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Natural Phenomena and Special Effects

Blob-based liquid morphing
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In this paper, we propose a novel practical method for blob-based liquid 3D morphing.

Firstly, blobby objects are employed to approximate a given polygonal surface. The

primitives in the medial axis sphere-tree of a polygonal model are utilized as initial blobs—

this greatly improves the robustness and efficiency of the blob-based approximation.

Secondly, we establish the blob correspondences between two models by sphere cellular

matching and hierarchical matching. Finally, we interpolate the parameters of the implicit

representation to get the intermediate shapes. Experiments show our method can produce

visually pleasing liquid morphing effects. Copyright # 2005 John Wiley & Sons, Ltd.
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Introduction

The metamorphosis with liquid effect is frequently used

in computer animation and entertainment industry. In

some of the recent movies, there has been a liquid robot

emerging from a pool of water. We would like to

develop techniques for digitally reproducing similar

effects. Two problems need to be addressed: (1) to find

a model representation suitable for liquid morphing, (2)

the morphing algorithm.

Implicit surfaces are widely used in computer gra-

phics applications including geometric modeling, three-

dimensional metamorphosis, and collision detection.

An implicit surface S is usually defined by a continuous

scalar function fðxÞ with x 2 R3. The geometry of S is

given by the locus of points at which the function

fðxÞ ¼ 0. An important class of implicit surfaces is the

so-called blobby model1 and its variants—metaball2

and soft object.3 The implicit functions of these surfaces

are the sum of radial symmetric functions that have a

Gaussian profile. Their general form is like

fðxÞ ¼ �tþ
Xn
i¼1

!ifiðxÞ ð1Þ

In this formula, the parameter t is the threshold of

isosurface S, n is the number of blobby primitives, !i

is the weight for the ith primitive with default value 1.0,

and every single function fi describes the profile of a

blobby sphere with a particular center and radius. Due

to the smooth blending property of implicit surfaces, 3D

morphing can be easily performed between two given

implicit surfaces with any topological structures. The

blobby model is a natural representation for simulating

liquid. We therefore use blobby implicit surface to

represent the models under liquid morphing.

For simple objects (e.g., spheres and peanut-like ob-

jects etc.), it is easy to obtain their corresponding blobby

representations. But for a model with complex shape

such as a human body, it is a hard and tedious work to

construct blobs for the model manually. Therefore,
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automatic approaches are sought. Muraki4 is the first to

generate blobby objects automatically for shape recon-

struction. His method incrementally adds primitives

one at a time. Because this requires solving an optimiza-

tion problem when selecting every primitive, the com-

putational speed is quite slow. Tsingos et al.5 presented

a semi-automatic method for the shape reconstruction

with implicit surfaces. Its efficiency is improved by the

usage of a selection criterion based on ‘local skeleton

energy.’ Bittar et al.6 proposed an automatic approach

for implicit surface reconstruction by calculating a med-

ial axis of the volume data. However, their method

works well only for the implicit surface with a small

number of primitives. This is not enough for modeling

objects with complex geometry. On the other hand, in

the approach of Reference [6] users must select proper

medial axis resolution to generate primitives—inap-

propriate decision will lead to poor results. But selecting

a goodmedial axis resolution is by nomeans an easy job,

especially for novices.

There are many other works about surface reconstruc-

tion using implicit surfaces. Such as adaptively sampled

distance fields,7 variational implicit surfaces,8,9 multi-

level partition of unity implicit surfaces,10 interpolating

and approximating implicit surfaces using a moving

least-squares formulation with constraints.11 These

methods all can get good result, however, they are not

appropriate for 3D morphing with liquid effect.

The proposed method in this paper is a novel prac-

tical solution for automatically approximating polygo-

nal meshes with blobby objects. First of all, a medial

axis sphere-tree of the given object is constructed. Then,

primitives in the sphere-tree are adopted as initial

guesses of blobby objects, which are further refined

through an energy optimization. Since the sphere-tree

has already completely covered the surface S of a given

object M, the isosurface defined by blobs converges

rapidly to S in optimization. Compared to other earlier

techniques, the approach presented here is more robust

and efficient. Objects with complex topology and geo-

metry can be automatically approximated by blobby

objects in our scheme. This greatly benefits the morph-

ing applications.

Metamorphosis (or morphing) is the process of

smoothly transforming a source shape into a target

shape. Implicit surface based morphing techniques di-

rectly compute the metamorphosis by interpolating the

parameters of implicit functions, where the isosurface of

the interpolated implicit function represents the inter-

mediate shape in morphing. Wyvill12,13 first addressed

the implicit smooth blending method. In Reference 14,

Pasko avoided the correspondence process by directly

interpolating the implicit functions of source and target

shapes. But this technique lacks control over morphing

process. Galin and Akkouche15 discussed a morphing

method using Minkowski sum of skeletons. In

References 16 and 17, the feature correspondence issue

between objects being morphed is discussed, where

distance-fields are utilized. By treating the morphing

process as a higher dimensional interpolation problem,

Turk and O’Brien18 presented a concise morphing

approach. Treece et al.19 proposed an algorithm for

volume-based three-dimensional metamorphosis using

region correspondence, and the region correspondence

is guided by sphere-correspondence vectors between

source and target models. Using dynamic level-set and

particles, Foster et al.20 and Enright et al.21 simulated a

realistic water effect. However, these physics-based

methods are not appropriate for morphing between

two models, and the direct intersection test between a

ray and the isosurface is time-consuming when ray

tracing is adopted to render the zero level-set. What

we need is a special 3D morphing effect that is a smooth

transformation with liquid appearance.

A new 3Dmetamorphosis technique is developed in

this paper based on blobby model representation.

Our morphing algorithm borrows some idea from

Reference 22, but there are two major differences

from Reference 22. One is that we adopt optimized

blobs instead of spheres to interpolate and get blobs of

the intermediate shape. Another is that we just con-

sider one sphere and its nearest sphere instead of

minimizing the sum of ‘distances’ between two

sphere sets to establish the primitive correspondence.

Thus, more accurate shape can be generated during

metamorphosis. Also, since our blobby objects are

determined from a medial axis sphere-tree, the hier-

archical information helps us to speed up the process

of searching correspondences.

The major contributions of this article include an

overall framework for 3D morphing with liquid effect,

an automatic scheme for implicit surface reconstruction

based on blobby objects, a new field function designed

for blobby objects optimization, and a novel morphing

algorithm based on blobby representation.

In the following section, the technology of using

blobby objects to approximate polygonal meshes is

presented in detail. After that, we describe the morph-

ing algorithm with fluid effect. At the end of this paper,

several results of surface approximation and 3D meta-

morphosis are demonstrated to illustrate the function-

ality of our approach.

X. JIN ET AL.
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Copyright # 2005 John Wiley & Sons, Ltd. 392 Comp. Anim. Virtual Worlds 2005; 16: 391–403



Approximating Polygonal
Meshes

We propose a new algorithm for approximating given

polygonal meshes by blobby objects. First of all, points

are sampled on the polygonal mesh M so that a medial

axis sphere-tree � can be generated from the sample

points, which are called forming points. Based on the

forming points, spheres are incrementally added into �

to increase the approximation accuracy. The sphere-tree

� is presented in a hierarchical structure, where the

spheres at the most detail level are further reformed to

blobs whose isosurface gives a better approximation of

M. The parameters of blobs are determined through an

energy optimization. An illustration of the major steps

in our blobby approximation approach is shown in

Figure 1.

Sphere-Tree Construction

The medial axis of an object represents its skeleton and

can be defined as the centers of a set of maximally

sized spheres that fill the object. It can be intuitively

considered as the set of points that are the farthest inside

the object, forming a skeleton that gives information on

the object’s topology and geometry. Thus, these points

are very good candidates for becoming skeletons of

blobby objects whose isosurface approximates the

object’s shape.

Medial axis sphere-tree is a hierarchical structure of

spheres whose centers locate on the medial axis. In

our method, the blobby objects approximating a given

polygonal mesh are generated from the spheres in a

medial axis sphere-tree of the mesh. We call these

spheres as medial-axis spheres. A number of algorithms

have been developed for the construction of medial axis

sphere-trees. The sphere-tree construction algorithm

employed here conducts an iteration scheme to update

the medial axis approximation adaptively, tightly

based on Reference 23.

The surface of a given polygonal mesh M is repre-

sented by an arbitrarily large set P of sample points. The

medial axis sphere-tree is constructed on these sample

points. When computing the medial-axis spheres, the

surface of M is considered to be completely covered if

the full set of P are covered by spheres in �. To reflect

this requirement, the root of sphere-tree is a sphere s0
enclosing all points in P. The sphere s0 will be subdi-

vided into a number of smaller spheres to get a more

Figure 1. The process of blobby surface reconstruction.
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accurate approximation. Therefore, an upper bound on

the approximation error of a medial-axis sphere is need.

The following measurement is used,23

e ¼ r� kq� ck ð2Þ

where e is the approximation error, r is the radius of

the sphere, c is the center of the sphere, and q 2 P is the

surface point closest to c. Based on Equation (2), the

forming point q could be selected and introduced into

the Voronoi diagram to generate more medial-axis

spheres.

The hierarchy of a medial axis sphere-tree is com-

pleted through the process of adaptive medial axis

update and sphere reduction. When generating the

spheres in level L of � from the spheres in level

(L� 1), the Voronoi diagram in level (L� 1) is firstly

updated by adding new forming points so that the set of

spheres contains ten times the sphere number of the

target. Then, the number of spheres is reduced by an

expending algorithm.23 The spheres in level L segments

the sampling points held by spheres in level (L� 1) so

that the object is divided into sub-regions with as

little overlap as possible. Each region that defines

the areas of the object must be covered by a

set children spheres. These spheres form the next level

of hierarchy. Figure 2 shows an example of the

hierarchical structure.

Blobby Fitting

Through constructing the medial axis sphere-tree, we

obtain the sphere representation of a given objectM. The

blobby model is created from the spheres by taking

centers of them as skeletons with associated field

function, whose isosurface approximates the surface of

M. The parameters of blobby objects are then optimized

to achieve a better approximation.

Def|nition of Field Functions. Field functions

employed in a blobbymodel can be classified into global

and local ones. The global field functions such as

Gaussian functions utilized in References [1,4] become

zero at infinite. But if global field functions were used,

the computational cost will be quite expensive when

there are many primitives included, and their fields will

overlap each other globally. These factors limit the

number of blobs that could be involved. Therefore, we

choose local polynomial field functions in our blobby

model. Local field functions (e.g., the one introduced in

References [2,3]) decrease to zero at the distance of

influence radius R. Based on the local influence region,

a fast computing speed can be achieved. Besides, local

field functions offer local controls on their defined

implicit surfaces, which is extremely important for

using implicit surfaces to approximate a given mesh

Figure 2. A dragon model and the three levels of its medial axis sphere-tree.
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surface. Due to this local property, when adjusting the

parameters of one blob, the surface region defined by

other blobs will not be influenced. As the parameters of

the field function will be modified through a numerical

optimization process, the number of parameters will

directly affect the dimension of searching space in

optimization. The fewer dimension, the faster computa-

tion could be given in the optimization. Therefore, we

propose a new field function as following

fiðpÞ ¼ ð1þ BiÞ2 1� r2i
R2
i

� �2

; if ri 2 ½0; Ri�
0; elsewhere

8><
>: ð3Þ

where i represents the index of a primitive, ri ¼ dðp; ciÞ
returns the Euclidean distance from a given point p to

the center of blob ci, Ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2i ð1þ B�1

i Þ
q

defines the

influence region, ei is the radius of ith media-axis sphere,

and Bi is a factor to adjust the shape of fi. This field

function actually defines an isosurface using points as

skeletons. In our approach, we take the spheres in the

most detail level of the medial axis sphere-tree as the

initial blobs of the approximation model. The centers

of the medial-axis spheres form an approximation of

the object’s skeleton. To accelerate the optimization

procedure, the positions and radii of blobs are fixed,

so we only have one parameter to be optimized for

each blob.

In this paper, we set the threshold t of the implicit

surface equation to 1.0. By this setting, from Equation

(3), it is not difficult to find that the implicit surface

defined by blobs is the sphere itself if there is only one

medial-axis sphere. When there are a number of medial-

axis spheres, the implicit surface covers the surface of

the union of spheres tightly. This can be considered as

another benefit of using Equation (3). Figure 3 shows the

relationship between medial-axis spheres and their cor-

responding isosurface.

Optimization of Blobby Parameters. Since the

medial axis sphere-tree is developed for collision detec-

tion purpose but not for surface approximation, visual

artifacts will arise in the reconstructed shape if we take

the medial-axis spheres as blobs and generate the

implicit surface directly without optimization. This

can be seen in the left of Figure 4. Therefore, we

need to adjust blob parameters to achieve the best

approximation.

Here we determine the parameters of blobs through

an optimization procedure. The implicit surface formed

by blobs is as defined in Equation (1). Our optimization

follows the principle that an ideal approximation of M

given by fðxÞ ¼ 0 is that every point onM exactly lies on

fðxÞ ¼ 0. Thus, we first sample the given object M into

points; then, an objective function is defined as

E ¼ 1

m

X
p

ð fðpÞÞ2
 !

ð4Þ

where p is a sample point on M and m is the number of

sample points. By minimizing E, the best approximation

is determined.

Since all the blobs come frommedial-axis spheres, the

spheres give a good estimation for the primitives’ radii

and positions. For the blobby model given in Equation

(3), only the parameter Bi is chosen to be adjusted

during the optimization. In practice, we find that if the

Figure 3. An example relationship between medial-axis spheres (left) and the corresponding implicit surface (right).
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number of blobs is large, it is hard to compute the global

optimization in a short time. To speed up, we adopt a

local searching strategy to minimize E. In other words,

we optimize the primitives one by one. After several

iterations (usually 3), the surface fðxÞ ¼ 0 gives a smooth

approximation of M with small error. The surface

shown in the right of Figure 4 is an optimized implicit

surface from the spheres (level 3) in Figure 2.

Metamorphosis

Objects with complex topology and geometry can be

automatically approximated by blobby objects through

our above method. This greatly benefits three-dimen-

sional metamorphosis with liquid effect. In 3D morph-

ing approaches, most models are initially defined as

polygonal meshes. In order to solve the correspondence

problem, some approaches convert polygonal models

into implicit representations (e.g., the skeleton-based

method,24 or the sphere-based techniques.19,22) Some-

times volume data can also be utilized to establish the

correspondence.25 Then, the blended surfaces in morph-

ing are generated by extracting polygonal meshes from

the interpolations of implicit surfaces (or volume data).

Here we demonstrate a morphing approach which is

based on our blobby approximation of polygonal

meshes.

In our blob-based surface approximation, an implicit

surface is defined as an isosurface expressed by the field

functions of primitives—blobs. The implicit surfaces

are usually morphed by interpolating underlying

primitives. Therefore, the correspondences between

blobs need to be established. Several skeletal element

based heuristics for matching and interpolating isosur-

face have been proposed.26,27 They can be classified into

two categories: (1) techniques that match elements

according to their positions in space (so-called cellular

matching), or (2) approaches that require extra informa-

tion about the elements (i.e., hierarchical matching).

Also, a pre-processing step is necessary to ensure that

both initial and final shapes have the same number of

primitives. For our blob-based morphing algorithm, the

number of primitives, which are the blobs approximat-

ing given source and target polygonal meshes, is not

necessary to be same. Both cellular matching and hier-

archical matching can be performed automatically

based on our blobby approximation technique. Here,

we first establish the sphere matching in the medial axis

sphere-trees of source and target objects, the blob

matching is then obtained accordingly.

CellularMatching

In Reference 22, the authors reformulated the primitive

matching problem as aminimumweight bipartite graph

matching problem. Here, we borrow some idea from

them but develop a different scheme for sphere match-

ing. When a 3D metamorphosis is expected between

two objects MA and MB, the blobby approximations of

them are modelled and their corresponding spheres are

stored in sets �A and �B. First, we transform the spheres

in �A and �B to align them into a common canonical

Figure 4. The implicit surface of the dragon model without optimization (left) and with optimization (right).
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position. Then, the matching pairs of spheres in �A and

�B are established with the minimum matching-dis-

tance. A matching-distance dða; bÞ22 between two

spheres a 2 �A and b 2 �B is defined as

dða; bÞ ¼ � ðxa � xbÞ2 þ ðya � ybÞ2 þ ðza � zbÞ2
� �

þ ðea � ebÞ�
ð5Þ

where (xi; yi; ziÞ; ei are the center position and radius of

sphere iði ¼ a; bÞ, and �; � are parameters to define the

property of a matching-distance. By varying �; �, we

can assign different weights to the size and location of

the primitives. For all examples in this paper, we adopt

� ¼ 1 and � ¼ 1.

Suppose there are m spheres in �A and n spheres in

�B, the matching-distances between each pair of spheres

in �A and �B are computed and stored in a distance

matrix Dm�n, where the element di;j 2 Dm�n represents

the matching-distance from the ith sphere in �A to the

jth sphere in �B. After that, a matching matrix Cm�n is

constructed by the following steps:

* Set every element in Cm�n to zero;

* Check every row in Dm�n—for the elements in the ith

row of Dm�n, if the kth one di;k is minimum among all

elements in the same row, ci;k 2 Cm�n is assigned to

one;

* Every column in Dm�n is detected—if the kth element

in the jth column dk;j is minimum among all other

elements in the same column, the element ck;j 2 Cm�n

is set to one.

After constructing the matching matrix, for an ele-

ment ci;j 2 Cm�n, if ci;j ¼ 1, a correspondence exists be-

tween the ith sphere in �A to the jth sphere in �B;

otherwise, there is no link between them. Based on the

matching matrix Cm�n, every sphere in �A has at least

one corresponding sphere in �B, and vice versa.

HierarchicalMatching

Using the cellular matching, we can get the sphere

matching between set �A and �B. However, if the

number of spheres in �A and �B is large, the computa-

tion is pretty expensive; also, the matching results

usually cannot provide correct feature correspondences.

Here, the hierarchical structure in the sphere-tree � is

employed to overcome above problems.

Usually, the features of a given object are separated by

spheres at coarse levels in �. In a sphere-tree, the

children spheres must cover the areas of given model

that covered by their parent sphere. Based on this

property, we can first relate the features between two

objects by matching the spheres at coarse levels—either

automatically or manually. Figure 5 shows a compar-

ison about the correspondences established manually

and automatically. After that, the correspondences of

spheres in two matched features are further computed

by the cellular matching scheme introduced above.

Figure 6 illustrates a hierarchical matching between

two given models represented in sphere-tree. In prac-

tical operation, thematching is always performed in two

phases: the feature correspondences are firstly estab-

lished between coarse level spheres of the source and

target objects by automatically cellular matching—if

manual adjustment is needed, just modify it; then, the

children spheres in the pair of corresponding feature

spheres are further matched automatically. This ap-

proach is a hybrid between global and local matching.

Whether to perform the matching process automatically

is given as an option to users.

Interpolation of Surfaces

After blob matching, we can interpolate between the

matched blobs to get the transition between objectsMA

Figure 5. Comparison of primitives correspondences: left one (manually), and right one (automatically).
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and MB. When one blob with weight !i corresponds to

k blobs, we split the blob into k sub-blobs. The weight

for each sub-blob is set to !i=k. We interpolate the

following parameters: the centers, the radii, the

weights, and the parameters Bis of each blob pair.

The constraints of interpolation can be set to let the

radii of spheres, or the volume of the implicit surface

vary linearly. Computing the interpolation following

latter constraint is expensive since it is very difficult to

directly go from volume to the position of spheres

(there is no general unique solution). Thus, we simply

choose linear interpolation for all parameters. For

the positional path for each pair of blobs during inter-

polation, we can either use linear path as shown in

Figure 13, or use other user-defined paths (e.g., the

result in Figure 12).

Results

The goal of this research is to develop a technique for

liquid 3D morphing based on the implicit surfaces

defined by blobby objects. We have implemented both

the approximation algorithm and the 3Dmorphing with

liquid effect on a PC with standard configuration (Inter

PIV 2.4GHz CPUþ 512MB RAM). Our algorithm has

been tested on a variety of polygonal models. The

results can be robustly obtained by our approach. In

the following, several examples will be given, and the

images are rendered by ray tracing adopting fast

ray-blob intersection test.27

SurfaceApproximationby Blobby
Objects

The surface approximation results are demonstrated in

Figures 7–11. Each figure is arranged in pair, with a

polygonal mesh and its corresponding blobby model.

Themedial axis sphere-tree of a given polygonal mesh is

first constructed; then, the optimized blobby model is

determined by minimizing the distance between the

implicit surface defined by blobs and the sample points

on the given model. To solve this minimization problem

of Equation (4), we get an approximate solution by

using the downhill simplex method.28 The models with-

out sharp features can be approximated quite well by

our approach; however, the surfaces with very sharp

features are problematic for our algorithm because

blobby model is not suitable for representing sharp

features. In our testing examples, all major features on

Figure 6. An example of hierarchical matching.

Figure 7. A torus polygonal model (left) and the implicit surface approximated by blobs (right).
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Figure 8. A two-torus polygonal model (left) and the reconstructed blobby surface (right).

Figure 9. A bear polygon model (left) and its blobby representation (right).

Figure 10. A stomach polygon model (left) and its blobby representation (right).
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a given model can be well captured but the sharp

features are rounded off. The running time analysis of

our algorithm for the examples shown in Figures 7–11 is

listed in Table 1. By our current implementation, all

examples can be finished within 20 minutes.

3DMorphing with Liquid Effect

The images shown in Figure 12 are six frames in the

animation of ‘Liquid Robot Morphing,’ in which a lot of

drops are firstly collected together and then morphed

into a robot. The camera is moving during the animation.

In Figure 13, a torus is liquidly morphed to a two-torus.

Conclusion

In this paper, a 3D morphing method with liquid effect

is proposed. Firstly, we have designed an automatic

algorithm for approximating polygonal meshes with

blobby objects. The implicit representation using blobs

is constructed through an energy optimization proce-

dure so that the distance between the isosurface of blobs

and the given mesh is minimized. Primitives in the

medial axis sphere-tree of a given polygonal model are

utilized as the initial guess of blobs—this greatly im-

proves the robustness and efficiency of the blobby

model based surface approximation. Objects with com-

plex topology can be automatically approximated by

blobby objects through our method, which greatly ben-

efits the morphing applications. Secondly, we have

developed a three-dimensional metamorphosis ap-

proach, which employs the reconstructed blobby objects

of given polygonal meshes. With the help of the hier-

archical structure of a sphere-tree, we establish the blob

correspondences between the source and target models.

The intermediate shape is obtained by linearly interpo-

lating the parameters of blobby objects. Examples are

given at the end of the paper. As a byproduct, the blobby

approximation could also be utilized to compress 3D

model data.

Figure 11. A Venus polygon model (left) and its blobby model (right).

Model Figure Time for spheretree Time for the optimization Total time (s)
construction (s) blobbyobjects (s)

Torus 7 300 19 319
Two-torus 8 912 111 1,023
Bear 9 594 83 677
Stomach 10 811 101 912
Venus 11 663 108 771

Table1. Therunning time of blobbymodelapproximation
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Figure 12. The six frames of liquid robot morphing.

Figure 13. Liquid metamorphosis from a torus to a two-torus.
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However, as mentioned before, the aliasing on sharp

or thin features exists when using blobby objects to

express the shape of given models. The reason is that

spheres are isotropic. In our future work, anisotropic

primitives, for example ellipsoids, will be considered to

achieve a better approximation on the region with

fine-scale features.
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