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METHOD AND DEVICE FOR IMAGE PROCESSING

Cross-reference to Related Applications

[0001] The present application claims the benefit of the US provisional patent
application 61/367,489 filed on 26 July 2010, the entire contents of which are

incorporated herein by reference for all purposes.

Technical Field

[0002] Embodiments relate generally to signal processing. Specifically, embodiments

relate to a method and a device for image processing.

Background

[0003] Many natural scenes have wider dynamic ranges than those that can be
recorded by conventional low dynamic range (LDR) imaging systems. An LDR image
with small exposure time is under-exposed in the dark scene regions but captures the
bright areas well. In contrast, an LDR image with large exposure time is saturated in the
bright scene regions but captures the dark areas well. In other words, one LDR image is
not able to represent the whole scene. A high dynamic range (HDR) image can be
produced to represent the whole scene by sequentially capturing multiple differently
exposed LDR images using normal carﬁeras.

[0004] When an HDR image is synthesized for a scene by using multiple differently

exposed LDR images, moving objects in the LDR images may cause ghosting artifacts in
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the final HDR image. This is often encountered in outdoor settings, wherein moving
people, bus, clouds or trees waving, etc. may be captured as moving objects. To remove
ghosting artifacts due to moving objects in the scene, the pixels of all LDR images are
required to be properly classified into valid and invalid, and only valid pixels are used to
generate the HDR image. Due to sensor and electronic noises as well as different
exposures in the input LDR images, it is challenging to detect moving objects in the LDR
images.

[0005] One approach is based on camera response functions (CRF) to remove
ghosting artifacts. Thé predicted value for a pixel in an image can be computed by using
the CRFs, the co-located pixel value in its reference image and their exposure times. The
pixel is marked as valid if it is well approximated by the predicted value. Otherwise, it is
marked as invalid in an error map. The schemes based on CRF are, however, sensitive to
the estimate error of CRFs.

[0006] Another approach is based on the feature that local entropy is usually not
changed much with respect to the exposuré times. The local entropy is computed, and all
pixels with local entropy variation larger than a threshold may be marked as invalid in an
error map. Although the local entropy based method is not sensitive to the estimation
error of CRFs, it is not suitable for a situation when two image regions share the same
structure but with different intensity.

[0007] In another aspect, the invalid regions are usually patched by only using pixels
from one single LDR image. Since méving objects usually belong to invalid regions, the
dynamic ranges of moving objects in the synthesized HDR image are reduced when their

dynamic ranges are inherently high.
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[0008] It is thus desired to provide a movement detection scheme which is robust
with respect to different exposures and variation among pixels caused by sensor and
electronic noises, for the synthesis of an HDR image via a set of differently exposed LDR
images.

[0009] It is also desired to provide a method to better preserve the dynamic range of

moving objects in the synthesized HDR image.

Summary

[0010] Various embodiments provide a method for processing a first image based on
a second image, wherein each pixel in the first image has a plurality of color components
and has a corresponding pixel in the second image, and wherein each value of a color
component in the first image corresponds to a value of a color component in the second
image. The method may include deciding, for each color component of a pixel in the first
image, Whethér to modify the value of the color component dependent on a
predetermined criterion. The method may further include determining a similarity index
between the pixel in the first image and the corresponding pixel in the second image
based on, for each color component of the pixel, the value of the color component of the
pixel, or if it is decided that the value of the color component of the pixel is to be

modified, the corresponding value of the color component in the second image.

Brief Description of the Drawings

[0011] In the drawings, like reference characters generally refer to the same parts

throughout the different views. The drawings are not necessarily to scale, emphasis
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instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments are described with reference to the following
drawings, in which:

Fig. 1 shows a flow diagram for synthesis of a HDR image according to an
embodiment.

Fig. 2 shows a flow diagram for image processing according to various
embodiments.

Fig. 3 shows the processing order of a sequence of images according to an
embodiment.

Fig. 4 shows a schematic diagram of an image processing device according to
various embodiments.

Fig. 5 shows an image sequence with five different exposure time.

Fig. 6 shows experimental results of a bi-directional similarity detection method
of an embodirﬁent and a uni-directional similarity detection method carried out on the
image sequence of Fig. 5.

Fig. 7 shows an image sequence with seven different exposure time.

Fig. 8 shows experimental results of using an adaptive threshold according to an
embodiment and using a fixed threshold for movement detection.

Fig. 9 shows experimental result of an synthesized HDR image based on the
image sequence of Fig. 5.

Fig. 10 shows an HDR video generated by the method of an embodiment.

Fig. 11 shows a LDR image sequence with eleven different exposure time.
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Fig. 12 shows experimental results of different methods for ghosting artifacts
removal.
Fig. 13 shows HDR images generated by PHOTOMATIX and a method of an

embodiment.

Description

[0012] Various embodiments provide a method for image processing. Various
features described below in the context of the image processing method may analogously
hold true for the corresponding device, and vice versa.

[0013] One embodiment is directed to a method for processing a first image based on
a second image, wherein each pixel in the first image has a plurality of color components
and has a corresponding pixel in the second image, and wherein each value of a color
component in the first image corresponds to a value of a color component in the second
image. The method may include deciding, for each color component of a pixel in the first
image, whether to modify the value of the color component dependent on a
predetermined criterion. The method may further include determining a similarity index
between the pixel in the first image and the corresponding pixel in the second image
based on, for each color component of the pixel, the value of the color component of the
pixel, or if it is decided that the value of the color component of the pixel is to be
modified, the corresponding value of the color component in the second image.

[0014] In an embodiment, each pixel in the first image and its éorresponding pixel in

the second image are co-located. The pixel in the first image and its corresponding pixel
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in the second image are co-located if these two pixels are at the same spatial position in
the first and the second images.

[0015] In an embodiment, the first image and the second image may be part of a
sequence of images with different exposure time, e.g. a sequence of low dynamic range
images. The second image may also be referred to as a reference image of the first
image.

[0016] In an embodiment, the plurality of color components may include a red color
component, a green color component, and a blue color component. In another
embodiment, the plurality of color components may include other types of color
components in accordance with other color space, for example, may include a cyan color
component, a magenta color component and a yellow color component if CMYK (cyan,
magenta, yellow and key) color space is used.

[0017] In an embodiment, the method further includes deciding, for each color
component of the corresponding pixel in the second image, whether to modify the value
of the color component of the corresponding pixel dependent on a predetermined
criterion, wherein each value of a color component in the second image corresponds to a
value of a color component in the first image. The method may further include
determining the similarity index between the pixel in the first image and the
corresponding pixel in the second image based on, for each color component of the
corresponding pixel, the value of the color component of the corresponding pixel, or if it
is decided that the value of the color component of the corresponding pixel is to be

modified, the corresponding value of the color component in the first image.
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[0018]) According to an embodiment, deciding whether to modify the value of the
color component is dependent on the value of the color component of the pixel in the first
image and the value of the color component of the corresponding pixel in the second
image.

[0019] According to another embodiment, deciding whether to modify the value of
the color component is dependent on a comparison of an exposure level of the color
component of the pixel in the first image with an exposure level of the color component
of the corresponding pixel in the second image.

[0020] In an embodiment, the exposure level of the color component of the pixel in
the first image represents a deviation of the value of the color component of the pixel
from a predetermined value, and the exposure level of the color component of the
corresponding pixel in the second image represents a deviation of the value of the color
component of the corresponding pixel from the predetermined value. The predetermined
value is a middle value of a value range of the first image and the second image. For
example, if the value range of the first image and the second image is [0, 255], the
predetermined value may be determined to be the middle value 127.

[0021] According to an embodiment, the corresponding value of a color component
in the second image is determined to correspond to the value of a color component in the
first image based on an intensity mapping function from the first image to the second
image, wherein the intensity mapping function is determined based on accumulated
histograms of the first image and the second image. For example, the corresponding

value of a color component in the second image may be determined to be a value which
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minimizes the difference between the accumulated histogram of the first image and the
accumulated histogram of the second image.

[0022] Dependent on the determined similarity index, the pixel of the first image may
be determined to be within or out of a moving object region.

[0023] Another embodiment is directed to a device for processing a first image based
on a second image, wherein each pixel in the first image has a plurality of color
components and has a corresponding pixel in the second image, and wherein eaph value
of a color component in the first image corresponds to a value of a color component in
the second image. Thé device may include a decider configured to decide, for each color
component of a pixel in the first image, whether to modify the value of the color
component dependent on a predetermined criterion. The device may further include a
similarity index determiner configured to determine a similarity index between the pixel
in the first image and the corresponding pixel in the second image based on, for each
color component of the pixel, the value of the color component of the pixel, or if it is
decided that the value of the color coniponent of the pixel is to be modified, the
corresponding value of the color component in the second image.

[0024] Another embodiment is directed to a method for processing a first image
based on a second image, wherein the first image and the second image are part of a
sequence of images captured with different exposure time. The method may include
determining a similarity index between a pixel of the first image and a corresponding
pixel of the second image, wherein the similarity index represents.a degree of similarity
between the pixel and the corresponding pixel. The method may include determining a

threshold for the pixel dependent on at least one of exposure time of the first image,
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exposure time of the second image, a film speed for capturing the sequence of images,
and an average exposure value of the sequence of images. The method may further
include determining the pixel to be within or out of a moving object region dependent on
a comparison of the determined similarity index with the determined threshold.

[0025] In an embodiment, the threshold for the pixel is determined dependent on an
intensity value of the pixel in the first image and an intensity value of the corresponding
pixel in the second image.

[0026] In another embodiment, the threshold for the pixel is determined dependent on
an exposure level of the pixel in the first image and an exposure level of the
corresponding pixel in the second image. The exposure level of the pixel in the first
image may represent a deviation of the intensity value of the pixel from a predetermined
value, and the exposure level of the corresponding pixel in the second image may
represent a deviation of the intensity value of the corresponding pixel from the
predetermined Value. The predetermined value is a middle value of an intensity value
range of the first image and the second image.

[0027] In an embodiment, determining the similarity index between the pixel of the
first image and the corresponding pixel of the second image may include deciding, for
each color component of the pixel in the first image, whether to modify the value of the
color component dependent on a predetermined criterion, wherein each value of a color
component in the first image corresponds to a value of a color component in the second
image. The determination of the simi.larity index may further include determining the
similarity index between the pixel in the first image and the corresponding pixel in the

second image based on, for each color component of the pixel, the value of the color
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component of the pixel, or if it is decided that the value of the color component of the
pixel is to be modified, the corresponding value of the color component in the second
image.

[0028] Another embodiment is directed to a device for processing a first image based
on a second image, wherein the first image and the second image are part of a sequence
of images captured with different exposure time. The device may include a similarity
index determiner configured to determine a similarity index between a pixel of ‘the first
image and a corresponding pixel of the second image, wherein the similarity index
represents a degree .of similarity between the pixel and the corresponding pixel. The
device may further include a threshold determiner configured to determine a threshold for
the pixel dependent on at least one of exposure time of the first image, exposure time of
the second image, a film speed for capturing the sequence of images, and an average
exposure value of the sequence of images. The device may further include a moving
object region determiner configured to determine the pixel to be within or out of a
moving object region dependent on a comparison of the determined similarity index with
the determined threshold.

[0029] A further embodiment of the invention is directed to a method for processing
a first image based on a second image, wherein the first image and the second image are
part of a sequence of images captured with different exposure time. The method may
include determining a similarity index between a pixel of the first image and a
corresponding pixel of the second image, wherein the similarity index represents a degree
of similarity between the pixel and the corresponding pixel. The method may further

include determining a threshold for the pixel; and determining the pixel to be within or

10
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out of a moving object region dependent on a comparison of the determined similarity
index with the determined threshold. If the pixel is determined to be within the moving
object region, the method include determinjng a corresponding intensity value in the first
image corresponding to an intensity value of the corresponding pixel in the second image
or in a third image of the sequence of images based on an intensity mapping function
from the second image to the first image, wherein the intensity mapping function is
determined based on accumulated histograms of the first image and the second or the
third image. The method further include determining an updated intensity value of the
pixel in the first imége to be the determined corresponding intensity value in the first
image.

[0030] In one embodiment, if the pixel is determined to be within the moving object
region, the corresponding intensity value in the first image may be determined based on
the intensity mapping function from the second image to the first image. In other words,
the intensity Vaiue of the corresponding pixel in the second image is mapped to the first
image to determine the corresponding intensity value in the first image.

[0031] In another embodiment, if the pixel is determined to be within the moving
object region, the method may further include determining whether the corresponding
pixel of the second image and the corresponding pixel of the third image is similar. The
corresponding pixels of the second image and the third image may be similar if their
intensity values are similar. If the corresponding pixel of the second image is not
similar to the corresponding pixel of the third image, the corresponding intensity value in
the first image may be determined based on the intensity mapping function from the

second image to the first image. In other words, the intensity value of the corresponding

11
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pixel in the second image is mapped to the first image to determine the corresponding
intensity value in the first image.

[0032] If the corresponding pixel of the second image is similar to the corresponding
pixel of the third image, the corresponding intensity value in the first image may be
determined based on the intensity mapping function from the third image to the first
image. In other words, the intensity value of the corresponding pixel in the third image is
mapped to the first image to determine the corresponding intensity value in the first
image.

[0033] According to an embodiment, the intensity mapping function may include
minimizing a difference between the accumulated histogram of the first image and the
accumulated histogram of the second image. The accumulated histogram of the first
image may represent a number of pixels in the first image having an intensity value equal
to or less than an intensity value to be determined, i.e. the corresponding intensity value
in the first imége. The accumulated histogram of the second image may represent a
number of pixels in the second image having an intensity value equal to or less than the
intensity value of the corresponding pixel in the second image. The accumulated
histogram of the third image may represent a number of pixels in the third image having
an intensity value equal to or less than the intensity value of the corresponding pixel in
the third image.

[0034] In an embodiment, the intensity mapping function may be an arg min
function, such that the corresponding intensity value in the first image is determined to be
a value which minimizes the difference between the accumulated histogram of the second

image (or the third image) up to the intensity value of the corresponding pixel in the

12



WO 2012/015359 PCT/SG2011/000264

second image (or the third image) and the accumulated histogram of the first image up to
the corresponding intensity value in the first image.

[0035] In an embodiment, the method may further include applying an average filter
to the determined corresponding intensity value using a plurality of neighboring pixels,
wherein intensity values of the plurality of neighboring pixels have been processed and
updated according to the method above.

[0036] According to an embodiment, if the pixel is determined to be out of the
moving object region, the updated intensity value of the pixel is determined to be the
intensity value of the bixel.

[0037] In the above embodiments, the corresponding intensity value in the first image
and the updated intensity value of the pixel may be determined for each color component
of the pixel separately.

[0038] A further embodiment is directed to a device for processing a first image
based on a secbnd image, wherein the first image and the second image are part of a
sequence of images captured with different exposure time. The device include a
similarity index determiner configured to determine a similarity index between a pixel of
the first image and a corresponding pixel of the second image, wherein the similarity
index represents a degree of similarity between the pixel and the corresponding pixel.
The device may further include a threshold determiner configured to determine a
threshold for the pixel, and a moving object region determiner configured to determine
the pixel to be within or out of a moviﬁg object region dependent on a comparison of the
determined similarity index with the determined threshold. The device may further

include a corresponding intensity value determiner configured to determine a

13
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corresponding intensity value in the first image corresponding to an intensity value of the
corresponding pixel in the second image based on an intensity mapping function from the
second image to the first image, if the pixel is determined to be within the moving object
region, wherein the intensity mapping function is determined based on accumulated
histograms of the first image and the second image. The device may further include an
updater configured to determine an updated intensity value of the pixel in the first image
to be the determined corresponding intensity value in the first image.

[0039] In this context, the various image processing devices as described in the
embodiments may include a memory which is for example used in the processing carried
out by the image processing devices. A memory used in the embodiments may be a
volatile memory, for example a DRAM (Dynamic Random Access Memory) or a non-
volatile memory, for example a PROM (Programmable Read Only Memory), an EPROM
(Erasable PROM), EEPROM (Electrically Erasable PROM), or a flash memory, e.g., a
floating gate mémory, a charge trapping memory, an MRAM (Magnetoresistive Random
Access Memory) or a PCRAM (Phase Chahge Random Access Memory).

[0040] In this context, the image processing devices as described in this description
may be or may include an image processing circuit.

[0041] In an embodiment, a "circuit" may be understood as any kind of a logic
implementing entity, which may be special purpose circuitry or a processor executing
software stored in a memory, firmware, or any combination thereof. Thus, in an
embodiment, a "circuit" may be a hard-wired logic circuit or a programmable logic
circuit such as a programmable processor, e.g. a microprocessor (e.g. a Complex

Instruction Set Computer (CISC) processor or a Reduced Instruction Set Computer
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(RISC) processor). A "circuit" may also be a processor executing software, e.g. any kind
of computer program, e.g. a computer program using a virtual machine code such as e.g.
Java. Any other kind of implementation of the respective functions which will be
described in more detail below may also be understood as a "circuit” in accordance with
an alternative embodiment.

[0042] Fig. 1 shows a flow diagram for synthesis of a HDR image according to an
embodiment.

[0043] A sequence of images 110, e.g. LDR images, with different exposure time is
received as input iméges. The LDR images 110 may include moving objects.

[0044] The sequence of LDR images 110 may be processed at 120. For example, the
processing of the LDR images 110 may include detecting moving objects in the LRD
images 110, removing the moving objects in the LDR images 110, and generating
updated LDR images 130. Various embodiments of the image processing method at 120
will be described in more detail below.

[0045] Based on the updated LDR iinages 130, a camera response function is
estimated at 140.

[0046] Based on the updated LDR images 130 and the estimated camera response
function, an HDR image 160 is synthesized at 150.

[0047] Fig. 2 shows a flow diagram for image processing according to various
embodiments.

[0048] The image processing 120 in Fig. 1 may be performed in accordance with
various embodiments described in Fig. 2, in order to process the LDR images to remove

moving objects and to use the processed LDR images to synthesize the HDR image.
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[0049] A sequence of LDR images 110 with different exposure time is received as
input images. The sequence of LDR images 110 may be processed in a predetermined
order, such that each time one LDR image (also referred to as a first image) is processed
based on another LDR image (also referred to as a second image) selected as its reference
image. The processing order of the sequence of LDR images 110 according to an
embodiment is illustrated in Fig. 3.

[0050] According to the embodiment in Fig. 3, a sequence of images 110 indgxed by
1, 2, ..., ko-1, ko, ky+1, ..., ng is received as input images. A middle image denoted as
Z, may be selected és an initial reference image. All pixels in the initial reference image
Z., are marked as valid. Since the correlations between neighboring images are the
strongest, the initial reference image Z, may be selected as the reference image for the
image Z,_; and also for the image Zy, 1. Accordingly, a pixel at location p, Z,(p), in
the reference image Z, may be used to determine whether the co-located pixels Z,_1(p)
and Zy,+1(p) in the images Zy,—; and Zy,4, are valid, i.e. within or out of a moving
objection region, based on the similarity between the reference pixel Z,(p) and the
respective co-located pixelsZy,—_1(p) and Zj,+1(p). The intensity values of invalid pixels
in the images Zx,_1(p) and Zi,+1(p) may be corrected or updated to obtain an updated
image Z,-1(p)update and an updated image Zy41(p)update; in which the moving object is
removed. The pixel Zj, (p) in the initial reference image Zj, may also be applied to detect
whether pixels Z,(p)(|k — ko| > 1) in other images is valid.

[0051] In another embodiment, as correlation between images Zy, and Z; becomes
weaker when the value of |k — ko is greater than 1, the reference image for each image to

be processed is updated progressively. For example, after the image Zj,_; is processed
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based on the initial reference image Z, to obtain the updated image Zi,—1(P)update> the
updated image Zr,—1(p)update is used as the reference image for the next image Z,_» for
the processing of the image Z, _».

[0052] According to an embodiment, the sequence of images may be processed in the
order of Zy,—1, Zry-2,  * *» L1, Zrg+1, Zikg+2, -+, Ly as demonstrated in Fig. 3.

[0053] For simplicity, for an image Z, to be processed, its reference image is denoted

as Z . The value of k° corresponds to the exposure time At; of image Z, and its value is

updated as

& k+ 1 ifk<k(,-

k=1 ik >k
[0054] In this context, the reference image denoted by Z; has been updated or
processed to remove the moving object in the original image indexed by k’. If £’= ky,
Z=Zy,.
[0055] A pixel in an image Z;(k # ko) is marked as valid if it is similar to the co-
located pixel in its reference image Z,/, and is marked as invalid otherwise.
[0056] When moving objects exist in the images Z,(1 < k < ng), there may be
ghosting artifacts in the final HDR image if images Z;(1 < k < ny) are directly adopted
to synthesize the final HDR image. To remove ghosting artifacts from the final HDR
image, it is necessary to detect moving objects in images Z;(1 < k < ng). In the
following, the similarity determinatioﬂ between an image and its reference image, the
similarity threshold determination, the moving object region determination, and the

image updating according to various embodiments are described in detail. For simplicity,

these embodiments are described in the context of a first image Z, and a second image
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7., and it is understood that the various embodiments may be applied to all the images in
the sequence 110 in the order illustrated in Fig. 3 to obtain an updated or processed
sequence of images.

[0057] Let Z(p) = [Zx1(p), Zk.2(P), Zr3(p)]" denote the image intensity vector of
the position p in image Z;, wherein Z, (p) represents the intensity value of a color
component /, for example, for one of RGB (red, green, blue) color components or one of
CMYK (cyan, magenta, yellow and key) color ‘components. p represents a spatial
position in the image Zy, k(1 < k < ng) indexes LDR images with different exposures
and indexes over exposure time At; , and ng is the total number of input LDR images.
These differently exposed LDR images may be referred to as a Wyckoff set of images,
from which a HDR image may be generated. Let Ex(p) = [Ekyl(p),Ek72(p),Ek!3(p)]T
denote the irradiance vector corresponding to Zi(p). The relationship between Ej(p) and
Zi(p) is given as

Zx(p) = f(En(p) Atk + 1gx(P)) + 155 (P), (1)

wherein f(-)(= [f1(-), f2(-), f3(-)]T) represents the camera response function (CRF) vector,
Mgk (P) (= [Mgk.1(P), Ng.k.2(P), nek3(p)]¥) represents sensor noise  vector, and
5.5(0) (= [7...1(P)s 15..2(p). 17k,3(P)]T) represents electronics noise vector. fi(-) is
monotonically increasing and its inverse function is denoted as f71(-), wherein / indexes

the color component.

[0058] If there is no moving object in the scene and all LDR images are well aligned,

equation (1) may become:

Zi(p) = F(E(p) Aty + ngx(p)) + n5.k(D). )
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[0059] One feature of differently exposed LDR images Z; and Z,- is that there is
possibly large intensity change between two co-located pixels Zi(p) and Z.(p) due to
different exposures.

[0060]  Consider two pixels Z;(p) and Zi(p’) with the same color component value of
Zr1(p) and Zi,(p'). The other feature of differently exposed images is that there is
possibly large variation between the values of Zi;(p) and Zy-;(p’) in the reference image
due to the sensor and electronic noises. It is shown from Equation (1) that the values of
Zy1(p) and Zy 1 (p') are the same in the ideal case that there is neither sensor noise nor
electronic noise. However, the values of n,x:(p), nfki(P)), Ngr1(p) and nsp i (p') are
usually not zeros. There is variation between the values of Z;. ;(p) and Z. ;(p') caused by
the sensor noise. The variation could be large in the presence of the electronic noise,
especially when Zy ;(p) and Zj;(p') are saturated or under-exposed.

[0061] At 210, a similarity index for differently exposed LDR images is determined
according to various embodiments. The similarity index is determined based on an
intensity mapping function (IMF), taking the above two features of differently exposed
LDR images into consideration.

[0062] Since there is possible large intensity change between two co-located pixels
Zx(p) and Zy (p) in the first image Z; and the second image Z;/, the original intensity
values Z,(p) and Zi/(p) may not be directly used to determine the similarity index.
According to an embodiment, a decision may be performed to determine whether the

intensity values of the pixels Z;(p) and Z;/(p) need to be modified dependent on a

predetermined criterion, so as to obtain a pair of updated pixels Zr(p) and Zy (p). The
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similarity index for the pixels p is determined based on the updated intensity values Z (p)
and Z(p).

[0063] According to an embodiment, the decision may be performed for each color
component Z; ;(p) and Z;/ ;(p)of the pixels Zi(p) and Zy(p). In an embodiment, the
decision is performed dependent on the values of the color component Z;;(p) and
Zy1(p). In another embodiment, the decision is performed dependent on the exposure
level of the color component Z; ;(p) and the exposure level of the color component
Zk'.;l ().

[0064] According to an embodiment, the updated pair of pixels Z (p) and Z (p) are

generated by using a bi-directional mapping method as

) = { ) if w(Zei(p)) < w(Zia(p)
k() = ,
Ak 1(Zy1(p)); otherwise

[V A ' Z 4 . f Z < Z ’
D) = § MeilBea®) F wlZiile)) S wlZiesle)) o
Zea(p); otherwise

wherein w(z) represents the exposure level of a pixel determined based on the intensity
value z of the pixel, and A(z) represents an intensity mapping function as described in

detail below. w(z) may be determined in accordance with the following equation:

(z+1)/128;  if 2 <127
w(z) = . €))
(256 — 2)/128; otherwise

[0065] In the above embodiment, the exposure level w(z) represents a deviation of
the intensity value z from a predetermined value 127. The predetermined value is a

middle value 127 of a value range [0, 255] in the above example of equation (4). In
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another embodiment wherein the intensity value of the first image and the second image
is in a range of [0, 65535], the predetermined value may be determined to be 32767. In
other embodiments wherein the first image and the second image are 32-bit or 64 bit
images, the predetermined value may be determined to be the middle value of the
intensity range accordingly.

[0066] In equation (3), Ay, (z) represents a corresponding value in the reference
image Z,;. determined by mapping the intensity value z in the image Z, to the reference
image Z; based on an intensity mapping function (IMF), and may be referred to as a
forward IMF. Similarly, A, (z) represents a corresponding value in the image Z;
determined by mapping the intensity value z in the reference image Z,. to the image Z;
based on an intensity mapping function, and may be referred to as a backward IMF.

App(z) may be represented in the form of an IMF vector as
A (2)(= [Arp1(2), Aew 2(2), Ak 3(2)]7), and Ay (z) may be represented as an IMF
vector Ap 1 (2)(= [Awg1(2), A 2(2), Ak 3(2)]T), in which the corresponding values
Ay py(2) and Ay 4 (2) of each color component / is determined.

[0067] According to an embodiment, the corresponding values Ay y(2) and Ay ()
may be determined based on a respective intensity mapping function, wherein the
intensity mapping function is determined based on accumulated histograms Hy(z) and
Hyi(z) of the images Z; and Z; . The accumulated histogram Hj(z) represents the

cardinality of a set including all the pixels of the image Z; having an intensity value not

larger than z, and Hy.(2) may be similarly determined.
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[0068] In an embodiment, for the value z of a color component in the image Z, the

corresponding value Ay /(2) may be determined by finding an intensity value m which
minimize the difference between Hy(z) and H.(m). In an exemplary embodiment, the
corresponding value Aj 4 (2) may be determined in accordance with the equation below:

A i(z) = arg {|Hri(2) = Hyra(m)]}, (%)

min
me[Ay p 1(z—1),255]

. 0,@={iN)1Z60)=2) - ©

Hy(2)= 2|0, (n)

n=0
wherein |®, (z)| is the cardinality of the set ®;(z), and represents the number of pixels
in image Z; with the value of Z;,(p) being equal to or less than z. Ag s ;(0) =0, and
A x(2) is a monotonic increasing function of z.
[0069] The corresponding value Ay . (z) for the value z of a color component in the
reference image Z; may be determined analogously.
[0070] The determination of the corresponding values A ki (2) and Ay 4 (2) using
the intensity mapping function according to equations (5) and (6) above does not require
estimation of a camera response function, and thereby is robust to the estimation error of
the camera response function.
[0071] According to the embodiments and equations (3) — (6) above, depending on a
comparison of the exposure level of the color component Z;(p) with the exposure level
of the color component Z (p), it is de_cided whether the value of the color component of

the pixel Z; ;(p) is to be modified. If yes, the updated value 7 (p) is determined to be the

corresponding value A, ;.,(2). If not, the updated value Zx(p) is identical to the original

value Z (p) of the pixel. The same decision process is performed to determine the
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updated value Zi (p) for the corresponding pixel in the reference image Z. Since the
updated value Zi (p) and Z (p) can be determined using a more reliable value from either
the original image or the reference image, the determination of the updated value is
referred to as a bi-directional mapping method.

[0072]  The updated values Z(p) and Zi (p) may be used to determine the similarity
index at 210. In an embodiment, the similarity index S(Zx(p), Zi(p)) may be determined
in accordance with the following equation:

3
Z p)Z1(p) + 1

S(Z(p), Zr (p)) = . @)
Z[Zlf,z(l’) +Z2,(p)] +1

[0073] According to equation (7), the value of S(Zx(p), Zx'(p))is 1 when Z(p) and
Zi1(p) are the same for each color component /. The more similar these two updated
values Z(p) and Z (p), the closer the value of S(Z(p), Zw (p)) to 1.

[0074] In another embodiment, the similarity index S,(Z,(p),Z,.(p))for each color

component / may be determined in accordance with the following equation:

2241 (P)Z; (p) +1
ZE (D) + 25 (p)+1

S (Zy(p),Zyp(p)) =

[0075]  Based on the IMF vectors A, x/(2) and Ay x(2) and the bi-directional mapping
approach, the robustness of the similarity index of the various embodiments, e.g. in

accordance with equation (7), may be significantly improved.
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[0076]  The updated values Zi(p) and Zy (p) determined using A (2) and Ay ()
may unify the intensity values of Z(p) and Z (p) before the determination of the
similarity index.

[0077] Table 1 shows the intensity difference between original intensity values Z(p)
and Zi/(p) and between the updated intensity values Zk (p) and Z (p). The LDR image
sequence shown in Fig. 5 and the first five images in Fig. 7 below are used to calculate

Zia(p)+1 and Zi1(p)+1
Zyr, Z 1 (p)+1 sz/ 1(p)+1

P

[0078] As shown in Table 1, the value of Z ZZ:,'II((Z;))++11 shows a large intensity change

between Z(p) and Zy (p) of two differently exposed images.

[0079] Based on the updated intensity values A (p) and Zy (p) determined using the
IMF vectors Ay i(2) and Ap (2) , the intensities of the pixels in the two images are
unified. Thus, the robustness of the similarity index of the various embodiments with
respect to intensity changes between images Z; and Z;s due to different exposure times
are improved. The IMF vectors can also be used to smooth the variation caused by the
sensor noise. Therefore, the robustness of the similarity index of various embodiments
with respect to the sensor noise is also improved. Meanwhile, a bi-directional mapping
approach according to equation (3) is provided to improve the robustness of the similarity
index with respect to the electronic noise.

[0080] In an illustrative example of a pair of pixels Zi(p) and Zy (p), Zk,1(p) and
Zy2(p) are well exposed but Zk,g(p) is saturated. Zy ;(p) and Zkryg.(p) are under-exposed
but Z s(p) is well exposed. By using the proposed bi-directional mapping approach

according to equations (3) and (4) above, pixels Zi(p) and Zy(p) are determined to
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be [Akiw 1(Zk1(P)s Ak 2(Zi2(p), Zes(P)]”  and  [Zi1(p), Zir2(p), A k3(Zk 3(P)]T
respectively. Accordingly, a more accurate similarity index is determined using Zj (p) and
Z(p) in which each color component of the pair of pixels are evaluated, compared to
using three pairs of (Zi(p), Zi' (p), (Zk(p), Aw k(Zr: (p))) and (Ag p (Zk(p)), Zir (p)) in Which

the pair of pixels are evaluated at pixel level without considering each color component.

Table 1 : Comparison of Z Zea(P+1 gnd Z Zea )41

p)+1 Z 1 (P)+1

Image sequence %f, ZZ:/’,Z(&))ill 5:, 11((1;,):1
P P ’
2 1.5586 1.1127
4 2.7178 1.2499
In Fig. 5 8 4.3744 1.2107
16 | 7.1194 1.1671
1.5 | 1.1471 1.0107
1.5%2 | 1.4592 1.0333
In Fig. 7 1.5% | 2.043 1.1229
1.5% | 3.4392 1.3636

[0081] The determined similarity index S(Zx(p), Zr(p)) at 210 may be used to detect
moving objects in a set of differently exposed LDR images for HDR imaging.

[0082] At 220, a threshold for a pixel in the image Z, is determined using the LDR
images 110. The threshold may be used to determined whether the pixel is valid or
invalid, in other words, whether the pixel is within or out of a moving object region.
[0083] According to an embodiment, the threshold for the pixel is determined
dependent on at least one of exposure time of the first image, exposure time of the second
image, a film speed for capturing the séquence of images, and an average exposure value
of the sequence of images. In another embodiment, the threshold for the pixel is also

determined dependent on the exposure level of the pixel.
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[0084] According to one embodiment, the threshold is determined based on the

values of Z ;(p), Zi'1(p), exposure time At of the image Z, and exposure time Az, of

the reference image Z; in accordance with the equation blow

201- &4 4 (P)
1+ (- & (p)?

Thry p(p) = (8

wherein in one embodiment

£ (p) = i-g ~ max{e(Ze (P ey (P))pRo )

(i)lﬁ
%(1—52752—5—)17; if  z>127

g(Z) = (50_102)16
%(1—%) 517« otherwise

p(k,k') _ \/m?X{Atk,Atk}
mm{Atk,Atk-}

wherein a threshold for each color component / is determined.

[0085] In another embodiment

Er e (p) = maxiay + max{e(Zy, (). €(Zis (P (K KD)

2z (13—2 :
a,(1-—) 25 ; if z>127
&(2) = 255 10z 4
a3(1—£)( B ;  otherwise
255

max{Atk s Aty }
kk') = |———
p( ) \/min{Atk,Atk-}
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wherein ¢(z) represents the exposure level determined based on the intensity value z.
a; (i =1,2,3)are three constants, which may be selected as 1/8, 1/64 and 1/4, respectively.
In other embodiments, the value of «;(i =1,2,3) may be selected as other suitable
values. For example, when there is overlapping between the same moving object in
images with different exposure times or when the background and the moving object are
similar, the value of a;(i =1,2,3) may be selected as 1/16, 1/128 and 1/16, respectively.
In this embodiment, a threshold is determined at the‘pixel level.

[0086] According to another embodiment, the threshold may be determined based on
the values of Zj (p), Z'.1(p), exposure time At of the image Z, , exposure time At; of
the reference image Z;. , a value v representing a film speed for capturing the sequence of

images, and an average exposure value EVof the sequence of images, in accordance with

the equation (8) above. In this embodiment,

M
At:lw Atk,k'

, , EV, v) 9

Erao(p) = (@ + max{e(Zy (). eZiea (PO

0, if z>127
10z
a,(1- 2—Z) 517 . otherwise
255

10(21:04)1/8 . .
logalza) Pl 1023 <10
(z124)1/8 .
(logg(z2))1/4(10x3)1/8

h($1,$2,$3-/$4) =

otherwise

wherein o; (i = 1,2) are two constants,. and may, in one example, be determined as 3/64
and 1/32, respectively. The values of a;(: = 1,2) may be determined as other suitable

values in other embodiments. At is the maximal value of all exposure times. At% and

At} are the maximal and minimal values of two exposure times At¢; and At;,
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respectively. v representing a film speed for capturing the sequence of images, and may
also be referred to as an ISO value. EV is the average exposure value of all LDR images
and is defined as log,(100w?/(vAt)), wherein v, w and At are the ISO value, the aperture
value and the geometrical mean value of all exposure times, respectively.

[0087] According to above embodiment, the component

(o +mla)§{£(2 1(D)s e(Z e p))}) forms the basis of the adaptive threshold in equation
1€/ ’ ’

Atf,” At,f','k.

(9), while the component A( , —=%_ EV, v)is provided to refine the adaptive
Aty At

threshold. There are two parts in the definition of & ;,.(p)in equation (9). The former

M
At,],” At
At,’{fk. At,’{fk.

one, o h( , EV, v),isto address the variation of image intensity values

due to the sensor noise. The latter one,

_ o A Atljcw A . . L .
max{g(Zk ,(p)),e(Zk.I(p))}h( a_ "= EV, v), is for the variation of image
1</<3 ’ ’ Aty At

intensity values caused by the electronic noise.

[0088] The threshold may be determined for each color component in accordance
with the above embodiments. The threshold for each color component may be used to
compare with the similarity index determined for the respective color component. The
threshold may also be determined at the pixel level in accordance with the above
embodiments. The threshold at the pixél level may be used to compare with the similarity
index determined for the pixel.

[0089] Based on the similarity index determined at 210 and the threshold determined

at 220, one or more moving object regions may be determined at 230. The one or more

28



WO 2012/015359 PCT/SG2011/000264

moving object regions include pixels which are determined to be invalid according to
various embodiments.
[0090] A pixel in the image Z(k # ko) may be marked as valid if it is similar to the
co-located pixel in the reference image Zy, i.e. if the similarity index S(Zx(p), Zr (p)) is
larger than the determined threshold. The set of valid pixels in image Z; may be denoted
as Cy, which may be determined by using the intra pixel criterion: a pixel Z,(p) is in the
set C}. if the similarity between pixels Z;(p) and Zi/(p) is high. Otherwise, it belongs to a
set Cy, including invalid pixels in image Z,. C) may be represented by

Cy ={p 1S(Zk(P), Z4-(P)) > Thr 4o (p)] (10)
Here, Cy, is composed of all pixels in image Z, and

Z +1y(P)=Z g 1y (P) = Z4 (P) (11)
[0091] The comparison of the similarity index and the threshold in accordance with
equation (10) may be performed at the pixel level or may be performed for each color
component. For example, in an embodiment wherein a threshold is determined for each
color component Z; ;(p) of the pixel Zx(p), the pixel Z(p) is determined to be out of the
moving object regions if the similarities between all color components of the pixel and
those of its co-located pixel in the second image are higher than the respective threshold.
[0092] The above detection results may be further used to initialize a weighting
matrix wy , wherein the value of wy,(p) is 1 if Zx(p) is valid and is 0 otherwise. To reduce
the effects of noise, the value of wy(p) Amay be filtered over a window of 3 x 3.

[0093] The signal-to-noise ratio (SNR) of image Z; may be represented by

E*(p)At;
E(p)Aty + 02,,4(p) + k0% pc(p)

SNRy(p) = I( ), (12)
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wherein « is the sensor gain, o,..4(p) is the noise from sensor readout, o 4pc(p) is the
combined effect of analog-to-digital conversion (ADC) including amplifier noise and
quantization, and ¥() is an unknown monotonic increasing function. It can be observed
from equation (12) that 0,..4(p) and o spc(p) are dominant for a dark pixel p and E(p) Aty
is dominant for a bright one.

[0094] After determining one or more moving object regions in image Zj at 230, the
image Z; are updated at 240 to correct the invalid pixels within these regions.

[0095] As described above, if k = ko, the image Z; is the initial reference image and
does not need to be updated. When k # ky, the invalid pixel in the image Z; may be
updated to be a corresponding intensity value in the image Z;. The corresponding
intensity value in the image Z; corresponds to an intensity value of the co-located pixel
in the reference image Z;/, and is determined based on an intensity mapping function
from the reference image Zy to the image Z;.

[0096] In an embodiment, the pixels of the image Z; may be updated in accordance
with the following equation:

Zy(p)s; if peCy
Z,(p); otherwise

Zk(p)update ={ (13)

[0097] From the above equation (13), it is seen that the value of valid pixels are

maintained, while the value of invalid pixels are modified.

[0098] The value of Z «(p) for filling in the valid regions may be determined based
on the inter position criterion: .Suppose Z(p) and Zy(p') are similar‘ to Zy(p) and Z,.(p')
respectively, for two pixels p and p’ at two positions. Then,

Zp(p)=Zpy(p") == Zy (P) =24 (D)
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if there is neither sensor noise nor electronic noise with both pairs of pixels.

[0099] For a pixel p € C, suppose that there exists another pixel p'e C; such that

Zp,(p') and Z,,(p) are equal. According to the above inter pixel criterion,

Z % (p) may be updated as Z, ;(p') . In a situation having both sensor noise and
electronic noise associated with both pairs of pixels, it is desired to reduce the effects of
both types of noises.

[00100] According to an embodiment, an IMF based method may be provided to
reduce the effect of the sensor noise. It is noted that there may exist a plurality of pixels
in the region C, that satisfy the above condition. The number of such pixels is denoted
as ¢y (p) . The updated value Z «(p) may be determined in accordance with the
following equation:

Zi(p) = A i (Ze(p)) (14)

[00101] Accordingly, an updated pixel Zk (p)= [Zk,l (p), Zk’2 (p), Zk,3 (p)]T is

synthesized by using Z,.(p) and A, (z) in accordance with the equation (14).

[00102] The variances of noises can be reduced by factors of1/,/¢; ;(p)(I =1,2,3) in

accordance with the embodiments above.

[00103] In another embodiment, the effect of electronic noise may be reduced by
applying an average filter to Z +(p) using a plurality of neighboring pixels, wherein the

plurality of neighboring pixels have been updated in accordance with equations (13) and

(14) above. The average filter may be referred to as a spatial average filter, wherein
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Z «(p) determined according to equation (14) may be further filtered by a weighted filter

as

5 Zi(P) | = Zp(p;
2 o 8

wherein p;(1 < i < 4) are four neighboring pixels of p in the reference image Z;. that

having been scanned and updated before the pixel p.

[00104] In another embodiment, the updated value Z « () may be reconstructed using

pixels from the next image to be processed and the IMFs from the next image to be
processed to the current image being processed, wherein the reference image Z;/ of the
current image Z; is used as the reference image to check whether the co-located pixel in

the next image to be processed and Z,.(p) are similar. If they are similar, the updated

value Z +(p) can be constructed by mapping the co-located pixel from the next image to

be processed to the current image Z;, based on an intensity mapping function from the
next image to be processed to the current image Zj similar to the embodiments above.
This is a bi-directional reconstruction method.

[00105] According to the above embodiments, the image Z is updated at 240 by
updating the values of each pixel classified to be invalid pixel, and accordingly the
moving object is removed from the updated image Z;. upgate- A sequence of updated LDR
images 130 is output from the image updater 240, and is used for synthesis of an HDR
image 160 according to Fig. 1. |

[00106] In the above embodiments of updating the pixels of invalid regions, the spatial
correlation among pixels in images Z; and Z,. is utilized. Different from the existing

method wherein all invalid regions are filled in by pixels from a single selected image
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such that dynamic ranges of moving objects may be reduced, the above embodiments fill
in invalid regions using pixel information from all LDR images. Since moving objects
belong to invalid regions, the above embodiments may be applied to preserve the
dynamic ranges of moving objects better when the inherent ranges of the moving objects
are high. In addition, the above embodiments for image updating is fast in the sense that
all pixels in image Z;, are only scanned once in the raster scan order.

[00107] According to the various embodiments described with regard to Fig. 2 above,
an intensity based similarity index is provided by using the intensity mapping functions
(IMFs) between two differently exposed images being compared. There are possibly
large intensity changes between two co-located pixels due to different exposures and
variation among pixels in an image caused by sensor and electronic noises. The IMFs
between these two images are adopted to unify the intensities of co-located pixels in the
two images and to reduce the effect of sensor noise. Meanwhile, a bi-directional mapping
method is prov.ided to reduce the effect of electronic noise. As a result, the similarity
index determined in accordance with the einbodiments is robust with respect to different
exposures between the two images and the sensor and electronics noises in the two
images.

[00108] The similarity index is applied to detect moving objects in a set of differently
exposed LDR images. A pixel in an image is valid if the similarity between its reference
pixel and itself is larger than a threshold, and is invalid otherwise. The threshold is
adaptive to at least one of the intensity values of two pixels, the exposure times of two
images, the ISO value for capturing the images and the average exposure value of all

LDR images. This adaptive threshold of various embodiments is able to improve the
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robustness of the moving object detection scheme with respect to the sense and
electronics noises. Since the correlation between two successive images is usually the
strongest, after checking all pixels in the current image, the current image is updated and
used as the reference image for the subsequent image. All valid pixels are adopted to
update the current image.

[00109] An IMF based approach, together with a spatial average filter, is provided to
synthesize pixels for the patching of invalid regions. The movement detection of the
embodiments is robust with respect to different exposures of input images as well as the
sensor and electronic noises in the input images. Moreover, a method is also provided to
fill in invalid regions by using the spatial correlation among pixels in the current and
reference images. All input images can be used to patch the invalid regions, instead of
using only one input image as in existing methods. Therefore, the dynamic range of the
final HDR image may be preserved better according to various embodiments.

[00110] The'image processing method described in various embodiments above may
be carried out by an image processing device.

[00111] Fig. 4 shows a schematic diagram of an image processing device according to
various embodiments.

[00112] The image processing device 400 may be implemented by a computer system.
In various embodiments, the decider, the similarity determiner, the threshold determiner,
the moving object region determiner, the corresponding intensity value determiner and
the updater may also be implemented as modules executing on one or more computer
systems. The computer system may include a CPU 401 (central processing unit), a

processor 403, a memory 405, a network interface 407, input interface/devices 409 and

34



WO 2012/015359 ) PCT/SG2011/000264

output interface/devices 411. All the components 401, 403, 405, 407, 409, 411 of the
computer system 400 are connected and communicating with each other through a
computer bus 413.

[00113] The memory 405 may be used as for storing images, similarity indexes,
thresholds, pixels belonging to moving object regions, and updated images used and
determined according to the method of the embodiments. The memory 405 may include
more than one memory, such as RAM, ROM, EPROM, hard disk, etc. wherein some of
the memories are used for storing data and programs and other memories are used as
working memories.

[00114] In an embodiment, the memory 405 may be configured to store instructions
for processing an image according to various embodiments above. The instructions,
when executed by the CPU 401, may cause the CPU 401 to determine a similarity index,
determine a threshold, determine a moving object region, determine a corresponding
intensity value, .and determine an updated intensity value. The instruction may also cause
the CPU 401 to store similarity indexes, fhresholds, pixels belonging to moving object
regions, and updated images determined according to the method of the embodiments in
the memory 405.

[00115] In another embodiment, the processor 403 may be a special purpose
processor, in this example, a image processor, for executing the instructions described
above.

[00116] The CPU 401 or the processor 403 may be used as the image processing
device as described in various embodiments below, and may be connected to an internal

network (e.g. a local area network (LAN) or a wide area network (WAN) within an
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organization) and/or an external network (e.g. the Internet) through the network interface
407.

[00117) The Input 409 may include a keyboard, a mouse, etc. The output 411 may
include a display for display the images processed in the embodiments below.

[00118] The embodiments above may be combined with the method in “P. Debevec
and J. Malik, Recovering high dynamic range radiance maps from photograph, In
Proceedings SIGGRAPH 1997, pp. 369-378, 1997” for the synthesis of HDR images. The
updated LDR images may be provided as the inputs of the method in “P. Debevec and J.
Malik”, to produce an HDR image without any ghosting artifact.

[00119] In the following, the updated reference images are represented by

Zk(l < k < ng), and are used as the inputs of the method in*“P. Debevec and J. Malik”,

The value of E(p) is computed by

S w(Zu(p)) Qog(F (Zu(@)) — log(Aty 1))

log(E(p)) = Z
og(E(p)) Z’uf(zk(?’))
k

(16)
[00120] Sufficient condition and necessary condition on the acceptable quality of the
final HDR image may be derived by using all sets Cy’s as follows:

[00121] Proposition 1: The final synthesized HDR image is acceptable at pixel p if
there exists a pixel Zx(p) in the set Cy, such that the following two Wyckoff signal/noise

criteria (17) and (18) are satisfied for all color channel /.

FUZelp)) > tara(p), amn
w(Zia(p)) > w(prap))- (18)

[00122] Proof: From equation (16), the value of E,(p)may be computed by
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log(E1{p))
3" wl(Z e ) oglf7(Z ke o(P))) = log(At e )

kJ’GCk ¢

ST wlZ g+ Y wlZye 4(p)

bpeCye kp€C ik

> wlZ e i) (loglfiH(Z e a(p))) - log(Aty, )

k\pe(:'k ¢

Yo wlZgaph+ Y wZe apd)

kp€C k,péf'k ’

[00123] It is shown from the inequalities (17) and (18) and the above equation that the

final synthesized HDR image is acceptable at pixel p.

[00124] Proposition 2: The final synthesized HDR image is not acceptable at pixel p if

all Z,(p)'s (k # ko) are invalid and there exists a color channel / such that Z k1 (P) does

not satisfy the inequalities (17) and (18).

[00125]  Proof: Similar to the proof of Proposition 1, it is determined that

log(E(p))
_ W(Zi () 10g(f7 (Zrpa(p))) — log(Ats,))
w(Ziy s (P)) + Y w{Zup))
ket
> " wl Zu(p))log(f;7 (Za(p)) — log(Ats))
P

w(Zia(p)) + Y _wl(Zip))

k#ky
[00126] Since Z, (p) does not satisfy the inequalities (17) and (18), the values of all
Z «(P) (k # ky) are not reliable. Therefore, the final synthesized HDR image is not

acceptable at pixel p.

[00127] According to the above embodiments, the moving object detection is

independent of CRFs (camera response functions), and is thus robust with respect to the
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estimation error of CRFs. As shown in Fig. 1, The CRFs are estimated at 140 after the
moving object is detected and removed from the LDR images 110. Accordingly, pixels
with high similarity among the differently exposed LDR images are used to estimate the
CRFs. Therefore, the estimated CRFs at 140 is more accurate.

[00128] In other embodiments, the various embodiments may be used to generate an
HDR video. All images between two shot boundaries may be put together to form a
group, and each image in the group may be selected as the initial reference image to
generate the corresponding HDR image. Subsequently, an HDR video sequence is
generated.

[00129] Experimental results are described in the following section. The image
processing method according to various embodiments above is verified by using it to
synthesize HDR images. The synthesized HDR images usually cannot be displayed
directly by existing digital displaying system. To this end, tone mapping schemes were
designed for thé visualization of HDR images.

[00130] First, the method for similarity determination based on bi-directional mapping
method is compared with the similarity determination based on the conventional uni-
directional method. The testing sequence is composed of five images with movement in
head and body of a girl as shown in Fig. 5, and the experimental results are shown in Fig.
6. Fig. 6(a) shows a HDR image synthesized using the bi-directional mapping method of
the various embodiments, and Fig. 6(b) shows a HDR image synthesized using the uni-
directional method. It can be seen from Fig. 6 that the bi-directional method can be used

to improve the quality of bright parts in the synthesized HDR image.
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[00131] The efficiency of the adaptive threshold according to various embodiments is
evaluated by comparing with the situation in which the threshold is fixed as 1/4. The
testing sequence consists of seven images with movement in head and body of a man as
illustrated in Fig. 7, and the experimental results are shown in Fig. 8. Fig. 8(a) shows the
resulting image using the adaptive threshold of the embodiments, and Fig. 8(b) shows the
resulting image using the fixed threshold of 1/4. From Fig. 8, it is illustrated that using
the adaptive threshold of the embodiments can remove ghosting artifacts in the area
corresponding to the neck of the man, whereas using the fixed threshold cannot remove
the ghosting artifacts‘irvl this area.

[00132] Proposition 2 above may be verified by testing the LDR image sequence in
Fig. 5. An example of the verification is shown in Fig. 9. The basis image is selected as
the first one. It is shown in Fig. 9 that the area in a box 901 in the synthesized HDR
image is not acceptable.

[00133] The &arious embodiments described with regard to Figs. 1 and 2 may also be
applied to produce a HDR video. All images between two shot boundaries are put
together to form a group. Each image in the group is selected as the initial reference
image to generate the corresponding HDR image. Subsequently, an HDR video sequence
is generated. Four of the HDR images synthesized based on the testing sequence of Fig. 7
are shown in Fig. 10.

[00134] The method of various embodiments is also compared with existing methods.
The method of the embodiments is firstly compared with the schemes in “T. Grosch, Fast
and robust high dynamic range image generation with camera and object movement, In

Vision, Modeling and Visualization, pp. 277-284, 2006” and “K. Jacobs, C. Loscos, and
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G. Ward, Automatic high dynamic range image generation for dynamic scenes”, JEEE
Computer Graphics and Applications, Vol. 128, No. 2, pp. 84-93, 2008”, by considering
a numerical example with three input LDR images {Z,Z,, Z3}. Z is selected as the
initial reference image in the proposed scheme. Suppose that there are two clusters of
pixels {Z1(p1), Z2(p1), Z3(p1)} {Z1(p2). Z2(p2), Z3(p2)} that are affected by movement in
“T. Grosch” and “K. Jacobs”. The values of F>(p;) and E3(p;) are the same while the
values of F)(p;) and E,(p;) are different. The value of E;(p2) and E»(p;) are the same
while the values of Fy(p;) and E3(p) are different. With the method of the embodiments,
Z3(p1) and Z3(p;) are marked as valid and Z;(p;) is marked as invalid. A new pixel,
Z (p1), is reconstructed by using the correlation between images Z; and Z, and used to
replace Z;(p1). Similarly, Z>(p2) and Z (p2) are marked as valid and Z3(p) is marked as
invalid. A new pixel, Zs(p;), is reconstructed to replace Z3(pz). By using the methods
in“T. Grosch” and “K. Jacobs”, both clusters of pixels are marked as moving clusters and
all pixels in a cluster are replaced by one of pixels in the cluster. It is seen that the
dynamic range of the final HDR image is preserved better by using the method of the
embodiments, compared with the schemes in“T. Grosch” and “K. Jacobs”.

[00135] The method of various embodiments is also compared with three commercial
software FDRTools (htto://fdrtools.com/front_e.php), Photomatix
(http://www.hdrsoft.com/) and Qtpfsgui (http://qtpfsgui.sourceforge.net/). The testing
sequence is composed of 11 images with waiving leafs as demonstrated in Fig 11. Fig. 12
(a), (b), (c), (d) show the results of FDRTools, Photomatix, Qtpfsgui and the method of
the embodiments, respectively. It is shown in the results in Fig. 12 that 1) ghosting

artifacts, due to waving leafs, are not removed by using these commercial softwares,
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especially by Qtpfsgui; 2) the ghosting artifacts are removed via the method of the
embodiments.

[00136] The method of the embodiments and Photomatix are further compared by
testing the image sequence in Fig. 7. Fig. 13(a) shows the HDR image generated using
Photomatix, and Fig. 13(b) shows the HDR image generated using the method of the
embodiments. It is shown in Fig. 13 that the quality of the human subject is poor and his
black cloth is not smooth by using the Photomatix, while the quality of the human subject
is high by using the method of the embodiments.

[00137] According to the method of various embodiments, ghosting artifacts are
removed from the final HDR image even though there are moving objects in a scene.
[00138] The movement detection according to various embodiments may be speed up
via a sub-sampling method. In other words, instead of detecting moving objects in the
original input images, the input images are first sampled by half at both horizontal and
vertical directibns. Moving objects are then detected on the sub-sampled images.
Additional detection is conducted on the original input images if necessary. The
movement detection of various embodiments may be used in various applications. For
example, the movement detection of various embodiments, together with image
inpainting, can be used to produce HDR videos without any reduction of frame rate.
[00139] While the invention has been particularly shown and described with reference
to specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and

scope of the invention as defined by the appended claims. The scope of the invention is
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thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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Claims

What is claimed is:

1. A method for processing a first image based on a second image, each pixel in the
first image having a plurality of color components and having a corresponding
pixel in the second image, wherein each value of a color component in the first
image corresp_onds to a value of a color component in the second image, the
method comprising:
deciding, for each color component of a pixel in the first image, whether to
modify the value of the color component dependent on a predetermined criterion,;
and
determining a similarity index between the pixel in the first image and the
corresponding pixel in the second image based on, for each color component of
the pixel, the value of the color component of the pixel, or if it is decided that the
value of the color component of the pixel is to be modified, the corresponding

value of the color component in the second image.

2. The method of claim 1, wherein each pixel in the first image and its

corresponding pixel in the second image are co-located.

3. The method of claim 1 or 2, wherein the plurality of color components comprises

a red color component, a green color component, and a blue color component.

43



WO 2012/015359 PCT/SG2011/000264

4. The method of any one of claims 1 to 3, further comprising

deciding, for each color component of the corresponding pixel in the second
image, whether to modify the value of the color component of the corresponding
pixel dependent on a predetermined criterion, wherein each value of a color
component in the second image corresponds to a value of a color component in
the first image; and

determining the similarity index between the pixel in the first image and the
corresponding pixel in the second image based on, for each color component of
the corresponding pixel, the value of the color component of the corresponding
pixel, or if it is decided that the value of the color component of the corresponding
pixel is to be modified, the corresponding value of the color component in the

first image.

5. The method of any one of claims 1 to 4, wherein
deciding whether to modify the value of the color component is dependent on the
value of the color component of the pixel in the first image and the value of the

color component of the corresponding pixel in the second image.
6. The method of claim 5, wherein

deciding whether to modify the value of the color component is dependent on a

comparison of an exposure level of the color component of the pixel in the first
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image with an exposure level of the color component of the corresponding pixel

in the second image.

7. The method of claim 6, wherein
the exposure level of the color component of the pixel in the first image represents
a deviation of the value of the color component of the pixel from a predetermined
value, and the exposure level of the color component of the corresponding pixel in
the second image represents a deviation of the value of the color component of the
corresponding pixel from the predetermined value,
wherein the predetermined value is a middle value of a value range of the first

image and the second image.

8. The method of any one of claims 1 to 7, wherein
the corrésponding value of a color component in the second image is determined
to correspond to the value of a color component in the first image based on an
intensity mapping function from the first image to the second image, wherein the
intensity mapping function is determined based on accumulated histograms of the

first image and the second image.
9. The method of any one of claims 1 to 8, further comprising

determining the pixel of the first image to be within or out of a moving object

region dependent on the determined similarity index.
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10.

11.

A device for processing a first image based on a second image, each pixel in the
first image having a plurality of color components and having a corresponding
pixel in the second image, wherein each value of a color component in the first
image corresponds to a value of a color component in the second image, the
device comprising:

a decider configured to decide, for each color component of a pixel in the first
image, whether to modify the value of the color component dependem on a
predetermined criterion; and

a similarity index determiner configured to determine a similarity index between
the pixel in the first image and the corresponding pixel in the second image based
on, for each color component of the pixel, the value of the color component of the
pixel, or if it is decided that the value of the color component of the pixel is to be

modified, the corresponding value of the color component in the second image.

A method for processing a first image based on a second image, the first image
and the second image being part of a sequence of images captured with different
exposure time, the method comprising:

determining a similarity index between a pixel of the first image and a
corresponding pixel of the second image, the similarity index representing a
degree of similarity between the pixel and the corresponding pixel;

determining a threshold for the pixel dependent on at least one of exposure time

of the first image, exposure time of the second image, a film speed for capturing
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12.

13.

14.

the sequence of images, and an average exposure value of the sequence of images;
and
determining the pixel to be within or out of a moving object region dependent on

a comparison of the determined similarity index with the determined threshold.

The method of claim 11, further comprising
determining the threshold for the pixel dependent on an intensity value of the
pixel in the first image and an intensity value of the corresponding pixel in the

second image.

The method of claim 12, further comprising
determining the threshold for the pixel dependent on an exposure level of the
pixel in the first image and an exposure level of the corresponding pixel in the

second image.

The method of claim 13, wherein

the exposure level of the pixel in the first image represents a deviation of the
intensity value of the pixel from a predetermined value, and the exposure level of
the corresponding pixel in the second image represents a deviation of the intensity
value of the corresponding pixel from the predetermined value,

wherein the predetermined value is a middle value of an intensity value range of

the first image and the second image.
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15.

16.

The method of any one of claims 11 to 14, wherein determining the similarity
index between the pixel of the first image and the corresponding pixel of the
second image comprises:

deciding, for each color component of the pixel in the first image, whether to
modify the value of the color component dependent on a predetermined criterion,
wherein each value of a color component in the first image corresponds to a value
of a color component in the second image; and

determining the similarity index between the pixel in the first image and the
corresponding pixel in the second image based on, for each color component of
the pixel, the value of the color component of the pixel, or if it is decided that the
value of the color component of the pixel is to be modified, the corresponding

value of the color component in the second image.

A devicé for processing a first image based on a second image, the first image and
the second image being part of a sequence of images captured with different
exposure time, the device comprising:

a similarity index determiner configured to determine a similarity index between a
pixel of the first image and a corresponding pixel of the second image, the
similarity index representing a degree of similarity between the pixel and the
corresponding pixel;

a threshold determiner configured to determine a threshold for the pixel

dependent on at least one of exposure time of the first image, exposure time of the
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17.

second image, a film speed for capturing the sequence of images, and an average
exposure value of the sequence of images; and

a moving object region determiner configured to determine the pixel to be within
or out of a moving object region dependent on a comparison of the determined

similarity index with the determined threshold.

A method for processing a first image based on a second image, the ﬁrst image
and the second image being part of a sequence of images captured with different
exposure timé, the method comprising:

determining a similarity index between a pixel of the first image and a
corresponding pixel of the second image, the similarity index representing a
degree of similarity between the pixel and the corresponding pixel;

determining a threshold for the pixel;

determiﬁing the pixel to be within or out of a moving object region dependent on
a comparison of the determined similarity index with the determined threshold,;

if the pixel is determined to be within the moving object region, determining a
corresponding intensity value in the first image corresponding to an intensity
value of the corresponding pixel in the second image or in a third image of the
sequence of images based on an intensity mapping function from the second
image or the third image to the first image, wherein the intensity mapping
function is determined based on accumulated histograms of the first image and the

second or the third image; and
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18.

19.

determining an updated intensity value of the pixel in the first image to be the

determined corresponding intensity value in the first image.

The method of claim 17, further comprising
if the pixel is determined to be within the moving object region, determining
whether the corresponding pixel of the second image and the corresponding pixel
of the third image is similar;
if the corresponding pixel of the second image is not similar to the
corresbonding pixel of the third image, determining the corresponding
intensity value in the first image based on an intensity mapping function
from the second image to the first image;
if the corresponding pixel of the second image is similar to the
corresponding pixel of the third image, determining the corresponding
ihtensity value in the first image based on an intensity mapping function

from the third image to the first image.

The method of claim 17 or 18, wherein the intensity mapping functions comprise
minimizing a difference between the accumulated histogram of the first image
and the accumulated histogram of the second image or the third image,

wherein the accumulated histogram of the first image represents a number of
pixels in the first image having an intensity value equal to or less than the
corresponding intensity value in the first image to be determined, the accumulated

histogram of the second image represents a number of pixels in the second image
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20.

21.

22.

having an intensity value equal to or less than the intensity value of the
corresponding pixel in the second image, and the accumulated histogram of the
third image represents a number of pixels in the third image having an intensity
value equal to or less than the intensity value of the corresponding pixel in the

third image.

The method of any one of claims 17 to 19, further comprising
applying an average filter to the determined corresponding intensity value using a
plurality of neighboring pixels, wherein intensity values of the plurality of

neighboring pixels have been processed according to claim 17.

The method of any one of claims 17 to 20, wherein
if the pixel is determined to be out of the moving object region, the updated

intensity value of the pixel is determined to be the intensity value of the pixel.

A device for processing a first image based on a second image, the first image and
the second image being part of a sequence of images captured with different
exposure time, the device comprising:

a similarity index determiner configured to determine a similarity index between a
pixel of the first image and a corresponding pixel of the second image, the
similarity index representing a degree of similarity between the pixel and the
corresponding pixel;

a threshold determiner configured to determine a threshold for the pixel;
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a moving object region determiner configured to determine the pixel to be within
or out of a moving object region dependent on a comparison of the determined
similarity index with the determined threshold;

a corresponding intensity value determiner configured to determine a
corresponding intensity value in the first image corresponding to an intensity
value of the corresponding pixel in the second image or in a third image of the
sequence of images based on an intensity mapping function from the second
image or the third image to the first image, if the pixel is determined to be within
the moving 6bject region, wherein the intensity mapping function is determined
based on accumulated histograms of the first image and the second image or the
third image; and

an updater configured to determine an updated intensity value of the pixel in the

first image to be the determined corresponding intensity value in the first image.
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