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RE-SIZING IMAGE SEQUENCES

FIELD OF INVENTION

This invention concerns the re-sizing of an ordered sequence of related
images in a manner which depends on the content of the images. One application

of the invention is the aspect-ratio conversion of film or video material.
BACKGROUND OF THE INVENTION

It is frequently necessary to change the overall shape of a set of images
comprising an image sequence. An example is modification of video material
originated with an aspect-ratio (width to height ratio) of 16:9 to enable it be shown
on a display device having an aspect ratio of 4:3. In such processing it is usually
undesirable to alter the proportions of objects portrayed in the images. Known
methods include removing (cropping) material from parts of the images, and
applying spatial scaling which varies over the image area so that only objects

near to the edge of the images are distorted.

More complex techniques include systems which analyse the image content
so as to identify portrayed objects whose spatial proportions must be preserved,
and only to scale other parts of the images to achieve the required change in the

overall shape of the images.

A particularly interesting technique for re-sizing single images is described
in the paper “Seam Carving for Content-Aware Image Resizing” by Avidan and
Shamir, published in the Proceedings of the SIGGRAPH conference in August
2007. In this technique a path connecting opposite edges of an image via set of
adjacent pixels having a minimum measure of cumulative high-spatial-frequency
energy is identified as a “seam”. The pixels comprising this seam are then
removed from the image, thus reducing the size of the image by one pixel-pitch in
the direction orthogonal to the seam. This process is repeated on the processed
image so as to identify a second seam, which is also removed; and the process

continues until the desired size reduction has been obtained.

By using a measure of minimum high-spatial-frequency energy to identify
seam positions, pixels are removed in relatively undetailed areas which are more
likely to represent the spaces between portrayed objects, thus minimising the

shape distortion of portrayed objects.
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The paper also describes how different degrees of size reduction can be
applied in the vertical and horizontal directions and how the technique can be

extended to deal with expansion of the image size.

However, the application of these techniques to a sequence of related
images, such as views of the same scene captured in a time or viewpoint

sequence, leads to unpleasant artefacts.
SUMMARY OF THE INVENTION

The invention consists, in one aspect, of a method and apparatus for
changing the size of a first image, forming part of a sequence of images, where a
low spatial-frequency-energy region is removed from, or enlarged in, the first
image, wherein the selection of the region in the first image to be removed or
enlarged is biassed towards the position of a low spatial-frequency-energy region

in a second image in the sequence.

Advantageously the selection of the region in the first image to be removed
or enlarged is biassed towards a motion compensated position of a low spatial-
frequency-energy region in a second image in the sequence and the motion

compensation compensates for movement between the first and second images.

For image size reduction, low spatial-frequency-energy pixels are deleted
and remaining pixels are moved closer together, without changing their

respective values, so as to restore a regular sequence of pixel positions.

For image size enlargement low spatial-frequency-energy pixels are
replicated and the replicated pixels are inserted adjacent to the said low spatial-
frequency-energy pixels so that the original pixels are moved further apart,
without changing their respective values, so as to restore a regular sequence of

pixel positions.

In a second aspect of the invention a set of pixel shift values dependant
upon the location of one or more low-spatial-frequency energy regions is derived
for the pixels of one or more images in the sequence so that the translation of
input pixels necessary to produce respective changed-size output images is
defined by the respective pixel shift values, and the respective images are

changed in size by applying the respective pixel shift values to their pixels.
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In either aspect the number of images in the sequence may be increased by
interpolation of new images prior to the identification of low spatial-frequency-

energy regions.

Advantageously the additional images are generated by motion

compensated interpolation.

In either aspect low spatial-frequency-energy regions may be identified by

analysing a down-sampled version of the image whose size is to be changed.
Suitably the said down-sampling is anisotropic.

Advantageously the down-sampling pitch is longer in the direction

orthogonal to the direction of image size reduction.

In either aspect low spatial-frequency-energy regions are identified by
analysing a spatially low-pass filtered version of the image whose size is to be

changed.
Suitably the said spatially low-pass filter is anisotropic.

Advantageously the cutoff frequency of said anisotropic spatial filter is lower

in the direction orthogonal to the direction of image size reduction.

In the second aspect the said pixel shift values may be spatially filtered prior

to being used to form a reduced-size image.
Suitably the said spatial filtering is anisotropic.

Advantageously the cutoff frequency of said anisotropic spatial filtering is

lower in the direction orthogonal to the direction of image size reduction.

In certain embodiments of the second aspect the said pixel shift values are

temporally filtered prior to being used to form a reduced-size image.
Advantageously the temporal filter is motion compensated.

The invention consists, in a third aspect, of a method of processing a
sequence of pixel based images, comprising the steps of providing at or around
each pixel a measure of image energy and identifying for each image a low
energy path of contiguous pixels extending across the image, wherein information
concerning the location of a path in one image is used in the identification of a
path in the next image of the sequence, wherein the step of identifying for each

image a low energy path of contiguous pixels comprises identifying a path along
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which the sum of measured energy is a minimum, wherein the step of identifying
a path along which the sum of measured energy is a minimum comprises the
repeated steps of selecting a next pixel in the path to minimise the accumulated
measured energy along the path, and wherein a plurality of paths extending in a
common direction across the images are identified in a rank order and
information concerning the location of a path in one image used in the
identification of a path having the same rank order in the next image of the

sequence.
BRIEF DESCRIPTION OF THE DRAWINGS

Examples of the invention will now be described with reference to the

drawings in which:

Figure 1 shows a flow-chart of a prior-art method of reducing the width of a
sequence of images.

Figure 2 shows a graph of energy bias versus pixel position.

Figure 3 shows a flow-chart of a method of reducing the width of a sequence
of images according to an embodiment of the invention.

Figure 4 shows a block diagram of a method of reducing the width of a
sequence of images according to an embodiment of the invention.

Figure 5 shows graphs of input pixel co-ordinates versus equivalent output

pixel co-ordinates.

DETAILED DESCRIPTION OF THE INVENTION

In order to explain various embodiments of the invention, it is helpful first to
describe the analysis of a first image in a sequence of images to find one or more

seams.

Suppose that it is necessary to shrink a picture horizontally. Seam carving
is applied repeatedly, shrinking the picture by one pixel width at a time. Each
pass of the process operates as follows. An energy or activity function is
calculated for each pixel in the picture. Typically, this is the sum of absolute
differences between the current pixel’'s luminance value and each of its four
neighbours. A seam of minimum energy is then foundd extending from the top to
the bottom of the picture. A seam is a set of connected pixels, one pixel per line,

the connection criterion typically being vertical or diagonal adjacency.
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The energy of a seam is the sum of the energy values of the pixels in the
seam. The minimum-energy seam can be found using a recursive technique in
which best partial seams leading to each pixel on successive rows of the picture
are calculated until a minimum-energy seam is found leading to each pixel on the
bottom row. The minimum is then taken of all the bottom-row results with back-

tracking along the seam to the top of the picture.

Having found the minimum-energy seam, all its pixels are (in one
arrangement) simply removed from the picture, shifting the rest of the picture into
the gap to make a new picture one pixel narrower than before. This is the

process of “carving” a seam from the picture.

Figure 1 shows such a system for finding a substantially vertical seam as a
first step in the reduction in the width of the image. As explained in the
introduction, the system is based on evaluating the cumulative high-spatial-
frequency energy of a set of adjacent pixels. If the luminance of the pixel located
at Cartesian co-ordinates (x, y) is Y(, ), where x and y are in units of horizontal
and vertical pixel pitch respectively, a measure of its high-spatial-frequency
energy is the sum of the magnitudes of the luminance differences with respect to

adjacent pixels:

Yo = Y-ty +
Yoo = Yoysnl
Yo = Yor el +
Yoy = Yo-1nl *
Yoy = Yorapl  +
Yoy = Y- 10| +
Yoo = Yoy-nl -+

Yo ) = Y1, y-1)]

This is the simplest measure for an orthogonal sampling lattice, other
combinations of pixel values giving a measure of high-spatial-frequency energy of
the pixel at (x, y) may be used; for example the rectified output of a spatial high-

pass filter.

Referring to Figure 1, in step (1) the high-spatial-frequency energy of each
pixel in the top line of the image is evaluated. Note that, as there are no pixels

above the top line, the energy level will need to be suitably weighted (by a factor
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of 6/9 if the above measure is used) so as to give values which are directly

equivalent to those of pixels fully surrounded by adjacent pixels.

In step (2) the high-spatial-frequency energy of each of the pixels of the next
(i.e. second from top) line of the image is evaluated. In step (3), for each pixel of

the second from top line, three energy sums are formed:

a) The energy sum of the pixel and the adjacent pixel directly above it.

b) The energy sum of the pixel and the adjacent pixel above and to
the left of it.

c) The energy sum of the pixel and the adjacent pixel above and to

the right of it.

The minimum of these three energy sums is stored respectively for each
second-line pixel. The position of the spatially higher pixel contributing to the sum
relative to the position of the spatially lower pixel contributing to the sum is also
stored. There are three possible relative positions: vertical, case (a); diagonal

from left, case (b); or diagonal from right, case (c).

In step (4) a test is made to determine whether all lines of the image have
been processed. As this is not the case, the third line from the top of the image is
then processed in a similar way summing the third-line pixel energy values with
the appropriate first- and second-line energy sums. In this way a minimum

cumulative energy path from the top line of the image is determined.

The process continues until the bottom line of the image has been
processed, and step (4) then directs the processing to step (5). In step (5) the
bottom line pixel with the lowest cumulative energy is determined; the set of
pixels whose energy values contributed to its cumulative energy are identified;
and, the set of their locations stored as a seam. This seam will trace a one-pixel-
wide path from a point on the top edge of the image to a point on the bottom edge
of the image. It may contain vertical and or diagonal segments and will pass

between high-energy regions of the image.

In step (6) the pixels of this seam are removed from the image, thus
reducing its width. In step (7) the reduced image width is compared with the
required width and, if further reduction is required, the processing returns to step
(1), and the partially reduced image is then processed in the same way as

described above so as to identify a second seam; which is also removed. This
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process is repeated until the required width reduction is achieved and step (7)

causes the process to end.

In a first embodiment of the invention the images of a sequence of images
are reduced in width by the successive removal of seams from each image.
Artefacts due to inconsistencies between the seam positions in succeeding image
are avoided by applying a recursive bias to the pixel energy values. Bias values,
which depend on the positions of seams in the preceding image, are subtracted
from the pixel energy values used to determine the seam locations in the current
image, so that pixels which correspond in position with seams in the preceding
image of the sequence have their energy contributions to the cumulative energy
measures reduced. Because the seam determination process seeks a low-energy
path through the image, pixels whose energy contribution are reduced by bias are

more likely to be included in newly determined seams.

The recursion will preferably be motion compensated recursion, so that the
bias favours placing a seam where the corresponding seam in the previous

picture would have been expected to have moved to.

As explained previously, seams are identified in sequence, with removal of
the pixels of each seam prior to the determination of the next seam. The
sequence of seam determination (for a particular image) gives a rank order for
each seam. The bias values used in the determination of seam positions are

derived from the position of the seam of the same rank in the previous image.

A suitable bias function is shown in Figure 2, which shows the bias values to
be subtracted from pixels close to the position of a seam in the preceding image.
Referring to Figure 2, the relevant seam in the previous image (i.e. the seam of
the same rank as the seam being identified) crosses the line being processed at
pixel co-ordinate S. Current-image pixels in the co-ordinate range S-4to S+ 4
have energy values of between 1 and 20 subtracted from their energy value
contributions to the respective cumulative energy sum, the highest bias being

applied to pixels closest to co-ordinate value S.

A width reduction process making use of recursive energy bias according to
the invention is shown in Figure 3. Steps which have similarity with steps in
Figure 1 have equivalent reference numerals prefixed by 3. Steps which differ

from the system of Figure 1 will now be described with reference to Figure 3.
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After determining the top-line pixel energy values at step (31) and the next-
line pixel energy values at step (33), the respective pixel energy value has a
respective energy-bias value subtracted from it. The bias value is determined
from the position of the pixel being processed relative to the position of the seam
of the same rank (i.e. order of discovery) in the same line of the previous image
of the sequence. Higher bias values are subtracted from pixels which are closest

to the position of the equivalent seam in the same line of the previous image.

In order to find the bias values it is necessary to store the location and rank

of each seam as it is discovered. This is shown at step (39).

Other factors may contribute to the bias values so as to improve the
process. For example if an area of interest has been determined, pixels within
this area could be given additional bias so as to prevent seams passing through
the area of interest. Also, the removal of pixels from linear features portrayed in
the image can be subjectively annoying — such features may be detected and

bias applied to pixels close to, and forming part of, such linear features.

Instead of subtracting the bias values, a bias-dependant multiplicative, or
non-linear weighting can be applied to the pixel energy values that contribute to

the cumulative energy sums from which seam positions are determined.

The previously-described processes for finding seams require the
processing of all the pixels of each image. However it is also possible to
determine seam positions on spatially down-sampled images; i.e. where fewer
pixels are used to represent the content of each image. This has the advantage
that fewer pixels need be processed, but, of course, additional processing will
usually be necessary to down-sample the images. It is particularly helpful to apply
down-sampling in the direction orthogonal to the required direction of image size
reduction. Fewer pixels are processed, but the positional resolution (in the
direction of size reduction) of seam locations is not reduced. Where such
anisotropic down sampling is used it is also beneficial to modify the pixel energy
determining function so as to compensate for the loss of high-spatial-frequency
energy that occurs in the down-sampling. For example, where width reduction is
required, and more severe down-sampling is applied in the vertical direction,
greater weight can be given to vertical pixel-value differences in determining the

pixel energy values.
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Where seam positions are calculated in down-sampled images, suitable
sub-pixel interpolation may be necessary to determine the corresponding seam

positions in the full-resolution images.

The use of seam positions from the previous image is clearly inappropriate
where succeeding images are unrelated. This condition may be detected, by any
of the known methods of “shot-change detection”, and seam information from

unrelated preceding images not used to determine seam positions.

Temporal filtering of seam positions may be used to improve the
consistency of seam positions between succeeding images so that more than
one preceding image contributes to the seam positions for the current image.
Motion compensation may also be used so that the movement of objects
portrayed by pixels is analysed and, where a seam is found in a moving area, the
position of that seam in a succeeding image may be inferred from the measured

speed and direction of movement (motion vector) for that image area.

The consistency of determined seam positions from one image to the next
may be improved by interpolating one or more additional images between
adjacent input images and performing the seam location process on the resulting
temporally up-converted sequence. Motion compensated interpolation can be

used to create the additional intermediate images.

The process of seam location can be used for image expansion. Instead of
removing the seam pixels, they can be duplicated so that the size of each image
is increased by one pixel for every seam. The process of seam location can be
iterated in a similar way as described for image reduction until sufficient seams

have been located to achieve the required degree of expansion.

In an alternative embodiment of the invention the process of re-sizing the
images is achieved by a pixel shifting process rather than the direct removal or
duplication of seam pixels. The control of the pixel shifting process is derived
from seam positions calculated in the same way as for the previously-described
embodiments. The seam carving can then be regarded as a process that
generates a map function linking input and output pixel locations — effectively a
set of instructions for a rendering engine. This map function can then be

manipulated by filtering, scaling or mixing to make the seam carving process
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smoother and also to enable the seam carving analysis to be performed on a

down-sampled picture to save computation.
A block diagram of the alternative embodiment is shown in Figure 4.

Referring to Figure 4, a stream of pixel values (40), which define an image
sequence, is input to a digital video effects (DVE) processor (41), whose output
(42) comprises a reduced-size image sequence. The DVE processor uses the
known techniques of digital video effects, including variable spatial interpolation
and decimation, to create output pixels from respective input pixels defined by
pixel shift control signals (43). The pixel shift control signals (43) may vary
between different pixels of an image and between succeeding images of the
sequence. The value of each output pixel of each output image is defined, by
pixel shift control signals (43), in terms of shifted input pixels of the respective

input image; and, there are fewer output pixels (42) than input pixels (40).

A seam-finding process (44) determines seam positions for each image in
the sequence from the input pixel-value stream (40). Optionally, the input pixels
can be spatially down-sampled in a down-conversion block (45) so as to simplify
the seam finding process as described above for the first embodiment. The
seam-finding process (44) operates as described previously, except that,
because seam pixels are not removed once seams have been identified, means
must be provided to prevent pixels from already-located seams (low rank seams)

from contributing to the energy sums used to locate later (higher rank) seams.

The output (46) of the seam finding process (44) is, for each image in the
sequence, a table linking each output pixel position to an input pixel position. This
table is derived by taking account of all the seams found in the relevant image
(the number of seams to be found depending on the required width reduction)
and calculating horizontal pixel shift values which, when applied to the pixels,
have the same effect as removing seam pixels from the image. An alternative
format for this table would be a vector field where each output pixel is assigned a
vector indicating the distance and direction to the corresponding input pixel. For

width reduction all the vertical components of these vectors will be zero.

The spatial resolution of the output (46) from the seam-finding process (44)
may be lower than the output pixel resolution. This is very likely if the input image

is down sampled in the optional down-sampling block (45). If so, the table of shift
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values (46) is up-sampled in an up-conversion process (47) which uses any of
the known methods of spatial interpolation to obtain a shift value for every output

pixel location.

As mentioned previously annoying artefacts are caused when the re-sizing
of succeeding images is inconsistent. These artefacts can be reduced by filtering
the shift values in a smoothing process (48). This processing can be spatial
and/or temporal low-pass filtering. A particular advantage of the system of
Figure 4 is that lower resolution in the seam-finding process can be compensated
for by the smoothing process (48). This enables a reduction in processing

resources for an equivalent output quality.

Additional arbitrary expansion or contraction factors can be obtained by
processing the pixel-shift table values (46), and this will now be explained with
reference to Figure 5. The Figure shows an exemplary set of pixel-shift table
values in the form of a graph (50) of input pixel co-ordinate i versus the
corresponding output pixel co-ordinate x. A set of X¢ output pixels are obtained
by shifting a sub-set of the / input pixels. Those input pixels which correspond to
seams are labelled S7 to S717 in the Figure, and these pixels have no
corresponding output pixels. As can be seen from the graph (50), suitable shift
values are applied to the contributing pixels so as to provide a regularly-spaced

set of output pixels.

(Note that seams have been numbered for convenience in ascending order
from the co-ordinate origin. These seam numbers do not correspond to the seam
rank described above; as explained previously, the seam rank relates to the

sequence of seam identification and is unrelated to the co-ordinate of the seam.)

The set of pixel-shift values represented by the graph (50) can be used to
create an alternative set of shift values which can be applied to the images to
expand them. Such a set of image expansion shift values is illustrated by the
graph (51), in which each of the seam pixels has been duplicated, so as to create

a set of Xg output pixels from the full set of / input pixels.

In the graph (50) one pixel has been removed per seam; and, in the graph
(51) one pixel has been added per seam. For example, the three adjacent input
pixels P Q and R include a seam pixel Q (one of the pixels of seam S6). In the

reduced-size image produced by the shift values of the graph (50), pixel Q is
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discarded and pixels P and R are moved next to each other. In the expanded
image produced by the shift values of the graph (51), pixel Q is duplicated to form
pixels Qqand Qy; and these duplicated pixels are interposed between pixels P
and R.

If the graphs (50) and (51) are represented by the functions:
i= C(x) and

i = E(x) respectively

it can be seen that these functions are mutual reflections, in the x direction,

about the line i = x.

If we define equivalent inverse functions (i.e. functions which express output

pixel co-ordinate in terms of input pixel co-ordinate):

x=C7'(j) and

x = E"'(i) respectively
we can express this mirror-symmetry by saying:
E'()-x=x-C'(j)

where the left hand side of the above equation represent the length of the
line (52) in Figure 5; and, the right hand side the above equation represent the
length of the line (53).

Image expansion factors greater than that provided by the graph (51) can be

achieved by functions E(x) for which:
x=CYi)>E(i)- x

More generally, the required transformation of the pixel-shift values should

satisfy the equation:
ax[x=C(N=(1-a)x[E")-x
where « is a parameter which determines the degree of expansion.

Positive values of a less than unity will give size increase less than one

pixel per seam.

Negative values of o define pixel shift functions giving image size reduction;

in this case the graph of shift values E(x) lies to the left of line i = x in Figure 5.
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Suitable transformations, corresponding to the above equations, can be
applied to the pixel-shift values for the one pixel per seam size reduction case
C(x) so as to obtain pixel-shift values for arbitrary image expansion or reduction

independent of the number of seams located.

The transformation of the pixel-shift data from the seam location process
need not give rise to integer shift values. Sub-pixel interpolation can be used in
the DVE process (41) where the values of pixels located on either side of the
(non-integral) required input pixel co-ordinate are used to compute the output

pixel value.

The transformation of the pixel-shift data from the seam location process
can vary, depending upon the position within the image. For example, spatial
distortions could be confined to the image edge regions. Where this is done it will
be necessary to ensure that sufficient and equal expansion or reduction is applied

to every line of each image.

The processes which have been described are equally applicable to image
height modification. In this case substantially horizontal seams are identified
corresponding to low cumulative high-spatial-frequency energy paths between

points on the left and right edges of the images.

Height and width modification can be combined by identifying both
horizontal and vertical seams. The horizontal and vertical seam finding processes
can be conducted in stages so that a proportion of the total required number of
seams in one direction can be found, then a proportion of the required seams in
the other direction, and this alternation of analysis direction can continue until the
required number of seams in each direction is found. If both horizontal and
vertical seam positions are known then the image may be expanded in one

direction and reduced in another.

Non-rectangular images can be processed. In this case it is necessary to
weight the cumulative energy measures according to the number of pixels
comprising each seam so that seams are identified and ranked according to the

cumulative high-spatial-frequency energy per pixel.

Other directions of image expansion or reduction can be obtained by

changing the permitted directions in which the cumulative energy is summed in
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the seam location process. For example, if size modification in a diagonal

direction is required, the choice of pixel energy summations could be:

a) The energy sum of the pixel and the adjacent pixel
directly above it.

b) The energy sum of the pixel and the adjacent pixel
above and to the left of it.

c) The energy sum of the pixel and the horizontally

adjacent pixel to the left of it.

The term “motion compensation” has been used in this specification on the
understanding that it is very common for the position of an image in a sequence
to represent time. However, analogous processing can be applied where the
position in the sequence represents some other dimension, such as camera
position. References to motion compensation should therefore be taken to
include compensation for positional shifts of portrayed objects between images
due to a non-temporal parameter which defines the position of an image in the

sequence.

In the processes described above, all seams have equal effect; i.e. they all
cause the same change in picture height or width. An alternative approach is to
take note of the amount of energy removed from the picture by each seam in the
original analysis phase. This energy value then determines the width of picture
material that is actually removed. The first few seams will ‘carve through’ the
plainest, lowest-energy areas of the picture, so we remove more picture material
from these areas. For example the energy value associated with each seam
could be processed in a non-linear function to obtain a width-change value to be
applied to the picture at the location of that seam. Low energy value seams would
correspond to large width changes and high energy value seams would
correspond to smaller width changes. The set of width changes for all the
processed seams can be scaled so that the total width change, obtained by

summing the set of width changes, is equal to the required width change.

In the first, previously-described width changing process, the width change
corresponds to an integral number of pixels — one pixel for each seam; and the
process of seam location stops once the desired size change has been achieved.

However, if the effect of each seam depends on the total energy of that seam a
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chosen arbitrary number of seams can be found, and the resulting picture shift

values scaled to obtain the required picture size change.

A fixed number of seams could be found so as to limit the amount of
processing required, or there could be as many seams as the number of pixels

5  per picture width (for width change) or picture height (for height change).

As explained previously, in the seam finding process, the minimum-energy
seam is found and removed in an iterative process. The first seams to be
removed have low energy, and then the energy increases because lower energy
pixels have been removed. The increase is not always strictly monotonic,

10  because, once a seam is removed, the energy is recalculated throughout the
picture. The problem is that, towards the end of the seam carving process, some
seams will be removed while others of approximately similar energy will remain.
This leads to inconsistent results between succeeding pictures in a sequence,
with consequent motion judder when the sequence is viewed. A solution to this

15  problem is to make the width of picture material actually removed from the output
picture inversely proportional to the seam energy, and then to scale the resulting

pixel shift values in order to bring about the desired size change.

This can be expressed mathematically as follows:

Wl :_,i :1...N
Ei
20 where:
W; is the width of material removed along the path of seam i
E,« is the energy of seam i,

A is a constant; and,
N is the width of the picture in pixel-pitch units

25 The constant A can be chosen so as to ensure a desired total width of
removed material. For example, if we wish to reduce the width of the picture from

N to M, then A is given by

N-M
N

Y VE,

i=1

Note that it is important to use an energy function that cannot be equal to

A

30 zero.
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In practice, it is desirable to limit the maximum width of picture material
removed by a single seam. This could be achieved by adding a constant to the

energy function:

A }
w, = di=1...N
Ei - E + A/ Winax
5 Unfortunately, this function does not permit a closed-form solution for the

constant A. An approximation to the desired behaviour could be obtained using

the following function:

4 .
w,=——,i=1...N
E +B
A value of the new constant B is determined empirically, and then A is given
10 by
N-M
o1

ZEl.+B

i=1

A=

A further refinement to the function is to subtract a constant and clip to 0, so

that seams with energy values above some maximum bring no reduction in width:

A A
w, = maxs 0, — ,i=1...N
E+B E_. +B
15 A is then given by
N-M

Zmax 1
E+B E « T8

An advantage with the use of this function is that the seam carving
process can be stopped when the energy reaches Enax, Since energy values at or

higher than Enax give rise to width reduction values of 0.

20 An alternative to the reciprocal function and its refinements discussed

above is to use a decreasing linear function of energy:

max
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If Emax is fixed, then wpax is given by

N-M N-M

w =
max E
i

i}max 0,1- E; Z I_E

E max E<E

max max

Whilst the above examples have been based on 16:9 to 4:3 conversion, the
inventive concepts apply equally to conversion in the other direction and between

other ratios.

The improvements that we have made to seam carving for video sequences
allow a great deal of flexibility. We can perform seam carving independently in
both horizontal and vertical dimensions and combine the resulting maps. We can
use seam carving to expand or contract the picture in either or both dimensions.
For example, Figure A 12 shows the result of seam carving both horizontally and
vertically, the aim this time being to retain the 16:9 aspect ratio but to produce a
smaller picture in which objects of interest retain their original size and shape. In
this example, the smooth seam carving approach is not used, so the first pictures

show the “hard” horizontal and vertical seams that are removed from the picture.
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Claims

1. A method of changing the size of a first image, forming part of a
sequence of images, where a low spatial-frequency-energy region is removed
from, or enlarged in, the first image, wherein the selection of the region in the
first image to be removed or enlarged is biassed towards the position of a low

spatial-frequency-energy region in a second image in the sequence.

2. A method according to Claim 1 where the selection of the region in
the first image to be removed or enlarged is biassed towards a motion
compensated position of a low spatial-frequency-energy region in a second
image in the sequence and the motion compensation compensates for

movement between the first and second images.

3. A method of image size reduction according to Claim 1 or Claim 2
where low spatial-frequency-energy pixels are deleted and remaining pixels
are moved closer together, without changing their respective values, so as to

restore a regular sequence of pixel positions.

4. A method of image size enlargement according to Claim 1 or
Claim 2 where low spatial-frequency-energy pixels are replicated and the
replicated pixels are inserted adjacent to the said low spatial-frequency-
energy pixels so that the original pixels are moved further apart, without
changing their respective values, so as to restore a regular sequence of pixel

positions.

5. A method according to Claim 1 or Claim 2 where a set of pixel shift
values dependant upon the location of one or more low-spatial-frequency
energy regions is derived for the pixels of one or more images in the
sequence so that the translation of input pixels necessary to produce
respective changed-size output images is defined by the respective pixel shift
values, and the respective images are changed in size by applying the

respective pixel shift values to their pixels.
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6. A method according to Claim 5 in which the said pixel shift values
are transformed in dependence upon the position within the image of the

respective pixel to be shifted.

7. A method according to any of Claims 1 to 6 where the number of
images in the sequence is increased by interpolation of new images prior to

the identification of low spatial-frequency-energy regions.

8. A method according to Claim 7 where the additional images are

generated by motion compensated interpolation.

9. A method according to any of Claims 1 to 8 where low spatial-
frequency-energy regions are identified by analysing a down-sampled version

of an image whose size is to be changed.

10. A method according to Claim 9 where the said down-sampling is

anisotropic.

11. A method according to Claim 10 where the down-sampling pitch is

longer in the direction orthogonal to the direction of image size reduction.

12. A method according to any of Claims 1 to 11 where low spatial-
frequency-energy regions are identified by analysing a spatially low-pass

filtered version of an image whose size is to be changed.

13. A method according to Claim 12 where the said spatial low-pass

filter is anisotropic.
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14. A method according to Claim 13 where the cutoff frequency of said
anisotropic spatial filter is lower in the direction orthogonal to the direction of

image size reduction.

15. A method according to Claim 5 where the said pixel shift values are

spatially filtered prior to being used to form a reduced-size image.

16. A method according to Claim 15 where the said spatial filtering is

anisotropic.

17. A method according to Claim 16 where the cutoff frequency of said
anisotropic spatial filtering is lower in the direction orthogonal to the direction

of image size reduction.

18. A method according to Claim 5 where the said pixel shift values are

temporally filtered prior to being used to form a reduced-size image.

19. A method according to Claim 18 where the temporal filter is motion

compensated.

20. A method of changing the size of an image in which a set of pixels
that represent the image are processed so as to find a low spatial-frequency-
energy path between points on opposite edges of the image comprising a
sub-set of the said set of pixels, and the total spatial-frequency energy of the
said sub-set of pixels is evaluated and used to determine the magnitude of a
one-dimensional expansion or contraction that is applied to those parts of the

said image that lie on the said path.

21. A method according to Claim 20 in which the said total spatial-
frequency energy value is used to derive a set of pixel shift values that are

applied to a pixel representation of the said image.
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22. A method according to Claim 21 in which the said total spatial-
frequency energy value is modified by a non-linear function before being used

to derive the said set of pixel shift values.

23. A method of processing a sequence of pixel based images to
modify the aspect ratio of the images, comprising the steps of providing at or
around each pixel a measure of image energy; identifying for each image a
low energy path of contiguous pixels extending across the image from one
edge of the image to a different edge of the image, wherein information
concerning the location of a path in one image is used in the identification of a
path in the next image of the sequence; and modifying the aspect ratio of
each image by removing or by replicating said low energy path of contiguous

pixels

24. A method according to Claim 23, wherein the step of identifying for
each image a low energy path of contiguous pixels comprises identifying a

path along which the sum of measured energy is a minimum.

25. A method according to claim 23, wherein the step of identifying a
path along which the sum of measured energy is a minimum comprises the
repeated steps of selecting a next pixel in the path to minimise the

accumulated measured energy along the path.

26. A method according to claim 23, wherein a plurality of paths
extending in a common direction across the images are identified in a rank
order and information concerning the location of a path in one image is used
in the identification of a path having the same rank order in the next image of

the sequence.
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27. Apparatus configured and adapted to perform a method according

to any one of the preceding claims.

28. A computer software product including instructions for

implementing a method according to any one of claims 1 to 26.
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