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Traditional cartoon animation painting has always been a tedious job. In order to improve the efficiency
of the process, the development of an automatic cartoon generation system including automatic
inbetweening and coloring is required. Automatic matching of cartoon characters in key frames is the
prerequisite for the system. This paper provides a novel matching algorithm with iterative maximum a
posteriori (MAP) estimation and the maximum likelihood (ML) estimation. Specifically, this algorithm
formulate cartoon matching as a many-to-many labeling problem. To refine the results of matching, an
optimization approach is adopted to alternatively conduct the MAP estimation and the ML estimation.
Besides, we construct the correspondence by using the local shape descriptor, and the rotation and scale
invariance in matching can be achieved. The experimental results on real-world datasets demonstrate
the effectiveness of the proposed methods for automatic cartoon matching.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In conventional cartoon production, users conduct tedious
procedures of inbetweening and coloring to generate inbetween
frames and fill colors in them based on the given key frames. To
leverage computing power for efficient animation production,
automatic cartoon synthesis, inbetweening and coloring functions
have been added into the computer-assisted 2D animation systems.

For cartoon synthesis, Yu et al. [43] provided a novel cartoon
reusing framework to synthesize cartoons based on manifold
learning [37-41,46]. This framework adopts multiple features of
color, edge and shape to describe cartoon characters, and synthe-
sizes novel cartoon clips from the existing cartoon datasets.
However, this method cannot generate new frames in the synthe-
sized cartoon clips. Unlike the idea of cartoon synthesis, Fekete
et al. [9] provided a correspondence construction based inbetwe-
ening approaches which can generate new cartoon frames through
interpolations. In addition, Kort [16] proposed an interactive
model for automatic inbetweening with a possible solution for
“undetectable” parts noticed in [9]. However, this approach is
proposed for relatively simple animation styles such as cut-out
animation. Chen et al. [8] offered a similar approach which applied
heuristic method on feature points. Since the matching method
cannot achieve global optimization, the effectiveness of corre-
spondence construction is limited. Seah et al. [20,31] proposed the
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MFBA algorithm involving matching key frames and automatic
inbetweening for raster images. However, this method does not
perform well to keep the shape and smoothness of outlines for
other types of images like cartoon characters. To solve the problem
of matching complicated cartoon characters, Yu et al. [42] pro-
posed a novel correspondence construction framework based on
semi-supervised graph-based learning [10,11,33-35,44,45]. Speci-
fically, the new framework constructs local patches for each point
on an object and aligns these patches in a new feature space, in
which correspondences between objects can be detected by the
subsequent clustering. Besides techniques proposed in cartoon
animation, related works on correspondence construction can be
found in shape matching [1,23], shape registration [47], shape
alignment and shape retrieval [22].

The first stage of matching is to represent cartoon characters
through appropriate descriptors. A large amount of descriptors
[1,19,21,24-26] have been proposed to describe shapes. However,
in animation production, characters in key frames usually have
complicated structures with open shapes. Thus, the shape descrip-
tor-“shape context” [1,23] is suitable for our application because it
uses related distribution to model complex character. For match-
ing methods, the Hungarian algorithm [27] is applied to shape
context matching [1]. However, it can only obtain one-to-one
correspondence, so how to equalize the number of sampling
points becomes a problem. Singular value decomposition (SVD)
based methods [28,30] share the same problem. Early spectral
methods on correspondence construction, such as [32,36], directly
apply eigen-decomposition on an adjacent matrix. Because of high
dimensionality and data redundancy, these methods are not
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Table 1
Important notations used in this paper.

Notation Description

pseP The source character for correspondence construction. p;€P represents each feature point in this character.
q:€Q The target character for correspondence construction. q.€Q represents each label.

fo The labels configuration for each point in source character.

@(i) The feature representation for each label.

Dd={p(ps)} The union of the predicted corresponding labels for the point in source character.

I(ps) The 60-D shape descriptor for the feature point ps.

D(-) The data penalty term in energy function.

Vpup, () The smoothness penalty function in energy function.

robust and accurate. Moreover, similar to Hungarian algorithm and
the SVD based methods, they can only obtain one-to-one corre-
spondence. To achieve many-to-many correspondence, different
clustering techniques [5-7] are proposed. However, these meth-
ods' performance is seriously affected by the size of clusters which
cannot be controlled by users in most cases.

Recently, a group of novel techniques have been developed
based on graph cuts [3,15]. The basic technique of using graph cuts
is to construct a specialized graph for the energy function to be
minimized such that the minimum cut on the graph also minimizes
the energy. These methods have been successfully used for a wide
variety of applications including image segmentation [4,18,29],
image restoration [2,3], image synthesis [17], multicamera scene
reconstruction [14] and medical imaging [12,13]. To take image
segmentation as an example, the purpose of the segmentation task
is to assign each label to a group of pixels in the image. Thus, the
labels and the pixels can form a graph in which the graph cuts can
be used to obtain the optimal one-to-many assignment. Accord-
ingly, the correspondence construction can be assumed as a labeling
problem. Given two characters S and P, the many-to-many corre-
spondence can be built by assigning the feature points s;eS to the
feature points p;eP, and vice versa. Specifically, to estimate the
feature point assignment, we adopt an iterative optimization
scheme to alternatively carry out the maximum a posteriori
(MAP) estimation and the maximum likelihood (ML) estimation.
The MAP estimation problem is modeled with Markov random
fields (MRFs) and the graph cuts algorithm is used to find the
solution to the MAP estimation. The ML estimation is achieved by
computing the means of feature points in a Gaussian model. In
summary, we proposed a novel framework of many-to-many
cartoon correspondence construction. Correspondence construction
is formulated as a label assignment problem through the maximum
a posteriori (MAP) estimation, in which the graph cuts method is
adopted to obtain the many-to-many results. By integrating the
maximum likelihood (ML) estimation with MAP procedure, the
correspondence construction result can be iteratively refined into
an optimal one.

2. Automatic cartoon matching by label assignment

The input of our method is a pair of key frames described by the
global shape context descriptor [1]. Two shapes P and Q can be
defined by feature points {pq,pa.....0n} and {q1,qz.....qm}, respec-
tively. The shape descriptor of ps is defined as a histogram h; of the
remaining n—1 points of the shape P under a coordinate system:
hy(c)=#{p;: j#s, pj—psebin(c)}, in which the bins uniformly divide
the log-polar space. However, it cannot be directly applied in our
application because of the global shape context's invalidation in
rotation invariance. The global shape context descriptor can be
modified by using both the related distribution and orientation in
feature extraction [1], and it is called oriented shape context [1].

Given a source character P, each point pseP is defined by the 60-
dimensional oriented shape context feature I(ps)=[I1(ps),....lso(Ps)]-
In carton matching, the target character Q=[qy,...,qm| should be
provided. If we formulate it as a labeling problem, the m points in
character Q can be assumed as the labels, and the objective is then
to find a label configuration f={f,Ip}. The label f, denotes which
point in Q the points in P is grouped into. For a specified label g,
there are k points in P grouped into. Then, a 60-dimensional vector
can be constructed as

k
P =I@)+ X by (1)
j =

which is used to describe the properties of label g; The 60
components have the similar meanings to those of the correspond-
ing 60 components of I(ps). Let @={¢(ps)} be union of the predicted
corresponding labels for p,cP. If P and @ are known, the matching is
to find an optimal correspondence configuration f’, which max-
imizes the posterior possibility of the label configuration

fr= argmax Pr(f|®,P), @)

where f’ can be obtained by either a learning process or an
initialized estimation. The solution of the label configuration is
introduced in Section 3. For convenience, Table 1 lists the important
notations used in the rest of the paper.

3. The framework of cartoon matching

Fig. 1 shows the framework of automatic cartoon matching. In
step 1, a pair of input key frames is generated. In step 2, these two
frames are sampled as two points sets P=[py,...,p,] and Q=|qx,...,
Gml, and these points are modeled by the oriented shape context in
step 3. Afterward, in step 4, the points pseP are denoted as the
feature points and the points q.€Q are denoted as the labels. And
the MAP estimation is conducted to build a graph representation.
In step 5 and step 6, the approaches of graph cuts [3] and ML
estimation are iteratively conducted to obtain the optimal label
configurations. Finally, in step 7, the stroke correspondence is built
based on the point correspondence.

3.1. MAP estimation of label configurations

Based on the character P and the potential label features ®, the
labels f can be inferred by the Bayesian law, i.e., Pr(f ‘CD,P) can be
obtained by
Pr(a&,P|f)Pr(f)

Pr(o,P)

«Pr(a®,P|f)Pr(f), 3)

Pr(f|®,P) =

which is a MAP estimation problem and can be modeled by MRFs.
Based on the independent identical data distribution, Pr(&,P|f) can
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