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2.2. Smoothness Term for Pixel Pairs

The smoothness term Es(M(p), M(q)) represents dis-
continuities added to the output image by discontinuities
in the shift-map. A shift-map discontinuity exists between
two neighboring locations (u1, v1) and (u2, v2) in the out-
put image R if their shift-maps are different: M(u1, v1) !=
M(u2, v2). The smoothness term Es(M) takes into ac-
count both color differences and gradient differences be-
tween corresponding spatial neighbors in the output image
and in the input image to create good stitching. This treat-
ment is similar to [1].

Es(M) = (4)
∑

(u,v)∈R

∑

i

(R((u, v) + ei) − I((u, v) + M(u, v) + ei))2+

β
∑

(u,v)∈R

∑

i

(#R((u, v)+ei)−#I((u, v)+M(u, v)+ei))2,

where ei are the four unit vectors representing the four
spatial neighbors of a pixel, the color differences are Eu-
clidean distances in RGB, #I and #R are the magnitude
of the image gradients at these locations, and β is a weight
to combine these two terms. In most of our experiments we
used β = 2. As both color differences and gradient differ-
ences are used for smoothness, structure is better preserved.

As we use non metric distances, many of the theoretical
guarantees of the alpha expansion algorithm are lost. How-
ever, in practice we have found that good results are ob-
tained. We further found that squaring the differences gave
better results than using the absolute value, preferring many
small stitches over one large jump. Deviation from a metric
distance was also made in [10, 1].

3. Hierarchical Solution for Graph Labeling

Finding the optimal graph labeling as described in the
previous section can be computationally infeasible, due to
the very large number of nodes and of labels. In some cases
a pixel in the output image could originate from any pixel
in the input image and the number of possible labels is the
number of pixels in the input image.

A heuristic hierarchical approach for finding the opti-
mal graph labeling can substantially reduces the memory
and computational requirements of the graph-cut algorithm.
It provides good results for most of the shift map editing
applications, even though optimality cannot be guaranteed.
The speedup obtained by this approach is of several orders
of magnitude, turning an intractable problem into a problem
that can be solved in a few seconds.

A full shift map is first solved in a coarse resolution,
in which both the number of nodes (image pixels) and the
number of labels (possible shifts) are reduced. For exam-
ple, at the 4th pyramid level the number of nodes and the

(a) (b)

(c) (d) (e)
Figure 3. Shift-map retargeting for different output widths. In each
case different objects are removed. (a) Original image taken from
[13]; (b-c-e) Different output widths using no saliency. (d) Same
width as (c), but the child was marked salient.

number of labels are reduced by a factor of 64 (in the case of
both horizontal and vertical shifts). Once a coarse shift-map
is found, it is interpolated to an initial guess for a higher res-
olution using a nearest neighbor interpolation, and the shift-
map values are doubled to match the higher image resolu-
tion.

In the higher resolution levels only small shifts relative
to the initial guess are examined. In our implementation,
we used three relative shifts, (-1, 0, +1), in each coordinate,
giving a total of nine labels for both directions. It is impor-
tant to note that the data and smoothness terms are always
computed with respect to the actual shifts, and not to the
labels. We used three to five pyramid levels, such that the
coarsest level contains up to 100 × 100 pixels. The shift
map computation took between 0.5 to 30 seconds for most
of the examples in this paper. To increase accuracy in la-
bel discontinuities, more than three refinement labels can be
used. For example, the possible labels of a pixel can repre-
sent not only shifts from its own parent, but also shifts from
the neighbors of its parent. This will improve accuracy at
shift discontinuities, but at higher computational and mem-
ory costs.

While the hierarchical approach is not guaranteed to give
the global optimum, the results are very good as can be seen
in the examples. It is likely that this success, as the success
of most pyramid approaches in computer vision, can be at-
tributed to the observation that a natural image includes in-
formation in all frequencies. A multi-resolution method for
graph-cuts with two labels (min-cut) was used in [11, 13],
and was shown to provide good results. The contribution in
this paper is to extend this case to multiple labels depicting
image displacement.
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Abstract
We propose the space of axis-aligned deformations as the meaningful space for content-aware image retargeting.
Such deformations exclude local rotations, avoiding harmful visual distortions, and they are parameterized in 1D.
We show that standard warping energies for image retargeting can be minimized in the space of axis-aligned de-
formations while guaranteeing that bijectivity constraints are satisfied, leading to high-quality, smooth and robust
retargeting results. Thanks to the 1D parameterization, our method only requires solving a small quadratic pro-
gram, which can be done within a few milliseconds on the CPU with no precomputation overhead. We demonstrate
how the image size and the saliency map can be changed in real time with our approach, and present results on
various input images, including the RETARGETME benchmark. We compare our results with six other algorithms
in a user study to demonstrate that the space of axis-aligned deformations is suitable for the problem at hand.

1. Introduction

Image retargeting resizes an input image to a given tar-
get resolution, where the aspect ratio changes. In order to
avoid distorting the entire image by homogeneous scaling,
or discarding important image parts by cropping, content-
aware retargeting techniques were developed. These meth-
ods selectively deform the input image into the target di-
mensions according to a saliency map, preserving the shape
of important image components while distorting unimpor-
tant background content. A few general methodologies for
retargeting were proposed in the recent years, such as dis-
crete carving/shifting, continuous warping and hybrid ap-
proaches [SS09]; some algorithms are even available in
modern commercial image editing software [Ado10]. To
help assess and further improve content-aware retargeting,
a number of representative techniques were recently bench-
marked and compared in a large-scale user study [RGSS10].

When analyzing the plethora of recent image retargeting
approaches and their results, three prominent facts and chal-
lenges become apparent: (i) The quality of the resizing re-
sults depends immensely on the saliency map. Nearly every
approach proposes its own variant of importance map com-
putation, but it is disjoint from the content-aware resizing
operator itself and can be easily exchanged. It is evident that
a “silver-bullet” automatic saliency detection method does
not exist, i.e., each saliency computation technique will fail
on some input images, and user-guided importance specifi-
cation is desired in such cases [SS09]. (ii) Fast or even re-

original saliency map

retargeting to 200% width using axis-aligned deformations

Figure 1: Retargeting an image to wide format. The impor-
tance map was generated using a gradient filter and refined
by a few strokes. The computation of the retargeted image
took 4 ms, and the overall process took 30 sec of user time.

altime image resizing methods are extremely valuable, since
they are more easily amendable to video retargeting and al-
low interactive control of the resizing process [KLHG09].
(iii) The robustness of the retargeting operator is another
key factor that affects the quality of the results, namely the
smoothness, predictability and avoidance of unwanted self-
intersections (foldovers) in the resized image. Preventing
foldovers appears to be a difficult task [CFK∗10], requir-

c� 2011 The Author(s)
Computer Graphics Forum c� 2011 The Eurographics Association and Blackwell Publish-
ing Ltd. Published by Blackwell Publishing, 9600 Garsington Road, Oxford OX4 2DQ,
UK and 350 Main Street, Malden, MA 02148, USA.
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