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Abstract—Manga are a popular artistic form around the world, and artists use simple line drawing and screentone to create all kinds of

interesting productions. Vectorization is helpful to digitally reproduce these elements for proper content and intention delivery on

electronic devices. Therefore, this study aims at transforming scanned Manga to a vector representation for interactive manipulation

and real-time rendering with arbitrary resolution. Our system first decomposes the patch into rough Manga elements including possible

borders and shading regions using adaptive binarization and screentone detector. We classify detected screentone into simple and

complex patterns: our system extracts simple screentone properties for refining screentone borders, estimating lighting, compensating

missing strokes inside screentone regions, and later resolution independently rendering with our procedural shaders. Our system treats

the others as complex screentone areas and vectorizes them with our proposed line tracer which aims at locating boundaries of all

shading regions and polishing all shading borders with the curve-based Gaussian refiner. A user can lay down simple scribbles to

cluster Manga elements intuitively for the formation of semantic components, and our system vectorizes these components into

shading meshes along with embedded B�ezier curves as a unified foundation for consistent manipulation including pattern

manipulation, deformation, and lighting addition. Our system can real-time and resolution independently render the shading regions

with our procedural shaders and drawing borders with the curve-based shader. For Manga manipulation, the proposed vector

representation can be not only magnified without artifacts but also deformed easily to generate interesting results.

Index Terms—Manga, semantic components, vectorization, screentone, procedural shaders

Ç

1 INTRODUCTION

COMICS and Manga are popular medium for conveying
ideas and entertainment. Manga, Japanese comics,

have gained worldwide audience from not only Asia but
also North America and Europe. With advance in mobile
technologies, Manga digitization is important for distribu-
tion on these devices. However, scanned conversion still
dominates digitization and requires manual intervention to
clear up noise, artifacts, and distortions. The process is st-
renuous and time-consuming, and results are incapable to
transform to different resolutions after scanned. Addition-
ally, Manga patches in consecutive frames are similar and a
mangaka, a cartoon writer in Japanese, can easily manipu-
late an existing patch to generate a new one after digitiza-
tion. Therefore, this study attempts to develop an intuitive
and interactive Manga vectorization and manipulation sys-
tem to simplify digitization and adaptation for different
reading devices and generate new interesting contents.

Commercial software such as Adobe illustrator and
Corel CoreDraw can vectorize Manga patches into live-
wires vector representations including vector graphics
(SVG) and diffusion curves, but the results contain a large
number of small screentone element patches, noise, and
artifacts. Past research [8], [14] vectorize Western color

comics and line drawing arts. However, these algorithms
would generate artifacts in vectorizing Manga because of
the following difficulties: first, Manga are drawn in black
and white, and shading, color, and material information is
expressed with different screentone patterns; second,
screentone patterns generally contain small-sized elements
of different shapes other than Dots and easily mix with bor-
ders; finally, scanned versions contain a large number of
noise, artifacts, and distortions even when scanning them in
a very high resolution. Additionally, these methods repre-
sent the color and stroke information independently which
may induce inconsistency during deformation. Our system
overcomes these difficulties by decomposing a Manga patch
into its simple screentone regions, boarders, and shading
regions, and developing unified vector representations for
them. Therefore, our element decomposition consists of 5
stages including screentone-preserved binarization, screen-
tone detection, simple screentone classification and prop-
erty extraction, shading region refinement, and border
tracing and smoothing. We design these stages to compen-
sate imperfection of each other. In the first, binarization is a
hybrid of Otsu [16] and Gaussian local adaption to relieve
the issues in screentone detection and pattern recognition
caused by scanned noise such as lighting variation, scan-
ning parameters, and paper textures. Screentone detection
uses local oscillating variations [2], [19], [28] to identify pos-
sible screentone regions, but the detection may miss some
shading region and thin strokes without well-defined binar-
ization. Thus, the combination of two stages would discard
noise, artifacts, and distortions by representing a screentone
pattern in a procedural format of their extracted properties
to refine element decomposition and real-time procedurally
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render these elements with arbitrary resolution and com-
pactness. Currently, we evaluate this concept only on proce-
durally formulating simple screentone patterns including
regularly distributed dots, stripes, and grids. Then, our sys-
tem applies the Local Binary Pattern (LBP) to classify the
detected screentone patterns into one of two categories: sim-
ple and complex. Our system procedurally handles simple
screentone patterns but treats screentone elements of com-
plex patterns as solid shading regions. Furthermore, we
also correctly locate white, solid, and screentone shading
borders and recover the lighting information as a refine-
ment stage with those procedural properties.

Additionally, manipulation is another goal of digitization
but fundamental elements are generally not semantic com-
ponents such as eyes, hairs, and hands which can be good
manipulation components. However, locating contextual
components generally requires high-level human recogni-
tion, and our system lets users draw scribbles along with
intuitive iconized candidates for the formation of desired
contextual components. Finally, our system vectorizes each
component into a mesh along with embedded B�ezier
borders for resolution independency and intuitive manipu-
lation. The curve-embedded representation provides a uni-
fied mechanic for real-time and consistent manipulation
including screentone replacement, shape manipulation, and
lighting addition. Our system shades the deformed meshes
with a procedural screentone shader and a curve-based
shader based on extracted shading information for real-time
rendering with arbitrary resolution. We have done the
vectorization process in the preprocessing step using sev-
eral seconds, but done the manipulation and rendering
in real time.

To summarize our contributions, this work proposes the
effective Manga vectorization and manipulation pipeline of
element decomposition, semantic component construction,
and vectorization for procedurally shading regularly dis-
tributed simple screentone patterns.

� Element decomposition uses a hybrid binarization,
screentone detector, screentone identifier, element
refiner, line and border tracer, and curve-space Ga-
ussian refiner to robustly decompose raster patches
into Manga elements of strokes, solid areas, and
screentone shading regions; We develop a sc-
reentone-preserved binarization algorithm to make
this process more robust and effective against sc-
anned noise and artifacts. Our system separates
detected screentone regions into simple and complex
patterns according to our collected screentone data-
base using Local Binary Pattern and estimates proce-
dural properties of simple screentone patterns for
procedural shading and element refinement.

� We provides an intuitive user interface to decom-
pose elements into semantic components by semi-
automatically connecting corners and edges based
on user sketches. Then, our system treats these ele-
ments or semantic components as unified curve-
embedded meshes for resolution independently
stroke and screentone rendering and consistent
manipulations, such as deformation and virtual
lighting effect.

As demonstrated in the results, the vectorized Manga
patches are resolution independent and intuitively ma-
nipulated to generate interesting deformation and add
lighting effects.

2 RELATED WORK

Manga vectorization may involve several different research

fields, and the following gives a short discussion of them.
Computational cartoon and comics: There are several

research focusing on comics and cartoon digitization.
Manga colorization proposed by Qu et al. [19] is considered
as a state-of-the-art colorization. They use level-set segmen-
tation and Gabor wavelet encoding along with user scrib-
bles to locate shading regions and select proper colors
based on their average intensities. However, their method
does not vectorize the screentone pattern for antialiasing,
and the segmentation results may bleed out of the borders.
Additionally, the algorithm is really slow due to per-pixel-
based feature estimation, and the whole process requires
manual work for segmentation and color assignment. Qu
et al. [18] transform a color image to a bitonal background
of screentone patterns for preservation of the tone similar-
ity, texture similarity, and chromatic distinguishability.
Although the results can properly map colors to screentone
patterns, the algorithm does not aim at vectorizing the
screentone patterns for viewing at different devices.

Zhang et al. [30] vectorize 2D raster cartoon animations
by segmenting the color images into proper regions based
on the detection of boundary and decorative curves. Kopf
and Lischinski [8] vectorize Western color comics into black
regions and CMY color grids from a colored halftone comics
page. Although the results of both methods are satisfactory,
their algorithms are not suitable for our case because Manga
only comprise of black and white drawings, and their me-
thod cannot explicitly extract those screentone regions. Fur-
thermore, although Kopf and Lischinski [8] detect the color
grids by their spacing and orientation, their method could
not work for multiple dots regions and for other screentone
patterns. Moreover, they represent black and color compo-
nents separately, and the representation induces inconsis-
tency when manipulation. Our representation can provide a
consistent and robust manipulation manner to overcome
this limitation. Noris et al. [14] vectorize lines, strokes, and
pencil drawing to detect lines and faithfully capture the
junctions of drawn strokes using topology analysis. How-
ever, Manga contain not only lines and strokes but also
screentone and solid regions. The algorithm fails to detect
and vectorize these shading regions. In addition, all these
methods cannot decompose a patch into contextual regions
for reasonable manipulation of the contextual components.
Although conventional tracing applications such as Illustra-
tor can vectorize a raster image, they require a large amount
of manual work to clean up noise, artifacts, and distortions,
and they treat screentone patterns as a set of discrete ele-
ments which are hard for manipulation. Our algorithm
binarizes a scanned patch while preserving the screentone
and resolving false positives of screentone detection along
with a curve-space Gaussian refiner for holing and bleeding
artifacts. Additionally, we also extract pattern properties
of regularly distributed simple screentone for later
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procedurally rendering the pattern for arbitrary resolution.
Our system also designs a semi-automatic contextual com-
pletion method to create Manga components and controls
for intuitive manipulation. We also design a GPU-based
shader to shade three dominantly seen screentone patterns:
Dots, Stripes, and Grids.

Texture-based segmentation: Screentone detection
requires texture analysis and modeling. Research [2], [5],
[24], [25], [28] decomposes textures using filtering techni-
ques and fit them to statistical models for locating textured
regions. We can roughly categorize these locating methods
as unsupervised segmentation [6] and supervised segmen-
tation [17]. In addition to the method of automatic detection,
Matsui et al. [13] proposes a semi-automatic method to
roughly identify where the major characters are and apply
for retargeting. However, screentone patterns are simple
and can be located by our designed screentone filter without
the need of complex textural decomposition as used in these
methods. Additionally, these methods do not consider
interference of scanned noise and artifacts such as paper
texture for precise extraction of the procedural screentone.

Image vectorization: Vector images can fulfill the need of
high-definition images and videos. Therefore, photograph
vectorization algorithms are proposed to generate vector
images from raster images. These methods can be classified
into three categories: mesh-based representations [10]
encode a vector image with a set of meshes; curve-based
methods [4] involve the use of diffusion curves as the color
constraints to create a vector image; parametric patch-based
representations [9], [27] aim at providing more editability
and flexibility. They generally use color-based segmentation
to decompose a raster image into patches, select features
such as curves and points based on a patch’s color distribu-
tion, and interpolates these feature for real-time rendering
with arbitrary resolution. However, we cannot directly
apply these methods for Manga vectorization due to the fol-
lowing limitations. First, Manga contains no color informa-
tion, and general color-based segmentation does not work
to determine these screentone and hatching shading
regions. In other words, these fundamental elements must
be detected and identified from a macro view. Second, since

these patterns are used for shading and texturing, it is
important to reproduce them procedurally for maintenance
of author intention. The color interpolation cannot maintain
the densities, shapes, and other properties of these elemen-
tal structures. Third, Manga contain both solid and screen-
tone shading regions, and they should be vectorized into a
unified format for consistent manipulation. Therefore, this
work focuses on vectorizing Manga patches.

3 OVERVIEW

Manga are generally drawnwith lines and shading regions in

black and white. Furthermore, a mangaka draws lines with
different thickness and styles to represent borders, textures,

and shading effects, and our system treats them as solid shad-

ing regions; a mangaka also expresses shading with black

(solid), white, or screentone patterns for colors, textures, and

shadows. This study vectorizes Manga patches for intuitive

manipulation and real-time rendering with arbitrary resolu-

tion, and Figs. 1 and 2 illustrate the intermediate results and

procedure. Our system takes a raster-scanned Manga patch
as its input and binarizes the patchwith our designedmethod

to preserve all screentone regions with little artifacts. Then,

our system roughly detects the shading regions by classifying

them as solid shading and screentone regions using our

adapted screentone detector. Our system classifies screentone

patterns into simple and complex by looking up a collected

database using Local Binary Pattern and estimates simple

screentone properties including the orientation, size of gaps,
radius, and thickness for later procedural rendering and ele-

ment refinement. We treat the screentone elements of the

others as solid shading regions. Inside simple screentone

shading regions, white strokes and lighting may exist, and

thin black strokes may miss. Our system uses the extracted

properties to recover these regions for successful decomposi-

tion. Our system applies a line tracer for determination of

closed borders and smoothes rug and coarse borders based
on their curve-based Gaussian distributions. Next, a user

draws scribbles to connect corners and edges on the borders

to form contextual components. Our system vectorizes the

Fig. 1. This illustrates our vectorization and manipulation results with the scanned inputs of a dog and cat �Pin-Ci Yeh (a), element decomposition
results (b) where orange marks the screentone regions, red marks the borders, and blue marks the solid shading regions, vectorization results (c),
the LBP voting (d), the resized results at a rate of 16 times when maintaining the size (red box) and the density (green box) of the screentone ele-
ments (d), and composition results with manipulation and lighting (g).
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borders as oriented B�ezier curves and triangulates all Manga

components with constraints on all end points of these B�ezier
curves. Our system embeds the B�ezier curves onto the mesh

by finding the curve-shading triangles defined as those trian-

gles intersecting with the B�ezier curves. After triangulation,

our system semi-automatically computes and assign a set of

control knobs to intuitively manipulate shading meshes and

border curves with Bounded Biharmonic Weights [7]. Later,

our system can update the embedded triangles and control

information accordingly based on user manipulation for
robust and consistent shading and stroke drawing. Finally,

our system renders the borders with the curve-based shader

proposed by Loop et al. [12] and the interior triangles with a

procedural screentone shader. All the shaders run in GPUs,

and our system can provide interactive rate of rendering and

manipulation after vectorizing the content and placing

control points.

4 MANGA ELEMENT DECOMPOSITION

AND VECTORIZATION

Manga are drawn with lines, strokes, and solid and screen-
tone shading, and thus, our algorithmmust first decompose a
Manga patch into the corresponding elements. This section
describes the details of these decomposition processes as
shown in Fig. 3.

4.1 Screentone Detail Preserving Binarization

As shown in Fig. 4, traditional decomposition methods such
as [2], [19], [28] are affected by scanned noise such as lighting
variation, scanning parameters, and paper textures, and
binarization is important for successful screentone detection.
Although the Otsu method selects an optimal threshold
based on the criterion of maximizing the separability of the
resultant classes in gray levels, binarization artifacts as
shown in Fig. 5 are still induced especially in the detailed

Fig. 2. After loading a scanned patch of Kid from Hero Robot Fight! �Kurudaz and Iiman, our system first binarizes the patch, detects the Manga ele-
ments of lines and shading regions, and extracts their corresponding properties. Then, we determine the contextual components and their controls
with user help for component vectorization. The user can manipulate the vectorized components, and our system can resolution independently ren-
der them in real time.

Fig. 3. This shows the intermediate results of element decomposition with the input of a cat �Pin-Ci Yeh (a) , the binarization result (b), the screen-
tone extraction and identification result (c), the border detection result (d) where green and purple mark the counter clockwise and clockwise borders
respectively, and the decomposition result (e).
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regions because black and white detailed elements blur the
scanned sharpness. Local operators such as the Gaussian
operator and the adaptive-thresholded methods [1], [22]
assume that black andwhite pixels are roughly evenly distrib-
uted and locally estimate thresholds in a neighborhood, but
large black and white regions existing in Manga patches may
induce false binarization as shown in Fig. 5. Hybrid methods
such as ZXing [21] do not aim at binarizing Manga patches to
miss the detailed elements as shown in Fig. 5. Generally, the
Otsu threshold is good for large white and black patches and
the Gaussian operator can successfully preserve the details in
the largely detailed regions. Because of those black and white
detailed elements, when scanned, their intensities generally
fall in the middle of the histogram as the green section in
Fig. 6 and can be differentiated when taking local properties
into consideration. Therefore, our screentone detail preserv-
ing binarization takes these observations into consideration
and binarizes the patch in the following steps as shown in
Fig. 6. 1) After getting a gray-level patch denoted as
G ¼ fG0; . . . ;GN�1g where Gi is the ith pixel intensity, we
compute its histogram, P ¼ fP0; . . . ; P255g where Pk is the
number of pixels whose intensity is equal to k and estimate its
global Otsu threshold, TOtsu. 2) We use TOtsu to separate all

pixels into two groups, GB and GW , where GB 2 G whose

element, Gk, is 0 � Gk � TOtsu and GW ¼ G�GB and their

corresponding histograms are PB ¼ fP0; . . . ;PTOtsug and

PW ¼ fPTOtsuþ1; . . . ;P255g. 3)Wedetermine themaximal num-

ber of population, PB
max and PW

max, in PB and PW respectively.
Furthermore, we statistically compute the gray-intensity

means, ðmB;mW Þ, and standard deviations, ðsB; sW Þ for GB

and GW . 4) We estimate the upper and lower bounds of

the middle section in the histogram by Tlower ¼ PB
max þ 2sB

and Tupper ¼ PW
max � 2sW because 2s in each group contains

the majority of intensities into both ends. We then put those
pixels whose intensity is between Tlower and Tupper into the

Gaussian-operated group,GGaussian, and the rest as the Otsu-

thresholded group,GOtsu. 5) Finally, we apply the Gaussian

local operator to all pixels inGGaussian and the Otsu threshold

to all pixels in GOtsu. Through observation, the detail-
determined group selection is important, but little deviation
from the optimal group size does not affect the results as
shown in Figs. 3b and 5. Due to the length limitation, complete
binarization results are shown in supplemental materials and
web site.1

4.2 Screentone Detection

When analyzing Manga elements in frequency domain, lines,
strokes, and solid shading regions contain black shapeswhich
are low-frequency components, and screentone regions are
with oscillating patterns corresponding to middle- and high-
frequency components which are similar to textural element
extraction [2], [28]. Therefore, screentone detection is equiva-
lent to structural decomposition by solving

argmin
u

fv2 þ �regFðu; vÞg; (1)

where u is the structural part, i.e. the solid region, v is the
cartoon part, i.e., the screentone region, and I ¼ uþ v, F is
a regulator function, and �reg is a user specified parameter.
We solve The equation with either the total variation (TV)
regulator [20], F ¼ jÏuj where Ï is the gradient operator, or

the relative total variation (RTV) regulator [28], F ¼ Fsc ðIÞ
Csc ðIÞþ�

where F is local variation function (LTV) [2], [28], C is the
overall variation function [28], and sc is the size of the
Gaussian kernel. RTV generally performs well as a screen-
tone detector as shown in Fig. 4, but it requires solving a
large linear system for a long period of time. Buades
et al. [2] simplify the linear solution of TV as a nonlinear fil-
tering process for efficiency which is our preferred screen-
tone detector. The total variation of screentone regions
decreases very fast under low-pass filtering, and we can
estimate the relative reduction rate of LTV as

�scðIÞ ¼
FscðIÞ �FscðLðIÞÞ

FscðIÞ
; (2)

where LðÞ is low-pass filtering, and we chooses a box filter.
�sc indicates the local oscillatory behavior and can be

Fig. 4. The first and second rows show the screentone detection results
using methods proposed in [2], [19], [28] when inputs are a scanned
patch of Doctor from Hero Robot Fight! �Kurudaz and Iiman and its
binarized result respectively.

Fig. 5. This shows different binarization results of Doctor from Hero
Robot Fight! �Kurudaz and Iiman when using the Otsu algorithm, the
Gaussian local operator, Sauvola’s method [22], Bradley’s algorithm [1],
ZXing’s method [21], and our algorithm.

1. web site address: http://graphics.csie.ntust.edu.tw/pub/
Manga/
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plugged into the weighted average of I and LðIÞ (as
described in Eqs. (9) and (10) in the cartoon+texture filter [2])
to decomposes the raster patch into its solid and screentone
parts, u and v. In all our experiments, we set a1 ¼ 0:25 and

a2 ¼ 0:75 for the weighting function and sc ¼ 1
2 d, where d is

the distance between two nearest textural elements i.e. the
distance between two nearest dots or two nearest lines.
Figs. 3c and 4 show exemplar results of screentone detection.

4.3 Pattern Classification

Currently, we aim at procedurally formulating and render-
ing simple screentone patterns and treating the complex
screentone elements as solid shading regions, and therefore,
there are mainly two goals for our screentone classifier. 1) to
separate detected screentone patterns into simple and com-
plex patterns; 2) to categorize simple patterns into Dots,
Stripes, and Grids for property extraction. To achieve these
goals, we use Local Binary Pattern histogram proposed by
Ojala et al. [15] to search through a collected database for
pattern identification as shown in Fig. 7. Although Qu
et al. [19] use Gabor filtering for convinced semi-automatic
screentone identification, their classification rate generally
performs worse than LBP does as shown later in Table 1.
This is because some screentone patterns are quite different
perceptually, but their Gabor features are too similar to sep-
arate. Additionally, automatically identifying proper Gabor
features for screentone extraction is also tough, and the

computation cost and implementation complexity of Gabor
filtering is much higher. We must first create our screentone
database which contains 70 Dots, 47 Stripes, and 74 Grids.
Our system designs and creates simple patterns of a variety
of spacing between neighboring elements, i.e., patterns of
different frequencies. Our system computes and stores the
LBP histogram of each database pattern when getting them.
After locating a screentone region, we compute the LBP his-
togram of its pattern and compare against the histogram of
all database patterns using the chi-square distance,

DistanceðH; JÞ ¼ Pn
i¼1ðhi � jiÞ2=ðhi þ jiÞ where H ¼ h1;f

. . . ; hng and J ¼ j1; . . . ; jnf g are LBP histograms for the
unknown and database patterns respectively. Then, our sys-
tem classifies the unknown as follows: 1) When the distance
is under Ts, the unknown can be identical to the database
pattern, and we mark it as the database one directly.
2) Because if we directly use the one with the shortest dis-
tance to label the unknown, false classification happens.
Therefore, we design a voting system using the majority
type of the N-shortest-distance patterns where N is 11 for
this work based on the observation that those patterns with
short distances to each other generally have a similar type.
However, there exist complex patterns. Because we design
our simple screentone patterns to cover contents of most fre-
quencies, it should be thorough, and when the distance is
larger than To, two patterns are really different, and our sys-
tem marks those whose distance are over To as complex. In
other words, our designed simple screentone database pat-
terns should already fulfill our goal of classifying a pattern
into simple and complex as shown in Table 1. Ts and To are

Fig. 6. Our system first separates pixels of Doctor from Hero Robot Fight! �Kurudaz and Iiman into two groups,GB andGW , based on the estimated

Otsu threshold, TOtsu. Then we compute PW
max, P

B
max, m

B, mW , sB, and sW from the histogram of GB and GW and estimate the upper and lower inten-
sity bounds, Tlower and Tupper. Our system binarizes those pixels within ½Tlower; Tupper� marked in green using the Gaussian operator, and the rest
marked in red using the Otsu operator.

Fig. 7. Our system first selects a screentone pattern, chooses NLBP

samples on a circle of a radius RLBP , and uses the number of sampled
pixels whose intensity is smaller than the center as its LBP for each
pixel. We collect all LBPs of Kid from Hero Robot Fight! �Kurudaz and
Iiman to form the LBP histogram which is normalized with the number of
pixels to have a consistent LBP distribution for comparison. Our system
uses the histogram to find N-shortest-distance patterns from our col-
lected database and selects the majority type as the pattern type. LBP
requires two user specified parameters, the number of samples, NLBP ,
and the radius, RLBP , where we set them to be 16 and 4 respectively.

TABLE 1
The Statistics for Screentone Pattern Classification for LBP
without/with Complex Screentone Patterns, Gabor Filtering

(GF), and Gabor Filtering Voting (GFV)

LBP LBP (C) GF GFV

D.B. Dots (99, 100) (99, 100) (60, 57) (81, 67)
D.B. Str. (95, 94) (95, 92) (23, 28) (24, 28)
D.B. Gri. (99, 98) (98, 94) (50, 21) (44, 29)
Sam. Sim. (-,98) (-,97) (-,52) (-,59)
Sam. Com. (-,95) (-,97) (-,96) (-,91)

The first three rows are for dots, stripes, and grids patterns created by our shading
algorithm and the two numbers represent the recognition percentage when testing
on the digital and scanned formats respectively. The fourth and fifth rows are sim-
ple and complex screentone patterns collected from different Manga patches. The
time needed for computing LBP, LPB(C), GF, and GFV are averaging 235, 243,
4;713, and 4;714ms respectively for a 400� 400 patch.
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two user specific parameters and we set Ts ¼ 0:137 and
To ¼ 0:761 according to our robustness test. Our classifier is
invariant to illumination because we compute LBP based on
the comparison against its neighbors instead of using abso-
lute intensity. It is scale invariant because we scan patches
under the same resolution setting, and our database con-
tains patterns of different frequencies. It is also rotation
invariant because when trying to find a match, our algo-
rithm uses the shortest distance to rotated duplications of a
pattern as its representative distance. Figs. 1d and 3c show
exemplar results of property classification.

4.4 Pattern Property Extraction

After type identification, our system extracts the properties of
a screentone pattern for procedurally shading. Before extrac-
tion, we apply the screentone-preservation method inside the
screentone region for further preservation of the properties
against scanning noise and artifacts, again. Currently, this
work aims at procedurally formulating the simple screentone
patterns: Dots, Stripes, and Grids, and therefore, we define
and extract the properties of each type as follows:

Dots denoted as Dotsðd; o; rÞ: As shown in Fig. 8a and b,
d is the distance between two nearest dots, o is orientation
whose x component defines the rotation, and r is the radius
of dots. First, the center of a dot should have the largest dis-
tance to the closest white pixel and thus, our system first
computes the L2 distance field of all black pixels to the near-
est white pixel and marks the local maximal pixels as cen-
ters. Then, our system discards those points close to the
borders because they are generally not reliable. The median
L2 of these centers is r. Then, our system builds a KD-tree to
find the closest four neighbors to all centers. The median
distance of two nearest centers is d and d ¼ ðd; dÞ. The
median angle of all neighboring centers relative to the
x-axis is ox and oy ¼ 0. Finally, r is normalized with d for
later procedural rendering.

Stripes denoted as Stripesðd; o; T Þ: As shown in Fig. 8c
and d, d is the distance between two nearest lines, o is orien-
tation whose x component defines the rotation, and T is line
thickness. First, the center of a line should have the largest
distance to the closest white pixel, and our system applies a
thinning algorithm to the screentone region as skeleton
ridges and computes the L2 distance field of all ridges to the
nearest white pixel. The median L2 of these ridge points is T .
Then, our system applies a line fitting algorithm to fit ridge
points. The median distance between two neighboring lines
is d and d ¼ ðd; dÞ. The median angle of the lines relative to
the x-axis is ox and oy ¼ 0. Finally, T is normalizedwith d.

Grids denoted as Gridsðd; o;TÞ: As shown in Fig. 8e and
f: d is the distance between two nearest lines in the two sets,
o is orientation which whose x component defines the

rotation and y component defines shearing, and T is the line
thickness of the two sets. Similarly, our system applies a
thinning algorithm to the screentone region as skeleton
ridges and computes the L2 distance field of all ridges to the
nearest white pixel. Our system applies a line fitting algo-
rithm to determine the two sets of lines with two different
slopes. The median L2 of these ridge points for two sets are
T. The median angle relative to the x-axis for two sets are o,
and the median distance between two neighboring lines of
the two sets are d. Finally, T is normalized with d.

4.5 Element Refinement in Screentone Regions

After screentone detection, the following issues raise: First,
mangakas might use varied sizes of screentone elements to
express lighting effects, and our system needs them for later
procedural rendering. Second, our system may not correctly
locate white areas inside or along screentone regions. Third,
our system may also miss solid thin strokes inside the
screentone regions because of their frequency response.
Finally, screentone elements may mix with solid shading
regions for induction of rough and rug borders. Therefore,
after property extraction, our system uses these properties
to relieve these issues in a refinement process as shown in
Fig. 9 for all three simple types as follows:

Dots whose elements are distinct without connecting
with other elements: 1) We apply connected component
labeling (CCL) to each extracted center identified in prop-
erty extraction. 2) When the area of a connected region is
larger than Ttop set as r2 þ sC where sC is a user specified
parameter, our system labels the regions as missing solid
strokes. When it is smaller than Tbottom which is a user spe-
cific parameter, our system labels the regions as noises and
removes them. 3) Since printed and scanned offsets and dis-
tortions can induce large errors when globally constructing
the screentone coordinate, we use the extracted spacing and
orientation to locally locate neighboring centers as shown in
the top fourth column in Fig. 9. We label a center as an inte-
rior one when having all four valid neighboring centers, a
solid corner when having least one of its four neighboring
centers inside the solid region, and a white corner when
missing one or more of its four neighboring centers. 4) We
connect the white boundary points for white area borders.
5) Finally, we apply a simple 2D Gaussian smoother on the
valid screentone element size to recover the lighting infor-
mation of the region.

Stripes whose elements are distinct without connecting
with other elements: 1) We apply connected component
labeling to each extracted central ridge sample. 2) When the
area of a connected region is larger than Ttop, our system
labels the regions as missing solid strokes. Our system also
removes regions under Tbottom. Since stripe lines extends

Fig. 8. (a) and (b) illustrate the properties of Dots. (c) and (d) illustrate the properties of Stripes. (e) and (f) illustrate the properties of Grids.
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until they hit solid and white regions, our system traces
effective ridge points to determine these intersections of
stripe lines and sets Ttop as T � lþ sC where l is the effective
length when accumulating all valid line segments. 3) Since
stripe lines should be connected, when an end point hits a
solid/white region, our system marks it as a solid/white
border corner as shown in middle fourth column of Fig. 9.
4) We connect the white boundary points for its borders. 5)
Finally, we apply a simple 2D Gaussian smoother on the
line width of valid ridge samples to recover the lighting
information of the region.

Grids whose elements intersect with other elements: 1)
We use those identified four neighboring intersections of
grid lines to locate a cell and then applying connected com-
ponent labeling to intersections of this cell. 2) When the area
of a connected region is larger than Ttop, our system labels
the regions as a part of a missing solid stroke. Ttop is
T � 2C þ sC where C is the contour length of the cell. Our
system also removes regions under Tbottom. We use a similar
process for determining boundary intersections and the
effective length of grid lines. 3) We form missing strokes
regions by grouping the neighboring missing-stroke cells.
4) We connect the white boundary points for its borders.
5) Finally, we apply a simple 2D Gaussian smoother on the
valid screentone element size to recover the lighting infor-
mation of the region.

4.6 Solid Shading Region Tracing

After element refinement, our system needs to trace the
solid shading regions. Generally, there are two categories of
raster tracing methods: contour-based and skeleton-based.
Skeleton-based methods such as the one proposed by
Buchanan et al. [3] estimates skeletons of shading regions
and builds fresh based on skeletons. However, because the
fresh shapes depend on the embedded skeletons, we need
to have hierarchical deformation and embedment for the
fresh to induce manipulation and shading complexity when
incorporating with screentone. Contour-based methods

such as Potrace [23] vectorize solid regions based on con-
tour detection, and contours can be easily embedded into a
mesh for manipulation and screentone shading as shown
later. Therefore, we choose contour-based tracing because
the detected borders are closed curves and have orientation
information for convexity determination of B�ezier curves
during the rendering process. Our refinement results gener-
ally well preserve the features of solid black regions and
thus, our system can directly trace their borders. We use the
boundary detection method of Potrace [23] to pick a bound-
ary pixel whose right neighbor pixel is white to start tracing
a border and choose the tracing direction to form a segment
whose black and white pixels are always in its left and right
respectively. We construct a border if the tracing returns to
the start pixel and closes the curve, and we invert the color
of interior pixels. By letting the color filling regions in the
left side of a segment, the detected poly-lines are either
counter clockwise or clockwise from the start to end verti-
ces. Furthermore, the poly-line for a region with no hole is
counter clockwise. The exterior poly-line for a region with
holes is counter clockwise and the interior poly-lines along
the holes are clockwise. Fig. 3d shows an example.

Generally, the boundary detection results are satisfied,
but screentone elements may interferes with solid shading
boundaries as shown in Fig. 10a to make the screentone-con-
nected borders rough and rug. As shown in Fig. 10b,
although Potrace uses intermediate connected polygons to
smooth and refine these borders, these interferences still
affect the final results. Therefore, our system tries to remove

Fig. 9. These three show the element refinement process for Dots, Stripes, and Grids of a cat, princess, and girl �Pin-Ci Yeh. Our refinement process
consists of application of connecting component labeling to extracted centers and ridges, missing stroke identification and white boundary detection,
boundary reconstruction, and element size filtering for shading.

Fig. 10. The contour points (a) where yellow marks those lying on the
screentone elements, and red marks the rest are traced to generate the
shading border when using Potrace [23] (b) and our algorithm (c) on a
missing stroke of a cat �Pin-Ci Yeh in the vectorization process.
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these interferences by invalidating those boundary points
falling in the screentone elements by using those detected
solid corners to identify those centers or ridge samples possi-
bly interfering with solid shading regions, removing all the
detected border points falling inside these possible border
dots, connecting the rest boundary points as shown in
Fig. 10c. These removals may invalidate the plausible forma-
tion of intermediate connected polygons of Potrace. Thus,
our system further refines and smoothes the borders in two-
fold: first, we apply a curve-space Gaussian refiner described
next to get smoother borders; second, we segment and fit the
borders to B�evier curves to remove other high-frequency
noise and artifacts in Section 4.7. Our system describes a
border as a poly-line in the form of P ¼ p1; . . . ; pnf g where
pi ¼ ðxi; yiÞ is a vertex and X and Y denotes the x-axis and y-

axis components of P where X ¼ x1; . . . ; xnf g and Y ¼
y1; . . . ; ynf g. The smoother refines a poly-line by convolving

X andYwith a Gaussian kernel Gss as

Xs ¼ GssðXÞ
Ys ¼ GssðYÞ

; (3)

where Xs and Ys are the x-axis and y-axis components of Ps

and Gss is the Gaussian smoother with a chosen kernel size
of 25 in all our test cases. Since confusion happens around
the border, the smoothing operation only applies to those
borders which are close to screentone regions i.e., the closest
distance to screentone regions is smaller than a threshold
which is chosen to be five pixels. Figs. 1b and 3e shows the
final decomposition results.

4.7 Manga Vectorization

Although Kopf and Lischinski [8] first propose to vectorize
a western color comic, their representation consisting of
separate formats for color and black shading may induce
inconsistency during manipulation because they deform
each component independently. Therefore, we choose to
vectorized Manga elements into a unified format of a shad-
ing mesh along with a set of embedded border B�ezier curves
for consistent and robust manipulation, and real-time ren-
dering with an arbitrary resolution. The vectorization pro-
cess consists of two steps:

B�ezier border construction: A single cubic B�ezier curve
generally cannot represent well the complex borders and
therefore, these border poly-lines are partitioned into
shorter segments using the Ramer-Douglas-Peucker (RDP)
algorithmby selecting the connection points instead of dis-
carding the vertices. After segmentation, we fit a poly-line

P ¼ p1; . . . ;pn

� �
to a a cubic B�ezier curve, BðtÞ ¼ c0ð1� tÞ3

þ3c1tð1� tÞ2 þ 3c2t
2ð1� tÞ þ c3t

3, where t ! ½0; 1� is the
control parameter, and c0; . . . ; c3 are the chosen optimal con-

trol points based on P. After fitting all poly-lines to a set of
B�ezier curves, the borders are at least Cð0Þ at the connection
points and Cð2Þ elsewhere. Fig. 11 shows the fitting process.

Manga patch triangulation: Since our system plans to
render the shading regions with a procedural shader and
their borders with the curve-based shader [12], we con-
struct a mesh using Constrained Delaunay Triangula-
tion [29] and embed the control points of all border
segments into the vertices of the mesh. Therefore, our sys-
tem uses the end points of all B�ezier segments as con-
straints for triangulation. After triangulation, our system
marks all triangles as one of these types: screentone inte-
rior triangles, black solid interior triangles, and curve-
shading triangles and shades each type differently.

Later, we show that this representation can be effective,
robust, and resolution independent for different
manipulation.

5 RENDERING

Our system render the vector Manga patch by shading the
interior screentone triangles, solid black triangles, and
curve-shading triangles consecutively. The following gives
the details of our procedural screentone shader and curve-
based shader.

5.1 Screentone Procedural Shader

Generally, screentone generally consists of repeated pat-
terns and can be decomposed into the basic components
depicted with their space, orientation, radius/thickness,
and primitive shape as described in Section 4.4. We shad a
pixel black if it locates inside the primitives as shown in
Fig. 8. Through observation, we find that the repeated pat-
terns in the shading space can be transformed to align with
coordinate axes and normalized to have a uniform space
between the primitives as shown in Fig. 12. Finally, our sys-
tem determines the pixel color based on its type. 1) Dots: If
the distance to one of 4 corners is smaller than r, the pixel is
shaded black. 2) Stripes: If p0x � T or p0x � 1� T , the pixel
is shaded black. 3) Grids: If p0x � Tx, p

0
x � 1� Tx, p

0
y � Ty, or

p0y � 1� Ty, the pixel is shaded black. Additionally, our sys-

tem can easily extend to render other regular repeated prim-
itives such as the star shape shown in Fig. 12 by rendering
the primitive shape into four corners of a texture and then
use the texture to shade the pattern in the procedure
described previously.

5.2 Resolution Independent B�ezier Curve
Rendering

When rendering B�ezier curves, our system uses the curve-
based shader proposed by Loop et al. [12] along with the
embedded curve information to run the inside/outside
test for the color of a pixel. However, after deforming a
mesh and its corresponding border, our system dynami-
cally adjusts the embedded triangles and information by
intersecting the curve with the mesh and B�ezier curves
may swap from convex to concave and vice versa as

Fig. 11. This shows the progress of border vectorization. (a) We seg-
ment borders using RDP where red marks Cð0Þ connection points and
blue marks Cð1Þ ones. (b) We construct a cubic B�ezier curve marked
with blue by fitting points in a segment marked with orange.
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shown in Fig. 13a. When swapping, white may fill those
pixels outside the border and introduce white artifacts as
shown in Fig. 13b. Our system designs a simple approach
to solve this problem with an extra frame buffer object
(FBO) as shown in Fig. 13c: 1) Our system renders the
black interior triangles and B�ezier curves into a FBO, and
the content inside this FBO should still have white arti-
facts. 2) Our system passes the FBO to another fragment
shader for the removal of all white pixels. 3) Our system
shades the corresponding curve-embedded triangles
which are next to the screentone regions with the screen-
tone pattern. 4) Our system composites the result of Step
2 with the result of Step 3 using the “over” operation to
obtain the final result.

6 SEMANTIC COMPONENT COMPLETION

AND MANIPULATION

Our system clusters extracted Manga elements into seman-
tic components for intuitive manipulation. Then we assign
control knobs and deform the meshes and borders with the
bounded biharmonic weighting scheme.

6.1 Semantic Component Completion

In order to intuitively manipulate and render resolution-
independent Manga patches, we must further process the
Manga elements to build the semantic Manga components
such as eyebrows or eyes. Although decomposition with
convexity such as the one proposed by Liu et al. [11] can
automatically segments a patch into components, they do
not have semantic meanings. Fully manual assignment is

strenuous, and our system aims at relieving this difficulties
with a semi-automatic manner by using simple user scrib-
bles and element selection for intuitive component comple-
tion. Since our representation already contains borders, it is
easy to design a vector-space intelligent scissor to create
enclosing regions with user scribbles in two steps, border
segment decomposition and component construction, as
shown in Fig. 14.

Border segment decomposition: A user can draw several
scribbles to create border segments enclosing semantic com-
ponents. However, user scribbles are generally imprecise
and cannot be directly used to form the correct segments.
Therefore, we snap the scribbles to the original curves using
non-rigid registration algorithm [31] by building point-to-
point correspondences between samples of users scribbles,

Su, and original curves, So. However, since scribbles only
indicate local behaviors of borders, our system only chooses
scribble segment samples which are close to the original
curves. After registration and selection, we create candidate
segments from these snapped points and remove those
overlapped with original curves. All the remaining scribble-
assisted segments along with the original curves are border
segments.

Component construction: After border segment de-
composition, our system can automatically compute the
possible enclosing regions using the point location algo-
rithm [26] to flood fill for acquisition of enclosing borders
directly in geometry space based on user clicking. Addi-
tionally, the user can also merge two or more regions
for acquisition of less to more complex meaningful
components.

Fig. 13. (a) This illustrate that a convex curve (blue) becomes concave and the concave one (red) becomes convex while their embedded mesh
deforms. (b) While directly shading the curve-embedded mesh where blue and gray mark triangles in screentone and solid regions and green marks
borders, white artifacts occurring between the border and screentone region. (c) We remove the white artifacts by compositing the rendering of the
solid region on a transparent background over the rendering of the screentone region.

Fig. 12. This illustrates the concept of procedurally screentone shading. The left shows a shading screentone unit, and the right shows the defined
Dots, Stars, Stripes, and Grids. Our system transforms a pixel to the screentone space using p0 ¼ UðSðdÞShðoÞRðoÞpÞ where UðÞ removes the digital
part and keeps the decimal part, ShðoÞ ¼ ½1;�tanðoy � oxÞ; 0; 1� is the inverse shear operator, RðoÞ ¼ ½cosðoxÞ; sinðoxÞ;�sinðoxÞ; cosðoxÞ� is the
inverse rotation operator, and S ¼ ½1=dx; 0; 0; 1=dy� is the inverse scale operator.
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Finally, our system also triangulates every semantic com-
ponent selected with its border to create a separate mesh
detached from the original mesh. These newly detached
meshes can be manipulated independently.

6.2 Manipulation

After semantic component completion and vectorization,
the Manga components are ready for manipulation. In order
to reuse the existing patches for production of new Manga
patches and cartoons, three manipulation manners are
important, and our system can achieve them with a few
user scribbles and clicks for simpleness and intuitiveness.
The following introduces several interesting techniques to
manipulate and enhance the Manga components.

Shading and screentone replacement: A user can change
the shading of each semantic component by modifying the
screentone type and its properties or selecting a desired pat-
tern from our database. For example, the user can change the
radius, space, and orientation of a Dots pattern. Digitization
allows authors to reuse their drawing for other purposes by
changing their appearance such as their screen patterns, and
in the past, this is done by strenuous manual process, but
now our system can achieve this by a single click.

Manga component deformation: Our system seeks to
deform components with minimal amount of user interven-
tion, the result should be smooth, local, and intuitive for
arbitrary topology, and the operation should be minimal
after preprocessing steps for real-time operations. Simple
control points or bones are abundant and therefore, we
adapt the bounded biharmonic weights deformation (BBW)
method [7]. After component completion, a user can add a
set of control knobs and pseudo edges. This addition is rela-
tively free and intuitive, and the results are completed by
BBW. Then, we can define the affine deformation based on
the control vertices and bones as p0 ¼ Pm

j¼1 wjðpÞAjp where
p0; p 2 V are the deformed and original vertices of the

semantic components, V 2 R2 denotes the deformation
domain, wj is the weight function associated with handle

Hj, Hj 2 V; j ¼ 1; . . . ; m are control handles which can be a
single point or a skeleton bone represented as a set of con-
nected vertices, and Aj defines the user specified affine
transformation. Our system automatically estimates the
weights by minimizing the Laplacian energy subject to
upper and lower bound constraints of smoothness, non-
negativity, shape-awareness, partition of unity, locality,
sparsity, and no local maxima. Since we have a unified
representation for both shading regions and strokes, it is

easy to maintain their topological relationship for consistent
shading and manipulation and smoothness. However, even
with a consistent manipulation framework, the curve shad-
ing and interior shading may still exist inconsistency. In
order to have right rendering results, our system shades
B�ezier curves and interior shading regions separately. For a
single B�ezier curve, the start and end points are embedded
into the vertices of a curve-shading triangle, and the other
control points are designed to have mobility. Under this
design, our system can dynamically adjust the convexity of
the curve. After deforming component triangles, we must
deform the embedded borders according to those curve-
embedded vertices. Our designed shading order can guar-
antee that the screentone rendering do not flow out of the
border. Therefore, generally our manipulator is stable and
robust. Fig. 15 illustrates the curve updating strategy for the
maintenance of Cð1Þ. We embed the newly computed con-
trol parameters into the vertices. After updating the control
parameters of all deformed control vertices, our system can
render the border curves and their shading accordingly as
described in Section 5. This relieves mangakas from consid-
ering the screentone shading problem.

Lighting effect addition: Lighting is important for differ-
ent effects and conveying different thought. However, it
would take a large amount of manual cut-and-paste work
for right lighting effects. After vectorizing the screentone,
we can easily amplitude modulate our patterns for different
lighting effects. Similar to lighting information extraction,
we can construct an image mask with color gradation with
its minimum and maximum grayscale value g in the range
of ½0; 1�. We use the virtual light to control the direction of
linear interpolation for the color gradation. Then our system

Fig. 15. va; vb; vc, and vd are four consecutive vertices after deformation.

mab, mbc and mcd are the middle points of their connected segments. bb
and bc are points on the segmentmabmbc andmbcmcd having the property

of jvb�va j
jvc�vb j /

jbb�mab j
jmbc�bb j

and jvc�vb j
jvd�vc j /

jbc�mbcj
jmcd�bc j. Finally, we translatemab andmbc by

~bbvb to get ca2 and cb1 and translatembc andmcd by
~bcvc to get cb2 and cc1.

Fig. 14. This shows the progress of component completion with the input vector image of Kid from Hero Robot Fight! �Kurudaz and Iiman (a), user-
specified scribbles to complete the eyebrow (b), non-rigid registration to gain point-to-point correspondences between samples from the original
curve (blue) and samples from the scribble (red) (c), the complete border formed by snapping segments (d), and combination of enclosing regions
by mouse clicking (e).
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uses the color gradation of a pixel to modify the radius and
thickness properties in the procedural shader by multiplica-
tion i.e., r ¼ r� g. Fig. 1e shows exemplar results.

7 RESULTS AND COMPARISON

Our vectorization pipeline uses a simple LBP pattern identi-
fier to determine the pattern type. In order to use it, we have
constructed a database of totally 70 Dots, 47 Stripes, 74 Grids
generated with different properties by our procedural shader
discussed in Section 5. Additionally, we would like to know
whether extra complex patterns can help us more precisely
separate patterns into simple and complex. We collect 52
complex patterns from public web sites and commercially
available screentone sheets. We test LBP classifier using our
screentone pattern database without/with complex patterns.
Additionally, we collect the Gabor filtering code from Qu
et al. [19] for a GF classifier of 24 features. We also add a simi-
lar voting system into the Gabor filtering for a GPV classifier.
In order to verify its robustness, we have designed two differ-
ent tests: generated pattern comparison and collected realistic
pattern comparison. First, we used our procedural shader to
generate a set of regular screentone patterns of different spac-
ing, radii, and orientation (totally 135 Dots, 125 Stripes, 128
Grids) which are different from those in the database. We use
these patterns to test the LBP, GF, and GFV classifiers. Fur-
thermore, in order to get more close to the realistic situation,
we design a method to print out the screentone on Manga-
used papers and the printed out contents are scanned in for
testing the robustness of these identifiers. The results are
shown in the first three rows in Table 1. Second, we have col-
lected 34 regularly distributed simple screentone patterns in
Dots, Stripes, and Grids format from 29 patches of different
Manga and totally 67 complex screentone patterns cut out
fromdifferent scannedManga pages and commercially avail-
able print-outs. We have also tested the identifier on the col-
lected data sets, and the statistics are shown in the last two
rows in Table 1. As results show,when comparing the perfor-
mance of LBP identification without/with complex patterns,
we find that although complex patterns can enhance the
detection rate of an unknown complex pattern, they disturb

the detection process of an unknown simple screentone pat-
tern. Thus, in all our exemplar cases,we only use the database
containing only simple screentone patterns. Furthermore, we
have found that LBP can highly outperform GF and GFV in
identifying an unknown simple screentone pattern in created
and collected patterns. Its performance in detecting an un-
known complex pattern is comparative toGF andGFV.Addi-
tionally, the time for LBP to compute the features for a pattern
ismuch faster thanGF andGFV.

We have tested our element decomposition algorithm on
the same 27Manga characters and patches to understand its
performance. Figs. 1b and 3e shows two of the decomposi-
tion results. Generally, our algorithm performs efficiently in
determining high density regular patterns with precise
identification. Additionally, our algorithm can also success-
fully identify white areas and lighting effects inside screen-
tone regions and reproduce them procedurally. For those
thin strokes, screentone detection may mis-classify them as
screentone, and our system can successfully recover them.
Figs. 1 and 16 show the results of applying our intuitive
Manga patch vectorization and manipulation methods for
several Manga objects drawn by different artists to show
the effectiveness of our algorithm. Our method can easily
vectorize a Manga patch in a different style into the form of
a mesh and B�ezier borders and interesting deformation and
lighting effects can be added for desired effects. Generally,
screentone is an important element for Manga, and screen-
tone patterns always maintain a similar structure and scale
across rendering resolution. However, it differs from gen-
eral structural texture elements embedding fine details in
the image. Adobe illustrator is a powerful vectorization tool
and can vectorize a raster image. Therefore, we have com-
pared our vectorized results with those generate by Adobe
Illustrator as shown in Fig. 16. Because Illustrator treats
screentone patterns as a set of discrete elements, screentone
elements lose their regular structure if there is no manual
work to clean up noise, artifacts, and distortions. In the con-
trary, our proposed algorithm successfully extract most reg-
ular screentone patterns in Manga and transfer them to a

Fig. 16. This shows the vectorization results of a bottle and coin from Hero Robot Fight! �Kurudaz and Iiman, and a dog and girl �Pin-Ci Yeh gener-
ated by our algorithm (first row) and Adobe Illustrator (second row) respectively where green and red marks the resized results when rendering to
maintain the primitive density and size of the screentone pattern respectively, and the number under the figure denotes the resized rate.
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parametric form for our procedural shader. Additionally,
when zooming-in, the results generated by Illustrator can-
not maintain the primitive density of a screentone and our
algorithm can easily maintain the density. Scanned parame-
ters may affect the results and induce different amount of
scanned noise and artifacts to interfere screentone detection
and property extraction. In order to test the robustness and
effectiveness of our vectorization algorithm, we have tested
the algorithm on 13 Manga characters in five different set of
scanning parameters. Fig. 17 shows the vectorization
results, and our detector work well for all five scanning
parameters. Furthermore, we have run our vectorization
algorithm on a set of totally 111 Manga panels of the first
four pages from Doraemon (Bring Giant up to be a good kid
and Future chocolate car) and Black Jack (Unfinished house
and The policeman and mannequin). Then, we have binar-
ized these panels and manually removed the screentone
region from these panels to act as ground truth results for
computing the correct rate of black and white pixel detec-
tion respectively as 96:5 and 99:7 percent.

Additionally, our supplemental material and web site1

also provides the detection results when using the levelset
detector [19] and RTV [28]. We conclude that after proper
binarization, these methods can provide reasonable means
to detect the screentone regions.

Fig. 18 shows that a user can magnify our vector Manga
patches with clear and distinct features without blurring
and aliasing artifacts. Additionally, after vectorization, our
system can easily generate interesting composition of
Manga objects as in the sixth column of Fig. 1. Due to the
length limitation, complete data and results in this session
can be found in Supplemental materials and web site.1

8 DISCUSSION AND CONCLUSION

This study proposes a Manga object vectorization system
with a pipeline of a binarizer, screentone detector, LBP
screentone classifier, element refiner, line tracer, semi-auto-
matic semantic composer, and vectorizer. After vectorizing a
Manga patch, we also design several manipulation methods
to generate interesting effects. Later, our designed screen-
tone procedural shader and curve-based shader can render
the vectorized components in arbitrary resolution. Our
proposed vector representation has the following two ad-
vantages: first, the vectorized Manga have an arbitrary reso-
lution and a small file size when comparing to their raster
version; second, the vectorized Manga are easier to edit and

manipulate especially in deforming borders and shading
regions andmodifying screentone patterns, screentone prop-
erties, and lighting. Additionally, our designed stages are
flexible for easy replacement in the future for other more
effective methods. Although the results demonstrate that
our pipeline is effective for vectorizing our examples, these
stages are not without limitations, and therefore, there are a
few future research directions. First, although we have prop-
erly tuned our screentone detector for all our cases, it is based
on local oscillating variations and has robustness issues for
screentone patterns with a wide variety of frequencies. We
would like to develop a multi-level screentone detector or
other types of structural detectors for more robust detection.
Second, our system only procedurally shades regularly dis-
tributed simple screentone but handles complex screentone
including regularly distributed complex screentone, irregu-
larly distributed complex screentone, random complex
screentone, and hatching screentone as solid shading
regions. However, mangakas usually use these patterns for
expressing lighting effects and material textures. We would
like to develop a recognition procedure along with a proce-
dural shader to generate these aesthetic shading effects.
Third, our LBP identifier is good at separating patterns into
simple and complex categories but it cannot correctly iden-
tify the exact pattern from the database. For simple patterns,
this is fine to extract their properties based on geometric
operations. However, it is problematic for complex patterns,
and we would like to develop a Gabor-based identifier for
complex screentone patterns for avoiding property extrac-
tion. Fourth, contextual component completion still requires
a large amount of manual work. More automatic shape
decomposition with less user interaction similar to grab cut
is desired. Lastly, although our system can achieve interest-
ing manipulation, it should add certain strokes for better
concept conveying. For example, a mangaka can manipulate
a stretching hand to become a banding hand, and he/she
generally adds a few wrinkles onto the clothes, but currently
our system cannot achieve these effects. In the future, we
would like to collect a set of examples and develop amachine
learningmechanism to automatically add these extra strokes
after deformation. Another idea is to add 3D deformation
effects by using 3D object proxies of a Manga object along
with cloth simulation.

Fig. 17. This shows the vectorization results of Doctor from Hero Robot
Fight! �Kurudaz and Iiman while the input are scanned raster patches
using different scanning parameters.

Fig. 18. This shows the resized results of our vectorized princess �Pin-
Ci Yeh with the original size (blue box), the resized highlighted region at
a rate of 2, 4, and 8 times (yellow box), and the resized Manga patch at a
rate of 2 times (purple box).
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