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This paper describes a method for converting a complex Fresnel hologram into a phase-only hologram
that can be embedded with large amount of data. Briefly, each row of pixels in the hologram is scanned
sequentially in a left-to-right direction. The magnitude of each visited pixel is set to a constant, and
its phase is embedded with the data. Subsequently, the error is diffused to the neighborhood pixels.
The phase hologram realized with such means, which is referred to as the data-embedded-error-diffusion
(DEED) hologram, is capable of preserving high fidelity on the content of the hologram and the embedded

data.
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1. Introduction

In this paper, we propose a method to address two im-
portant issues in digital holography. The first one is the
generation of phase-only hologram, a method which is
required to overcome the practical limitation of existing
holographic display. The second issue is, how to embed
large amount of external data into a phase-only holo-
gram. We shall demonstrate that our proposed method is
capable of handling both issues. Regarding the problem
on holography display, it is well known that the three-
dimensional image represented by a digital hologram can
be observed visually, if the hologram can be displayed
with a complex electronic accessible device. However,
existing devices such as a spatial light modulator (SLM)
or a liquid crystal on silicon (LCoS), are only capable
of reproducing either the phase, or the magnitude of a
complex holograms. An effective way of overcoming this
problem, is through the optical integration of a pair of de-
vices for displaying the magnitude and phase (or the real
and imaginary) components of a complex hologram!!—3!.
Alternatively, a complex hologram can be converted into
a double phase-only holograms!¥, and displayed with a
pair of phase-only devices. Despite the success of this
straightforward approach, the optical setup, which re-
quires precise alignment of two high-resolution display
devices, could be rather cumbersome. In some recent
attempts, the pair of components of a complex hologram
is presented in non-overlapping partitions on a single
device, and the wavefronts scattered from each partition
are merged with a gratingl®=8l. Similar to the use of a
pair of devices, the optical setups of such methods are
complicated, and the display area is reduced by 2 times.
In view of these shortcomings, research on the generation
of Phase-Only Hologram (POH) has been identified as
a potential and viable solution to the above mentioned
problems. The factors that sustain such long term inter-
est are manifolds. Basically, POH can be displayed with
a single, phase-only spatial light modulator. In addition,
the reconstructed image is brighter, and also inherently
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free from the zeroth-order diffraction and the twin im-
age. However, the favorable features of the POH do not
come without a cost, as the removal of the magnitude
component of a hologram could lead to severe loss on the
pictorial information it represents.

Other solutions in generating POH include the adop-
tion of iterative steps to adjust the pixel values (each
leading to a phase change to the illuminating beam that
falls on it) of the POH progressively, so that the re-
constructed image will ultimately match with a target
imagel®19. Despite the effectiveness, the computation
time is generally lengthy, especially if the target im-
age is comprising of multiple depth planes. A complex
hologram can also be directly converted into a POH by
dropping the magnitude component, if random noise is
added to the source image prior to the generation of the
hologram. On the downside such approach, which is re-
ferred to as the One Step Phase Retrieval, requires fast
display of multiple holograms frames (each representing
the same source image, but added with different noise
signals) to suppress the effect of the added noisel 1121,
Recently, it has also been reported that a digital complex
Fresnel hologram can be swiftly converted into a POH
with the use of error diffusion!34. In this approach,
the magnitude of each pixel in the source hologram is
forced to a constant value, and the resulting error dis-
tributed to the neighboring pixels with error diffusion!!5],
The reconstructed image of a POH obtained with this
method when comparing from that obtained from the
original hologram, is very similar.

In this letter, we have adopted the error diffusion
framework for converting a complex digital hologram
into a phase-only hologram, as well as embedding large
amount of external data into the hologram. Briefly, each
row of pixels in a complex, digital Fresnel hologram is
processed sequentially from the top to the bottom row.
The pixels in each row, in turn, are scanned from a
left-to-right direction. The magnitude of each visited
pixel is forced to a constant value, leaving behind the
phase value of the pixel. Next, the least M digits of the
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phase value are replaced by the data to be embedded.
The error arising from with the dropping of the mag-
nitude, together with the perpetuation of the inserted
data, will be diffused to the neighborhood pixels. The
hologram realized with our proposed method is referred
to as the data-embedded-error-diffusion (DEED) holo-
gram. Practical application based on this method will be
demonstrated with a case study demonstrating the con-
cealment of an intensity image into a DEED hologram.
We shall show that with a suitable choice of M, both the
embedded intensity image and the reconstructed image
of the hologram, can be preserved with favorable quality
and high fidelity.

2. Data-embedded-error-diffusion
(DE-ED) phase-only hologram

In this section, we shall describe our proposed method
for converting a complex Fresnel hologram to a data-
embedded-phase-only DEED hologram based on error
diffusion. To begin with, consider a digital Fresnel holo-
gram H (u, v) that is generated from a three-dimensional
object scene as given in Eq. (1).

N-1

H(u,v) =Y apexp (M) (1)

k=0

where u and v are the horizontal and the vertical co-
ordinates, respectively. N is the total number of object
points, A is the wavelength of the optical beam. aj is the
intensity of the kth point in the scene, and 74 (u, v) is
the distance between the kth object point to a location
(u, v) on the hologram. It can be inferred from Eq. (1)
that each pixel of H (u, v) is a complex quantity that
can be expressed in terms of its magnitude and phase
components, i.e.

H(UJU) = |H(u,v)| z (H (uvv))v (2)

where /[-] represents the phase of the complex quan-
tity within the bracket. Without loss of generality, we
assume that the magnitude of H (u,v) is normalized be-
tween [0, 1], with the maximum value ‘1’ representing a
transparent pixel that only imposes phase changes on the
light passing through it. The data to be embedded is as-
sumed to be a two dimensional array of data, denoted
by I (u,v). Each data point of Z[H (u,v)] and I (u,v)
are represented as a P-bits binary number. Next, the
bit-string of I (u,v) is shifted to the right hand side by
(P — M) bits, resulting in a bit-string of the revised im-
age D (u,v) given by

D (u,v) = I (u,v) >> (P — M), (3)

where R >> S denotes shifting a binary number R by S
bits to the right hand side. The hologram is processed
from the top to the bottom row. In each row, the pixels
are sequentially visited along the left-to-right directions.
To convert the hologram into a phase-only image, each
visited is converted to a phase-only value by setting the
magnitude to '1’, while retaining the phase component
intact. To embedded the external data, the least M sig-
nificant digits of the bit-string of the phase quantity of
the hologram pixel are replaced with the bit-string of

D (u, v). The revised bit-string of the phase only holo-
gram Hj (u, v), which contains the embedded data, is
given by

[Hy, (u,0)| =1,
Zal (uvv)| :{4 [H(uvv)]/\BM}VD(UJU)v (4)

where Bjs is a P-bits binary number with the least M
significant bits set to zero, and the rest set to ‘1’. A and
V are the logical ‘AND’ and the ‘OR’ operators, respec-
tively.

Equations (3) and (4) can be illustrated with an ex-
ample illustrated in Figs. 1(a)-1(c), based on M = 5,
and P = 8. Figure 1(a) shows a pixel Z[H (u,v)] on
the phase-only-hologram, a pixel I (u,v) of the image to
be embedded into the hologram, and the binary number
BM with M = 5. a; |O§i<8 and bz |0§i<8 represent the
binary bits of the hologram pixel and the image pixel,
respectively. The result of applying Eq. (3) to shift the
bits in the pixel I (u,v) by (P — M) = 3 bits to the right,
resulting in a revised pixel value D (u, v), is shown in Fig.
1(b). The figure also shows the result of Z [H (u, v)]ABjy,
which is formed by setting the least M significant bits of
Z[H (u,v)] to zero. Fig. 1(c) depicts the result of ap-
plying Eq. (4) to combine D (u,v) and [£ZH (u,v)] A By
with the “OR” operation to obtain the phase term of
the hologram pixel Z[H, (u,v)]. From Fig. 1(b), it is
noted that the bit-string of D (u,v) and the bit-string of
Z[H (u,v)] A By are orthogonal to each other, so that
they can be separated in the future.

The process in Eq. (4) results in an error on the value
of the hologram pixel, which can be expressed as

E(uj,v;) = H(uz,vj) — Hp(uj, ). (5)

The error E(u;,v,) is diffused to its adjacent neighbor
at the right, as well as the 3 pixels immediately below it.
Adopting the syntax of the C programming language, we
have

H (uj,vj +1) = H (uj,v; + 1) + wi E (uy,v5), (6)
H(uj—l—l,vj—l):H(uj—i—l,vj — 1) + wo B (’U,j,’l)j) , ( )
H(uj—I—l,vj):H(uj—f—l,vj)—i-ng(uj,vj), (8)
H (uj+1,vj+1)=H (uj+1,v; + 1) + wa E (uj,v;) . (9)
The terms wy to w3 are constant coefficients, with wg =
7/16, w1 = 3/16, wes = 5/16, and w3 = 1/16 as suggested
in Ref. [15]. To retrieve the embedded image from the

DEED hologram, the least M significant bits of the each
pixel in the hologram are extracted to recover the image

a (b)
@, v D, v)
0 [0 [0 Joo [ou [b. 0 0]
ay| a,| ay| az| a,| as| ag| a; | L D R R e
Z[H@, v)) ABylys
I(u, v) |a0a1|a20|0 O|0|0|
bﬂ bl bZ b3 b4 b5 bﬁ b7
(©
Bl ZUH 0= H, D) AB)V D v)
|1|1|1|0 0|0|O|0| |ao|a1azbo|b1 by | byl b,

Fig. 1. (a) The bit-strings representing £ [H (u,v)], I (u,v),
and By based on M = 5, and P = 8. (b) D (u,v) and
[ZH (u,0)] A Bar. () 2 [Hy (u,0)].
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D (u,v). The bit-string of each pixel in D (u,v) is then
shifted by (P — M) bits to the left hand side to recover an
approximation of the original embedded image, denoted

by I (u,v). Mathematically, the bit-string of a pixel of
I (u,v) is given by

I (u,v) = {Z[Hp (u,v)] ACpr} << (P = M), (10)

where R << S denotes shifting a binary number R by
S bits to the left hand side, and C)s is a P-bits binary
number with the least M bits equal to 1, and the rest of
the bits set to 0. Note that Cj; and Bj; are orthogonal
so that we could extract the information later. The oper-
ation in Eq. (10) can be illustrated with Figs. 2(a) and
2(b). Continuing with the description in the previous
example depicted in Figs. 1(a)-1(c), the bit-string of the
hologram pixel in Z [Hp, (u, v)], the binary bit-string Cas
for M = 5, and the result of applying the “AND” oper-
ator on the two bit-strings (i.e. Z[Hp, (u,v)] A Cun),
are shown in Fig.2(a). Subsequently, the bit-string
Z[Hp (u,v)] A Cpr is shifted by (P—M) =(8—5) =3
bits to the left hand side, resulting in the bit-string of
I (u,v) as shown in Fig. 2(b).

The reconstructed images of the DEED hologram is ob-
tained in two stages. Firstly, a low pass filter is applied
to Z| Hp (u,v)], so that the “noise” that are introduced
in the error diffusion and the data embedding process can
be reduced. Subsequently, the filtered phase hologram
can be reconstructed optically with a phase-only display
device, or through numerical means.

3. Results and evaluation

In this section, we shall apply numerical simulation
to evaluate the performance of our proposed method.
To start with, Eq. (1) is applied to generate a digital
complex Fresnel hologram H (u,v) for the source image
“Lenna” shown in Fig. 3(a), based on the optical settings
listed in Table 1.

(@) LUH.(, 9] (®)
u, v -
d I(u, v)
a,| a,| a,| by| b,| b, | by| b
0 1 2 0 1 2 3 4 b(]b1 b2b3b40|0|0|
CMIM:5

Lofofofrfr]r]r]r]

ZH (1, DI A Cyl s

[o]o]o

b,

b,

b,

by

b,

Fig. 2. (a) Bit-strings of Z [Hp (u,v)] and Car (M = 5), and
the result of applying the “AND” operation to these two bit-
strings. (b) Bit-string of I (u,v) obtained by shifting the bit-
string of Z[Hp (u,v)] A Cam by (P — M) = 3 bits to the left
hand side.

Table 1. Optical Settings for Generating the
Complex Fresnel Hologram

Size of Hologram 2048 %2048
Size of Source Image 1024 x1024
Pixel Size TXT (pum)
Wavelength of Optical Beam (X) 650 nm

The source image is parallel to, and at a distance
of 0.3 m from the hologram. The data to be embedded is
a two dimensional, 2048x2048 image “Peppers” shown
in Fig. 3(b). The size of the source image is smaller
than the hologram, so that there are sufficient diffraction
fringes to cover the edge of the source image. To begin
with, the image represented by the Fresnel hologram
H (u,v) is reconstructed at the focal plane, and taken to
be the reference image. As the latter is practically iden-
tical to the original image “Lenna”, it is not shown here.
Subsequently, we have applied our proposed method to
generate the DEED hologram Hj, (u,v) from the com-
plex Fresnel hologram, and with the image “Peppers”
embedded. The pixels in the source image, the embed-
ded image, and the DEED hologram are each represented
with an 8 bits binary number (i.e., P = 8). Three dif-
ferent values of M, ranging from 4 to 6, are employed
to explore its effect on the DEED hologram and the
embedded image. The reconstructed images of Hp, (u, v)
and the embedded images, corresponding to the three
values of M, are shown in Figs. 4(a)—4(c) and Figs. 5(a)-
5(c), respectively. We observed that the quality of the
reconstructed images is slightly degraded with increasing
values of M, while the other way round is noted for the
embedded images retrieved from the DEED holograms.

Fig. 3. (a) Source image “Lenna”, (b) Embedded image “Pep-
pers”.

(c) M=6

Fig. 4. (a)—(c) Reconstructed images from the DEED holo-
grams representing the source image “Lenna”, and embedded
with the image “Peppers”, based on different values of M.
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(;:) M=6

Fig. 5. (a)—(c) Embedded images retrieved from the DEED
holograms representing the source image “Lenna”, and em-
bedded with the image “Peppers”, based on different values
of M.

Table 2. Quantitative Comparison between the
Fidelity of the Reconstructed Images of the DEED
Holograms, and the Embedded Images Retrieved
from the DEED Holograms (with Reference to the
Ones Obtained from the Reference Image and the
Original Image “Peppers”, respectively), for
Different Values of M

Reconstructed Image from
DEED Hologram (dB)

Retrieved Embedded Image from
the DEED Hologram (dB)

34.24  32.03 30.15

28.86  35.27 4047

A quantitative evaluation on the quality of the recon-
structed images of the DEED holograms (in terms of
peak-signal-to-noise-ratio (PSNR)) shown in Figs. 4(a)-
4(c), with reference to the reconstructed image obtained
from a phase hologram without the embedded image (i.e.
M = 0) , is shown in the 1% row of Table 2. The fidelity
of the embedded data (image) retrieved from Hj, (u,v)
for different values of M is shown in the second row of
the Table. We observe that the quantitative values of
the fidelity for both the reconstructed images and the
embedded images are in line with the results shown in
Figs. 4(a)-4(c) and 5(a)-5(c).

4. Conclusion

A fast method for converting a digital, complex Fresnel
hologram into a phase-only hologram that is embedded
with external data is reported in this paper. The holo-
gram that is realized with this method is known as the

data-embedded-error-diffusion (DEED) hologram. In
brief, the pixels in the complex hologram are scanned
in a row by row manner. The magnitude of each vis-
ited pixel is forced to a constant value, while the least
M significant digits of the phase quantity are replaced
with the data to be embedded. Subsequently, the error
resulted from the dropping of the magnitude term and
the incorporation of the external data of each pixel is
diffused to the neighborhood pixels. We have tested our
proposed method by converting a 2048 x 2048 complex
hologram into a DEED hologram, which is embedded
with an intensity image of identical size as that of the
hologram. The evaluation reveals that both the recon-
structed image and the embedded image are preserved
with favorable fidelity with M ranging between 4 to 6.

This work was supported by the Chinese Academy of
Sciences Visiting Professorships for Senior International
Scientists Program (No. 2010T2G17) and the High-
End Foreign Experts Recruitment Program, China (No.
GDJ20130491009).
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