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METHOD TO DETERMINE FIDUCIAL POINT
FOR HOLOGRAPHIC DATA STORAGE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method to determine a
fiducial point, particularly to a method to determine a fiducial
point for holographic data storage.

2. Description of the Related Art

The Holographic data storage device features both high
speed and high capacity and thus has very high potential
among next-generation data storage devices. However, the
holographic data storage device demands very high quality in
optical systems and system calibration because it is likely to
be affected by noise (such as aberration) under the high trans-
fer speed thereof. The abovementioned factors make the holo-
graphic data storage device hard to commercialize.

Refer to FIG. 1. A conventional holographic data storage
device comprises a laser source 10, a spatial filter 12, a first
lens 14, a beam splitter 16, a spatial modulator 18, a second
lens 20, a recording medium 22, a third lens 24, a reflector 26,
and a 2D detector 28. The beam emitted by the laser source 10
passes through the spatial filter 12, the first lens 14 and the
beam splitter 16 and then is split into a reference beam 30 and
asignal beam 32. The reference beam 30 proceeds toward the
reflector 26. The signal beam 32 proceeds toward the spatial
modulator 18. The reflector 26 reflects the reference beam 30
to the recording medium 22. The spatial modulator 18
encodes the signal beam 32. The encoded signal beam 32 also
proceeds to the recording medium 22. The reference beam 30
interferes with the encoded signal beam 32 to form an inter-
ference pattern stored in the recording medium 22. In reading
the data stored in the recording medium 22, the signal beam
32 is shielded, and the reference beam 30 is incident on the
recording medium 22 to generate an interference pattern on
the 2D detector 28. However, the image of the interference
pattern may be distorted because of aberration, etc.

In order to recover the image received by the 2D detector,
several image recovery technologies had been developed. For
anexample, a U.S. Pat. No. 5,982,513 uses the angle between
the reference beam and the incident beam to calculate the
location of the image. However, the prior art is unlikely to
align the images that are out of focus. For another example,
M. Ayres, et al. proposed a paper in 2006 “Image Oversam-
pling for Page-Oriented Optical Data Storage”, wherein an
appropriate proportion should be maintained between the 2D
detector and the spatial modulator. Thus, the prior art cannot
perform image processing for any system. For yet another
example, R. M. Shelby, et al. proposed a paper in 1997 “Pixel-
matched holographic data storage with megabit pages”,
which involves a pixel-matched system demanding precise
alignment, high quality optical systems and smaller aberra-
tion. Therefore, the prior art is too expensive to popularize.
For a further example, M. Ou-Yang et al. proposed a paper in
2011 “A Gray Level Weighting Method to Reduce Optical
Aberration Effect in Holographic Data Storage System”. In
the prior art, a single threshold is corresponding to multiple
regions in a block during binary conversion because of noise.
Thus, the fiducial point is hard to determine in the prior art.

Accordingly, the present invention proposes a method to
determine a fiducial point for holographic data storage to
overcome the abovementioned problems.

SUMMARY OF THE INVENTION

The primary objective of the present invention is to provide
a method to determine a fiducial point for holographic data
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2

storage, which performs regional comparison on retrieved
images via comparing each retrieved image with a built-in
reference gray-level frame, and which uses a 2D approach to
fast and precisely find a fiducial point, whereby it is unnec-
essary for the blocks of the gray-level image to form closed
areas, and whereby is reduced BER (Bit Error Rate) of the
system, wherefore is achieved high-quality holographic data
storage with a low-cost optical system.

To achieve the abovementioned objective, the present
invention proposes a method to determine a fiducial point for
holographic data storage, which comprises steps: receiving a
gray-level image; using a gray-level frame to sequentially
retrieve from the gray-level image regional images having the
same size as the gray-level frame to function as retrieved
images, comparing the gray-level frame with each retrieved
image to obtain a plurality of values, and using the values to
construct a 2D proto-matrix; transforming the 2D proto-ma-
trix into a 2D matrix via letting the values which are smaller
than 0 be 0 and keeping the rest of the values unchanged;
using the 2D matrix and a retrieving matrix, which has a
dimensionality equal to or smaller than that of the reference
gray-level frame, to obtain an anchor matrix, and finding a
greatest value in the central region of the 2D matrix to func-
tion as an anchor value according to the anchor matrix; and
using the anchor value to find a corresponding position in the
gray-level image, and using the position as a fiducial point.

Below, the embodiments are described in detail in coop-
eration with the attached drawings to make easily understood
the characteristics and efficacies of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically shows a conventional holographic
data storage device;

FIG. 2 shows a flowchart of a method to determine a
fiducial point for holographic data storage according to one
embodiment of the present invention; and

FIGS. 3(a)-3(e) schematically show steps of fa method to
determine a fiducial point for holographic data storage
according to one embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

In a holographic data storage device, the 2D detector
receives the magnified gray-level pattern, however, which is
likely to be affected by the magnifying power, noise, and
random errors of the system. Therefore, how to recover the
gray-level pattern is a critical problem for holographic data
storage. One of the steps to recover the gray-level pattern s to
determine the coordinates of the fiducial point so as to recover
the pixel size of each signal. Below is introduced the method
to determine a fiducial point for holographic data storage of
the present invention, which applies to a coaxial or off-axis
holographic data storage device, and which is used to obtain
the fiducial point and correctly recover the gray-level pattern.

Refer to FIG. 2 and FIGS. 3(a)-3(e). In Step S10, the 2D
detector receives a gray-level image having a plurality of
blocks. The gray-level image has an N-bit grayscale depth
and a maximum gray-level value of (2%~1). Each block con-
tains nxn pieces of pixels, wherein n is a natural number. The
block may be a black or white block. Thus, the gray-level
image contains a plurality of white blocks and black blocks,
whose numbers are identical, and whose arrangement is
exemplified by a checkerboard, as shown in the drawings. The
gray-level image is in form of an HxW array, wherein H and
W are natural numbers. In FIG. 3(a), the gray-level image 34
is a 6x6 array containing 36 pieces of blocks 36. The block 36
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may be a black block designated by hatchings or a blank white
block. In FIG. 3(a). the black and white blocks are arranged
similarly to a checkerboard.

In Step S12, use a built-in first reference gray-level frame
to sequentially retrieve regional images each having the same
size as the first reference gray-level frame to function as first
retrieved images. In other words, the retrieving activity starts
from the first row and the first column of the blocks and
advances toward the last row and the last column sequentially
pixel by pixel. At the same time, compare the first reference
gray-level frame with each first retrieved image to obtain a
plurality of first values, which are used to construct a first 2D
proto-matrix. The first reference gray-level frame may be in
form of a square, a strip, a cross, intersecting lines, a circle, a
triangle, a rhombus, or a polygon. In the drawings, a square is
used to exemplify the first reference gray-level frame. The
first reference gray-level frame has a dimensionality of mxm,
wherein m=2 and m is a natural number. The value of m
correlates with the magnifying power of the received image.
The first reference gray-level frame includes a plurality of
first black blocks and first white blocks. The gray-level values
of the first black blocks and the first white blocks may be
either assigned according to requirement of the system or
respectively preset to be 0 and 225. Besides, the first black
blocks and the first white blocks are also arranged similarly to
a checkerboard. Further, an SSIM (Structure Similarity) algo-
rithm is used to perform regional comparison for the first
reference gray-level frame and each first retrieved image.
Thereby, it is unnecessary for the blocks of the gray-level
image to form closed areas. The first value V1 is obtained
according to Equation (1):

Cuaptyr + C1) 20y + Coy) 9]

(42 + 5y + Cuy)od + 05 + Coy)

wherein x is the reference gray-level image and yI is the first
retrieved image, and

wherein C,;and C,; correlate the brightnesses, contrast ratios
and constitutive properties of the gray-level image and the
first retrieved image, and

wherein 0<C;<0.1 and 0<C,;<0.1, and

wherein and p and ., are respectively the image strengths of
the gray-level image and the first retrieved image and
respectively expressed by Equation (2) and Equation (3),
and

wherein 0, and o, are respectively the image standard devia-
tions of the gray-level image and the first retrieved image
and respectively expressed by Equation (4) and Equation
(5), and

wherein o, , is the covariable of the gray-level image and the
first retrieved image and expressed by Equation (6).

(2)
=

=| -
1=
=

i

1Y (3)
Hy = ﬁgyli

4

1 N

12
mz (i —Mx)z}

i=1

ox =

10

20

25

35

40

45

60

65

4
-continued
1 N 12 )
Ty = HZJ‘ (vl; _ﬂyl)z}
1 X (6)
Ty = ﬁz (% _/lx)(ylt _ﬂyl)

i=1

As shown in FIG. 3(b), the first reference gray-level frame
38 has a dimensionality of 2x2 pixels and contains two first
black squares and two first white squares. The first black
square is designated by hatchings, and the first white square is
a blank block. The first black squares and first white squares
are also arranged similarly to a checkerboard. If n=1, each
block 36 contains one piece of pixel. In the drawings, the size
of the dotted frame is identical to that of the first reference
gray-level frame. Therefore, the regional image encased by
the dotted frame is used as the first retrieved image. In retriev-
ing regional images, the dotted frame moves from the first
row and the first column of the blocks 36. The first retrieved
image obtained at this time is compared with the first refer-
ence gray-level frame according to Equation (1) to obtaina, ;.
Then, the dotted frame moves rightward to sequentially
obtain a,,, a, 5, and a; ,. When the dotted frame moves to the
first row and the fifth column of the blocks 36, the first
retrieved image obtained at this tune is compared with the first
reference gray-level frame according to Equation (1) to
obtain a,5. As shown in FIG. 3(c), when the dotted frame
moves to the second row and the first column of the blocks 36,
the first retrieved image obtained at this time is compared
with the first reference gray-level frame according to Equa-
tion (1) to obtain a,,. Finally, the dotted frame moves to the
fifth row and the fifth column of the blocks 36, and the first
retrieved image obtained at this time is compared with the
first reference gray-level frame according to Equation (1) to
obtain ass. a,, . . . a5 are all the first values and within the
range between -1 and 1. The first values greater than 0 have
a positive correlation; the first values smaller than 0 have
negative correlation. The first values are arranged in a 2D
matrix to establish a first 2D proto-matrix expressed by Equa-
tion (7):

ap Az a3 dig ags

23] Gy Gpq U2

a3y Gy 433 434 435

Qa1 Gy Q43 Gag Q43

as) dsy as3 asy 4ss

In Step S14, let the first values smaller than 0 be 0, and keep
the rest of the first values unchanged, so as to transform the
first 2D proto-matrix into a first 2D matrix. Suppose thata, s,
853, 835, 44;, and as; are negative values. Thus, the first 2D
matrix is expressed by Equation (8):

ary as ay 0 ®)

@] Gyq azs

a0 as ay ass

aq3 Q4a  A4s

as| asq  ass

In Step S16, multiply the elements of a retrieving matrix,
which has a dimensionality equal to or smaller than that of the
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first reference gray-level frame, and the elements of the first
2D matrix to obtain a first anchor matrix. According to the
first anchor matrix, the maximum first value found in the
central region of the first 2D matrix is used as a first anchor
value. Each element of the retrieving matrix is an arbitrary
natural number. In this embodiment, the retrieving matrix has
a dimensionality of pxp, wherein p is the distance of the
centers of two adjacent black blocks. In this embodiment, the
retrieving matrix has a dimensionality of 2x2 when the
dimensionality of the first reference gray-level frame is 2x2.
When the first reference gray-level frame has a dimensional-
ity of mxm and m=6, the retrieving matrix has a dimension-
ality of rxr, wherein r is a natural number and mzr=(m/2)-1.

After the first anchor value has been found, the process
proceeds to Step S18. In Step S18, use the first anchor value
to find a first position corresponding to the first anchor value
in the gray-level image. The first position functions as the
position of a first fiducial point. The present invention uses the
2D technology described above to fast and precisely find out
the fiducial point, whereby is reduced the system BER (Bit
Error Rate). The method of the present invention is not lim-
ited to applying to high-price precision optical systems.
Therefore, the present invention can realize high-quality
holographic data storage with a low-cost optical system.

The abovementioned first fiducial point is the fiducial point
of the white blocks. The abovementioned method is simu-
lated to calculate the fiducial point of the black block below.

In Step S20, use a second reference gray-level frame to
sequentially retrieve regional images each having the same
size as the second gray-level reference frame to function as
second retrieved images. In other words, the retrieving activ-
ity starts from the first row and the first column of the blocks
and advances toward the last row and the last column sequen-
tially pixel by pixel. At the same time, compare the second
reference gray-level frame with each second retrieved image
to obtain a plurality of second values, which are used to
construct a second 2D proto-matrix. The second reference
gray-level frame may be in form of a square, a strip, a cross,
intersecting lines, a circle, a triangle, a rhombus, or a polygon.
In the drawings, a square is used to exemplify the second
reference gray-level frame. The second reference gray-level
frame has a dimensionality of mxm, wherein m=2 and m is a
natural number. The dimensionality of the second reference
gray-level frame is identical to that of the first reference
gray-level frame. The value of m correlates with the magni-
fying power of the received image. The second reference
gray-level frame includes a plurality of second black blocks
and second white blocks. The abovementioned first white
blocks and the second black blocks are at the same positions;
the abovementioned first black blocks and the second white
blocks are at the positions. The gray-level values of the sec-
ond black blocks and the second white blocks may be either
assigned according to requirement of the system or respec-
tively preset to be 0 and 225. Similarly, the second black
blocks and the second white blocks are arranged like a check-
erboard. The second reference gray-level frame may be estab-
lished in the system beforehand or obtained via exchanging
the positions of the first black blocks and the first white blocks
of the first reference gray-level frame. Further, an SSIM
(Structure Similarity) algorithm is used to perform regional
comparison for the second reference gray-level frame and
each second retrieved image. The second value V2 is obtained
according to Equation (9):
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®

Qpcptyr + Crin) 2oy + Conp)
(U2 + 2y + Cup)o2 + oy + Cop)

wherein x is the gray-level image and yII is the second
retrieved image, and

wherein C,, and C,; correlate the brightnesses, contrast
ratios and constitutive properties of the gray-level image
and the second retrieved image, and

wherein 0<C,;<0.1 and 0<C,;<0.1, and

wherein 1L and u,,; are respectively the image strengths of the
gray-level image and the second retrieved image and
respectively expressed by Equation (10) and Equation
(11), and

wherein o, and 0, are respectively the image standard devia-
tions of the gray-level image and the second retrieved
image and respectively expressed by Equation (12) and
Equation (13), and

wherein o, is the covariable of the gray-level image and the
second retrieved image and expressed by Equation (14).

1 (10)
Hx = NZIX’

1 & (11)
My = N; yii;
L X 12 (12)
2
Ty = m (% — )
i=1
1 & 12 (13)
2
Tur = | o 2 (il = py) }

. (14)

v
Topll = 7 (6 = )Y = pyy)
P

i

As shown in FIG. 3(d), the second reference gray-level
frame 40 has a dimensionality of 2x2 pixels and contains two
second black squares and two second white squares. The
second black square is designated by hatchings, and the sec-
ond white square is a blank block. The second black squares
and second white squares are also arranged like a checker-
board. Ifn=1, each block 36 contains one piece of pixel. In the
drawings, the size of the dotted frame is identical to that of the
second reference gray-level frame. Therefore, the regional
image encased by the dotted frame is used as the second
retrieved image. In retrieving regional images, the dotted
frame moves from the first row and the first column of the
blocks 36. The second retrieved image obtained at this time is
compared with the second reference gray-level frame accord-
ing to Equation (9) to obtain b, ;. Then, the dotted frame
moves rightward to sequentially obtain b,,. b5, and b ,.
When the dotted frame moves to the fifth column and the first
row of the blocks 36, the second retrieved image obtained at
this time is compared with the second reference gray-level
frame according to Equation (9) to obtain b, 5. As shown in
FIG. 3(e), when the dotted frame moves to the second row and
the first column of the blocks 36, the second retrieved image
obtained at this time is compared with the second reference
gray-level frame according to Equation (9) to obtain b,,.
Finally, the dotted frame moves to the fifth row and the fifth
column of the blocks 36, and the second retrieved image
obtained at this time is compared with the second reference
gray-level frame according to Equation (9) to obtain bass.
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by, ... bss are all the second values and within the range
between -1 and 1. The second values greater than 0 have
positive correlation; the second values smaller than 0 have
negative correlation. The second values are arranged in a 2D
matrix to establish a second 2D proto-matrix expressed by
Equation (15):

by
by
by
by
bsy

bz
b
by,
by
bsy

bis
by
b3
by
bs3

by
by
by
by
bs4

(15)

In Step S22, let the second values smaller than O be 0, and
keep the rest of the second values unchanged, so as to trans-
form the second 2D proto-matrix into a second 2D matrix.
Suppose that b5, b,s, bs,, b, and by, are negative values.
Thus, the second 2D matrix is expressed by Equation (16):

by b2 by
by by G
by 0
0 by by

bSl b52 0

by 0
byy
by

(16)

by
bs4

In Step S24, multiply the elements of the abovementioned
retrieving matrix and the elements of the second 2D matrix to
obtain a second anchor matrix. According to the second
anchor matrix, the maximum second value found in the cen-
tral region of the second 2D matrix is used as a second anchor
value.

In Step S26, use the second anchor value to find a second
position corresponding to the second anchor value in the
gray-level image. The second position functions as the posi-
tion of a second fiducial point.

The abovementioned second fiducial point is the fiducial
point of the black blocks. According to theoretic computa-
tion, the error of the first or second fiducial point obtained
with the SSIM algorithm is below 50%. Therefore, the
method of the present invention not only can prevent images
from being distorted or out of focus but also can correctly
recover the gray-level patterns received by the 2D detector.

In the present invention, Steps S20-S26 can be omitted
from Steps S10-S26. In such a case, only the first fiducial
point is used as the fiducial point of the image received by the
2D detector. However, the abbreviated process of the present
invention can also prevent images from being distorted or out
of focus.

In conclusion, the present invention uses a reference gray-
level frame to perform regional comparison and uses a 2D
approach to fast find out the fiducial point to satisfy the
technical requirement of high-quality holographic data stor-
age.

The embodiments described above are only to exemplify
the present invention but not to limit the scope of the present
invention. Any equivalent modification or variation according
to the spirit of the present invention is to be also included
within the scope of the present invention.
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What is claimed is:
1. A method to determine a fiducial point for holographic
data storage, comprising steps:

receiving a gray-level image;

using a first reference gray-level frame to sequentially
retrieve from said gray-level image regional images each
having a same size as said first reference gray-level
frame to function as first retrieved images, comparing
said first reference gray-level frame with each said first
retrieved image to obtain a plurality of first values, and
using said first values to construct a first 2D proto-
matrix;

transforming said first 2D proto-matrix into a first 2D
matrix via letting said first values which are smaller than
0 be 0 and keeping unchanged said first values equal to
or greater than 0;

using said first 2D matrix and a retrieving matrix, which
has a dimensionality equal to or smaller than that of said
first reference gray-level frame, to obtain a first anchor
matrix, and finding a greatest said first value in a central
region of said first 2D matrix to function as a first anchor
value according to said first anchor matrix; and

using said first anchor value to find a first position corre-
sponding to said first anchor value in said gray-level
image, and using said first position as a position of a first
fiducial point,

wherein said gray-level image has a grayscale depth of N
bits, and wherein said first value is denoted by V1 and
obtained according to an equation:

Ceiptyr + Cup) 20 + Coy)

V1

(2 + 2% + C)a2 + 0% +Cyy)

wherein x is said gray-level image and yI is said first
retrieved image,

wherein 0<C, <0.1 and 0<C,,<0.1,

wherein ., and p, s are respectively image strengths of said
gray-level image and said first retrieved image,

wherein o, and o, are respectively image standard devia-
tions of said gray-level image and said first retrieved
image,

wherein 0, ; is a covariable of said gray-level image and
said first retrieved image,

wherein
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and
wherein said gray-level image has a plurality of blocks, and
wherein each said block contains nxn pieces of pixels,
and wherein n is a natural number, and wherein retriev-
ing said first retrieved images starts from a first row and
a first column of said blocks and advances toward a last
row and a last column sequentially pixel by pixel.
2. The method to determine the fiducial point for holo-
graphic data storage according to claim 1, wherein in said step
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of using said first 2D matrix and said retrieving matrix to
obtain said first anchor matrix, elements of said retrieving
matrix are multiplied by elements of said first 2D matrix to
obtain said first anchor matrix, and wherein each element of
said retrieving matrix is an arbitrary natural numbet.
3. The method to determine the fiducial point for holo-
graphic data storage according to claim 1, wherein said first
reference gray-level frame is in form of a strip, a cross, inter-
secting lines, a circle, a triangle, a rhombus, a square, or a
polygon.
4. The method to determine the fiducial point for holo-
graphic data storage according to claim 1, wherein said block
is a black block or a white block, and wherein said gray-level
image contains a plurality of said black blocks and said white
blocks, and wherein said first reference gray-level frame has
adimensionality of mxm, and wherein m=2 and in is a natural
number, and wherein said first reference gray-level frame
includes a plurality of first black squares and first white
squares.
5. The method to determine the fiducial point for holo-
graphic data storage according to claim 4, wherein when said
first reference gray-level frame has a dimensionality of 2x2,
said retrieving matrix has a dimensionality of 2x2.
6. The method to determine the fiducial point for holo-
graphic data storage according to claim 4, wherein when said
first reference gray-level frame has a dimensionality of mxm
and m=6, said retrieving matrix has a dimensionality of rxr,
and wherein r is a natural number and mzr=(m/2)-1.
7. The method to determine the fiducial point for holo-
graphic data storage according to claim 4, wherein said black
blocks and said white blocks are arranged like a checker-
board, and wherein said first black squares and said first white
squares are also arranged like a checkerboard.
8. The method to determine the fiducial point for holo-
graphic data storage according to claim 4 further comprising
steps:
using a second reference gray-level frame to sequentially
retrieve from said gray-level image regional images each
having a same size as said second reference gray-level
frameto function as second retrieved images, comparing
said second reference gray-level frame with each said
second retrieved image to obtain a plurality of second
values, using said second values to construct a second
2D proto-matrix, wherein said second reference gray-
level frame has a dimensionality identical to that of said
first reference gray-level frame, and wherein said second
reference gray-level frame includes a plurality of second
black squares and second white squares, and wherein
said first white squares and said second black squares are
at identical positions, and wherein said first black
squares and said second white squares are at identical
positions;
transforming said second 2D proto-matrix into a second
2D matrix via letting said second values smaller than 0
be 0 and keeping unchanged said second values equal to
or greater than 0;

using said retrieving matrix and said second 2D matrix to
obtain a second anchor matrix, and finding a greatest
said second value in a central region of said second 2D
matrix to function as a second anchor value according to
said second anchor matrix; and
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using said second anchor value to find a second position
corresponding to said second anchor value in said gray-
level image, and using said second position as a position
of a second fiducial point.

9. The method to determine the fiducial point for holo-
graphic data storage according to claim 8, wherein said gray-
level image has a grayscale depth of N bits, and wherein said
second value is denoted by V2 and obtained according to an
equation:

ety + CLn) Qe + Conp)

V2=
(2 + @y + Cu(e2 + 0y + Con)

wherein x is said gray-level image and yII is said second
retrieved image, and

wherein 0<C, ;<0.1 and 0<C,;<0.1, and

wherein p, and i, are respectively image strengths of said
gray-level image and said second retrieved image, and

wherein o, and 0, are respectively image standard devia-
tions of said gray-level image and said second retrieved
image, and

wherein o, is a covariable of said gray-level image and

said second retrieved image, and
wherein
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10. The method to determine the fiducial point for holo-
graphic data storage according to claim 8, wherein in said step
of using said retrieving matrix and said second 2D matrix to
obtain said second anchor matrix, elements of said retrieving
matrix are multiplied by elements of said second 2D matrix to
obtain said second anchor matrix, and wherein each element
of said retrieving matrix is an arbitrary natural number.

11. The method to determine the fiducial point for holo-
graphic data storage according to claim 8, wherein said gray-
level image has a plurality of blocks, and wherein each said
block contains nxn pieces of pixels, and wherein n is a natural
number, and wherein retrieving said second retrieved images
starts from a first row and a first column of said blocks and
advances toward a last row and a last column sequentially
pixel by pixel.

12. The method to determine the fiducial point for holo-
graphic data storage according to claim 8, wherein said sec-
ond reference gray-level frame is in form of a strip, a cross,
intersecting lines, a circle, a triangle, a rhombus, a square, or
a polygon.



