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Abstract

A Method and System for Extended Depth of Field Calculation for Optical Image
R  Processing- o

The invention relates to an image processing method and system for constructing a
composite image with extended depth of field. The composite image may be constructed
from a plurality of source images of a scene stored in an image stack. The method
includes aligning the images in the image stack such that every image in the image stack
is aligned with other images in the stack, performing illumination and color correction on
the aligned images in the image stack, generating an energy matrix for each pixel of each
illumination and color corrected image in the image stack by computing energy content
for each pixel, generating a raw index map that contains the location of every pixels
having maximum energy level among all the images in the image stack, generating

degree of defocus map and constructing the composite image.

Figure 1 (for publication)
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We Claim:

1. An image processing method for constructing a composite image with extended depth

- of field; fromra-plurality of source images of a-scene stored ‘in-at-least one image ‘stack, e -

the plurality of source images being taken at substantially identical fields of view, the
method comprising:

aligning the images in the image stack such that every image in the image stack is
aligned with other images in the stack;

performing illumination and color correction on the aligned images in the image
stack;

generating an energy matrix for each pixel of each illumination and color
corrected image in the image stack by computing energy content for each pixel;

generating a raw index map that contains the location of every pixels having
maximum energy level among all the images in the image stack;

generating degree of defocus map by comparing the energy content at a particular
pixel in all the images against a reference signal and repeating the process for all the
pixels;

constructing the composite image using raw index map and degree of defocus

map.

2. The method as claimed in claim 1, wherein the images are aligned by a bi-
directional image alignment method, the bi-directional image alignment method
comprises

arranging the images in a sequence in the image stack

selecting a first reference image, such that the first reference irriage is the
substantially central image in the image sequence;

aligning the first reference image with immediate left side and immediate right
side images in the sequence;

repeating the alignment process for the next image on left side and right side of

the reference image with respect to the aligned images.
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3. The method as claimed in claim 2, wherein the left side and right side images are
aligned by a hierarchical coarse-to-fine parametric image alignment process.

4. The method as claimed in claim 3, wherein the hierarchical coarse-to-fine parametric

‘image alignment process-is implemented by-a guided optimization process.

S. The method as claimed in claim 1, wherein the step of performing illumination
and color correction comprises:

selecting a second reference image and a sample image from the aligned images
such that the second reference image and the sample image are consecutive images in the
image stack;

converting the selected images frpm RGB colour space to HSV colour space;

computing an average luminance and an average saturation value of the HSV
colour space images; ‘

calculating the percentage deviation of the average luminance and the average
saturation for the first sample image with respect to the second reference image;

multiplying the first sample image with a luminance correction factor, if the
percentage deviation of the average luminance is more than a predefined threshold level,
and/or multiplying the first sample image with a saturation correction factor, if the

percentage deviation of the average saturation variation is more than a predefined

“threshold level to obtain the modified first sample image, else using the first sample

image as modified first sample image;

repeating the process for all the images, by considering the modified first sample
image image as the first reference image and next consecutive image as first sample
image; and

converting the modified imageé from HSV color scale to RGB color scale.
6. The method as claimed in claim 5, wherein the predefined threshold level is more

than 2 per cent deviation of the average luminance and/or the average saturation

variation.
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7. The method as claimed in claim 5, wherein the luminance correction factor is the
ratio of the average value of the illumination of the first sample image divided by

average value of illumination for the second reference image.

- 8.~~~ ~'The'method-as claimed in claim 5, wherein-the saturation-cerrection factor s the=: s s x»

ratio of the average value of the saturation of the first sample image divided by average

value of saturation for the second reference image.

9. The method as claimed in claim 1, wherein the step of generating an energy
matrix comprises:
converting each color and illumination corrected RGB image to grayscale image;

down sampling the image to low resolution of intensity values in the range of 0 to

convolving the down sampled image with a complex wavelet filter bank to

generate the energy matrix.

10..  The method as claimed in claim 1, wherein the reference signal is a Gaussian
curve is generated by:

taking an array of energy values from energy each matrices in temporal direction
for each pixel location and identifying a peak value in each array;

identifying a local minima on buth sides of the peak energy value in the array;
and

generating the Gaussian curve by taking log of the energy values between the

maxima and two minima.

"11.  The method as claimed in claim 1, wherein the images stored in at least one

image stack is processed to generate one composite image and the generated composite
image is stored in the next image stack, if the plurality of source images are stored in two

or more image stacks.

12. A system 300 for constructing a composite image with extended depth of field,

from a plurality of source images of a scene comprises:
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a memory 302 for storing a plurality of source images of a scene taken at
substantially identical fields of view;

a processing unit 312 for process the images stored in the memory 302, to align
the images in the image stack such that every image in the image stack is aligned with
other images in the stack, perform illumination and color correction on the aligned
images in the image stack, generate an energy matrix for each pixel of each illumination
and color corrected image in the image stack by computing energy content for each
pixel, generate a raw index map that contains the location of every pixels having
maximum energy level among all the images in the image stack, generate degree of
defocus map by comparing the energy content at a particular pixel against a reference
signal and constructing the composite image using raw index map and degree of defocus
map; and

an output unit for displaying the composite image received from the processing

unit 312.

. 13, A system as claimed in claim 12, further comprises an arrangement for obtaining

images at a different focal distance.

14. A system as claimed in claim 13, wherein the arrangement for obtaining images
» comiprises: an optical system 304 for capturing images; and “

a drive mechanism 308 in signal communication with the optical system 304, the

drive mechanism being controlled by an imaging control 310 system for changing the

distance between the object 306 and optical system 304.

\ Y‘Q :
Mohaé%isal([NPA No: 1941)

Larsen & Toubro Limited
DLF 3rd Block, 2nd Floor,
Manapakkam, Chennai, TN, 600089
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Field of the Invention

The invention relates to image processing field in general and particularly to a method

and system for extending depth of field in an imaging device.

Background of the Invention

Limited depth of field is a common problem in imaging devices such as conventional
light microscope. Objects imaged in such cases are sharply in focus over a limited
distance known as the depth of field. The Depth of field (DOF) is the distance between
the nearest and farthest objects in a scene that appear acceptably sharp in an image.
Typically sharpness decreases with depth resulting in blurriness in at least some part of
the image. Also, in order to capture a large amount of light from a small specimen under
the imaging device, one needs to have a high numerical aperture. However, high
numerical aperture results in a very shallow depth of field, due to which it is not possible

to have all region of the scene to be in focus.

To improve the depth of field in a captured image, one or more digital image processing
techniques may be employed. Using the digital image processing techniques, images
taken at different depths of field of the same scene may be combined to produce a‘sitgle
composite image. The digital image processing techniques involve capturing multiple
images of the same scene to form an image stack, identifying focused part from multiple
images in the stack and recreating a single image with better depth of field by combining
the focused parts. During the digital processing process, index information of the images
in the stack is collected and processed to generate a depth map and composite image

or/and a 3D model of the scene.

Typically, greater the number of images in the image stack greater is the DOF in the
composite image. Though with the increase in number of images in the stack, the
complexity, time required for processing the images, errors in the composite image and
memory requirement also increases. There are many processing techniques which

provide solutions to improve the depth of field. However, the known solutions have one
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or the other drawback such as misalignment of the images in the stack, illumination
variations in the composite image, noises in the Depth map and composite image, low

quality of the composite image with blotchy background, edge shadowing and depth

- cross over, time -complexity of the processes involved-in depth of field calculations, too

many manually configurable parameters and unable to manage large image stacks.

Therefore, there is a need to have an improved method and system for digital image

processing that may address at least one of the above mentioned limitations.

Summary of the Invention

According to embodiments of the invention an image processing method for constructing
a composite image with extended depth of field is disclosed. The composite image may
be constructed from a plurality of source images of a scene stored in at least one image
stack. The plurality of source images may be taken at substantially identical fields of
view. The method includes aligning the images in the image stack such that every image
in the image stack is aligned with other images in the stack, performing illumination and
color correction on the aligned images in the image stack, generating an energy matrix
for each pixel of each illumination and color corrected image in the image stack by
computing energy content for each pixel, generating a raw index map that contains the
location of every pixels having maximum energy level among all the images in the
image stack, generating degree of defocus map by comparing the energy content at a
particular pixel in all the images against a reference signal and repeating the process for
all the pixels and constructing the composite image using raw index map and degree of

defocus map.

According to another embodiment a system for constructing a composite image with
extended depth of field, from a plurality of source images of a scene is disclosed. The
disclosed system include a memory for storing a plurality of source images of a scene
taken at substantially identical fields of view, a processing unit for processing the images
stored in the memory, to align the images in the image stack such that every image in the

image stack is aligned with other images in the stack, perform illumination and color
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correction on the aligned images in the image stack, generate an energy matrix for each
pixel of each illumination and color corrected image in the image stack by computing

energy content for each pixel, generate a raw index map that contains the location of

every pixels~having- maximum energy level among all the ‘images in the image stack, -~

generate degree of defocus map by comparing the energy content at a particular pixel
against a reference signal and constructing the composite image using raw index map
and degree of defocus map and an output unit for displaying the composite image

received from the processing unit.

Other aspects, advantages, and salient features of the invention will become apparent to
those skilled in the art from the following detailed description, which, taken in
conjunction with the annexed drawings, discloses exemplary embodiments of the

invention.

Brief description_of the Drawings

The above and other aspects, features, and advantages of certain exemplary embodiments
of the invention will be more apparent from the following description taken in
conjunction with the accompanying drawings in which:

FIG. 1 illustrates a flow chart of a method for processing a plurality of images taken of a
scene to generate a composite image with extended depth of field, according to one

embodiment of the invention;

FIG. 2 illustrates a method for performing illumination and color correction according to

an embodiment of the invention; and

FIG. 3 illustrates a block diagram of a system for constructing a composite image with
extended depth of field, from a plurality of source images of a scene according to one

embodiment of the invention.
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Persons skilled in the art will appreciate that elements in the figures are illustrated for
simplicity and clarity and may have not been drawn to scale. For example, the

dimensions of some of the elements in the figure may be exaggerated relative to other

elements-to help-to improve understanding of various exemplary embodiments of the

disclosure.

Throughout the drawings, it should be noted that like reference numbers are used to

depict the same or similar elements, features, and structures.

Detailed description of the Invention

The following description with reference to the accompanying drawings is provided to
assist in a comprehensive understanding of exemplary embodiments of the invention as
defined by the claims and their equivalents. It includes various specific details to assist in
that understanding but these are to be regarded as merely exemplary. Accordingly, those
of ordinary skill in the art will recognize that various changes and modifications of the
embodiments described herein can be made without departing from the scope and spirit
of the invention. In addition, descriptions of well-known functions and constructions are

omitted for clarity and conciseness.

FIG. 1 illustrates a flow chart of a method 100 for processing a plurality of images taken
of a scene to generate a composite image with extended depth of field, according to an
exemplary embodiment of the invention. The extended depth of field indicates a greater
depth of field in the composite/processed image as compared to the original image before

processing.

At step 102, the method obtains a plurality of image captured from a defined subject,
where the images are taken from different positions for said subject. According to an
embodiment, the images may be captured from any known imaging device such as but
not limiting to, optical microscope, digital camera, etc. According to another
embodiment, the images may be obtained from an archive having images of said subject

captured from different positions. According to yet another embodiment, the different
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positions include capturing images from different *Z’ level of the imaging device. The

obtained images are arranged in a stack to form an image stack.

At step 104, the method performs-image alignment: The image alignment is'the process ™ -

of transforming different sets of image data in the image stack so that all the images may
have one coordinate system. The image data may be obtained from different sensors, at
different time, or from different viewpoints. The image alignment process enables
processing of the images obtained from the different measurements/sources. The image
alignment process involves finding an optimal one-to-one mapping between the pixels in

one image to those in other images in the stack.

According to one embodiment, a bi-directional image alignment method may be used for
aligning the images in the image stack. The bi-directional image aligning method may
include arranging the images in a sequence, such that the images are arranged as per their
respective distance from the ‘Z’ level. Among the image sequence a first reference image
may be selected, such that the first reference image is the substantially central image in
the image sequence. The alignment process further includes comparing the first reference
image with immediate left side and immediate right side images in the sequence. The
geometric transformation between the immediate left side image and the immediate right
side image ‘may- be calculated with respect to the first reference image. Based wn -
calculations, the immediate left side image and the immediate right side image may be
aligned with the first reference image. Subsequently immediate left side image may be
compared with second image on the left side of the first reference image in the image
sequence and immediate right side image may be compared with the second image on
the right side of the first reference imége in the image sequence and aligned with the
immediate left side and the immediate right side images respectively. The process may
be repeated for all the images thereby resulting in an aligned image stack that has
substantially all images aligned with each other. The first and last image in the stack may
have large variations and processing images in one direction that is from first to last may
not provide effectively aligned image stack. Moreover processing images in one

direction may result in a lot of time and memory consumption. On the other hand
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disclosed two way processing of images reduces time and result in better aligned stack of

images.

may be performed by any known conventional method in the image alignment process.
According to another embodiment of the invention, the process of comparison and
alignment may be performed by the parametric image alignment process. The parametric
image alignment process includes specifying the particular geometric parametric
transformation and then estimating the parameter by means of any known optimization
method. The miss-aligned images generally have an affine transformation and six

parameters (a, b, ¢, d, e, and f) needed to be estimated for this:

X'=a*x+b*y+c

y=d*x+e*y+f

These parameters may be identified using any known suitable optimization method.
According to an exemplary embodiment of the invention, the disclosed method uses a
hierarchical coarse-to-fine approach of parametric image alignment using gradient
descent optimization method and normalized cross correlation as cost function based on

image pyramids. T

The exemplary illustrated method of comparison and alignment includes reducing the
resolution on the images in the image stack by a scale factor in a range of between 1/2 to
1/16. According to yet another embodiment, the resolution of the images may be reduced
by a scale factor of 1/8 of the original resolution to genefate a stack of down sampled
images. The method further includes creating an image pyramid of down sampled
images and performing a coarse estimation of the transformation on the down sampled
images. In microscopic imaging, the whole series of images or some part of a series of
images may undergo through same transformations. Hence, if the second image
undergoes through substantially same transformation, the transformation parameters
obtained from the first image may be used as a clue or initial guess of transformation of

next image. According to an embodiment, the hierarchical coarse-to-fine parametric
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image alignment process is implemented by a guided optimization process. The guided
optimization process includes implementing an initial guess method/algorithm to search

for global optima of the cost function faster by making it to start the iterations near the

~-global-optima position of the previous image-cost function. The illustrated process ‘of +-

comparison and alignment is only exemplary in nature and may not be construed limiting
on the invention. Any other known method/ process of comparison and alignment may

be used without going beyond the scope of the invention.

At step 106, the method performs illumination and color correction on the aligned stack
of images. FIG. 2 illustrates an exemplary flow chart 200 to illustrate the method for
performing illumination and color correction according to an embodiment of the
invention. RIy, RI,, RI3...RI,, refers to the aligned images in the stack of images. The
method 200 of performing illumination and color correction, at step 202 may include
selecting at least two consecutive images from the stack of aligned images, where one of
the image is considered as a second reference image and the other is considered as first
sample image. At step 204, the selected images are converted from RGB colour space to
HSV colour space. According to an embodiment of the invention, the conversion from
RGB to HSV may be performed by any known method. At step 206, the HSV color
images may be split into H S V channels. Further, at step 208 and step 210 the method
computes the average value of luminance and average value of saturation for both the
HSV images respectively. At step 212 and step 214, percentage deviation of average
luminance and average saturation may be calculated respectively for the first sample
image with respect to the second reference image. At step 216 and step 218, the
percentage deviation of average luminance and percentage deviation of average
saturation is compéred with a predefined threshold value respectively. According to an
embodiment, the threshold value is more than 2 per cent deviation. According to another
embodiment, threshold value may be more than 5 per cent deviation. If the percentage
deviation of average luminance is more than the predefined threshold value then the first
sample image may be multiplied by a luminance correction factor at step 220, else the
image may be retained without incorporating any change. The luminance correction
factor is the ratio of the average value of the illumination of the first sample image

divided by average value of illumination for the second reference image. Similarly, if the
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percentage deviation of average saturation is more than the predefined threshold value,
then the first sample image may be multiplied by a saturation correction factor at step

222, else the image may be retained without incorporating any change. The luminance

~correction-factor-is' the ratio of the average value of the saturation-of the first sample - =~ -

image divided by average value of saturation for the second reference image. At step
224, the H S V channels of the processed images are merged together. The disclosed
process may be repeated for all the images in the aligned image stack consideﬁng the
corrected first sample image as second reference image for the next image and similarly
repeating the process for other images. Once corrected, the images may be again

converted in RGB color space at step 226 and stored in the image stack.

At step 108, the method computes energy content for each pixel of illuminated and color
corrected stacked images to generate energy matrix of each image. According to an
exemplary embodiment, complex wavelet decomposition method may be used for
wavelet decomposition. According to the complex wavelet decomposition method, the
step of computing energy content includes selecting one of the images from the
illuminated and color corrected image stack. Selected image is converted from RGB
color scale to grayscale for wavelet decomposition. The method further includes down
sampling the grayscale image to a lower resolution exemplary by one level and
normalizing the intensity values in the range of 0 to" 1."Processing the image at a lower
resolution may reduce the impulse noises present in the images and hence may provide
better results. The method further includes, convolving the down sampled image with a
complex wavelet filter bank to generate an energy matrix for said image. The process
may be repeated for all the images in the illuminated and color corrected image stack so
as to have at least one energy matrix for each image in the stack. According to another
embodiment the energy matrix may be generated using any other known process such as
but not limited to real wavelets (Haar, Daubechies), difference of Gaussians, variance,

Tenengrad, Fourier transform and high pass filter.

At step 110, the method generates a raw index map for the scene. The process of
generating raw index map includes analyzing the energy matrix’s pixel by pixel basis for

all the images and identifying maximum focused pixel for a particular pixel in the image
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stack. The process is repeated for all the pixels of the scene and an index of all the

focused pixels may be used to generate the raw index map.

<At step 112, ‘the method ' generates -degree of:defocus-map- by comparing-the energy--»= =

content at a particular pixel against a reference signal, where the reference signal is a
Gaussian curve. The Gaussian curve may be generated by identifying the peak focus
measure values and the value of minima at left side and right side of the peak value for a
particular pixel in the image stack by analyzing the energy matrix’s generated at step
108. Using the log of the energy values of maxima and minima the Gaussian curve may
be generated. The generated Gaussian curve may be used as the reference signal to
compare the focus and out of focus regions in different image. The computed result may
be used to generate degree of defocus map. Focus measure values in the regions where
the object is focused, will follow Gaussian nature while other parts having extensive
smoothness in texture follow random nature. Therefore pixels corresponding to focused
part yield low gauss-fit values whereas smooth pixels yield high values. So, the in-focus

segmentation of the object may be identified using degree of defocus map.

At step 114, the method may generate a composite image using the raw index map and
the degree of defocus map. The index map, which is constructed by taking the index of
the stack corresponding to ihe highest frequency in the temporal direction for each pixel, -
may contain noise (random index) wherever the scene is out of Focus. The noise needs to
be removed and the index map needs to be further processed. According to an
embodiment, the steps of refining the index map includes eliminating noise by masking

the index map with the degree of defocus map, expanding the masked index map,

‘blurring the result by a smoothing filter and overlappiﬁg the masked index map on

blurred output. The out of focus regions may have high measure in the degree of defocus
map. A threshold of at least 25% of the maximum value may be applied to remove the
out of focus regions. According to yet another embodiment, in the composite image, the
out of focus regions may be picked from the last image of the stack to avoid blotchiness.
The current index values in the out of focus regions may be changed to maximum index
values (index of the last image). The in-focus region in the index map may be dilated and

blurred in order to get a smooth transition between the object index values and the
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highest index value of the out of focus region. Finally, the masked index map may be

placed on the processed image to get the refined index map.

- At-step-I'16; the-methed generates a depth-map using the raw index map and-the degree-

of defocus map. The step of generating a depth map includes, performing depth
interpolation by polynomial fitting of the maximum index value in the index map.
Scaling the image in the available intensity range for detailed information of depth of
object. Subtracting the background with help of weighted background mask and smooth
the image for noise cancellation and up sampling the generated Depth Map to fit the

original size of input image.

According to yet another embodiment, the plurality of source images of the scene may be
distributed in two or more image stacks. Images in the first stack may be processed to
generate a composite image by the method 100 illustrated above. The generated
composite image is then included in the next image stack and again another composite is
generated by processing images in the stack by the method 100 illustrated above. The
same process may be followed for all the stacks to generate a final composite image.
Ilustrated process may save memory requirement, if the initial stack contains large

number of images.

According to an embodiment, the disclosed exemplary method may be implemented as a
computer program embedded in a carrier, such as but not limited to, a diskette, a CD-

ROM or a modulated carrier wave.

According to yet another embodiment, a system 300 for constructing a compdsite image
with extended depth of field, from a plurality of source images of a scene is disclosed.
The composite image may be constructed from the plurality of source images of a scene
stored in at least one image stack provided in a memory 302. The plurality of source
images may be taken at substantially identical fields of view. According to an
embodiment, the system may have arrangement for obtaining images such that each
image being obtained at a different focal distance. As illustrated system 300 includes an

optical system 304 having a field of view focused on the object 306. A drive mechanism
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308, which may be controlled by an imaging control 310, may be coupled to the optical
system 304 for changing the distance between the optical system 304 and the object 306.

Accordingly the lens may be placed in a succession of different distances from the

» -object,- while concurrently maintaining ‘the same -field-of view. According-to -anothep: =+ -

embodiment, the image plane may be kept at a substantially constant distance from the
lens, while the focal length of the optical system 304 may be changed successively. The
captured images may be stored in the memory 302.

The disclosed system 300 further includes a processing unit 312. According to an
embodiment, the processing unit 312 may process the images to align the images in the
image stack such that every image in the image stack is aligned with other images in the
stack, perform illumination and color correction on the aligned images in the image
stack, generate an energy matrix for each pixel of each illumination and color corrected
image in the image stack by computing energy content for each pixel, generate a raw
index map that contains the location of every pixels having maximum energy level
among all the images in the image stack, generate degree of defocus map by comparing
the energy content at a particular pixel against a reference signal and constructing the
composite image using raw index map and degree of defocus map. The constructed
image may be stored in the memory 302 or may be sent to an output unit 314 such as but

not limited to image display, pririter, video display screen etc.

In the foregoing detailed description of embodiments of the invention, various features
are grouped together in a single embodiment for the purpose of streamlining the
disclosure. This method of disclosure is not to be interpreted as reflecting an intention
that the claimed embodiments of the invention require more features than are expressly
recited in each claim. Rather, as the following claims reflect, inventive subject matter
lies in less than all features of a single disclosed embodiment. Thus, the following
claims are hereby incorporated into the detailed description of embodiments of the

invention, with each claim standing on its own as a separate embodiment.

It is understood that the above description is intended to be illustrative, and not

restrictive. It is intended to cover all alternatives, modifications and equivalents as may
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be included within the spirit and scope of the invention as defined in the appended
claims. Many other embodiments will be apparent to those of skill in the art upon

reviewing the above description. The scope of the invention should, therefore, be

- determined “with ‘reference to the -appended: claims, “along with the full-scope -of iz s

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,” respectively.
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