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Progressive mesh metamorphosis
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This paper describes a new integrated scheme for metamorphosis between two closed

manifold genus-0 polyhedral models. Spherical parameterizations of the source and target

models are created first. To control the morphing, any number of feature vertex pairs is

specified and a fold-over free warping method is used to align two spherical embeddings. Our

method does not create a merged meta-mesh or execute re-meshing to construct a common

connectivity for morphs. Alternatively, a scheme for the progressive connectivity

transformation of two spherical parameterizations is employed to generate the intermediate

meshes. A novel semi-overlay with a geomorph scheme is proposed to reduce the popping

effects caused by the connectivity transformation. We demonstrate several examples of

aesthetically pleasing morphing sequences using the proposed scheme. Copyright # 2005

John Wiley & Sons, Ltd.
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Introduction

Three-dimensional mesh metamorphosis (or morphing)

has been an active research topic in recent years. It has

been widely used in many applications such as compu-

ter animation, game design, and the entertainment in-

dustry. The mesh metamorphosis technique generates a

smooth transition from a source mesh into a target mesh

based on considering the geometrical connectivity and

materials of the two models such as position, color, and

texture. In 3D mesh morphing research, the primary

issue is computing vertex or triangle correspondence

between the source and target meshes.

The correspondence problem in themeshmorphing is

closely related to surface parameterization or called

embedding.1–6 Before surface parameterization, the

models are compatibly decomposed into patches.

Patches can be disk-like1–3,5,6 or cylinder-like topol-

ogy.3,5 Then, the embedding merging is used to com-

pute correspondence in many previous works. To bring

better correspondence,3,4,6,7 warp embeddings to align

the feature vertices. However, the warping function can

produce a fold-over. To avoid the fold-over, Alexa4

attempts to warp the embedding as much as possible

to align the feature vertices. Zockler et al.3 employ a fold-

over free warping8 to deal with this problem. Lin and

Lee7 suggest a re-partitioning scheme to handle this

problem. Alternatively, Praun et al.9 and Michikawa

et al.10 propose re-meshing techniques to establish

consistent meshes for morphing. These two works do

not require mesh merging. However, the re-meshing

technique requires a great number of refinements to

achieve the desired accuracy (in particular for sharp

features) for the input meshes.

The mentioned above approaches require a common or

consistent mesh connectivity and therefore the correspon-

dence problem is solved. However, both approaches have

the disadvantage of requiring a commonmesh of tremen-

dous size.7 Recently, Lee et al. propose novel solutions7,11

to this problem. Both approaches do not require mesh

merging and remeshing to establish a common mesh for

morph interpolation. Alternatively, both approaches gra-

dually change the morph mesh connectivity from the

source into the target mesh. Therefore, the intermediate

meshes are much simpler than those generated by pre-

vious approaches. However, they point out that the

popping effects could occur due to the connectivity
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transformation.7 This would be a large disadvantage for

morphing visualization.

SystemOverviewand
Contribution

A brief overview of the proposed scheme is shown in

Figure 1. Our scheme proceeds by first creating sphe-

rical parameterizations of the input models. Therefore,

we do not require a compatible model decomposi

tion1–3,5–7,9–11 which is usually a difficult and tedious

task. Then, the spherical parameterizations are aligned

with the feature vertices using a foldover free warping.

To reduce popping effect, vertexmatching and the semi-

overlay feature vertices and edges are proposed before

connectivity transformation. Finally, the connectivity

transformation and linear interpolation with geomorph

is developed to generate smooth morphs. In the pro-

posed system, we use a spherical embedding approach4

combined with a variant of an image foldover-free

warping technique8 to establish the correspondence

between two closed manifold genus-0 meshes. The

proposed method to solve foldovers by using edge-

swaps can be depicted in Figure 2.

The major contribution of this paper is described as

follows. A new integrated scheme for mesh metamor-

phosis is proposed. Without full spherical parameter-

ization merging or re-meshing, the proposed method

extends7 to transform the spherical parameterization

connectivity from the source to the target meshes. The

proposed method is more reasonable in terms of the

required number of vertices and faces than previous

works. A novel semi-overlay with a geomorph scheme

is proposed to reduce the popping effects caused by the

connectivity transformation.7

ConnectivityTransformationof
Spherical Parameterizations

In this paper, we extend a recent work7 to execute

connectivity transformation of spherical parameteriza-

tions. The basic idea of this previous approach can be

illustrated using Figure 3. In this figure, it first executes

a sequence of VSOs (vertex split) to insert all target

Figure 1. A brief overview of our scheme. Both models are colored according to curvature that increases from blue to red.
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vertices on the source embedding (i.e., (a)) and then it

executes a sequence of VROs (vertex removal)) to re-

move all source vertices (i.e., (b)). While removing

source vertices, the source edges are removed, too.

Finally, it executes a sequence of ESOs (edge swap) to

insert each target edge on the source embedding and

thereafter the source embedding is transformed to the

target embedding. According to some geometric metrics

of vertex and edge7 on source and target embeddings, it

schedules the execution orders of VRO, VSO, and ESO

operations among a sequence of morphing animation

and therefore the source embedding is progressively

transformed into the target embedding. In addition, to

reduce the number of these three operations, the rough

vertex matching is executed on embeddings. For more

details, please see Reference [7].

We attempt to transform connectivity of two given

spherical embeddings. Furthermore, we propose a semi-

overlay (Section ‘Semi-Overlaying the Embeddings’)

and geomorph (Section ‘Geomorph’) to enhance this

method to reduce the popping effect. Our extension

proceeds first by rough vertex matching and then mer-

ging the feature vertices/edges that are most likely to

cause the popping effect on both spherical embeddings.

Consecutively, similar to Reference [7], we perform

three operations (VRO, VRO, and ESO) on the spheres

instead of 2D embeddings. Finally, we linearly inter-

polate the vertices with geomorph to create morphing.

To implement our spherical extension, these three op-

erations are performed nearly the same as in Reference

[7] on the 2D embeddings. Specifically, there is a major

difference required when an edge is inserted using a

sequence of ESOs. On the spheres, an edge is an arc (i.e.,

the shortest path) between twopoints. Therefore,weneed

to compute this arc and its intersections with other edges

before a sequence of ESOs.WeuseReference [4] approach

to efficiently compute the edge intersections on spheres.

Finally,we should comment that the spherical extension

has a major advantage over.7,11 On the spheres, we do

not need to pay attention to the boundary problem in

Reference [7,11].Therefore, theoverall algorithmbecomes

much terser and easier to implement.

SmoothConnectivity
Transformation

Semi-Overlaying the Embeddings

We attempt to generate the intermediate meshes at a

reasonable size to reduce the popping effects in the

morphing sequence. The merging approach does not

have a popping problem but the connectivity transforma-

tion does. To reduce popping, the semi-overlay approach

combines the merging and connectivity transformation

ideas. We do not fully merge two spheres but partially

merge the vertices and edges that will have the most

potential to cause popping. In contrast to the merging

approach, we do not create too many new triangles

because this method uses a semi-overlay. Specifically,

ESO (   ) ESO(   )

(a) (b)

Figure 2. A simple case of face unfolding using an edge swap (ESO) is shown in (a). If a face is warped to foldover its adjacent

face, the shared edge of these two faces is swapped to unfold these two faces. If the fold-over face crosses many faces as shown in (b),

we first perform warping until the fold-over is simplified into a simple case, such as that shown in (a). The edge swap is then used

to unfold the faces.
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…
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Figure 3. Progressive connectivity transformation between

source and target embeddings.
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the semi-overlay is performed after the rough matching

rather than vice versa. This can potentially reduce the

number of vertices and edges to be merged. Therefore,

the semi-overlay does not increase a great number of

triangles.

A mesh M is described by a pair ðK; VÞ, where K is a

simplicial complex representing the connectivity of ver-

tices, edges, and faces; V describes the geometric posi-

tions of the vertices in R3 . In the general setting of 3D

morphing, two meshes M0 ¼ ðK0; V0Þ and M1 ¼
ðK1; V1Þ are given. After the correspondence of the input

meshes is built, the corresponding vertex pairs on the

input meshes can be obtained by a bijective mapping

function � (see Figure 4). Then the intermediate meshes

MðtÞ ¼ ðKðtÞ; VðtÞÞ; t 2 ½0; 1� can be obtained using

shape and connectivity transforming. The vertex pair

interpolation (i.e., shape transformation) does not cause

popping effects. On the other hand, both KðtÞ and kVðtÞk
(i.e., number of vertices) are different between consecu-

tive frames and therefore popping effects are created.7

In this paper, we quantify the popping effects as the

distance variations between M00 ¼ ðK0; �ðV0ÞÞ and

M1 ¼ ðK1; V1Þ. An objective function is defined as

Equation (1) that represents the distance variations

between M00 and M1. To reduce this objective function,

we propose a semi-overlay strategy. First, all vertices

for the input meshes are evaluated using a function

Equation (2) for the source vertices and Equation (3) for

the target vertices. Both equations are formulated as

curvature variations multiplied by the face area. All

vertices from both models are then sorted according to

Equations (2) and (3) into a single vertex queue in a

decreasing manner. Once a new vertex is inserted on

either the source or target embedding, both embeddings

have this vertex pair and, therefore, an objective func-

tion Equation (1) is reduced. However, this insertion

generates new triangles on either the source or target

embedding. Therefore, a trade-off must be made be-

tween popping and the complexity of the intermediate

meshes. Simply, we set up a threshold on Equation (1)

and repeat selecting a vertex from the vertex queue until

the threshold is reached. Once a vertex is selected from

an embedding, it is inserted onto the counterpart em-

bedding. Furthermore, if an edge fvi; vjg 2 K0

S
K1 and

vertices vi and vj have been inserted, then this edgemust

also be inserted. In this manner, the semi-overlay inserts

both the vertices and edges that have the greatest

potential to cause popping effects.

E ¼
X

xi2X
distðxi; �ðxiÞÞ ð1Þ

Where xi 2 R3 and this belongs to a finite set X that

accurately fits mesh M00.

CM0
0
ðviÞ ¼ jcurM0

0
ðviÞ � curM1

ð�ðviÞÞj � areaðT1Þ ð2Þ

CM1
ðviÞ ¼ jcurM0

0
ð��1ðviÞÞ � curM1

ðviÞj � areaðT0Þ ð3Þ

Where curMðvÞ represents the mean curvature of vertex v

on mesh M; triangles T0 2 K0 and T1 2 K1 (see Figure 5).

Thepositionof�ðviÞ is locatedat the interior, an edgeora

vertex of a triangle. To compute area(T1), we average two

triangle areas sharing this edge or we average 1-ring

triangle area sharing this vertex for edge and vertex cases,

respectively.Wecomputearea(T0)inasimilarmanner.The

feature edges, i.e., creases where the geometry has a

discontinuous tangent plane, preservation is important

for a smooth morph. Reference [7] assign a high priority

for feature edges. However, the feature edges will still be

handled by ESO or VRO in a morphing sequence and a

visual discontinuity could be produced. Therefore, the

feature edges in both the inputmeshes are also defined as

candidates toperformasemi-overlay.Asimple threshold-

ing technique is adopted to detect the feature edges. If the

normal vector variation of the neighbor faces of an edge is

larger thanauser-defined threshold, this edge is identified

asa featureedge.Wewillalsomerge thesefeatureedges in

semi-overlay.

Figure 5 shows the semi-overlay results. The red

regions in Figure 5 (c–e) represent the merged vertices

or edges. This also implies that these regions tend to

cause popping effects in a morphing sequence if local

merging is not performed (i.e., semi-overlay). After

performing local merging, the variation between M00
andM1 are reduced (especially at the nose and the neck).

Geomorph

Hoppe12 presents a nice property of the connectivity

transformation, that is, the geomorph. The geomorph

Figure 4. A bijective mapping function � between two meshes

M0 and M1.
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is a smooth visual transition between two successive

meshes MðtÞ and Mðtþ�tÞ, i.e., MðtÞVRO;VSO�����!Mðtþ�tÞ,
where �t is a time step. In this paper, we propose a new

geomorph approach to reduce the popping effect while

the connectivity of spherical embeddings is changing.

The primary idea is to generate the geomorph by

MðtÞVRO;VSO�����!Mðtþ�t� �Þ, where � is the number of

successive frames to execute a VRO or VSO operation.

In other words, we attempt to make the popping effect

caused by each operation dispersed among the succes-

sive � frames. Using such a geomorph approach, a

smoother transition can be obtained and the popping

effects in a morphing sequence can be further reduced.

Figure 6 demonstrates an example of a geomorph zoom-

in viewed from amorph between a cows head and a pig’s

head. In this example, we demonstrate how a VRO

operation on an apex vertex v is handled by the geo-

morph. Without the geomorph, this apex vertex v is

removed at t as VRO is scheduled to remove it. In

contrast, with the geomorph, we do not remove it until

tþ�t� � and linearly interpolate its position before its

removal. In this example, the popping effects are

dispersed on average among four successive frames

(i.e., � ¼ 4). As a result, a smoother transition is obtained

as shown in Figure 6(b). A VSO on a vertex v0 can be

handled in a similarmanner. Take Figure 6 as an example

again but in inverse in terms of t. Without the geomorph,

v0 is inserted and splitting triangles, and then v0 becomes

v at t. With the geomorph, v0 inserted and splitting

triangles at t, and v0 and v is linearly interpolated. Finally,

at tþ�t� �, v0 becomes v. The visual effect is similar to

Figure 6(b) but in inverse order. We can expect vertex v0

to be gradually pumped out and becomes v.

In addition to VRO and VSO, the geomorph can also

be applied to edge insertion. In Reference [7], they show

that an edge can be inserted into an embedding using a

sequence of valid edge swaps. However, executing a

sequence of edge swaps on a local mesh region could

cause the popping effects. There are two possible ap-

proaches to solving this problem. The first approach is

to distribute the sequence of edge swaps among several

successive frames (as shown in Figure 7(a)). The second

approach is that a sequence of edge swaps is replaced by

a sequence of vertex split operations and a sequence of

vertex removal operations (as shown in Figure 7(b)).

These substitution operations (i.e., VRO and VSO) are

then handled by a geomorph. A transition generated

using the second approach could be potentially

smoother than those generated using the first approach,

because the first approach must execute a discontinuous

transformation, i.e., edge swap. However, the drawback

of the second approach is that there too many VRO and

Figure 5. The semi-overlay of a cow’s head M0 and a pig’s head M1. Both M00 and M1 are shown in (a) and (b), respectively. The

semi-overlay results for M00, M0, and M1 are shown in (c), (d), (e), respectively.

Figure 6. The geomorph for the vertex removal. A smoother visual transition is shown in (b); (b) is the enlargement of the red

circle shown in (a).
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VSO operations are required. Therefore, the first ap-

proach seems more efficient than the second approach.

Furthermore, the number of vertices in the intermediate

meshes generated using the first approach is fewer than

those generated using the second approach. Therefore,

our geomorph adopts the first approach to insert an

edge.

The Connectivity_Transformation() algorithm shows

the pseudo code for the proposed techniques including

the semi-overlay and connectivity transformation with

geomorph. In the beginning of this algorithm, rough

vertex matching is performed in the VertexMatching()

procedure. The semi-overlaying described in Section

‘Semi-Overlaying the Embeddings’ is performed in the

Semi-Overlaying() procedure. Each vertex and each edge

priority in both embeddings are then calculated in the

PriorityCalculation() procedure. In Reference [7], the two

vertices on two embeddings that are closet to one

another are termed as a matched pair in the Vertex-

Matching() procedure. The vertex priority is defined

as the vertex curvature multiplies by the face areas

that surround the vertex. The edge priority is defined

as the normal variations of the neighbor faces of this

edge multiply by the areas of these faces. The priorities

are sorted and then normalized (i.e., various from 0 to 1)

to relate the priority to the frame time t; 0 � t � 1.

Therefore, in Connectivity_Transformation(), we can sche-

dule the VRO, VSO, and edge creation execution orders

in term of t, i.e., vertex or edge priority.

In Connectivity_Transformation(), we employ the

proposed geomorph technique to all VRO, VSO, and

edge insertions. Geomorph is performed during several

successive frames to obtain a smooth visual transition.

In the Connectivity_Transformation() algorithm, the

Algorithm Connectivity_Transformation(M0,M1)
{
VertexMatching();
Semi-Overlaying();
PriorityCalculation(); /*Calculate the priority of each vertex and each edge */
For each matched verticesvi

vi:priority  1; /*Assign an initial value to each matched vertices */
For t 0 to 1 {
Foreach vi 2 VðtÞ /*The intermediate mesh MðtÞ ¼ ðVðtÞ; KðtÞÞ*/
If(vi:priority � t��t � �)
/*�t is time step; � is the number of frames to perform geomorph*/

VRO (vi); /*Vertex removal operation from MðtÞ*/
For each vi 2 V1 /*The target mesh M1 ¼ ðV1; K1Þ*/

If(vi:priority � t)
VSO (vi);
/* Vertex split operation: add vertex from Vi to VðtÞ*/

EdgeInsertionWithGeomorph();
/* Edge insertion with geomorph: insert edge from K1 to KðtÞ*/
InterpolationWithGeomorph (MðtÞ);
/* Generate the intermediate mesh MðtÞ using
linear interpolation with geomorph*/

MeshRefinement (MðtÞ);
/* Refine the intermediate meshMðtÞ*/
Output (MðtÞ);
/* Output the intermediate meshMðtÞ*/
Mðtþ�tÞ ¼ MðtÞ;t ¼ tþ�t;
}

}

Figure 7. Two approaches for executing an edge creation.
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vertex andedgeprioritiesare critical todeterminingwhen

the geomorph is started and ended for each operation.

Initially, thepriorityisset to1 (i.e., infinite) forallmatched

vertices produced by both the VertexMatching() and the

Semi-Overlaying()procedures. Thesematchedverticeswill

not necessarily performVSOorVRO in thewholemorph-

ing time. In other words, the matched vertices will not

necessarily be interpolated with the geomorph. These

matched vertices are only linearly interpolated. Only the

unmatched vertices require the geomorph. Once these

unmatched vertices becomematched and finish the corre-

sponding geomorph interval (i.e., ft � tþ�t� �g),
they are linearly interpolated until the end of the mor-

phing sequence like those matched vertices using Vertex-

Matching() and the Semi-Overlaying() procedures.

In the connectivity transformation, if the priority of

the unmatched vertex is equal to the time frame t, the

VRO or VSO will be performed with the geomorph for

this unmatched vertex. The VRO or VSO geomorph is

handled in the InterpolationWithGeomorph() proce-

dure. For the VRO, a vertex vi 2 VðtÞ is removed until

the time frame equal to vi:priorityþ�t� �. In the

ft � tþ�t� �g time interval, a geomorph for the

VRO is performed (as shown in Figure 8(d)). This

unmatched vertex vi is linearly interpolated with its

corresponding vertex vpos belonging to the intermediate

meshMðt ¼ ðvi:priorityþ�t� �ÞÞ. For the VSO, a vertex

vi 2 V1 is inserted into MðtÞ and set vi:match ¼ true

when the time frame t is equal to vi:priority. In the

ft � tþ�t� �g time interval, a geomorph for VSO is

performed (as shown in Figure 8(c)). This inserted

vertex is linearly interpolated with its corresponding

vertex vpos belonging to the intermediated mesh

Mðt ¼ ðvi:priorityþ�t� �ÞÞ.

Figure 8. A sketch of the geomorph for VSO and VRO. The paths (a) and (b) show the linear interpolation between two

correspondence vertices. The path (c) shows the VSO geomorph. The path (d) shows the VRO geomorph.

Procedure InterpolationWithGeomorphðMðtÞÞ
{
For each vi 2 VðtÞ {
/* For matched vertices */
If vi:match ¼ true {
/* Geomorph for VSO */
If (vi:priority < t) and (vi:priority � t��t � �)
vi  ðvi:priority þ�t � � � tÞ � v0 þ ðt� vi:priorityÞ � vpos

/* Where v0 2 Mðt ¼ ðvi:priorityÞÞ vpos 2 Mðt ¼ ðvi:priority þ�t � �ÞÞ
and vi correspond to v0 and vpos */

Else
vi  ð1� tÞ � v0

i þ t � v1
j;

/* Where v0
i 2 V0;v1

j 2 V1 and v0
i match with v1

j (linear interpolation) */
}Else {/* For unmatched vertices */
/* Geomorph for VRO */
If (vi:priority � t) and (vi:priority > t��t � �)
vi  ðvi:priority þ�t � � � tÞ � v0 þ ðt� vi:priorityÞ � vpos

Else
/* Where v0

i 2 V0 and �ðv0
i Þ 2 M1 */

vi  ð1� tÞ � v0
i þ t � �ðv0

i Þ;
}

}
}
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In the EdgeInsertionWithGeomorph() procedure, an

edge ei 2 K1 is inserted into the intermediate mesh

KðtÞ if the priority for this edge is smaller than or equal

to the time frame t. The edge insertion consists of a

sequence of valid edge swaps. For performing an

edge insertion geomorph, only one edge swap is per-

formed per frame at the ft � tþ�t� pg time interval,

where p is the number of edge swap for inserting a

new edge. This procedure is very similar to FirstPass-

EdgeSwap()7 except that we disperse the edges swaps

among p frames. Therefore, the pseudo code is omitted

here.

Experimental Results

We have implemented our system on a Pentium 4 2.2G

PC with 512M memory. Many pleasing morphing se-

quences have been generated using the proposed

morphing scheme. These examples are shown in

Figures 1, 11–13. In this paper, the warping function

proposed by Reference [4] is used to align feature

vertices and the proposed method is used to solve the

foldover during the warping process. With edge swaps,

the feature vertices, in general, are much better coin-

cident than Reference [4]. The feature coincidence is

important for the morphing applications. If the feature

vertices cannot be well aligned, a strange and unex-

pected morphing result could be generated. For exam-

ple of the Figure 9(a), the hoofs of the input models are

not well aligned and the morphing sequence is strange.

A better result generated by the proposed warping

method is shown in Figure 9(b). In addition, we find

the warping with edgeswap perform much faster than

the original method4 as shown in Table 1.

In Figure 10, we show different thresholds on the

parameter E of Equation (3) and obtain different number

of vertices in both models. We do not want to increase

too many vertices and triangles in our experiments.

Therefore, we always select a threshold with an increase

of the number of vertices below 10% of the original

input models. For example, in Figure 10, we will select

cases between (a) and (b).

We demonstrated several pleasing morphs and the

connectivity transformations in Figures 11–13. To de-

monstrate the robustness of the proposed morphing

scheme, several examples of the input models with large

different shapes or data sizes are selected. In addition,

we add many features up to 93 to control morphs in

these examples. In the example of the Figure 12, the

input model is very different in shapes. For example,

the horse feet are very noticeable but rabbit does not.

The example of Figure 13 is another extreme case. Both

the input models have large data sizes. The number of

vertices in the source and target models is up to 44 955

and 50 002, respectively. In the examples of the Figures

11–13, not only the shape and connectivity transition is

generated, the color material is also be generated by

linear color blending. The example of the Figure 12 is

similar to References [7,13]. Lee et al.13 and Lin et al.7

define 60 and 63 feature pairs, respectively, on this

example. In their video clips, the pumping out the horse

feet from the rabbit looks too narrow at the beginning. In

this paper, our warping method is foldover free and we

can add more number of feature pairs up to 93. There-

fore, unlike their results, we obtain a more elaborate

morph in particular for legs. Finally, Table 1 shows

some statistics in terms of vertices and triangles for

the intermediate meshes. Using the proposed scheme,

the intermediate meshes are much simpler than those

Figure 9. Comparison of the feature alignment between the warping without edge swaps (a) and the warping with edge swaps (b).

The morph sequences (right) are enlarged from the red quadrangles (left).
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Source/target Number Methods Number Maximum WarpingTime Shape and Number of
models of features of edge error time connectivity vertex ranges

(Number of vertices)/ vertices swap (seconds) transformation Number of
(Number of faces) time (seconds) face ranges inM(t)

Fig.1 (5471,10938)/ 35 (a) � 0.04534 589.922 35.32 (3899^5534)/
(3755, 7506) (b) 28 0.00544 58.219 (7794^11064)

Fig.11 (2982, 5960)/ 52 (a) � 0.00099 366.047 20.24 (3191^3227)/
(2995, 5986) (b) 1 0.00099 45.25 (6378^6450)

Fig.12 (10002, 20000)/ 93 (a) � 0.01970 658.703 101.32 (3134^10083)/
(2982, 5960) (b) 2 0.00397 70.87 (6264^20162)

Fig.13 (44955, 89906)/ 41 (a) � 0.00097 381.625 1298.95 (44955^50002)/
(50002,100000) (b) 0 0.00097 381.625 (89906^100000)

Table1. The comparison of thewarpingmethodbetween Reference [4]’smethod (a) and the proposed
method (b) The 3rd column shows the number of feature vertices.The 5th column shows the number
of edge swap for solving foldover.The 6th column shows themaximumdistance of the correspondence
feature vertices on the unit sphere.The 7th column shows the warping time for these two methods.
The 8th column shows the connectivity transformation time to generate 50 frames and the 9th column

shows a range of thenumberof vertices andtriangles for the intermediatemeshes.

Figure 10. The number of vertices after semi-overlaying; left part: the number of vertices v.s. the parameter E on Equation (3);

right part: the semi-overlaid vertices and edges are visualized in red color; full merging will create nþm� kþ t vertices, where t

is the number of intersections after semi-overlaying.

Figure 11. Morphs between the models of a pig and a horse.
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generated by previous approaches. Either merging or

re-meshing approach usually generates about several

times of input models for intermediate meshes. For

more examples, please see our accompany video.

Conclusion and FurtherWorks

A novel integrated scheme for metamorphosis between

two closed manifold genus-0 polyhedral models is pre-

sented. The proposed method adopts a foldover-free

warping approach to align the spherical embeddings

with several user-defined feature pairs. A new semi-

overlaying scheme and a geomorph approach are used

to reduce the popping effects caused by the connectivity

transformation. In contrast to other previous works, not

only the intermediate meshes generated by the pro-

posed method have reasonable number of vertices and

a smoothmorphing is also obtained. Several future works

can be done and are described as follows. To perform 3D

morphs with texture is interesting and challenging future

work. Simply interpolating texture attributes such as our

examples can only work for simple examples. We are

planning to design a better approach. Although the

morphing sequences are smooth and the popping effects

are reduced, the connectivity transformation is still

Figure 12. Morphs between the models of a rabbit and a horse.

Figure 13. Morphs between the models of a venus’s head to a shaven head.
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discontinuous. A continuous connectivity transforma-

tion is required for a smooth morphing and for

solving the popping problem. The optimization of the

number of edge swap operations can be a very difficult

but interesting problem. It relates to the problem in

computational geometry of edge-swapping distance of

triangulations. However, the continuous connectivity

transformation must be solved first, since the discontin-

uous connectivity transformation is due to the edge

swap operation. In addition, we are planning to exploit

NPR technique14 to visualize our 3D metamorphosis

method in near future. For colour images in this paper,

please see them at http://couger.csie.ncku.edu.tw/

~vr/CAV85/color_figures.htm.
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