltlonp n blue is extracted from sd&. (d) The influence regioR in light

belongs in Section 3.2 green is obtained by the level set algorithm. (e) Assign all the faces in

. . the infl ion to sét
3. Execute face clustering process to partition the mesh i "muenceregionfo's

Section 3.3

4. Smooth segmentation boundaries in Section 3.4 After a feature facg has been extracted, our algorithm will
create an influence regidR for p. An influence regiorR

More details about each algorithm will be described in the 3 near-rigid cluster and it includes a set of faces mear
following Subsections. For each pose, we use [31] to compute the deformation gra-
dients of all faces irR and then average these deformation
gradients [24] to represent the approximate deformation of
the influence regiofiR. The deformation oR is near-rigid
throughout the animation sequence. Next, our algorithm will
checks if this newly founded feature fapavill form a new

In [16], a dual graph of the mesh is generated to help megértition or will join with an existing partition. We determine
segmentation. Our algorithm builds a dual graph for the givédtis by evaluating the similarity of two average deformation
deforming mesh, too. In this algorithm, the distance metrgitadient between any existing partition and this influence re-
for the dual graph is computed by the combination of gegionR. Therefore, our algorithm may extract several feature
desic distance and deformation distance. Since the distafages to represent a partition and potentially get the better
between two nearby faces is obtained, we apply all-pali@sults, especially for the long, narrow sub-meshes. Finally,
shortest path algorithm to find out the distance between a@y algorithm iteratively extracts other feature faces until the
pair of faces on the mesh. The formal expression is sho@rea of the influence regidis smaller than a certain thresh-
below: old.

Geodfj, fj) (1- )Deforn{fi,fj) (5) Our feature extraction algorithm is described in the follow-
avg(Geod avgDeform ing steps. In this algorithm, the face sétandB are used to

Wheref; andf; are any pair of faces on the me&eod i, f;) help us to find the feature faces in the deforming mesh.
andDeform(fj, f;) are the geodesic distance and deformat. Look over all faces on the mesh and determine the face

(a) (b)

3.1 Dual Graph Generation

DiS(fi, fj) =0

tion distance between faé¢end facej, respectively, and fi is in the deformable region or not. If the distance from
is the user-specified weight which usually ranges from 0.1 f; to any of its adjacent fac§; is larger than a certain
to 0.2 in our experimental results. thresholde, where this threshold ranges from 0.3 to 0.8

in our experimental results, we assidinto the setA,
otherwise, assigf to the seB (Figure 2 (a) to (b)). The

_ ) setB contains faces that deform slightly and are potential
3.2 Automatic Feature Faces Extraction candidates for features faces.

. . . 2. Extract the feature facp from the setB which is the
In this step, the algorithm automatically extracts several fea- ¢, ihest face (i.e., with the maximum distance by Eq. (5))

ture faces on the r_nesh to represent the initial partition_s. The_n,to faces in the se (Figure 2 (b) to (c)). This is a good
the algorithm assigns the remaining faces to a certain parti- psice to pick a feature face that is far away from the

tion in the face clustering step. The purpose of the algorithm -4 jn deformable regions and all existing partitions.
is to partition a deforming mesh into near-rigid sub-meshes.

Therefore, on each sub-mesh, the part that deforms the m8stCreate the influence regidtfor the new feature facp
tends to lie near its boundary. In other words, the feature and find the average deformation gradishtor R [24].
faces to be extracted are the triangles far from these bound-Then, we comparB with all the existing cluster§,i =
ary (i.e., deformable) regions. 1...k. If there exists some clustgrsuch that its average
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deformation gradienN " is similar enough taN (i.e., tion:

| N—N"|2< 7, where this threshold ranges from 0.4 )

to 1.6 in our experimental results), we mergeo ¥j; MN ) Dis(f,p) dpe R
otherwise we seR as a new partitiot, ; (Figure 2 (c) RCPTEh

to (d)).

(6)

In the above equatiomis( f, p) is the distance from facé

. Move all faces including in the influence regioR from to feature facep.

the setB to the setA. Therefore, in the next iteration (in

step 2), we can find a new feature face that is not only f~~
. . _ (@)

away from the deformable region, but is also far awe

from the existing partitions. Note that we Btbe a set

of feature faces in partition whereR, € ¥ and is needed

in the face clustering algorithm in Section 3.3. Therefor:

the extracted feature fagqeis also assigned 8. Repeat

steps 2 to 4 until the area of the influence regi®dis

smaller enough (Figure 2 (d) to (e)).
Fig. 3 (a) For the green face, the distancé imlarger than the distance
& because of the deformable edges. (b) The geodesic distance from
green face to is a lot larger and thus the combined distance is
larged.

Note that in the step 4, after several iterations, the influe
regionR is becoming smaller and smaller, since more ari
more faces were grouped into the 8eflhis algorithm uses
the idea of the level set to create the influence region for a

feature face. We set the newly obtained feature face (in siggwever, due to unobvious deformable edges (i.e., deforms
2) as level 1 and all remaining faces in the Aats level 0. gjightly), or the geodesic distance is very far from the fea-
By applying [32], the harmonic distance can be viewed @gre face, some faces near boundary may be assigned to the
a fade out value between 1.0 and 0.0. Then our algorlthmong partitions by minimizing Eq. (6). For example in Fig-
picks up the faces whose value is between 1.0 and 0.01,{@ 3 (), if the geodesic distance from the green face to the
form the mflu_ence region. Since faces in the Aatere ex- right feature face is much larger, then the combined dis-
cluded for being selected as fez_:lture faces, we set these faggRge tor may be larger than the distancd t@herefore, the
as level 0. Therefore, the algorithm does not select any fag@en face will be assigned to the wrong partition in the left
in the setA to appear in the influence region for a new feasige. To reduce this problem, we consider the influence of
ture face. Finally, after the above algorithm, the faceB in gther non-feature faces in a partition. In Figure 3 (b), since
are extracted feature faces for partition there is a deformable region, the distance between the green
face to all the faces in the left partition is larger. Therefore,
the average distance from the green face to the left partition
is probably larger than the right one, and then the green face

) is assigned to the right partition. In addition, as mentioned
3.3 Face Clustering

After the feature faces are selected in Section 3.2, the f
clustering algorithm determines to which partition each fa
belongs based on the distance between the face and the
ture faces. Since the distance is much larger when there
deformable edges between two faces. In this case, they

very likely to be assigned to different partitions. Thereforenin
the partitions are separated by deformable edges. As shown

in Figure 3 (a), red circles are two feature fatesdr, and

the green triangle is an arbitrary face on the mesh. The p

from the green triangle to the left feature fdaeeeds to take
more effort to cross a barrier (deformable edge), however

e

in Section 3.2, those feature faces are always selected to be
far away from deformable regions. It is a good heuristic to
make these feature faces to remain as close as possible to
center of the partition. In other words, both the distance
m the face to feature faces and the average distance to all
§s in the partition are considered, and therefore we refor-
M§ates the objective function Eq. (6) by the following:

are
z min(Dis(f, p),avg(Dis(f,F))) I3p€ R (7)
RCPfeR

WhereavgDis(f,F)) is the average distance frofmto the
faces inF, and the distance between the fdcand the par-

fton i is min(Dis(f, p),avg(Dis(f,F)) 3p € R. The algo-

the right feature face needs not. Therefore, the green triarfithm executes face clustering by minimizing Eq.(7) in an
gle is much closer to the right featureand face clustering iterative manner which is described as follows:

algorithm will assign the green triangle to the right partition
Here we letR andF be the set of feature faces and the s
of all faces in partitiori, wherei =1...k,F = U}‘le,, and
P= U!‘ZlP., suchtha® C K, FNF=0andRNP; =0if 2. Next, for each facd < F, assignf to the partitioni if
i # j. Therefore, in order to achieve the above face cluster- the distance (i.e., using miDis(f, p),avgDis(f,F)))
ing, our algorithm minimizes the following objective func- Jp € R) from f to the partitioni is the shortest one.

le. Initially, consider the feature faces in each partition as its
initial partition. That is, we sdf = R.
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3. Finally, if there is a facd that belongs to partitionin
the previous iteration, butt is assigned to partitiofy in
this iteration, where # j, we repeat Step 2 to Step 3
again.

Sinceavg(Dis(f,F)) will be changed as iterations are exe-
cuted, the partition of the fackewhere it belongs potentially
changes. The repeated loop will end until there is no face
transferred from one partition to another one. In our experi-
ment, the number of iteration is usually less than 10.

Using our face clustering algorithm, two disjoint region&ig. 5 The tail of horse is segmented into three partitions according to
with similar movement may be clustered into the same parfgformation information in its animation sequence.

tion as shown in Figure 4. By applying disjoint set algorithm

[6] to each partition, we can find out several clusters which

are disconnected to each other. The partition is valid if a Yvs:

only if there is only one cluster in this partition. Otherwis Dij edge;
our algorithm will assign the feature faces in each cluster

avgD) avgedge ®
a new partition and go back to the face clustering again.
P g gad whereedgeg; is the length of an edge shared by facand

face j, avg(D) is the average ob;j, andavg(edge is the
average oedge;. In our experimental results, we setless
than 0.1.

Oapacityj =a +(1-a)

4 Segmentation Results

Figure 7 shows several experimental results by using our
segmentation algorithm. Different partitions are rendered in
different colors and some key frames of their mesh sequences
are also shown in this figure. Using the proposed algorithm,
the segmented boundaries can always be set on the deformable
regions of the meshes. The meshes can be successfully par-
Fig. 4 Disjoint regions (i.e., with same color) may be clustered inttitioned into several near-rigid components. In the next sec-
the same partition. tion, we will demonstrate the usefulness of these segmented
results. Let us have a further look at the racing horse ex-
ample in Figure 5. In this example, the tail of horse is seg-
mented into three partitions due to the deformation of tail
in the animation sequence as shown in Figure 7. In contrast
3.4 Boundary Smoothing to our algorithm, both [15,16] consider the shape property
such as concavity rather than deformation information. Both
(%5, 16] do not segment the horse tail into three components,

Up to now, the algorithm has already segmented the dg;qq there is no obvious concavity on the tail in Figure 5.

forming mesh into several partitions. But, the rough cu erefore, it is not suitable to apply [15] and [16] for seg-

ting boun_dary may look visually unpleasant. So the goal enting deforming meshes into near-rigid components. As
this step is to make them as smooth as possible. There ar.

. . ; © fléntioned in Section 1, different applications require differ-
several boundary smoothing algorithms available to achie [ segmentation schemes
this goal [4,15,16]. For simplicity in implementation an '
without changing the connectivity of the mesh, we refer téigure 6 shows an example of the experimental comparison
[15] and apply maximum flow minimum cut algorithm [6]between [19] and our algorithm. Both algorithms segment
to solve it. The idea of smoothing algorithm is to find she same mesh of a running horse sequence used in [19].
minimum cut that can pass through the deformable regittsing the proposed algorithm, thighs, legs, and hoofs are
with the smallest capacities. In order to preserve the smogttouped into different partitions. These parts are separated
boundary and cutting positions still lie on the deformableom the head and body part. In this animation sequence, the
regions, the capacity is the combination of the deformationovement of head and body is very similar and is differ-
distance with the length of the edge which is shared by the=at from those of other parts. Therefore, our result is more
two faces. Therefore, we apply the definition of [15] and setasonable than that of [19] in this example. Although [19]
the capacity of each two adjacent faces in the region as falso use motion similarity to cluster faces, their results can
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Fig. 7 More Segmentation examples.
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& | ! g ! ! Fig. 8 An experimental comparison between the proposed algorithm

(right) and [11] (left) for segmenting the same mesh of a running se-
Fig. 6 An experimental comparison between the proposed algoritHifdence.
(right) and [17] (left) for segmenting the same mesh of a running se-
quence.

Another comparison with [11] is shown in Figure 8. From
this example, it is very obvious to notice that both segmenta-
tion results are quite different. In the left side [11] of Figure

not segment meshes into near-rigid components well. Md@gthose faces in the same partition (with the same color) may
examples can be seen in their paper [19]. not be connected to each other. In addition, some faces in
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black color do not belong to any partition. This kind of sec .
mentation result is suitable to some applications like ski  * / -

ning mesh [11]. However, this method may not benefitsor gl "+ . , | . / .
applications such as deformation transfer [31], since we ¢ .- ::\‘\ y \ " Solid Transforn  w_ | R :

not use these partitions to adjust the reference poses ofso \ — ;;.-:r .

and target meshes. / . W -
Dual Graph Feature Clustering | Fig. 9 Rigid transformation can adjust the orientation of the target par-
Generation | Extraction | Final Cut | tition to be similar to the source partition.
Horse (16843 faces) 405(s) 181(s) 220(s)
(48 key-frame) (28 features)
H“’(g%”kglﬁgg?ngces) 296(s) (172%@5) 333(S) | For each pair partitions, we compute a rigid transformation
Dinosaur (20000 faces)  539(s) 163(s) 339(s) | for them. Each rigid transformation is used to adjust the ori-
(9 key-frame) (23 features) entation of each target partition to that of the corresponding
Hand (15855 faces) 328(s) 292(s) 153(s) | source partition in the reference poses. Therefore, when our
Lig?]"(%g%aggés) 5 (56é‘;‘"2‘;‘;res) o5 algorithm transfers the deformation of a source face to the
(9 key-frame) (29 features) target face, we do not only consider the deformation gradi-

ent of the face, but also consider the rigid transformation of
Table 1 Timing statistics for segmentation result on animation Sgyg belonged partition. In Eq. (9), we reformulate Eq. (7) in
quences. [31] to solve the restriction of deformation transfer for tri-
angle meshes in [31] which requires similar reference poses

between source mesh and target mesh.
Our segmentation algorithm was implemented on Intel Pen-
tium 4 3.4GHz PC with 2.0 G Ram. Several timing statistics
for experimental results are shown in Table 1. The major M|
bottlenecks of the proposed algorithms are: 1) dual graph min Z | Rj x Ssj—Tj ||2
generation, and 2) face clustering and boundary smoothiﬁﬁdl”'TT+dT 1=
parts. The computational complexity of these two parts is:
O(F?logF + IF?), whereF is the number of faces in thesubject toT;vj +d; = Tyv; +dk, Vi, Vj,k € p(vi) ()]
mesh and is the number of iterations in the face clustering
algorithm. These two parts are involved with all-pairs shortvhereR; is the rigid transformation of the partition which
est path computation, therefore the computational cost facej belongs.
g:‘esls-g;i?ss ;Ei;g;;%;g f?fse igiﬁg;ﬁig&ﬁgﬁéfﬂgf%%%e our algorithm can segment meshes into near-rigid com-
; . : nents well, we can find good rigid transformations for
meshes first, then segmenting meshes and finally propag)

ing segmented results to the original meshes. In the futurﬁl m. As a result, we can obviously see that the results with

we plan to include this suaaestion to reduce the computatia id transformations are better than those simply obtained
cosg 99 P By [31] as shown in Figure 10 and 12. From these two fig-

ures, our results look quite good, although there are some
minor artifacts. For example, the hoofs of the camel are un-
naturally deformed in the bottom row of Figure 10. This is

5 Deformation Transfer with Variant Poses because the segmentation does not select the hoofs as sepa-
rate components.

To demonstrate the usefulness of the algorithm, we apply

our _near—rlgld seg_mente_d results to the appl|cat|_on c_Jf def%r'Conclusions and Future Work

mation transfer with variant poses. For this application, our

algorithm first partitions the source mesh according to its an-

imation. Next, the target mesh is compatibly segmented irfbis paper presents an automatic approach to segment a de-
the same number of partitions based on their face correspforming mesh into near-rigid components. In addition, the
dence between source and target meshes using [31]. Givepplication of deformation transfer with variant poses is used
corresponding partition pair in Figure 9, and the face corre» demonstrate the usefulness of the algorithm. There are
spondence is known between these two corresponding saveral future works to be explored soon. First, we would
titions. Therefore, the corresponding normal vectors of ealike to reduce our computation cost by the method suggested
pair faces are known, too. Then, we can apply [3] to compute[15, 16]. Second, the memory requirement of the all-pairs
a rigid transformation that can be used to transform theslgortest path is a significant limitation and drawback of the
normal vectors in the target partition to the correspondiqoposed algorithm. We plan to investigate a new method
normal vectors in the source partition as close as possiblevithout the requirement of the all-pairs shortest path. Third,
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Fig. 10 (a) and (b) show that deformation transfer from horse to camel. However, the retargeted animation is crashed in (c) due to different
reference poses. More reasonable results are obtained by our algorithm in (d).
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