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Abstract. This paper describes a method for topology-free shape morphing based on region cluster-based Earth Mover’s Distance (EMD)
flows, since existing methods for closed curve/surface-based shape morphing are inapplicable to regions with different genera. First, the shape
region is decomposed into a number of small clusters by Fuzzy C-Means
clustering. Next, the EMD between the clusters of two key shapes is calculated and the resultant EMD flows are exploited as a weighted manyto-many correspondence among the clusters. Then, the fuzzy clusters are
transported based on the EMD flows and a transition control parameter.
Unlike the closed curve/surface-based methods, the morphs using cluster transportation are not guaranteed to be a binary image, and hence
graph cut-based binary denoising is applied to a volumetric image of the
two-dimensional position and the one-dimensional transition control parameter. The experiments demonstrate that the proposed method can
perform morphing between shapes with different genera, such as walking
silhouettes or alphabetical characters.

1

Introduction

For a long time, image morphing [1] has attracted much attention in the image processing and computer graphics fields, because it serves as a powerful
image/video editing tool for creating unique visual effects in view morphing [2]
and 3D face synthesis [3]. Image morphing techniques are further used in computer vision and pattern recognition areas to generate view-interpolated images
for efficient supervised learning [4] and training samples for deformable shape
matching [5] [6].
In the early stages of morphing research, correspondences between geometric
primitives including points, lines, and curves were manually given and various
types of warping functions were proposed, such as mesh warping [7], field morphing [8], the radial basis function [9], thin plate spline [10], energy minimizationbased function [11], and Multilevel Free-Form Deformation (MFFD) [12] [13].
During the middle stages, methods for automatic correspondence were proposed
to reduce burdens of user input [14] [15] [16] [17] [18]. As the above methods rely
on image texture, they are not applicable to shape morphing without texture.
On the other hand, the shape morphing problem is treated predominantly
as a shape contour/surface deformation problem because of its compact expression [19] [20]. The morphing target is, however, limited to shapes with the same
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(d) Split disks

Fig. 1: Examples of pairs of shapes: (a), (b) and (c) with different genera (left: 0 genera,
right: 1 genus), and (d) with a different number of shapes.

genus; in other words, most of the existing methods cannot deal with morphing
of shapes with different genera, such as morphing from a disk to an annulus
in a 2D domain (Fig. 1(a)) or from a ball to a torus in a 3D domain. Indeed,
this limitation is critical for many silhouette-based applications including hand
posture recognition (Fig. 1(b)), gait recognition (Fig. 1(c)), and action recognition. Although several methods [21] [22] can treat such topology differences,
they suffer still from a tedious process which requires significant user input.
To cope with such topological changes, volume-based approaches were proposed and they generally fall into two categories, distance field approaches [23]
[24] and level-set approaches [25] [26].
The distance field approaches first constructs a signed distance field to contour/surface for each shape and then generates an intermediate contour/surface
by interpolating the signed distance fields. It is, however, reported that the distance field approaches sometimes produce undesirable pop-up artifacts [25]. For
example, in case of morphing from a single disk to two distantly split disks (Fig.
1(d)), while the center disk disappears by erosion, the two split disks emerge as
points and are dilated to the destination disks.
The level-set approaches also constructs the signed distance field and then
a contour/surface is evolved based on a partial differential equation within socalled ”narrow band” in the Level-Set Method (LSM) [27]. Because the narrow
band gradually moves in the evolution process and it never pops up from the
other region, it sometimes fails in reaching the destination shape. For example,
in case of morphing from a single disk to two distantly split disks (Fig. 1(d)),
the two split disks never emerge because the narrow band disappears after the
center disk erosion and does not pop up from a region of the two split disk.
Consequently, we propose a method for topology-free shape morphing based
on region cluster-based EMD flows in a 2D domain. The shape region is first
decomposed into a set of small clusters and then EMD flows between the clusters
of two key shapes are calculated. Each cluster is morphed and blended according
to the many-to-many correspondence of the EMD flows and transition control
parameter. Since the proposed method relies on the EMD flows, that is, a kind
of warping motion, it is applicable not only to shapes with different topologies,
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but also to a different number of shapes as in (Fig. 1(d)), which results in more
interesting split-process morphing as shown in Fig. 10.

2

Related work

Automatic morphing of textured image: Gao et al. [14] proposed an energy minimization approach based on image feature consistency and deformation
amount, while Tekalp [16] and Toshev et al. [15] exploited optical flow-based feature correspondences and saliency region correspondences, respectively. Chen et
al. [17] exploited pixel correspondence based on range data and camera pose
for view interpolation. Shechtman et al. [18] proposed a regenerative morphing
from small pieces of the two source images based on source similarity and time
coherence. Zhu et al. [28] [29] formulated morphing of textured images as optimal mass transportation problem and solved it in iterative energy minimization
framework.
Polygonal/polyhedral shape morphing: Sederberg [19] proposed a 2D polygonal shape morphing method based on work minimization of the vertex deformation. Kent et al. [20] extended the idea to 3D polyhedral shape and computed a
transformation process by interpolating between corresponding vertex positions.
These methods is, however, not applicable to free-form shape.
Non-rigid shape matching and registration In addition to pure morphing techniques, it is possible to include shape contour matching techniques,
such as those based on geodesic distance [30] or the Earth Mover’s Distance
(EMD) [31], in the shape morphing, as the matching results give the correspondence of each point on the contour. Non-rigid shape registration is also related
to contour/surface-based shape morphing. Non-rigid shape is usually expressed
as line segments for a 2D shape or surface meshes for a 3D shape and the correspondences of the contour/surface between two shapes are obtained in the
registration process based on minimum distortion criteria [32], a data-driven
deformation prior [33], or a elastic convolved ICP [34]. Then, interpolated nonrigid shapes can be generated based on the correspondences. These methods are,
however, not applicable to shapes with different genera.

3
3.1

Earth Mover’s Morphing
Construction of floating-bin histogram

The first step involves constructing a floating-bin histogram from a shape silhouette. First, the 2D position in the image is defined as x = [x, y]T and subsequently, a silhouette image I(x) is defined as

1 for inside shape
I(x) =
(1)
0 for outside shape.
The shape silhouette can also be expressed as a setP
of points within the shape as
Xs = {x|I(x) = 1}. In addition, an area A(I) = x I(x) and area-normalized
weight w(x) = I(x)/A(I) are calculated in preparation of our formulation.
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(a) Key shapes

(b) Cluster means
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(c) Membership

Fig. 2: Results of Fuzzy C-Means clustering. In each pair, the left and right images are
the source and destination, respectively. Cluster mean positions are depicted as a red
cross in (b). In (c), each color corresponds to a cluster and the membership for all the
clusters is depicted with alpha blending.

Next, Nc fuzzy clusters are obtained by Fuzzy C-Means (FCM) clustering [35]. The reason that fuzzy clusters are chosen instead of a hard clustering
method such as k-means clustering, is the effectiveness of the fuzzy property in
the denoising process in the final step described in 3.4.
Let the cth clusterfs mean, weight, and membership at x be x̄c , w̄c , and
mc (x), respectively, which satisfy
P
mc (x)x
x̄c = Px∈Xs
(2)
x∈Xs mc (x)
P
mc (x)w(x)
P s
(3)
wc = x∈X
x∈Xs mc (x)
Nc
X

mc (x) = 1.

(4)

c=1

Thus, a floating-bin histogram is composed of a set of bin means X̄ = {x̄c }
and a set of bin weights w = {wc }. Examples of the FCM clustering results are
shown in Fig. 2.
3.2

Acquisition of EMD flow

The second step involves acquiring EMD flows from a source to a destination
shape. Let sets of histogram bin means and weights for the source shape be
X̄ s , ws and those for the destination be X̄ d , wd , respectively. Then, the transportation cost and a flow (transportation amount) from the jth bin of the source
shape to the kth bin of the destination shape are denoted as tjk and fjk , respectively.
Though the transportation cost is typically defined as the Euclidean distance
between the bin means djk = ||xsj − xdk ||, this sometimes induces an inhomogeneous work assignment, that is, a situation in which the transportation distances
of a few flows are too long, while the majority of the others are relatively short. As
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Fig. 3: NOR region-crossing distance.

this inhomogeneity is undesirable in morphing in particular, we use the squared
Euclidean distance tjk = d2jk instead. Since the squared distance is more sensitive to a distant transportation, the transportation distances tend to be similar
to one another, in other words, the clusters tend to move closer together.
Moreover, when a large deformation is necessary in the morphing process,
it often happens that several flows cross a NOR (Not-OR) region as shown in
Fig. 3. Although it depends on the particular situation whether or not crossing
the NOR region is undesirable, this can be suppressed by adding a NOR regioncrossing distance to the transportation cost as
2

OR
tjk = d2jk + λN OR dN
,
jk

(5)

where λN OR is a coefficient of the NOR region-crossing distance.
Finally, the EMD flows are optimized in the following framework in conjunction with the Hungarian algorithm.
{fjk }∗ = arg min

{fjk }

s.t.

X

XX
j

fjk tjk

(6)

k

fkl = wks ∀k

k

X

fkl = wld ∀l

l

fkl ≥ 0 ∀k, l
Now, we can regard the obtained {fjk }∗ as the cluster-based many-to-many
warping weight coefficients, whereas most of the existing methods use one-toone warping functions. Examples of the EMD flows and mean flows obtained
from each cluster are shown in Fig. 4(a)(b).
3.3

Cluster-based morphing

The third step is the cluster-based morphing process using the obtained EMD
flows {fjk }∗ . First, we consider a morphing from the jth cluster in the source
shape to the kth cluster in the destination shape at a transition rate α as shown
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(e)

Fig. 4: EMD flows and morphing process between the key shapes in Fig. 2(a). (a)
Raw EMD flows. (b) Mean flow of each cluster is calculated as a mean motion vector weighted by flow amount for visibility. (c) Blended morphing with artifacts. (d)
Denoised binary morphing. (e) Boundary-dithered morphing.

(a) Forward morphing

(b) Backward morphing

(c) Alpha blending

Fig. 5: Cluster-based morphing.

in Fig. 5. Next, let the interpolated position at the transition rate α between the
jth cluster mean x̄sj and the kth cluster mean x̄dk be
x̄jk (α) = (1 − α)x̄sj + αx̄dk

(7)

Then, suppose that a rate (fjk /wjs ) of the jth cluster is planned to be transported
forward from xsj to xdk and that it is dropped at the interpolated point x̄jk (α) on
the way in the forward transportation as shown in Fig. 5(a). In this paper, we
call this process forward morphs. The forward morphs for all the EMD flows are
F
blended to create a forward morphing image Imorph
(x; α). In the same way, a
B
backward morphing image Imorph
(x; α) is created (Fig. 5(b)) and then the forF
B
ward morphing image Imorph
(x; α) and backward morphing image Imorph
(x; α)
are alpha-blended to create a blended morphing image (Fig. 5(c)) as
F
B
Iblend (x; α) = (1 − α)Imorph
(x; α) + αImorph
(x; α)

3.4

(8)

Graph-cut denoising

The last step is the denoising process for the blended morphing image Iblend (x; α).
Unfortunately, the blended morphing image obtained by the cluster-based method
suffers from ”artifacts”, that is, non-uniform silhouette intensity as shown in Fig.
4(c). Therefore, graph-cut denoising is applied to a volumetric blended morph
image Iblend (x; α) with 2D spatial positions and a 1D transition parameter α to
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create a volumetric binary image Ibin (x; α). Let a three-dimensional site and its
label be u = [xT , α]T and lu , respectively. In this paper, the label is set to 1 for
the silhouette region and to 0 otherwise.
Now, graph-cut denoising is formulated as the following energy minimization
problem.
X
X
E(L) =
gu (lu ) +
huv (lu , lv ),
(9)
u∈U

(u,v)∈V

where L is a combination of labels for each site, U is the set of all sites, and
V is all the combinations of neighborhood sites. The first term is referred to as
the data term and the second term as the smoothness term. The data term is
determined based on the pixel intensity of the blended morphing image as

1 − Iblend (x; α) (l = 0)
gv (l) =
(10)
Iblend (x; α)
(l = 1)
The smoothness term is formulated by the Potts model as
huv (lu , lv ) = λpotts (1 − δlu lv ),

(11)

where λpotts is the smoothness term weight and δ is Kroneckerfs delta. Based on
the data and smoothness terms defined above, the max-flow algorithm gives the
globally optimized binary volumetric image Ibin (x; α) (Fig. 4(d)).
Moreover, considering the effect of boundary dithering, boundary pixels are
replaced by the blended morphing image to create the final resultant image
Imorph (x; α) (Fig. 4(e)) as

Iblend (x; α) x is inner or outer boundary
Imorph (x; α) =
(12)
Ibin (x; α)
otherwise.
As mentioned in 3.1, FCM clusters are preferable to k-means clustering in
terms of denoising. They also tend to create a smoother blended morphing image
than k-means clusters, with the result that artifacts such as holes and cracks in
the silhouette region become less prominent, and are more easily recovered by
graph-cut denoising.

4
4.1

Experiments
Simple shapes

In these experiments, several morphing examples of shapes with different genera
are shown. The first example is the simplest, that is, morphing from a disk to
an annulus as shown in Fig. 6.
Starting from the disk (α = 0.0), a silhouette hole appears near the center
of the disk at α = 0.2 and the genus of the shape changes from 0 to 1 at this
time. Then, the hole is gradually dilated as the transition parameter increases
and the shape coincides with the annulus at the end of the transition (α = 1.0).
This kind of topological change is unique to the proposed approach.

Earth Mover’s Morphing
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Fig. 6: Morphing from a disk (leftmost) to an annulus (rightmost). The middle four
images are morphing images with transition parameters α = 0.2, 0.4, 0.6, and 0.8, respectively. Top row: blended morphing, middle row: denoised binary morphing, bottom
row: boundary-dithered morphing.

Although the artifacts are visible in the blended morphing (top row of Fig.
6), they are deleted by the graph-cut denoising (middle row of Fig. 6) and the
boundary dithering (bottom row of Fig. 6) provides a visually desirable result.
Additional examples of morphing from a disk to double, triple, and quad
annuli are shown in Fig. 7. In a similar manner to the previous example, multiple
silhouette holes appear in the early stage of the transition and these are gradually
dilated. Note that the number of holes appearing coincides with the genus of the
corresponding destination shape.
4.2

Real shapes

The following examples involve gait silhouette morphs between two postures
selected from gait silhouette sequences captured at a 60 fps frame-rate. The
source posture includes a silhouette hole in the leg region (leftmost image in Fig.
8) while the destination shape is expressed as a single closed curve (rightmost
image in Fig. 8).
We can see that the resulting morphed images (the first and third rows of Fig.
8) are similar to the original gait sequences between the two postures (the second
and fourth rows of Fig. 8). Therefore, the proposed method has real potential
for use in many pattern recognition and image processing areas. For example,
in a shape matching problem, intermediate shapes of the two key shapes can be
generated for the purpose of training sample enhancements even in the presence
of topological changes. In addition, when a low frame-rate sequence is provided
in an action recognition or gait recognition problem, inter-frame silhouettes can
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Fig. 7: Morphing from a disk (leftmost) to multiple annuli (rightmost). The middle
four images show morphing with transition parameters α = 0.2, 0.4, 0.6, and 0.8, respectively. Top row: double annulus, middle row: triple annulus, bottom row: quad
annulus.

be interpolated and a temporal super-resolution sequence provided for better
recognition without worrying about topological changes in the postures.
4.3

Shapes with large deformation

The third example shows morphing between alphabetical characters, which involves much larger deformation than in the previous two examples. First, we
focus on morphing from ”A” to ”B”. When the squared Euclidean distance djk
is used as the transportation cost tjk , cluster flows around the horizontal middle
bar in ”A” are directed mainly in two directions: those that go upwards and
others that go downwards across a wide NOR region as shown in the first row
OR
of Fig. 9. On the other hand, when the NOR region-crossing distance dN
is
jk
combined with the transportation cost tjk , all the clusters in the middle bar
go upwards across a narrower NOR region than the one in the row below (see
the leftmost image in the second row of Fig. 9), as the flows crossing the wide
NOR region below are penalized by additional transportation costs. As a result,
isolated morphs that appear when using only the squared Euclidean distance
are suppressed (see the second row of images in Fig. 9). The morphing from ”B”
to ”C” is also a similar case with that from ”A” to ”B”. While cluster flows of
the middle horizontal bar of B go in various directions when using the squared
Euclidean distance (the third row of images in Fig. 9), they are limited to three
directions when the NOR region-crossing distance is added (the fourth row of
images in Fig. 9).
This kind of character morphing can possibly serve as a novel transition effect technique for video editing applications. Compared with existing transitions
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Fig. 8: Morphing from a 1 genus gait silhouette (leftmost) to a 0 genus one (rightmost).
First and second rows: boundary-dithered morphing and an original gait sequence,
respectively, from an oblique view. Third and fourth rows: the same, but from a side
view.

such as cut, fade-in/out, slide, and wipe, the proposed morphing method provides a unique transition effect. In addition, considering the recent progress in
interactive/automatic segmentation techniques [36], not only the characters in
a title or caption scene, but also arbitrary objects’ silhouettes, can be morphed
once they have been extracted by a particular segmentation method. When applying morphing to such textured objects, color transfer on the morph should
also be considered in the future.
4.4

Split disks

Our final example is morphing from a single disk to two split disks as shown in
Fig. 10. If the signed distance field interpolation [23] is applied to this example,
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Fig. 9: EMD flows (leftmost) and morphing between alphabetical characters ”A” (1
genus), ”B” (2 genus) and ”C” (0 genus). In EMD flow acquisition process, the squared
Euclidean distance is used in each odd-row image, whereas the NOR region-crossing
distance is used in conjunction with the squared Euclidean distance in each even-row
image.

the source disk is eroded and finally disappears in the transition process, while
the two destination disks appear as points in the centers and are dilated to the
destination disks. By applying level set-based morphing [25], only the source
disk is eroded and finally disappears in the transition process. Unlike these approaches, the proposed method gives a more interesting morphing process where
the source disk is initially split into two hemisphere-like shapes, which then move
to the destination position by changing their shapes from hemispheres to disks.
This kind of morphing process is unique to the proposed method.

5

Discussion

In the proposed morphing process, a many-to-many correspondence of clusterbased EMD flows is used directly for cluster-based morphing. The automatically
obtained correspondence is also provided to construct the existing warping functions [7] [8] [9] [10] [11] [12] between shapes with arbitrary genera.
Another point is that the cluster-based EMD flow can be applied to achieve
many purposes, that is, not only morphing, but also shape matching, deformable
model construction, and motion analysis without worrying about topological
changes, since existing contour-based methods [31] are used within the closed
curve/surface shapes. Unlike the optical flows extracted from a textured image
sequence that correspond to real motion, the region cluster-based EMD flows
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Fig. 10: Morphing from a single disk (leftmost) to two split disks (rightmost). Top row:
signed distance field interpolation [23], middle row: narrow-band level-set method [25],
bottom row: the proposed method.

do not correspond to real motion, but to pseudo motion. This pseudo motion,
however, still has potential as a novel motion feature for silhouette-based motion
analysis.
On the other hand, the EMD framework allows too much flex flows in several cases (e.g., large deformation of alphabetical characters in 4.3). We need
to introduce additional schemes such as regularity constraints and non-linear
interpolation in order to maintain shape well during the morph in the future.

6

Conclusion

This paper described a method for topology-free shape morphing based on region cluster-based EMD flows. First, the region was decomposed into a number of small clusters by FCM clustering and a histogram of the clusters was
constructed. Next, the EMD between the two histograms was calculated with
the resultant flows and position displacement between the clusters serving as a
weighted many-to-many correspondence. A fuzzy cluster-based morphing transition was provided by the obtained correspondence. Finally, the three-dimensional
graph-cut binary denoising was applied to reduce artifacts caused by the clusterbased morphing.
Future works are listed below.
– Texture transfer on the morph in conjunction with automatic/interactive
segmentation.
– Warping function reconstruction from the weighted many-to-many correspondence based on the EMD flows.
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– Application of pseudo motion within the shape to silhouette-based recognition, as in action recognition and gait-based person identification.
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