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Figure 1: Meaningful structure extraction from textured surfaces. Examples from left to right are graffiti on brick, marble mosaic (ca. 260
AD), crop circles, and graffiti on gate.

Abstract

It is ubiquitous that meaningful structures are formed by or appear
over textured surfaces. Extracting them under the complication of
texture patterns, which could be regular, near-regular, or irregular,
is very challenging, but of great practical importance. We propose
new inherent variation and relative total variation measures, which
capture the essential difference of these two types of visual forms,
and develop an efficient optimization system to extract main struc-
tures. The new variation measures are validated on millions of sam-
ple patches. Our approach finds a number of new applications to
manipulate, render, and reuse the immense number of “structure
with texture” images and drawings that were traditionally difficult
to be edited properly.

CR Categories:  1.4.3 [Image Processing and Computer Vi-
sion]: Enhancement—Smoothing; G.1.6 [Numerical Analysis]:
Optimization—Nonlinear programming

Keywords: texture, structure, smoothing, total variation, relative
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1 Introduction

Many natural scenes and human-created art pieces contain texture.
For instance, graffiti and drawings can be commonly seen on brick
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walls, railroad boxcars, and subways; carpets, sweaters, and other
fine crafts contain various geometric patterns. In human history,
mosaic has long been be an art form to represent detailed scenes
of people and animals, and imitate paintings using stone, glass,
ceramic, and other materials. When searching in Google Images,
millions of such pictures and drawings can be found quickly.

A few examples from different sources are shown in Figure 1.
They share the similarity that semantically meaningful structures
are blended with or formed by texture elements. We call them
“structure+texture” images. It is particularly interesting that human
visual system is fully capable to understand these pictures without
needing to remove textures. In psychology [Arnheim 1956], it is
also found that “the overall structural features are the primary data
of human perception, not the individual details”.

Contrary to this almost effortless process, extract structures by a
computer is much more challenging. Tedious manual manipulation
is needed in all photo editing software that we used. A few ap-
proaches [Meyer 2001; Yin et al. 2005; Aujol et al. 2006] employ
a total variation image regularizer in optimization. This frame-
work, however, cannot satisfyingly distinguish texture from the
main structures because both of them could receive similar penal-
ties during optimization. Recent edge-preserving image editing
tools [Farbman et al. 2008; Subr et al. 2009; Farbman et al. 2010;
Kass and Solomon 2010; Paris et al. 2011; Xu et al. 2011] do not
aim to solve the same problem, and, therefore, are not optimal so-
lutions. More analysis and comparisons will be provided.

We present a simple and yet effective method based on novel local
variation measures to accomplish texture removal. We found that
with regard to our new relative total variation, which will be elab-
orated later in this paper, texture and main structure exhibit com-
pletely different properties, making them surprisingly decompos-
able. With this finding, we present an optimization framework, in
which meaningful content and textural edges are penalized differ-
ently. A robust numerical solver is also proposed to decompose the
original highly non-convex optimization problem into several linear
systems, for which fast and robust solution exists. Note that we do
not assume specific regularity or symmetry of the texture patterns,
and instead allow for a high level of randomness. Non-uniform and
anisotropic texture, thus, can be handled in a unified framework.
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Figure 2: Effect of our variation measures. (a) Input. (b) Windowed total variation map. (c) Windowed inherent variation map. (d) Relative
total variation (RTV) map, where meaningful structures are penalized much less than textures. (e) Our finally extracted structure image.

Our method makes an enormous number of existing “struc-
ture+texture” images reusable in editing and rendering. We present
several applications, including structural edge detection, vectoriza-
tion, seamless cloning, and structure-only image composition, to
name a few. Our system also benefits general seam carving, mak-
ing the results less error-prone to ubiquitous textures.

Limitations As our method assumes neither the specific type of
texture nor the latent main structure arrangement, it cannot distin-
guish between texture and structure that are similar in scales or are
close with respect to the new variation measures. The method per-
forms best for lighting that is not very complex and images with-
out strong perspective distortion when user interaction is not in-
volved. While this is not an issue for images such as well-lit paint-
ings, drawings and mosaics on which the paper focuses, this can
be more problematic with natural images and can result in details
being overly smoothed.

2 Background

Texture usually refers to surface patterns that are similar
in appearance and local statistics [Wei et al. 2009]. Tex-
ture synthesis [Efros and Leung 1999;  Wei and Levoy 2000;
Efros and Freeman 2001; Kwatra et al. 2003] can produce a large
seamless texture map from small examples. For near-regular
textures, spatial relationship is used to detect and analyze regularity
[Liu et al. 2003; Liu et al. 2004; Hays et al. 2006], enabling image-
texture separation in de-fencing [Liu et al. 2008]. These methods
count on the symmetry and regularity of texture and require prior
pattern knowledge. Image analogy [Hertzmann et al. 2001] needs
examples and may have difficulty removing texture when details
are complex and irregular.

Representative structure-texture decomposition methods that do
not require extensive texture information are those enforcing
the total variation (TV) regularizer to preserve large-scale edges
[Rudin et al. 1992; Meyer 2001; Yin et al. 2005; Aujol et al. 2006].
Aujol et al. [2006] studied four TV models and concluded that TV-
L, [Rudin et al. 1992] is most favorable with unknown texture pat-
tern. The TV-L, model simply uses a quadratic penalty to enforce
structural similarity between the input and output, expressed as

. 1 2
argmsln;{u(Sp—lp) +|(VS)pI}7 ()

where [ is the input, which could be the luminance (or log lumi-
nance) channel and p indexes 2D pixels. S is the resulting structure

image. The data term (S p—1 p) % is to make the extracted structures
similar to those in the input image. ¥, [(VS), | is the TV regular-
izer, written as

YI(VS), =Y 1(0:8),[+1(S),,|
p

with the anisotropic expression in 2D. Jx and d, are the partial
derivatives in two directions. We have extensively experimented

with this form and found that the total variation regularizer has lim-
ited ability to distinguish between strong structural edges and tex-
ture. This paper contains a few examples.

In image smoothing and editing, Farbman et al. [2008] used
weighted least squares (WLS) and Xu et al. [2011] proposed
Lo gradient minimization. These methods differ from the TV-
L, structure-texture decomposition on regularization and detailed
optimization steps. But they still depend on gradient mag-
nitudes and do not suit texture separation very well. Local
smoothing, such as bilateral filtering [Durand and Dorsey 2002;
Paris and Durand 2006; Fattal et al. 2007] and local histogram-
based filtering [Kass and Solomon 2010], can suppress details
while preserving structural edges. These approaches are also not
designed to handle texture and their straightforward employment
cannot achieve satisfactory texture removal. In [2009], Subr et al.
separated oscillations from the structure layer through extrema ex-
traction and extrapolation. The method is unlike previous filtering
approaches in its ability to smooth high-contrast details. However,
in practice, blending of texture and meaningful structures would
cause problems in extrema locating and fitting. Result comparison
and discussion for these methods are provided in Section 4.

3 Approach

We do not assume or manually determine the type of textures, as the
patterns could vary a lot in different examples. Our method contains
a general pixel-wise windowed total variation measure, written as

@X(p) = Z g[’-,q.l(axs)qL
4€R(p)

9}'(1’) = Z 8p.q-° | (ays)q l (2)
9€R(p)

where g belongs to R(p), the rectangular region centered at pixel p.
2x(p) and 2,(p) are windowed total variations in the x and y direc-
tions for pixel p, which count the absolute spatial difference within
the window R(p). gp, 4 is a weighting function defined according
to spatial affinity, expressed as

(xp _xq)z + (yp _yq)z
&p, q < €Xp (— 702 )

where o controls the spatial scale of the window. In an image with
salient textures (Figure 2(a)), both the detail and structure pixels
yield large & (Figure 2(b)), which indicates that the windowed total
variation is responsive to visual saliency.

3)

To help distinguish prominent structures from the texture elements,
besides &, our method also contains a novel windowed inherent
variation, expressed as

L) = | Y &g (98,1,
g€R(p)

L) = | Y gp,q'(ays)q|~ 4
g€R(p)
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Figure 3: Statistical validation of the inherent and relative variations. A few examples along with manually labeled main structures are
shown in the top frame. Sample patches are randomly extracted from these examples, as illustrated in the middle row. Structure and texture
patches are included in the red and green rectangles respectively. (a)-(c) show the distributions of 9, £, and RTV. The red and green curves
are for the classes of texture and structure patches respectively. (d) plots precision-recall of our normalized measure and other variations.

& captures the overall spatial variation. Different from the expres-
sion in Eq. (2), it does not incorporate the modulus. So the sum of
dS depends on whether the gradients in a window are coincident or
not, in terms of their directions, because dS for one pixel could be
either positive or negative.

Key Observation There is an important finding on .& that guides
our system design — that is, the resulting .# in a window that only
contains texture is generally smaller than that in a window also in-
cluding structural edges. An intuitive explanation is that a major
edge in a local window contributes more similar-direction gradients
than textures with complex patterns. We show a .Z map in Figure
2(c), where the texture, albeit visually salient, produces smaller L
values than the main structures. It is not a special example. We will
show in Section 3.1 that this finding is actually acquired statistically
from many data.

To further enhance the contrast between texture and structure, espe-
cially for visually salient regions, we combine .’ with & to form an
even more effective regularizer for structure-texture decomposition.
The objective function is finally expressed as

Px(p)

argmsinXp:(Sp—Ip)Z_g_)L.(E%C(p)+8+ Zy(p)

, 5
%<p>+e) ©

where the term (S, —1,)? makes the input and result not de-

viate wildly.  The effect of removing texture from an im-
age is introduced by the new regularizer (Z¢(p)/(Z(p)+€) +
2y(p)/(Z,(p) +€)), which we call relative total variation (RTV
for short). A in Eq. (5) is a weight. € is a small positive number to
avoid division by zero. The division is an element-wise operation.

Relative Total Variation (RTV) is simple and yet very effective to
make main structures stand out, thanks to the characteristics of 2
and .. For the example in Figure 2, the final RTV is large around
the graffiti edges. Normalization using windowed inherent varia-
tion .Z is similar to circular and spherical statistics (CSS), where
the norm of the sum of unit vectors is used to normalize spherical
mean and variance [Watson 1983]. One term in CSS evaluates the
concentration of vectors. Our inherent variation shares similarities
with these spherical metrics, which yields small responses when lo-
cal gradients scatter, corresponding to textures. It differs from CSS
on incorporating a windowed total variation and working in concert
with a data fidelity term.

3.1 Verification

To verify the effectiveness of the RTV measure, we build a dataset,
which contains millions of patches along with manually created la-
bels. In the first place, we collect 200 “structure+texture” images
and ask five student helpers to draw strokes snapping to important
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structure edges. The remaining pixels are treated as not contain-
ing meaningful changes. So each image has a corresponding stroke
map. A few test images and corresponding stroke maps are shown
in the blue frame of Figure 3. Based on them, we wrote a program to
randomly draw structure and texture patches respectively, all with
size 29 x 29. Structure patches contain labeled strokes while the
texture patches do not. Several of them are shown in the red and
green rectangles in Figure 3. We in total collect 2.2 million of
patches. The numbers of the structure and texture patches are with
ratio 1:3. The dataset as well as the labeled stroke maps can be
downloaded from the project website.

With all these patches, we calculate respective values based on the
windowed total variation, windowed inherent variation, and rela-
tive total variation, and plot the distributions in Figure 3(a)-(c). We
fix the spatial scale o to 5 in Eq. (3) for simplicity’s sake. These
plots reveal the following facts statistically. First, the total varia-
tion cannot well distinguish structure from texture because the two
peaks in (a) are very close. Second, the windowed inherent varia-
tion distributions are more discriminative since the peak of the tex-
ture curve arises near the zero variation. Third, the relative total
variation distributions are most separable. There are conspicuous
peaks for both sets of patches, which are distant in different ranges.
It, thus, is most suitable for structure extraction. These facts are in
compliance with our observation presented in Section 3.

We also quantitatively compare these measures by classifying
patches into the structure and texture categories and computing
precision-recall. By normalizing the measures and varying the clas-
sification threshold in [0, 1], we plot precision-recall curves in Fig-
ure 3(d). For comparison, we also evaluate widowed total variation
and windowed L g regularizer that approximates the sparse prior in
the WLS method. Our relative total variation has a clear superiority
over other alternatives.

Difference to texture classification Note that our final goal is
not texture/structure classification, but instead another challenging
task, i.e., texture removal from different “structure+texture” im-
ages. The variation metric needs to be simple to form a prac-
tical solution to finely separate texture and structure from each
other for each pixel. Our method, therefore, is different by na-
ture from texture classification and segmentation [Tuceryan 1994;
Malik et al. 2001; Liu et al. 2004; Hays et al. 2006], and from ap-
plications in contour extraction [Arbelaez et al. 2011] and saliency
detection [Goferman et al. 2010].

3.2 Numerical Solution

The objective function in Eq. (5) is non-convex. Its solution
thus cannot be obtained trivially. We propose an efficient solver
based on the knowledge that an objective function with the penalty
of a quadratic measure can be optimized linearly [Szeliski 2006;
Lischinski et al. 2006; Krishnan and Szeliski 2011]. Our approach
decomposes the RTV measure into a non-linear term and a
quadratic term. The advantage is that the problem with the non-
linear part, intriguingly, can be transformed to solving a series of
linear equation systems, in a way similar to iterative re-weighted
least squares.

We first discuss the x-direction measure. The y-direction term can
be dealt with similarly. We expand the penalty as

E% 8p.g1(9:S),|
q
Zp:‘%‘ Z‘ )y gpq( )|+8 ©

q€R(p)

By re-organizing the terms and grouping elements that contain

Algorithm 1 Structure Extraction from Texture

1: input: image /, scale parameter o, strength parameter A
2: initialization: t = 0, SO 7

3: for t=0:2 do

4 compute weights w and u in Egs. (8), (9), (11), and (12)
5:  solve the linear system in Eq. (14)
6: end for
7: output: structure image S

| (9xS),, |, we obtain

i ( 8p.q
[(9:S), |
Z Zp +8 Zq:pe%q) %:(p)g”’q ’ (8XS)q [+e !
~L L e ms e O
e Zp)FE @), e
= ;ux Mg (8XS)§ . (7

The second line in (7) is an approximation due to the introduction
of & for numerical stability. The re-arrangement of the terms de-

composes the measure into a quadratic term (8XS)Z and a non-linear
part uy gwy 4. They are respectively

_ 8p.q 7( 1 )
g = ol Gk |, ()
pER(q)o%C(p)_FE |G0'>ka)CS|_‘—S q
1
e = . 9
w. q |(axS)q|+£s ( )

Expression (8) indicates that u, for each pixel actually incorporates
neighboring gradient information in an isotropic spatial filter man-
ner. G is a Gaussian filter with standard deviation o. The division
in (8) is element-wise and * is the convolution operator. wy is only
related to the pixel-wise gradient.

Similarly, we can express the y-directional penalty as
Zg Zuy quq(a S) (10)
q

where (QVS); is the quadratic y-component partial derivative and
Uy gWy 4 is similarly the non-linear part. They are respectively

1
- S 1
Uy q (GG*|G6*3yS|+8>q’ (1)

1

ICSHES (12)

Wy ¢

With these operations, Eq. (5) can be written in a matrix form:
(vs —v)T (vs — i) + A <v§c{ UW,Covs +v5 CT U,,w,;cyvs) , (13)

where vg and v; are the vector representation of S and / respec-
tively. Cy are Cy, are the Toeplitz matrices from the discrete gradient
operators with forward difference. Uy, Uy, Wy, and W), are diago-
nal matrices. Their diagonal values are respectively Uy[i,i] = uy ;,
Uy[i7i] = Uy, Weli,i] = wy i W/y[i7i] =Wy .

The form in (13) enables a special iterative optimization procedure.
Due to the decomposition of the non-linear and quadratic parts, a
numerically stable approximation is naturally obtained, which was
found very effective in our experiments to quickly estimate the
structure and texture images. Our optimization process is as fol-
lows.
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Figure 4: Structure images in different iterations.

Step 1 From the estimated structure image S in the previous iter-
ation, it is straightforward to calculate the values of u and w based
on Egs. (8), (9), (11), and (12), which form the matrices of U and
W in Eq. (13).

Step2 Using the values of Uy, Uy, Wy, and Wy, minimization boils
down to solving a linear system in each iteration as

(L+AL) V5T =y, (14)

where 1 is an identity matrix and L' = C{ UIW!C, + Cl UIW,C,y
is the weight matrix computed based on the structural vector v§.
(14 AL') is the symmetric positive definite Laplacian matrix. We
use the forward difference to approximate discrete gradients, which
results in a sparse five-point Laplacian matrix. Efficient solvers are
available for it. Both the isotropic and anisotropic treatments of the
total variation can be applied. The whole optimization process is
summarized in Algorithm 1.

4 More Analysis

Iterations Our method quickly updates the structure image S in
iterations. The intermediate results are shown in Figure 4. We
found empirically 3-5 iterations are enough to suppress texture. The
fast convergence manifests the effectiveness of our solver.

Computation Cost The proposed solver has two main phases in
each iteration to calculate the weights (line 4 in Algorithm 1) and
solve the linear system (line 5 in Algorithm 1). In weight computa-
tion, as expressed in Eq. (8), two convolutions are involved, which
are with complexity O(62N), where N is the total number of pix-
els in an image. Acceleration by Fourier transform may introduce
boundary artifacts given large Gaussian kernels. We instead make
use of the nice separation property of Gaussian to obtain two 1D
filters, resulting in an O(oN) complexity method.

The second step is to solve a linear system with a 5-point spatially
inhomogeneous sparse Laplacian matrix. Several solutions are
available [Levin et al. 2004; Szeliski 2006; Lischinski et al. 2006;
Farbman et al. 2008; Krishnan and Szeliski 2011]. Fast solvers,
such as the multi-resolution preconditioned conjugate gradient
(PCG) and numerical multigrid scheme, can reach O(N) complex-
ity. Our method using the PCG speedup only needs 2 seconds to

(c) $2 ' (d) Final S

process a single channel 800 x 600 image on a PC with an Intel
i7 3.40GHz CPU and 4GB memory. To handle color images, we
compute the weights in Eqgs. (8), (9), (11), and (12) considering all
three color channels so that they share the same preconditioner. It
takes 3.7 seconds to process an 800 x 600 color image on the same
PC. Our code is publicly available.

Parameter Adjustment We normalize all pixel values to the in-
terval [0,1]. € and & are two small positive numbers to avoid di-
vision by zeros. € is fixed to le —3. We found that making & a
bit larger helps preserve smoothly varying structures. It is set to
2¢ — 2 empirically. A in Eq. (5) is a weight inevitable in regular-
ized optimization. Altering its value can control the smoothness
of the result, but does not help texture separation too much. As
illustrated in Figure 5, increasing A causes more blurriness; many
textures, however, are still retained. The value of A typically varies
in a small range [0.01,0.03] in practice.

In contrast, spatial parameter ¢ in Eq. (3) controls the window size
for computing the windowed variations. It depends on the scale of
texture elements and is thus vital in texture-structure separation. We
make o tunable for different images in interval (0,8]. The texture-
suppression effect by increasing o is illustrated in Figure 5. We also
note that gradually decreasing ¢ in each iteration helps improve
the edge sharpness, without compromising the texture-suppression
ability.

Non-uniform and Anisotropic Texture When a surface is with
multiple texture patterns or is viewed in a non-frontal direction, tex-
ture elements can be with varying scales. Two examples are shown
in Figures 5 and 7. These images are not problematic to our method
in general because textures with their scales smaller than the one
corresponding to ¢ all receive penalties in the RTV measure. Our
results in Figures 5 and 7 bear this out. More examples are included
in the project website. Of course, if structures at afar are with sim-
ilar scales as textures at the near end, both could be removed. We
will discuss this issue more in Section 7. While RTV counts on lo-
cal statistics, we do not assume local gradients to be isotropy. The
measure works well as long as opposite gradients in a window can-
cel out each other, regardless whether the pattern is isotropic or not.
Figures 2 and 13 show examples with strong directional patterns.
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(a) Input

(b)A=0.01,0=0.5 (©)A=0.02,6=05 (dA=0.03,0=0.5

(e) Close-ups HA=001,0=05 (e9A=001,0=1 (h)A=0.0l,0=3

Figure 5: Effect of varying parameters. Tuning & is much more effective than tweaking A in structure-texture separation. (b)-(d) shows that
varying A blurs edges and cannot remove texture very well. In (f)-(h), we alter scale ¢, which maintains sharp edges while separating texture.

(e) BLF (0, = 0.3, o5 = 45) (f) [Kass and Solomon 2010] (g) [Subr et al. 2009] (h) Our result (A = 0.015, 6 = 6)

Figure 6: Results and comparison on “Pompeii Fish Mosaic”.

(a) (b) BLF (c) [Subr et al. 2009] (d) Our result (A =0.01, 0 =2)

Figure 7: Structure extraction result comparison on the “Unicorn and Phoenix” mosaic image.
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Figure 8: Structure vectorization. (a) Input. (b) Our structure image S. (e) Upscaled image after vectorizing (a) as a whole. (f) Upscaling
result by only vectorizing (b) while the texture image is treated as a bitmap and is bilinearly interpolated. Close-ups of (e)-(f) are shown in

(c)-(d).
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Figure 9: Edge simplification from a cluttered scene. Directly applying edge detection yields erroneous results in (b) and (c) even by varying
parameters. Our method can maintain meaningful edges and suppress texture, as shown in (d). It helps edge extraction.

5 Comparison

We compare our method with a few others on structure-texture sep-
aration. In our framework, the windowed inherent variation can be
deemed as a way for normalization and is incorporated into opti-
mization as weights uy and uy in Eqs. (8) and (11). If we set them
to 1, our solver becomes an iterative method for TV-regularized op-
timization with significantly weakened ability to extract structure
from texture. If we further set the iteration number to 1, it turns to
the WLS optimization method, except for using original intensities
instead of difference in the log luminance channel. This connection
discloses that the proposed windowed inherent variation metric is
essential to distinguish between structure and texture in optimiza-
tion, and is a generalization of several other regularizer forms.

Figure 6(a) shows a “Pompeii Fish Mosaic” image. The main struc-
tures are formed by many tiles with salient but fine tessera bound-
aries, making their extraction very challenging. Results from other
methods are presented from (b)-(g). We have hand tuned param-
eters for these methods. Note that the TV-regularized method, bi-
lateral filtering, and weighted least squares [Farbman et al. 2008]
were used in natural image smoothing. They do not have ef-
fective terms to deal with textures. The dominant mode fil-
ter [Kass and Solomon 2010] and Ly smoothing [Xu et al. 2011]
preserve and enhance sharp edges. In dealing with the “struc-
ture+texture” images, they also have respective limitations. In com-
parison, our framework makes use of local signed gradients and
the relative total variation (RTV) exhibits special properties. The
method of Subr et al. [2009] is a multi-scale smoothing approach
and we show the output from the second scale. Increasing the spa-
tial parameter could further blur main edges. Our result is shown in
(h). Another comparison is on the “Unicorn and Phoenix” example
shown in Figure 7. More are included in the project website.

6 Applications

Meaningful structure extraction from textured surfaces enables
many applications. We show a few in image editing, rendering,
and vectorization.

6.1 Vectorization

Image vectorization is to turn a raster image to a vector graph that
is supposedly arbitrarily scalable. Most vectorization methods can-
not well represent fine details. It is also particularly difficult to
deal with the structure+texture images due to complex patterns and
common existence of local intensity oscillation. For the image
shown in Figure 8(a), state-of-the-art vectorization software Vec-
tor Magic [2010] mistakes texture patterns. When the vectorized
image is upscaled with a factor of 8, visual artifacts are noticeable,
as shown in (e) and magnified in (c).

We propose a different way for vectorization. In the beginning,
texture and structures are decomposed by the method presented in
this paper, resulting in the structure image shown in Figure 8(b).
A vector graph can be easily formed for it. During upscaling, the
vectorized structure image is directly magnified. In the meantime,
the corresponding texture image is resized as a bitmap simply using
bilinear interpolation. We finally compose the two layers and obtain
the result shown in Figure 8(f). This mixture algorithm can produce
visually more pleasing results with sharp boundaries even with a
large scaling factor, while not losing or mistaking details as much
as traditional vectorization. Close-ups in (c) and (d) show clearly
the difference.
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Figure 10: Edge detection from a cluttered scene. (a) Input image.
(b) Canny edge detection result. (c)-(d) Results of globalPb [2011]
with threshold 0.05 and 0.1 respectively. (e) Our structure map. (f)
Our corresponding edge map.

6.2 Edge Simplification and Detection

Our method can be applied to edge simplification and extraction
thanks to its ability to remove many details and find main edges.

Figure 9 shows an image example that contains visually salient
background and foreground textures. They could mislead edge de-
tection. Note that tweaking the parameters of Canny edge detector
[Canny 1986] cannot produce a reasonable contour, as shown in
(b)-(c). The main edges are broken while many edgelets are gener-
ated. Our structure result (d) contains meaningful visual informa-
tion, making edge detection more reliable.

In Figure 10, we present a world map mosaic image. Directly de-
tected edges from it (shown in (b)) using the Canny detector is com-
pletely unusable, owing to the large contrast and small scale of the
tiles. globalPb [Arbelaez et al. 2011] is a state-of-the-art edge de-
tection method based on multiple cues. Its results commonly in-
clude part of the texture boundaries as important edges, as demon-
strated in Figure 10(c) and (d). Thus the goal and edge detection
effect differ from ours. Our structure map and edges detected on it
are presented in (e) and (f).

(b) (c)

(@) (e)

Figure 11: Texture enhancement. (a) and (d) are the input images.
(b) and (e) show our structure image results. (c) and (f) are the
texture enhancement resullts.
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Figure 12: Our method can be useful for image composition be-
cause our structure images contain main edges and boundaries.
Details and texture that easily conflict in the source and target im-
ages are removed. Our result shown in (d) is visually more pleasing
than the one in (c).

6.3 Enhancement and Composition

We can also enhance texture layers to improve contrast and create
different visual impressions. Two image examples are included in
Figure 11. The mosaic and cloth patterns in (a) and (d) are repeti-
tive. They can be nicely separated from the images by our method.
We then enhance the texture contrast and add the respective layers
back to create the magnification effect.

Graffiti images, paintings, and drawings sometimes cannot
be directly used in seamless cloning and image composition
[Pérez et al. 2003] because the source and target textures are incom-
patible. As shown in Figures 12 and 13, even the mixing-gradient
image cloning, which locally selects the maximum gradient from
the source and target images, does not produce visually plausible
results. Using our produced structure images (b), composition can
be achieved more naturally, as shown in (d).
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(©)

Figure 13: Another composition example. (a) Input. (b) Our struc-
ture image. (c) Image composition using (a). (d) Image composition
using (b).

6.4 Content-aware Image Resizing

Our method also profits content-aware seam carving. Natural
scenes generally contain many details, such as waves, grass,
sand, mountain, rock, and tree. They are less important
than the objects of interest, but would influence image resizing
[Avidan and Shamir 2007]. We show in Figure 14 an example.
Wave, in this image, is with large-magnitude gradients and affects
seam carving. As shown in (e) and (g), the horizontal and vertical
seams cross mainly the sail, making the result in (c) not acceptable.

Our method can help address this issue. Our extracted structure
map in (b) has much less texture, making the majority of the seams
not pass through the remaining salient edges, i.e., the sail in (f) and
(h). Our final result in (d) is produced by removing seams from the
input image (a). More results are presented in our website.

7 Concluding Remarks

We have presented a new system for meaningful structure extraction
from texture. Our main contribution is twofold. First, we proposed
novel variation measures to capture the nature of structure and tex-
ture. We have extensively evaluated these measures and conclude
that they are indeed powerful to make these two types of visual in-
formation separable in many cases. Second, we fashioned a new
optimization scheme to transform the original non-linear problem
to a set of subproblems that are much easier to solve quickly. Sev-
eral applications making use of these images and drawings were
proposed.

Our method does not need prior texture information. It could, thus,
mistake part of structures as texture, if they are visually similar in
scales. One example is shown in Figure 15, where structures are not
all preserved. It is because the scale and shape of these edges are
overly close to those of the underlying texture, significantly obscure
the difference from the statistical perspective.

Acknowledgements

We thank following people and flicker users for the photos used in
the paper: John Lohman, Lara Eakins, Cole Matson, Connor Tarter,
Purplexsu, sghosh30, mharrsch, Homeschooling-Ideas, IrishFire-

® (b

Figure 14: Seam Carving in a natural image. (a) Input image.
Without emoving details, in this type of scenes, results from seam
carve (shown in (c)) could be unpredictable. Our structure image
in (b) can help content-aware image resizing. The result in (d) is
visually more pleasing. (e)-(h) show seams.

side. This work is supported by a grant from the Research Grants
Council of the Hong Kong SAR (project No. 412911).

References

ARBELAEZ, P., MAIRE, M., FOWLKES, C., AND MALIK, J.
2011. Contour detection and hierarchical image segmentation.
IEEE Trans. Pattern Anal. Mach. Intell. 33,5, 898-916.

ARNHEIM, R. 1956. Art and Visual Perception: A Psychology of
the Creative Eye. University of California Press.

AuJOL, J.-F., GILBOA, G., CHAN, T. F., AND OSHER, S. 2006.
Structure-texture image decomposition - modeling, algorithms,
and parameter selection. International Journal of Computer Vi-
sion 67, 1, 111-136.

AVIDAN, S., AND SHAMIR, A. 2007. Seam carving for content-
aware image resizing. ACM Trans. Graph. 26, 3, 10.

CANNY, J. 1986. A computational approach to edge detection.
IEEE Trans. Pattern Anal. Mach. Intell. 8, 6, 679—698.

DURAND, F., AND DORSEY, J. 2002. Fast bilateral filtering for
the display of high-dynamic-range images. ACM Trans. Graph.
21, 3, 257-266.

ACM Transactions on Graphics, Vol. 31, No. 6, Article 139, Publication Date: November 2012



139:10 . L. Xu et al.

|
"o
AT e Y A L YT
W LICCIIIITIT b or i3zl LLiLL)

-_‘ i;_ o) ul-n 0 Y
,\ Ll B r Ll

]
o= g/

Figure 15: Difficult examples. Our method cannot perfectly extract
structures whose scale and appearance are similar to those of the
underlying textures.

EFROS, A. A., AND FREEMAN, W. T. 2001. Image quilting for
texture synthesis and transfer. In SIGGRAPH, 341-346.

EFROS, A. A., AND LEUNG, T. K. 1999. Texture synthesis by
non-parametric sampling. In /CCV, 1033-1038.

FARBMAN, Z., FATTAL, R., LISCHINSKI, D., AND SZELISKI, R.
2008. Edge-preserving decompositions for multi-scale tone and
detail manipulation. ACM Trans. Graph. 27, 3.

FARBMAN, Z., FATTAL, R., AND LISCHINSKI, D. 2010. Diffu-
sion maps for edge-aware image editing. ACM Trans. Graph. 29,
6, 145.

FATTAL, R., AGRAWALA, M., AND RUSINKIEWICZ, S. 2007.
Multiscale shape and detail enhancement from multi-light image
collections. ACM Trans. Graph. 26, 3, 51.

GOFERMAN, S., ZELNIK-MANOR, L., AND TAL, A. 2010.
Context-aware saliency detection. In CVPR, 2376-2383.

HAYS, J., LEORDEANU, M., EFROS, A. A., AND LIU, Y. 2006.
Discovering texture regularity as a higher-order correspondence
problem. In ECCV (2), 522-535.

HERTZMANN, A., JACOBS, C. E., OLIVER, N., CURLESS, B.,
AND SALESIN, D. 2001. Image analogies. In SIGGRAPH,
327-340.

KAsS, M., AND SOLOMON, J. 2010. Smoothed local histogram
filters. ACM Trans. Graph. 29, 4.

KRISHNAN, D., AND SZELISKI, R. 2011. Multigrid and multilevel
preconditioners for computational photography. ACM Trans.
Graph. 30, 6.

KWATRA, V., SCHODL, A., Essa, 1. A., TURK, G., AND Bo-
BICK, A. F. 2003. Graphcut textures: image and video synthesis
using graph cuts. ACM Trans. Graph. 22, 3, 277-286.

LEVIN, A., LISCHINSKI, D., AND WEISS, Y. 2004. Colorization
using optimization. ACM Trans. Graph. 23, 3, 689-694.

LISCHINSKI, D., FARBMAN, Z., UYTTENDAELE, M., AND
SZELISKI, R. 2006. Interactive local adjustment of tonal val-
ues. ACM Trans. Graph. 25, 3, 646-653.

Liu, Y., COLLINS, R. T., AND TSIN, Y. 2003. A computational
model for periodic pattern perception based on frieze and wall-
paper groups. [EEE Trans. Pattern Anal. Mach. Intell. 26, 3,
354-371.

Liu, Y., LIN, W.-C., AND HAYS, J. 2004. Near-regular texture
analysis and manipulation. ACM Trans. Graph. 23, 3, 368-376.

Liu, Y., BELKINA, T., HAYS, J., AND LUBLINERMAN, R. 2008.
Image de-fencing. In CVPR.

MALIK, J., BELONGIE, S., LEUNG, T. K., AND SHI, J. 2001.
Contour and texture analysis for image segmentation. Interna-
tional Journal of Computer Vision 43, 1, 7-217.

MEYER, Y. 2001. Oscillating patterns in image processing and
nonlinear evolution equations: the fifteenth Dean Jacqueline B.
Lewis memorial lectures, vol. 22. American Mathematical Soci-
ety.

PARIS, S., AND DURAND, F. 2006. A fast approximation of the
bilateral filter using a signal processing approach. In ECCV (4),
568-580.

PARIS, S., HASINOFF, S. W., AND KAUTZ, J. 2011. Local lapla-
cian filters: Edge-aware image processing with a laplacian pyra-
mid. ACM Trans. Graph. 30, 4, 68.

PEREZ, P., GANGNET, M., AND BLAKE, A. 2003. Poisson image
editing. ACM Trans. Graph. 22, 3, 313-318.

RUDIN, L., OSHER, S., AND FATEMI, E. 1992. Nonlinear total
variation based noise removal algorithms. Physica D: Nonlinear
Phenomena 60, 1-4, 259-268.

SUBR, K., SOLER, C., AND DURAND, F. 2009. Edge-preserving
multiscale image decomposition based on local extrema. ACM
Trans. Graph. 28, 5.

SZELISKI, R. 2006. Locally adapted hierarchical basis precondi-
tioning. ACM Trans. Graph. 25, 3, 1135-1143.

TUCERYAN, M. 1994. Moment-based texture segmentation. Pat-
tern Recognition Letters 15, 7, 659-668.

VECTOR MagIic, Inc., 2010. Vector  magic.
http://vectormagic.com.

WATSON, G. S. 1983. Statistics on spheres. John Wiley and Sons.

WEI L.-Y., AND LEVOY, M. 2000. Fast texture synthesis using
tree-structured vector quantization. In SSIGGRAPH, 479-488.

WEIL, L., LEFEBVRE, S., KWATRA, V., TURK, G., ET AL. 2009.
State of the art in example-based texture synthesis. In Euro-
graphics’ 09 State of the Art Report.

Xu, L., Lu, C., XU, Y., AND JIA, J. 2011. Image smoothing via
10 gradient minimization. ACM Trans. Graph. 30, 6.

YIN, W., GOLDFARB, D., AND OSHER, S. 2005. Image cartoon-
texture decomposition and feature selection using the total vari-
ation regularized 11 functional. In VLSM, 73-84.

ACM Transactions on Graphics, Vol. 31, No. 6, Article 139, Publication Date: November 2012


http://vectormagic.com


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




