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non- reference images with a pre-selected reference frame in a set of com-
] monly captured images are disclosed. The fusing approach may use a soft
transition by using a weighted average for ghost/non-ghost pixels to avoid
sudden transition between neighborhood and almost similar pixels. Addition-
ally, the ghost/non-ghost decision can be made based on a set of neighboring
pixels rather than independently for each pixel. An alternative approach may
involve performing a multi-resolution decomposition of all the captured im-
ages, using temporal fusion, spatio-temporal fusion, or combinations thereof,
at each level and combining the different levels to generate an output image.
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Methods of Image Fusion for Image Stabilization

Background

[0001] This disclosure relates generally to the field of digital
photography. More particularly, but not by way of limitation, this
disclosure relates to still image stabilization techniques. As used herein,
image stabilization refers to a collection of techniques for reducing
motion-induced blurring during image capture operations. Such motion
may result from the movement of the camera, objects in the scene, or
both.

[0002] Taking high quality photographs in low ambient light
conditions, or photographing dynamic scenes (e.g., sport scenes) is
challenging due to camera motion and/or the motion of objects within a
scene during image capture. One way to reduce motion blur without
amplifying an image’s noise is to capture and fuse multiple short exposed
images of the scene. Such operations are often called ‘Still Image
Stabilization.” While shortening image exposure times can reduce motion
blur artifacts, it does so at the expense of a noisier and/or darker image.
[0003] A common approach to image stabilization consists of (1)
selecting a reference image from a set of multiple short exposed images,

(2) globally registering all non-reference images with respect to the
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reference image, and (3) synthesizing an output image by fusing all
captured images to the reference image. In this way the output image
represents the scene as it was at the time the reference image was
captured, where non-reference images are used to reduce the noise in
the reference image by averaging/merging multiple observations of
each reference pixel across all images.

[0004] A common approach to synthesizing an output image by
fusing all registered non-reference images to the reference image is to
directly average the images. Direct averaging would reduce the noise in
the static areas of the image, but it would also introduce ghosting
artifacts. Ghosting artifacts often occur when some of the pixels in the
reference image are occluded in some of the non-reference images due to
moving objects in the scene. When there is motion between the
captured images, significant ghosting artifact can be present in the final
output when the images are directly averaged. An example of the
effects of such ghosting artifacts is shown in FIG 1. FIG. 1 shows the
resulting output of directly averaging globally registered images. As can
be seen from FIG. 1, there are significant ghosting artifacts when
images are directly averaged.

TO005] One way to avoid ghosting artifacts is for the fusion

procedure to distinguish between occlusion and noise and to exclude from
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fusion all the occluded areas. That can be achieved by excluding from the
averaging all non-reference pixels that have very different values in
comparison with their corresponding reference pixels. One way to
determine the amount of acceptable difference is to calculate it based on
the expected noise in a particular pixel. Once the acceptance threshold has
been determined, non-reference pixels that differ more than this threshold
from their corresponding reference pixels may be excluded from the
averaging.

[0006] Using a set threshold for ghosting/non-ghosting pixel
classification may itself, however, result in image artifacts, particularly in
the presence of heavy noise, which may be a typical case for image
stabilization. That is because the acceptance threshold is a statistical
estimate that may have a certain rate of failure. Neighborhood pixels may
easily fall on one side or the other of the threshold, thus creating sudden
transitions between ghosting/non-ghosting (i.e. noisier/cleaner) pixels.

Thus, currently used fusion methods can be improved.

Summary

[0007] In one embodiment a method to fuse a captured reference
image with a captured non-reference image is provided. The method
includes obtaining a first image of a scene captured at a first time, where

the image has a plurality of pixels, and obtaining a second image of the
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scene at a second time, where each of the plurality of pixels in the first
image has a corresponding pixel in the second image. The method can
then involve selecting a first pixel from the first image and determining a
non-binary weight value for the first pixel’s corresponding pixel in the
second image. The first pixel may then be combined with it’s
corresponding pixel from the second image using the non-binary weight
value to obtain a first fused pixel. The process can be repeated to select,
determine and combine for each of the plurality of other pixels in the first
image to obtain a fused image.

[0008] In another embodiment, an alternative method for fusing a
captured reference image with a captured non-reference image is
provided. A method in accordance with this approach includes obtaining a
first image of a scene captured at a first time, where the first image has a
plurality of pixels, and then obtaining a second image of the scene at a
second time, wherein each of the plurality of pixels in the first image has a
corresponding pixel in the second image. A non-binary weight value for the
first pixel’s corresponding pixel in the second image may then be
determined. The method can then combine the first pixel and it’s
corresponding pixel from the second image to obtain a first fused pixel
when the non-binary weight value is greater than a specified threshold.

The first pixel and it’s corresponding pixel from the second image may not
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be combined when the non-binary weight value is less than or equal to the
specified threshold. The process can then be repeated to select, determine
and combine for each of the plurality of other pixels in the first image to
obtain a fused image.

[0009] In still another embodiment, a captured reference image
may be fused with a captured non-reference image in an alternative way
to obtain a fused image. This approach involves obtaining a first image of a
scene captured at a first time, where the first image has a plurality of
pixels, and then obtaining a second image of the scene captured at a
second time, wherein the second image has a plurality of pixels and each
pixel in the second image has a corresponding pixel in the first image. A
multi-level pyramid representation of the first image may then be
generated, wherein a top level of the multi-level pyramid comprises a low
resolution representation of the first image and a base level of the first
multi-level pyramid comprises a high resolution representation of the first
image, and wherein each level between the top level and the base level
comprises a high spatial frequency representation of the first image
corresponding to a resolution of the level. The method may then generate
a multi-level pyramid representation of the second image, wherein a top
level of the second multi-level pyramid comprises a low resolution

representation of the second image and a base level of the second multi-
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level pyramid comprises a high resolution representation of the second
image, and wherein each level between the top level and the base level
has a corresponding level in the multi-level pyramid representation of the
first image. The method may then generate a level in an output multi-level
pyramid representation of the scene for each level in the first and second
multi-level pyramid representations of the scene by identifying, for each
group of pixels in a level of the first multi-level pyramid representation of
the scene, a corresponding group of pixels in the second multi-level
pyramid representation of the scene, and fusing the identified group of
pixels from the first and second multi-level pyramid representations of the
scene. Finally, by combining the output multi-level pyramid representation
of the scene, an output image representative of the scene may be
generated and stored in a memory.

[0010] In yet another embodiment, a captured reference image may
be fused with a captured non-reference image in another way to obtain a
fused image. This approach involves obtaining a first image of a scene
captured at a first time, where the first image has a plurality of pixels, and
then performing a multi-resolution decomposition of the first image to
generate a first multi-level pyramid representation of the first image. A
second image of the scene may then be obtained, wherein the second

image is captured at a different time from the first image, and wherein
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each of the plurality of pixels in the first image has a corresponding pixel in
the second image. A multi-resolution decomposition of the second image
can then be performed to generate a second multi-level pyramid
representation of the second image. The method then generates a level in
an output multi-level pyramid representation of the scene for each level in
the first and second multi-level pyramid representations of the scene by
selecting one or more pixels from the first image, determining a non-
binary weight value for one or more pixels in the second image
corresponding to the one or more pixels in the first image, and combining
the one or more pixels from the first image and their corresponding one or
more pixels from the second image to obtain a first fused pixel when the
non-binary weight value is greater than a specified threshold and not
combining the one or more pixels from the first image and it's
corresponding pixels from the second image when the non-binary weight
value is less than or equal to the specified threshold. The process may then
be repeated to generate a level in an output multi-level pyramid
representation of the scene for each level in the multi-resolution
decomposition of the first image. Different levels in the output multi-level
pyramid representation of the scene may be combined to generate an

output image.
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Brief Description of the Drawings

[0011] Figure 1 shows an example of image fusion operations in
accordance with prior art.

[0012] Figure 2 shows, in flowchart form, a fusion operation in
accordance with one embodiment.

[0013] Figure 3 shows an exemplified temporal fusion operation in
accordance with one embodiment.

[0014] Figure 4 shows an exemplified temporal fusion operation
using block pixels in accordance with one embodiment.

[0015] Figure 5 shows an exemplified spatio-temporal fusion
operation in accordance with one embodiment.

[0016] Figure 6 shows, in flowchart form, a multi-resolution fusion
operation in accordance with one embodiment.

[0017] Figure 7 shows an exemplary captured image sequence in
accordance with an alternative embodiment.

[0018] Figures 8A-8B show fused output images created by fusing
the captured image sequence of FIG. 7, in accordance with yet alternative
embodiment.

[0019] Figure 9 shows exemplary images created by multi-resolution

decomposition in accordance with one embodiment.
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[0020] Figure 10 shows, in flow-chart form, a multi-resolution fusion
operation in accordance with one embodiment.
[0021] Figure 11 shows, in block diagram form, a multi-function

electronic device in accordance with one embodiment.

Detailed Description

[0022] This disclosure pertains to systems, methods, and computer
readable media to improve image stabilization operations. In one
embodiment, a novel approach for fusing registered non-reference images
with a reference image in a set of commonly captured images may be
utilized. The fusing approach may utilize a soft transition between pixels by
using a weighted average for ghost/non-ghost pixels to avoid sudden
transitions between neighborhoods of almost similar pixels. The
ghost/non-ghost decision can be made, in an alternative embodiment,
based on a set of neighboring pixels rather than independently for each
pixel. An alternative approach may involve performing a multi-resolution
decomposition of all the captured images, using a weighted average
and/or examining a set of neighboring pixels at each level to determine
which pixels to fuse at each level, and combining the different levels to

generate an output image.
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[0023] In the following description, for purposes of explanation,
numerous specific details are set forth in order to provide a thorough
understanding of the inventive concept. As part of this description, some
of this disclosure’s drawings represent structures and devices in block
diagram form in order to avoid obscuring the invention. In the interest of
clarity, not all features of an actual implementation are described.
Moreover, the language used in this disclosure has been principally
selected for readability and instructional purposes, and may not have been
selected to delineate or circumscribe the inventive subject matter, resort
to the claims being necessary to determine such inventive subject matter.
Reference in this disclosure to “one embodiment” or to “an embodiment”
means that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one embodiment
of the invention, and multiple references to “one embodiment” or “an
embodiment” should not be understood as necessarily all referring to the
same embodiment.

[0024] It will be appreciated that in the development of any actual
implementation (as in any development project), numerous decisions must
be made to achieve the developers’ specific goals (e.g., compliance with
system- and business-related constraints), and that these goals may vary

from one implementation to another. It will also be appreciated that such
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development efforts might be complex and time-consuming, but would
nevertheless be a routine undertaking for those of ordinary skill in the
design and implementation of image stabilization systems having the
benefit of this disclosure.

[0025] One novel approach to image stabilization involves creating
the output image by the temporal fusion of registered non-reference
images with the reference image. Referring to FIG. 2, in one embodiment
according to this approach, image stabilization operation 200 begins when
an image sequence R is received (block 205). One of the first steps in a
typical image stabilization operation is to select one of the images in the
sequence as the reference image (block 210). There are a variety of
methods known in the art for selecting the reference image. U.S. Patent
Application No. Unknown, filed concurrently with this application and
entitled “Reference Frame Selection for Still Image Stabilization”,
incorporated herein by reference in its entirety, describes one such
method. After a reference image has been selected, the remaining images
in the sequence may be globally registered with respect to the reference
image (block 215). One approach for global registration of non-reference
images with respect to the reference image is discussed in U.S. Patent

Application entitled “Image Registration Methods for Still Image
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Stabilization” filed concurrently with this application and incorporated
herein by reference, in its entirety.

[0026] Once non-reference images are globally registered,
corresponding pixels in all of the images in the image sequence may have
the same spatial coordinates (x,y). Because the images are acquired at
different moments of time, each pixel can be represented by a third
coordinate, representing time, that merely corresponds to the image index
(x,y,t). For instance, the pixel (x,y,3) may represent the pixel located in the
third image at the spatial coordinates (x,y).

[0027] Temporal fusion involves fusing the pixels along their
temporal dimension. This is illustrated in FIG. 3, in which line 305
represents the reference image and each of the lines 310, 315 and 320
represent one registered non-reference image in the image sequence. For
simplicity, only one spatial coordinate, denoted s, is shown. The horizontal
axis represents the temporal coordinate along which the received frames
can be placed. Pixel 325 represents a pixel in the reference image that
needs to be fused with corresponding pixels in the non-reference images.
As can be seen, in temporal fusion, the current pixel may be fused with
pixels that have the same spatial coordinates in all the images. Thus in FIG.

3, pixel 325 may be fused with pixels 330, 335 and 340.
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[0028] Non-reference image pixels corresponding to a reference
image pixel may sometimes be occluded due to moving objects in the
scene. As discussed above, fusing such pixels with the reference pixel may
result in ghosting artifacts. In order to prevent ghosting artifacts in the
final output image, temporal fusion operation 200 (referring back to FIG. 2)
can decide whether a pixel in a non-reference image is a ghost or not. This
may be done by comparing each pixel in a non-reference image with the
corresponding pixel in the reference image (block 220) to determine the
similarity between the two pixels.

[0029] Rather than taking a hard ghost/non-ghost decision based on
pixel similarity, however, the operation may calculate a weight function for
each non-reference pixel (block 225). The weight function, in one
embodiment, may have a value between 0 and 1. A weight 1 may
correspond to a non-ghost pixel and a weight 0 to a ghost pixel.

[0030] In one implementation, the weight may be calculated by
comparing each non-reference pixel to its corresponding pixel in the
reference image. In an alternative embodiment, the weight can be
calculated based on the pixel similarity value and the expected noise
content at the specific exposure parameters. As is known in the art, many
cameras have a known expected noise content for each pixel at specific

exposure parameters. A pixel’s expected noise content can be used in
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calculating its weight function. This may done by calculating a weight
W(x,y) for a pixel (x,y) based on a noise standard deviation S(x,y) and pixel
similarity value D(x,y). The pixel similarity value may be a pixel difference
value between the pixel (x, y) and its corresponding reference pixel.
Assuming that the images are represented in the YUV color space, for
every pixel we may have three pixel value differences (Dy, Du, Dv), and
three noise standard deviations (Sy, Su, Sv).
[0031] The specific weight function used can vary and is a matter of
design choice. In one embodiment, the weight function can be a Gaussian
function. In another embodiment, the weight function may be linear.
Equation (1) represents an example weight function.
Wt = Wy * Wy * Wy

(1)
Where w,, represents the weight assigned to the non-reference pixel
(x,y,t), wy stands for the weight component corresponding to the Y
channel, wy corresponds to the weight component for the U channel, and
wy stands for the weight component for the V channel. In this
embodiment, the calculated weight function w; represents a probability
that the pixel (x,y,t) is a non-ghost pixel. In an embodiment, where the

weight is calculated based on the expected noise content and pixel value
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difference, the weight parameters may be calculated in accordance with

the following equations:
= K %k DL A2
wy = exp (Ky* (22)"2)

(2)

Dy
@, = exp (Kyx (5=)"2)

(3)
W, = exp (Ky* (3)"2)

(4)
Where (K,, K,, K;,) may be constants whose value can be set according to
design preferences.
[0032] An alternative approach for determining whether or not a
pixel is a ghost is to compare blocks of pixels with each other. This can be
done, for every pixel (x,y), by analyzing a block of pixels centered around
(x,y), rather than analyzing the individual pixel alone. An example is
illustrated in FIG. 4, where image 400 represents the reference image and
images 420 and 450 represent two non-reference images. When weights
need to be calculated for fusing pixel 405 of image 400 with the
corresponding pixels 425 and 455, block 410 which is centered around
pixel 405 may be compared with blocks 430 and 460, each of which is

centered around the corresponding pixel in the respective non-reference
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image. Instead of calculating the difference between the individual pixels
then, a difference may be calculated between the corresponding blocks,
e.g. block 410 and block 430 or block 410 and block 460. This can be done,
for example, by calculating the Mean Absolute Difference (MAD) or the
Mean Square Difference (MSD) between the blocks. The MAD can be
calculated in accordance with the following equation:

b=l YCor 6y + ) = G+ Ly + )]
(5)
Where (x,, y,) represents the coordinates of the pixel located in the non-
reference image whose status as ghost/non-ghost is being determined
and (x,, y,) represents the coordinates of a corresponding pixel located
in the reference image. | and j are summation indices which are spanning
the block around each pixel, and ‘||’ represents an absolute value
operator. Once the pixel difference value is calculated for the block
according to equation (5), the calculated value is used in calculating the
weight parameters wy wy wy as discussed above. The size of the block
selected can vary and is a matter of design choice. In one embodiment, the
block may be 3X3. In another implementation, the block can be 5X5.
[0033] Referring again to FIG. 2, once the weight is calculated for

each non-reference pixel, the resulting value may be used to calculate a
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value for the corresponding pixel in the output image (block 230). The
following equation may be used for this calculation:
_ pxy,0)+Qewe p(xy,t)

r(x, y) B 1+Y:we
(6)

Where r(x,y) stands for the final output pixel value, p(x, y, t) represents
the pixel value at the spatial coordinate (x,y) in image t, and w; is the
weight assigned to the non-reference pixel (x,y,t). The reference image
may be assumed to have the temporal coordinate of t = 0.

[0034] By using a weight function instead of a set threshold, the
temporal fusion operation can provide a soft transition between ghost and
non-ghost pixels, thus avoiding sudden transitions and the resultant image
artifacts. Considering only the pixels that have the same (x,y) spatial
coordinates in all the images, however, restricts the process to achieving
only as good a noise removal as the number of short exposed images
received for each sequence. For instance, if only 4 images are received in
an image sequence, a reference pixel can be averaged with a maximum of
three un-occluded pixels in the other images. If a pixel in one or more of
the images is a ghost, the number of pixels that can be fused is reduced
even further. Having more pixels to choose from, in such instances, has

been found to significantly improve the quality of the final output image.
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This can be done, in one embodiment by using an operation referred to
herein as spatio-temporal fusion.

[0035] Spatio-temporal fusion in one embodiment may involve
expanding the temporal fusion approach by fusing not only pixels that
have the same spatial coordinates but also other possible pixels. Thus, a
pixel (x,y) in the reference image can be matched with pixels that have
different spatial coordinates in the non-reference images. This is illustrated
in FIG. 5 in which the pixel 525 from the reference image 505 is fused with
multiple pixels in each of the non-reference images 510, 515, and 520.
[0036] Referring to FIG. 6, in one embodiment according to this
approach, image stabilization operation 600 begins when an image
sequence R is received (block 605). A reference image may then be
selected from the image sequence (block 610) and the non-reference
images registered with respect to the selected reference image (block
615). Each pixel (x, y) in the non-reference images may then be compared
to the corresponding pixel in the reference image (block 620) to calculate
the weight function for each non-reference pixel (block 625). Once the
weight is calculated, it can be compared to a pre-determined threshold to
determine if it is likely that the pixel is a ghost (block 630).

[0037] The pre-determined threshold can be selected from any of

the possible values for the weight. In one embodiment, the threshold may
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equal 10% of the maximum value for the weight. Thus if the value of the
weight ranges between zero and one, the threshold may be 0.1.

[0038] In one embodiment, the decision on whether or not a pixel
represents a ghost can be made in a similar manner as in temporal fusion
by comparing a small image block centered around a corresponding pixel
in the reference image with a similar block centered around the pixel that
is being analyzed.

[0039] If the weight is determined to be larger than the threshold at
block 630, temporal fusion may be used to calculate a value for a
corresponding pixel in the output image (block 635). If the weight is less
than the threshold, indicating that the pixel is likely a ghost pixel, then the
operation 600 may perform a spatial search in the image containing the
pixel (x,y) to find a better candidate for fusion (block 640). The spatial
search can be performed, in one embodiment, by considering all other
spatial locations in a neighborhood of pixel (x,y). This may be done by
considering all the pixels in the non-reference images that have a spatial
location in a certain neighborhood around (x,y). An alternative
embodiment involves using only a subset of the non-reference pixels that
are located in a certain neighborhood of the spatial coordinate (x,y). As
discussed previously for temporal fusion, an alternative approach may

involve matching a pixel block centered around the reference pixel with a
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corresponding pixel block surrounding each one of the selected pixel
candidates from the non-reference images. The subset of non-reference
pixel candidates can also be changed from one reference pixel to another.
This means when processing a new reference pixel, the pattern of non-
reference pixel candidates can be different from the pattern used when
processing a previous reference pixel.

[0040] Regardless of the approach used for searching, once one or
more pixels are found in each non-reference image for fusion with the
corresponding pixel in the reference image, the weight for the selected
pixels may be calculated in a similar manner as before (block 645). The
calculated weight value may then be used to determine a value for a
corresponding pixel in the output image (block 635).

[0041] It has been found that combining temporal and spatial fusion
in this manner can increase efficiency, while also improving the quality of
the output image. That is because searching for a better pixel is only done
when a pixel is determined to likely be a ghost. This means that the
searching operation is generally performed for only a limited number of
pixels as opposed to all pixels in the images, thus significantly improving
efficiency.

[0042] The temporal and spatio-temporal fusion operations

discussed above work well when all the images in the image sequence are
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relatively sharp. There is, however, no guarantee that all images in the
image sequence will be sharp. While it is true that the reference image is
generally a sharp image, some of the non-reference images may be blurry
due to camera or fast object motion. By fusing the images as explained in
the previous operations, the blur present in any non-reference image may
become visible in the output image. This is exemplified in FIGs. 7 and 8.
[0043] FIG. 7 illustrates four short exposed images 705, 710, 715,
and 720 in an image sequence that is being processed by an image
stabilization operation in accordance with this disclosure to create an
output image. As can be seen, the image 705 in the image sequence
exhibits significant motion blur artifacts. FIG. 8A shows the resulting
output image 805 of fusing of images 705, 710, 715, and 720 using
temporal or spatio-temporal fusion. As can be seen, the blur present in the
input image 705 is also present in the final output image 805. To avoid this
problem, a multi-resolution fusion strategy that fuses the images
differently in different frequency bands resulting in an efficient elimination
of blurring regions present in some input images can be used.

[0044] Degradation caused by blurry frames is mainly manifested in
the neighborhood of image edges and high frequency textures. In contrast,
in smooth image areas (e.g., low spatial frequency bands), the contribution

of blurry frames can be useful in reducing noise. The multi-resolution
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fusion approach, in one embodiment, takes advantage of this
understanding by using blurry frames in fusing low spatial frequency
content and excluding them in fusing image edges or high frequency
textures.

[0045] One way to implement this approach may be to decompose
each of the images in an input image sequence into different spatial
frequency bands and fuse each such frequency band separately. Multi-
resolution image decomposition in different frequency bands is known in
the art and can be achieved in various ways. One procedure may be to use
a high-pass pyramid decomposition algorithm. Another approach can be to
utilize wavelet decomposition. Other alternatives are also possible.

[0046] In a preferred embodiment, a high-pass decomposition
algorithm may be used. This algorithm may involve creating a sequence of
copies of an original image in which the sample density and the resolution
are decreased in regular steps to create multiple intermediary levels of the
original image. To achieve this, the image may first be low-pass filtered
and then down-sampled by a predetermined factor to obtain the next
pyramid level for the image. The predetermined factor can vary and is a
matter of design choice. In one embodiment, the predetermined factor is
four. In an alternative embodiment, the predetermined factor is two. The

number of levels of each image created also varies depending on the
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needs and processing capabilities of the device used. In one embodiment,
the number of levels is four. In an alternative embodiment, the number of
levels is three.

[0047] Once all of the intermediary levels have been created in this
manner, each level may be up-sampled and low-pass filtered to the same
resolution as the previous level and the result subtracted from the
previous level to obtain the high frequency band component
corresponding to that resolution at each level. It should be noted,
however, that the high frequency band from the top level can generally
not be obtained in this manner. In the resulting pyramid, each level is
smaller than the previous level and contains the high spatial frequency
band at that resolution. The top level of the pyramid resembles a low
resolution version of the original image and contains the low spatial
frequency band. An example of this is illustrated in FIG. 9 which includes
three levels 905, 910, and 915. The top level image 905 is low frequency
representation of the image. The levels exhibit progressively higher
resolutions/frequencies from the top to the bottom. In this manner, the
original image may be decomposed into different spatial frequency bands,
such that those bands can be fused together separately.

[0048] Once the various levels have been created for each of the

images in the image sequence (including the reference image), a multi-
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resolution fusion operation 1000, in accordance with FIG. 10, may begin by
receiving all of the levels for each of the images in the image sequence
(block 1005). The top level image may then be selected for processing
(block 1010) and temporal fusion may be performed at the top level. This
may be done by comparing each pixel at the top level of the non-reference
images with the corresponding pixels in the reference image (block 1015)
and calculating a weight function for each non-reference pixel, as
discussed above. After a weight function is calculated for each pixel, the
weight may be compared to a predetermined threshold to decide whether
the pixel is a ghost (block 1025). If the calculated weight is above the
predetermined threshold, the non-reference pixel may be used in
calculating a value for a corresponding pixel at the top level of the output
image (block 1045).

[0049] If the weight is lower than the predetermined threshold,
then the operation 1000 may make use of spatio-temporal techniques by
performing a spatial search in a neighborhood of the selected pixel to find
a better match (block 1030). The relative position or coordinates of the
best match may then be stored in a correspondence field for the selected
pixel (block 1035). The correspondence field refers to a field of identified
corresponding pixels. The operation can then calculate the weight function

for the best matched pixel (block 1040) and, using this value determine a
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value for the corresponding pixel at the top level of the output image
(block 1045).

[0050] Once processing is complete for all the pixels at the top level,
the operation may move to block 1050 to determine if there is another
level to be processed. If all levels have been processed, values may be
available for pixels at all the levels of the output image. The levels may
then be synthesized or combined to create the final output image (block
1060). This can be done by starting at the top pyramid level and scaling up
(i.e., up-sampling and low-pass filtering) the output level and then adding
it to the next output level. This operation may be repeated until all the
levels have been combined and the output image has the same resolution
as the input image. If it is determined at block 1050 that another level
remains, the correspondence field for each found best match at the
current level may be updated (block 1055). This may be done by taking
into account the predetermined factor by which each level was down-
sampled and scaling up the position information in the correspondence
field by the same factor to match the resolution for the next level. The
next level may then be selected for processing (block 1065) and the
process repeated beginning at block 1015. However, for this level, the
updated correspondence field may be used as an initial estimate for where

to look for to find a corresponding pixel for each reference pixel. Steps
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1005-1055 may be repeated until all levels are processed and a final
output image is created in accordance with block 1060.

[0051] In this manner, the operation 1000 performs fusion at every
pyramid level starting with the top level (low-frequency band) and ending
with the highest resolution level. At every level, the similarity between the
corresponding non-reference and reference pixels may be used in order to
avoid ghosting artifacts. At the top level of the pyramid, an assumption
may be made that the corresponding pixels have the same spatial
coordinates. However, because due to moving objects in the scene the
corresponding pixels do not have the same spatial coordinates in the next
levels, for every non-reference level a correspondence field that stores the
spatial displacement between each non-reference pixel and its
corresponding reference pixel may be determined. If the weight is below a
certain threshold then the non-reference pixel is determined to be likely a
ghost. In such a case, a local search around its spatial position may be
performed in order to find a better match with the reference pixel. The
best match found may then be used in fusion with its associated weight,
and the spatial displacement of the best match found with respect to the
reference pixel coordinates may be retained. Typically, such a search is
needed only for a small percent of pixels since most of the scene is static.

This increases efficiency, as the process only performs a search when
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needed. The search can be done by block matching as discussed above. By
taking these steps, the approach 1000 utilizes all three discussed fusion
techniques (temporal, spatio-temporal, and multi-resolution) to perform
an efficient fusion operation that can significantly reduce or eliminate
noise and blur and produces a high quality final output image.

[0052] Alternatively, the multi-resolution fusion approach can be
performed by only using temporal fusion at each level. This can be done by
fusing at each pyramid level, using only those pixels that have the same
spatial coordinates in all the images. Thus, a single pixel from each non-
reference level may be fused with the corresponding reference pixel (in a
corresponding reference image level) that has the same spatial coordinate.
[0053] In an alternative embodiment, to obtain the advantages of
spatio-temporal fusion, the multi-resolution fusion procedure may utilize
spatio-temporal fusion at each pyramid level. This can be done, in one
embodiment, by fusing a reference pixel, at every pyramid level, with more
pixels from each non-reference level. The spatial coordinates of the non-
reference pixels that are fused with the reference pixels may be in a
certain neighborhood around the reference pixel coordinates.

[0054] Another embodiment may make use of a motion field to
perform fusion. This may be achieved by estimating a motion field for each

non-reference image starting from the top level of the pyramid. At every

-27 -



WO 2014/197154 PCT/US2014/036879

level of the pyramid, the motion field may associate the most similar
reference and non-reference pixels to be fused. Every reference pixel may
then be fused with a single pixel from every non-reference level, but their
spatial coordinates may be different in accordance to the motion field at
the level.

[0055] Yet another embodiment may be utilized in which a
reference pixel is fused with more than one pixel from any non-reference
level. The spatial coordinates of the non-reference pixels may be in a
certain neighborhood around the spatial coordinates suggested by the
motion field.

[0056] As used herein, the term “camera” refers to any electronic
device that includes or incorporates digital image capture functionality.
This includes, by way of example, stand-alone cameras (e.g., digital SLR
cameras and ‘point-and-click’ cameras) as well as other electronic devices
having embedded camera capabilities. Examples of this latter type include,
but are not limited to, mobile phones, tablet and notebook computer
systems, and digital media player devices.

[0057] Referring to FIG. 11, a simplified functional block diagram of
illustrative electronic device 1100 is shown according to one embodiment.
Electronic device 1100 may include processor 1105, display 1110, user

interface 1115, graphics hardware 1120, device sensors 1125 (e.g.,
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proximity sensor/ambient light sensor, accelerometer and/or gyroscope),
microphone 1130, audio codec(s) 1135, speaker(s) 1140, communications
circuitry 1145, digital image capture unit 1150, video codec(s) 1155,
memory 1160, storage 1165, and communications bus 1170. Electronic
device 1100 may be, for example, a digital camera, a personal digital
assistant (PDA), personal music player, mobile telephone, server,
notebook, laptop, desktop, or tablet computer. More particularly, the
disclosed techniques may be executed on a device that includes some or
all of the components of device 1100.

[0058] Processor 1105 may execute instructions necessary to carry
out or control the operation of many functions performed by device 1100.
Processor 1105 may, for instance, drive display 1110 and receive user
input from user interface 1115. User interface 1115 can take a variety of
forms, such as a button, keypad, dial, a click wheel, keyboard, display
screen, a touch screen, or combinations thereof. Processor 1105 may also,
for example, be a system-on-chip such as those found in mobile devices
and include a dedicated graphics processing unit (GPU). Processor 1105
may be based on reduced instruction-set computer (RISC) or complex
instruction-set computer (CISC) architectures or any other suitable
architecture and may include one or more processing cores. Graphics

hardware 1120 may be special purpose computational hardware for

-29 -



WO 2014/197154 PCT/US2014/036879

processing graphics and/or assisting processor 1105 to process graphics
information. In one embodiment, graphics hardware 1120 may include a
programmable graphics processing unit (GPU).

[0059] Sensor and camera circuitry 1150 may capture still and video
images that may be processed, at least in part, in accordance with the
disclosed techniques by video codec(s) 1155 and/or processor 1105 and/or
graphics hardware 1120, and/or a dedicated image processing unit
incorporated within circuitry 1150. Images so captured may be stored in
memory 1160 and/or storage 1165. Memory 1160 may include one or
more different types of media used by processor 1105 and graphics
hardware 1120 to perform device functions. For example, memory 1160
may include memory cache, read-only memory (ROM), and/or random
access memory (RAM). Storage 1165 may store media (e.g., audio, image
and video files), computer program instructions or software, preference
information, device profile information, and any other suitable data.
Storage 1165 may include one or more non-transitory storage mediums
including, for example, magnetic disks (fixed, floppy, and removable) and
tape, optical media such as CD-ROMs and digital video disks (DVDs), and
semiconductor memory devices such as Electrically Programmable Read-
Only Memory (EPROM), and Electrically Erasable Programmable Read-Only

Memory (EEPROM). Memory 1160 and storage 1165 may be used to
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tangibly retain computer program instructions or code organized into one
or more modules and written in any desired computer programming
language. When executed by, for example, processor 1105 such computer
program code may implement one or more of the operations described
herein.

[0060] It is to be understood that the above description is intended
to be illustrative, and not restrictive. The material has been presented to
enable any person skilled in the art to make and use the claimed subject
matter as described herein, and is provided in the context of particular
embodiments, variations of which will be readily apparent to those skilled
in the art (e.g., some of the disclosed embodiments may be used in
combination with each other). For example, while FIGS. 1-11 have been
described in the context of processing raw or unprocessed images, this is
not necessary. Image stabilization operations in accordance with this
disclosure may be applied to processed versions of the captured images
(e.g. edge-maps) or sub-sampled versions of the captured images. In
addition, some of the described operations may have their individual steps
performed in an order different from, or in conjunction with other steps,
that presented herein. More generally, if there is hardware support some
operations described in conjunction with FIGS. 1-11 may be performed in

parallel.
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[0061] Many other embodiments will be apparent to those of skill in
the art upon reviewing the above description. The scope of the invention
therefore should be determined with reference to the appended claims,
along with the full scope of equivalents to which such claims are entitled.
In the appended claims, the terms “including” and “in which” are used as
the plain-English equivalents of the respective terms “comprising” and

“wherein.”
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Claims

1. A non-transitory program storage device, readable by a
programmable control device and comprising instructions stored thereon
to cause the programmable control device to:

obtain a first image of a scene captured at a first time, the first
image having a plurality of pixels;

perform a multi-resolution decomposition of the first image to
generate a first multi-level pyramid representation of the first image;

obtain a second image of the scene, wherein the second image is
captured at a different time from the first image, and wherein each of the
plurality of pixels in the first image has a corresponding pixel in the second
image;

perform a multi-resolution decomposition of the second image to
generate a second multi-level pyramid representation of the second
image;

generate a level in an output multi-level pyramid representation of
the scene for each level in the first and second multi-level pyramid
representations of the scene in accordance with instructions to cause the
programmable control device to:

identify, for a group of pixels in a level of the first multi-level

pyramid representation of the scene, a corresponding group of
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pixels in the second multi-level pyramid representation of the
scene, and

fuse the identified group of pixels from the first and second
multi-level pyramid representations of the scene;

repeat the instructions to cause the programmable control
device to generate a level in the output multi-level pyramid
representation of the scene for each level in the multi-resolution
decomposition of the first image;
combine the output multi-level pyramid representations of the

scene to generate a single output image representative of the scene; and

store the output image in a memory.
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2. The non-transitory program storage device of claim 1, wherein the
instructions to cause the programmable control device to fuse the
identified group of pixels from the first and second multi-level pyramid
representations of the scene comprise instructions to cause the
programmable control device to:

determine a weight value associated with each group of pixels in
the level from the first multi-level pyramid representation of the scene
with the corresponding group of pixels in the level from the second multi-
level pyramid representation of the scene; and

fuse the identified group of pixels from the first and second multi-
level pyramid representations of the scene when the determined weight
value is greater than a specified threshold and do not combine the first
pixel and it’s corresponding pixel from the second image when the non-

binary weight value is less than or equal to the specified threshold.

3. The non-transitory program storage device of claim 2, wherein the
instructions to cause the programmable control device to determine a
weight value comprise instructions to cause the programmable control
device to:

compare a similarity between each pixel in the group of pixels in the

level of the first multi-level pyramid representation of the scene and a
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corresponding pixel in the corresponding group of pixels in the second
multi-level pyramid representation of the scene;

obtain a pixel similarity value based on the comparison;

obtain an expected noise content for each pixel in the group of
pixels in the level of the first multi-level pyramid representation of the
scene; and

calculate the weight value based on the pixel similarity value and

the expected noise content.

4. The non-transitory program storage device of claim 2, wherein the
instructions to cause the programmable control device to determine a
weight value further comprise instructions to cause the programmable
control device to:

perform a spatial search of the level of the second multi-level
pyramid representation of the scene to find a better corresponding group
of pixels when the weight value is less than or equal to the specified
threshold;

determine a weight value for the better corresponding group of

pixels; and
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fuse the identified group of pixels from the first multi-level pyramid
representation with the better corresponding group of pixels from the

second multi-level pyramid representation.

5. The non-transitory program storage device of claim 1, wherein the
instructions to cause the programmable control device to fuse the
identified group of pixels from the first and second multi-level pyramid
representations of the scene comprise instructions to cause the
programmable control device to:

estimate a motion field for each second multi-level pyramid
representation of the second image, wherein the motion field associates
pixels from the first image with pixels from the second image; and

fuse each pixel from the first multi-level pyramid representation

with a pixel selected from the motion field.

6. The non-transitory program storage device of claim 1, wherein the
instructions to cause the programmable control device to fuse the
identified group of pixels from the first and second multi-level pyramid
representations of the scene comprise instructions to cause the
programmable control device to fuse one pixel from the first multi-level

pyramid representation with two or more pixels from the second multi-
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level pyramid representation, wherein spatial coordinates of the two or
more pixels are in a pre-determined neighborhood of an identified
corresponding pixel to the one pixel in the second multi-level pyramid

representation.

7. The non-transitory program storage device of claim 1, wherein the
instructions to generate a first multi-level pyramid representation of the
first image comprise instructions to cause the programmable control

device to generate a high-pass pyramid decomposition of the first image.

8. The non-transitory program storage device of claim 1, wherein the
instructions to generate a first multi-level pyramid representation of the
first image comprise instructions to cause the programmable control

device to generate a wavelet decomposition of the first image.
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9. A system comprising:

an image capture device;

memory; and

one or more programmable control devices operable to interact
with the image capture device and the memory, and to perform
operations comprising:

obtaining a first image of a scene captured at a first time, the first
image having a plurality of pixels;

performing a multi-resolution decomposition of the first image to
generate a first multi-level pyramid representation of the first image;

obtaining a second image of the scene, wherein the second image is
captured at a different time from the first image, and wherein each of the
plurality of pixels in the first image has a corresponding pixel in the second
image;

performing a multi-resolution decomposition of the second image
to generate a second multi-level pyramid representation of the second
image;

generating a level in an output multi-level pyramid representation
of the scene for each level in the first and second multi-level pyramid
representations of the scene in accordance with instructions to cause the

programmable control device to perform operations comprising:
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identifying, for a group of pixels in a level of the first multi-
level pyramid representation of the scene, a corresponding group of
pixels in the second multi-level pyramid representation of the
scene, and

fusing the identified group of pixels from the first and second
multi-level pyramid representations of the scene;
combining the output multi-level pyramid representations of the

scene to generate a single output image representative of the scene; and

storing the output image in a memory.

10.  The system of claim 9, wherein fusing the identified group of pixels
from the first and second multi-level pyramid representations of the scene
comprises:

determining a weight value associated with each group of pixels in
the level from the first multi-level pyramid representation of the scene
with the corresponding group of pixels in the level from the second multi-
level pyramid representation of the scene; and

fusing the identified group of pixels from the first and second multi-
level pyramid representations of the scene when the determined weight

value is greater than a specified threshold and do not combine the first
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pixel and it’s corresponding pixel from the second image when the non-

binary weight value is less than or equal to the specified threshold.

11. The system of claim 10, wherein determining a weight value
comprises:

comparing a similarity between each pixel in the group of pixels in
the level of the first multi-level pyramid representation of the scene and a
corresponding pixel in the corresponding group of pixels in the second
multi-level pyramid representation of the scene;

obtaining a pixel similarity value based on the comparison;

obtaining an expected noise content for the group of pixels in the
level of the first multi-level pyramid representation of the scene; and

calculating the weight value based on the pixel similarity value and

the expected noise content.

12.  The system of claim 10, wherein determining a weight value further
comprises:

performing a spatial search of the level of the second multi-level
pyramid representation of the scene to find a better corresponding group
of pixels when the weight value is less than or equal to the specified

threshold;
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determining a weight value for the better corresponding group of
pixels; and

fusing the identified group of pixels from the first multi-level
pyramid representation with the better corresponding group of pixels from

the second multi-level pyramid representation.

13.  The system of claim 9, wherein fusing the identified group of pixels
from the first and second multi-level pyramid representations of the scene
comprise:

estimating a motion field for each second multi-level pyramid
representation of the second image, wherein the motion field associates
pixels from the first image with pixels from the second image; and

fusing each pixel from the first multi-level pyramid representation

with a pixel selected from the motion field.

14. The system of claim 9, wherein fusing the identified group of pixels
from the first and second multi-level pyramid representations of the scene
comprise fusing one pixel from the first multi-level pyramid representation
with two or more pixels from the second multi-level pyramid

representation, wherein spatial coordinates of the two or more pixels are
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in a pre-determined neighborhood of an identified corresponding pixel to

the one pixel in the second multi-level pyramid representation.

15. A method comprising:

obtaining a first image of a scene captured at a first time, the first
image having a plurality of pixels;

performing a multi-resolution decomposition of the first image to
generate a first multi-level pyramid representation of the first image;

obtaining a second image of the scene, wherein the second image is
captured at a different time from the first image, and wherein each of the
plurality of pixels in the first image has a corresponding pixel in the second
image;

performing a multi-resolution decomposition of the second image
to generate a second multi-level pyramid representation of the second
image;

generating a level in an output multi-level pyramid representation
of the scene for each level in the first and second multi-level pyramid
representations of the scene, wherein generating the level comprises:

identifying, for a group of pixels in a level of the first multi-

level pyramid representation of the scene, a corresponding group of
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pixels in the second multi-level pyramid representation of the
scene, and
fusing the identified group of pixels from the first and second
multi-level pyramid representations of the scene;
combining the output multi-level pyramid representations of the
scene to generate a single output image representative of the scene; and

storing the output image in a memory.

16. The method of claim 15, wherein fusing the identified group of
pixels from the first and second multi-level pyramid representations of the
scene comprise:

determining a weight value associated with each group of pixels in
the level from the first multi-level pyramid representation of the scene
with the corresponding group of pixels in the level from the second multi-
level pyramid representation of the scene; and

fusing the identified group of pixels from the first and second multi-
level pyramid representations of the scene when the determined weight
value is greater than a specified threshold and do not combine the first
pixel and it’s corresponding pixel from the second image when the weight

value is less than or equal to the specified threshold.
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17. The method of claim 16, wherein determining a weight value
comprises:

comparing a similarity between each pixel in the group of pixels in
the level of the first multi-level pyramid representation of the scene and a
corresponding pixel in the corresponding group of pixels in the second
multi-level pyramid representation of the scene;

obtaining a pixel similarity value based on the comparison;

obtaining an expected noise content for the group of pixels in the
level of the first multi-level pyramid representation of the scene; and

calculating the weight value based on the pixel similarity value and

the expected noise content.

18. The method of claim 16, wherein determining a weight value
further comprises:

performing a spatial search of the level of the second multi-level
pyramid representation of the scene to find a better corresponding group
of pixels when the weight value is less than or equal to the specified
threshold;

determining a weight value for the better corresponding group of

pixels; and
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fusing the identified group of pixels from the first multi-level
pyramid representation with the better corresponding group of pixels from

the second multi-level pyramid representation.

19. The method of claim 15, wherein fusing the identified group of
pixels from the first and second multi-level pyramid representations of the
scene comprises:

estimating a motion field for each second multi-level pyramid
representation of the second image, wherein the motion field associates
pixels from the first image with pixels from the second image; and

fusing each pixel from the first multi-level pyramid representation

with a pixel selected from the motion field.

20. The method of claim 15, wherein fusing the identified group of
pixels from the first and second multi-level pyramid representations of the
scene comprises fusing one pixel from the first multi-level pyramid
representation with two or more pixels from the second multi-level
pyramid representation, wherein spatial coordinates of the two or more
pixels are in a pre-determined neighborhood of an identified
corresponding pixel to the one pixel in the second multi-level pyramid

representation.
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