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Experimental results reveal that with our proposed method, the pictorial information in heavily damaged
holograms can be recovered with good fidelity, as compared with those obtained with the original intact
holograms. This is the first time that image inpainting technique is applied on hologram restoration.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The advancement of computing technologies in the past 2
decades has imposed significant impact in the research on Digital
Holography. At present, it is possible to generate and process digi-
tal holograms at video rates with high speed hardware devices [1],
or fast software algorithms [2-4]. Similar to digital data of sig-
nals in general, possible damage and contamination can occur in
the capture, transmission and storage process of digital holograms,
leading to loss of fringe patterns in certain part(s) of the hologram.
Although a hologram is inherently resistant to small amount of
damage [5], the pictorial content can still be severely jeopardized
if the defective area is too large. In digital communication and data
processing, error correction code is a common method for error
detection and correction. Additional bits (commonly referred to as
the error correction codes) are inserted into each sample of data so
that if some of the data bits are erroneous, they could be detected
and corrected by the added bits. A comprehensive description on
classical error correction methods can be found in [6]. However,
the insertion of the error correction codes will increase the data
size significantly, especially when the amount of errors to be cor-
rected is large. In this paper, we propose a method for restoration
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of heavily damaged digital holograms based on the concept of im-
age inpainting, a classical technique that is employed for repair-
ing damaged photographs and images. We assume that some error
detection measure, such as parity bits, has been added to the source
hologram, so that a crude location of the defective area can be
found. To date, there are many kinds of inpainting methods, and
an overview of the topic can be found in [7]. The existing algo-
rithms are mainly based on interpolation [8], PDE (Partial Differen-
tial Equation) [9], texture synthesis [10,11], Kalman filtering [12],
tensor voting [13], exemplar and search [ 14], or combinations of a
plurality of methods. The effectiveness of each algorithm is largely
governed by the target image properties. For example, [8,9] are
more effective in handling continuous natural images, [10,11] are
most suitable for images with pure texture patterns, [12,13] are
effective in preserving edge information, and [14] is employed to
patch damaged area with similar patterns in other parts of the
image.

Compared to natural images which are generally smooth in in-
tensity distribution, a hologram is composing of high frequency
fringe patterns. Hence, inpainting methods based on the assump-
tion of smooth image intensities, or edge preservation, are not
feasible for holograms. On the other hand, texture synthesis meth-
ods, that are often employed to reconstruct the textural content
of optical images to give a visually pleasing effect, are not suit-
able for inpainting hologram. The reason is that the missing fringe
patterns in holograms represent meaningful information about the
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recorded 3D object scene, and needs to be filled in with better ac-
curacy. With all the factors above taken into account, we propose
a hologram inpainting method that is based on the exemplar and
search technique. Briefly, the missing pixels are scanned sequen-
tially, starting from the ones that are nearer to the intact part of
the hologram. For each visited pixel, a square patch surrounding it
(the target patch) is defined. A search process is conducted on the
intact part of the hologram to find a donor patch that contains the
most similar fringe patterns as target patch. All the missing pixels
in the target patch are then replaced by the corresponding ones in
the donor patch. Our proposition is in fact supported by the past
research attempts on the application of Vector Quantization (VQ)
[15,16] in hologram compression [17-21]. In these works, a holo-
gram is partitioned into non-overlapping square regions, and the
fringe patterns in each region is replaced by the closest member
(in terms of Euclidean distance) from a small library (generally
referred to as the codebook) of pre-defined patterns. Significant
compression can be achieved by representing each square region
with the label of its closest member in the codebook, rather than
the original fringe patterns. Experimental evaluation has demon-
strated that after applying the Vector Quantization (VQ) compres-
sion, the fidelity of the pictorial content contained in the hologram
can be preserved favorably even with a small codebook of
256-1024 fringe patterns. As such, our proposed hologram inpaint-
ing method is equivalent to replacing local fringe patterns of the
damaged regions with a codebook that is derived from the holo-
gram itself. In this paper, we shall be focusing on the restoration
of digital off-axis Fresnel hologram that can be generated numer-
ically [2-4,22,23], or acquired with optical means [24]. Organiza-
tion of the paper is outlined as follows. After the introduction, the
principles of our proposed hologram inpainting method are pre-
sented in Section 2. We shall point out that while the inpainting
method is effective in restoring a damaged hologram, the compu-
tation time is too lengthy. In Section 3, the adoption of the Artificial
Bee Colony (ABC) algorithm [25] for speeding the inpainting pro-
cess is described. Experimental evaluation is provided in Section 4,
followed by a conclusion on the essential findings.

2. The proposed hologram inpainting method

Our proposed method is targeted on the restoration of digi-
tal off-axis Fresnel hologram. The hologram formation process of
digital off-axis Fresnel hologram is illustrated in the following. An
object scene is assumed to be comprising of a collection of self-
illuminated object points. The object wave emitted by these points
on a hologram plane that is located at some distance away from
the object space is given by

N—-1 i2 . ,
) N

k=0

where u and v are the horizontal and vertical co-ordinates of the
hologram plane. a, and ry (u, v) are the intensity of the kth object
point, and its distance to a point at (u, v) on the hologram. A is
the wavelength of the optical beam. Subsequently, the object wave
can be converted into an off-axis hologram H (u, v) by multiplying
it with a reference plane wave R (v) that is inclined at an angle 0
along the vertical direction, and retaining the real part of the prod-
uct as

H (u,v) =RE[O(u,v)R(v)]. (2)

Our proposed hologram inpainting method is based on the
exemplar and search technique that was developed by Criminisi
in [14]. Here we present a modified version of the algorithm for
the restoration of damaged hologram, and the steps are described
as follows. The target hologram is derived from a computer-
generated off-axis digital Fresnel hologram generated based on

Egs. (1) and (2), and which has been damaged in a known
manner. The damaged pixels are considered as “missing” and their
erroneous values will not be involved in the inpainting process. p,.,
denotes a pixel that is located at the uth row, and vth column of
H (u, v). Initially, the hologram is partitioned into a donor region
@ that includes all the existing pixels, and a target region £2 that
includes all the missing pixels. Each pixel is assigned a status value
s (u, v), which s initially set to 1 and O for intact and missing pixels,
respectively. A x x x square window, known as a patch P (pu;v), is
defined around each pixel p.,, and a priority value always between
0 and 1 is determined as

k k
V(u;v)lezZZs(u-f—m,n—f—v), (3)

m=—kn=—k

where k = (x — 1) /2. The x value needs to be set appropriately to
achieve good inpainting quality and reasonable computing speed.
It is determined by trial and error and a typical size of 35 x 35 is
adopted in this paper. The difference between a pair of patches in
the hologram is reflected by the Sum of Square Differences (SSD)
given by

D (P(pul;m)v P(puz;vz))

k k
- le Z Z [H(ui +m, vy +n) — H(uy +m, v, + n)J*. (4)

m=—kn=—k

Note that if py, 4m;v,+n OF Puy+m;v,+n 1S @ Missing pixel, we set its
value to zero (i.e., [H(uq +m, v1 +n) — H(u; + m, vy + n)] = 0).

Our proposed hologram inpainting method for recovering the
intensity values of the damaged pixels is outlined with the steps
shown in Table 1.

Briefly, the process iteratively fills in the missing members in
the patch (hereafter referred to as the target patch) associated
with each missing pixel, from the most similar patch (hereafter
referred to as the donor patch). As depicted in Step 4 of Table 1,
the donor patch is found via a full search process by evaluating the
Sum of Square Differences (SSD) between the target patch and all
the patches in the donor region of the hologram, and selecting the
one with the minimum Sum of Square Differences (SSD). It should
be pointed out that a patch in the donor region referring to that
all the pixels in this patch are in the donor region. The order of the
patch to be filled is conducted progressively in descending order of
priority values, to ensure that the filling is proceed along an inward
direction, commencing from the boundary of the damaged region.
In the hologram inpainting algorithm described above, the most
computational intensive part is the full search process in Step 4,
where the Sum of Square Differences (SSD) between each target
patch and all the patches in the donor region of the hologram have
to be evaluated with Eq. (4). For a small 1024 x 1024 hologram with
about 10% of missing pixels, the inpainting time is over 1.5 x 10%s,
which is too lengthy in practical applications. The comparison is
conducted in Matlab R2011(a) programming environment. The
processor is Intel (R) Core (TM) i7-2600 CPU @ 3.40 GHz. The RAM
memory is 4.0 GB. It is run on 32-bit Win 7 operating system.

For the sake of clarity, we shall demonstrate the restoration of a
small 8 x 8 hologram in Fig. 1(a) with the inpainting method. The
three black squares represent the defective pixels in the hologram.
The inpainting process, based on a patch size of 3 x 3, is outlined
as follows with reference to the steps listed in Table 1.

(a) Step 1: the donor region @ and target region 2 are identified
with the corresponding pixels labeled with the status value ‘1’
and ‘0", respectively as shown in Fig. 1(b).

(b) Step 2: The priority value (PV) of each missing pixel is com-
puted with Eq. (3) and shown in Fig. 1(c). The maximum PV
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Table 1
Proposed inpainting algorithm for hologram restoration.

Steps  Operation

1

Calculate the range of donor region @ and target region £2. If £2 = 0, go to Step 6.
Compute a priority value for each missing pixel in the hologram with Eq. (3) based on the status values for each pixel. Find the maximum of the priority value

(MVP).

Visit each pixel in the hologram along a top to bottom, and left to right sequence.

Suppose the current visited candidate is a missing pixel with priority value equal to the maximum of the priority value (MVP). The patch associated with the
pixel is replaced by the most similar patch in the donor region of the hologram. Suppose the current pixel is py,.,., the most similar patch P (py,,;v,.) to
P(Puc:ve) Will be (tinc; vne) = arg {min [Dist (P(Puc;v.), P(Pu))]} |P(Pu»v)e¢" Subsequently, each missing pixel in P(py,.,, ) will be replaced by the corresponding

pixel in P(Py,c; v, )- The status value of each missing pixel in P(py., ) will be assigned to be the maximum of the priority value (MVP) instead of 0.

After all pixels are scanned, go to Step 1
End of process
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Fig. 1(a). A small 8 x 8 hologram with 3 erroneous pixels highlighted in black.
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1(b). Identify the donor region & and the target region 2, with the

corresponding pixels labeled with the status value ‘1’ and ‘0’, respectively.

—~
g
~

(MPV) is 7, and the first pixel with the MPV that is encoun-
tered in the scan path is located at (u, v) = (4.3) and outlined
in Blue. The patch centered at this pixel (it is assumed that the
patch size x = 3), outlined in Red, is taken as the current target
patch.

Steps 3-4: The hologram is scanned along a top-to-bottom, and
left-to-right manner. At each visited pixel, the Sum of Square
Differences (SSD) of the patch centered on it is determined. Af-
ter completing the scanning, the donor patch that is most sim-
ilar to the target patch (i.e. minimum SSD) is determined and
outlined in Green. The 2 missing pixels in the target patch is re-
placed by the corresponding pixels of the donor patch as shown
in Fig. 1(d).

v A
e B e e e e s -~
6 — VY = ISR W — | ety el et e
I (o A O N -
N R e sl T -
3 At T L7 s | 7
p —
1 i
0 —

=y

R T A R N R
0 1 2 3 4 5 & 7

Fig. 1(c). The priority values of the missing pixels are computed based on Eq. (3).
The MPV is 7, and the first missing pixel with the MPV that is located along the scan
path is outlined in Blue. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 1(d). The target patch is outlined in Red, and the closest donor patch (outlined
in Green) is located based on Eq. (4). The 2 missing pixels in the target patch is
replaced with the corresponding pixels in the donor patch. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

(d) Steps 5-6: The above process is repeated for the revised holo-
gram in Fig. 1(d), which has only one remaining missing pixel.
The target and the most similar donor patches are outlined in
Red and Green, respectively as shown in Fig. 1(e). The missing
pixel at (u, v) = (6.3) replaced by the corresponding pixel at
(u, v) = (3.6) of the donor patch. After all the 3 pixels have
been recovered, the process is terminated.
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Fig. 1(e). The donor patch that is closest to the target patch centered at the
remaining missing pixel at (u,v) = (6.3) is identified based on Eq. (4).
Subsequently, the missing pixel at (u, v) = (6.3) is replaced by the corresponding

pixel at (u, v) = (3.6) of the donor patch. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3. Enhancing the hologram inpainting process with the Artifi-
cial Bee Colony (ABC) algorithm

To shorten the lengthy computation time in the inpainting pro-
cess described in Section 2, we further propose to adopt the Artifi-
cial Bee Colony algorithm to conduct the search of the donor patch.
The Artificial Bee Colony (ABC) algorithm, proposed in 2006 [23]
is an efficient and effective optimization method that has been
widely adopted in many difficult engineering and scientific prob-
lems. The concept of Artificial Bee Colony (ABC) algorithm is based
on the food searching behavior and the functional organization
of honey bees. Briefly, three solution seeking mechanisms are
involved in the algorithm, mimicking the tasks carried by the “em-
ployed bees”, “onlooker bees”, and the “scout bees”. Each em-
ployed bee is a front line member to explore the richness of food
source in its neighborhood. The collective information on the food
sources gathered by the employed bees will be evaluated by the
onlooker bees, after which they will determine the potential food
sources. If an employed bee ceased to locate a better food source,
the scout bee will be dispatched to pioneer new areas. When trans-
lated into the realm of optimization, the bees and food sources rep-
resent the solutions in the problem space, and their fitness on the
solution, respectively. The Artificial Bee Colony optimization pro-
cess is outlined by the following steps.

Step 1: Initialize the population of NP (for example, NP = 10)
individuals (employed bees), each being an ordered pair pointing
to a randomly potential donor patch location in the whole donor
region of the hologram. The identity of an individual is indexed by
the variable ‘7",

Step 2: Compute the Sum of Square Differences (SSD) between
the potential donor patch indexed by each individual of the
population, and the target patch. The fitness value of an individual,
representing a donor patch at location p,,;,, is given by

1
- 1 + D (P(puclvc)v P(Pui;vi)) '

which is basically the reciprocal of the Sum of Square Differences
(SSD) between the target and the donor patches.

Step 3: A randomly selected mutant location nearby the
potential donor is generated for each individual in the population
PP, and its fitness is evaluated. If the fitness is higher than that
corresponding to the existing candidate, the latter will be replaced
by the mutant location.

fit; (5)

'y
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Fig. 2(a). A small 8 x 8 hologram with 1 erroneous pixel highlighted in black.
The target patch corresponding to the missing pixel is outlined in Red. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Step 4: Calculate a probability value for each individual in the
population. The probability value of the ‘" individual, denoted by
‘prob;’, is given by Eq. (6). It is proportional to the fitness values.

fit;
N=1

> fity

k=1

prob; = (6)

Step 5: Onlooker bee stage. The process is similar to Step 3, but
instead of producing one mutant donor image patch location for
each current patch in the population, the number of mutant image
patches is generated around each individual at a rate according
to its probability value prob;. As such, an individual with higher
fitness value (which also leads to higher probability value), will
have a higher chance of generating mutant patches around it. For
example, maybe among the totally 10 mutant image patches, 5 are
assigned to patch No. 1 in the population, 3 are assigned to patch
No. 5, 2 are assigned to No.7. For the other patches, no mutant
donor image patch is produced at this step. During this step,
when one mutant image patch is generated, the fitness value is
calculated. If it is better than the fitness value of the corresponding
current patch in the population, it will replace the current one.

Step 6: Scout bee stage. For each donor patch in the population,
count the number of iterations that it has not been updated in
both Step 3 and Step 6. If the number of iterations exceeds the
pre-defined limit (say limit = 30 iterations), this donor image
patch location will be discarded from the population and a new
image patch location randomly generated from any position in the
hologram will replace this discarded one.

Step 7: find the donor image patch location with the best fitness
value in the population. If it is better than the stored optimal
matched image patch, the stored optimal matched image patch
will be updated.

Step 8: go to Step 3 and start the next iteration unless the
number of target iterations (say 2500 iterations) has been reached
or the current best solution is higher than pre-defined satisfied
Sum of Square Differences (SSD) threshold o, which means the
similarity between the visited target patch and the donor patch is
already sufficiently good.

When the whole procedures are finished, one optimal donor
image patch is found for the patch to be filled in.

For the sake of clarity, we shall illustrate the concept of applying
the ABC algorithm in recovering a missing pixel of a small 8 x 8
hologram in Fig. 2(a). Similar to the example in Section 2, a small
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Fig. 2(b). Assuming a single bee colony, a randomly selected donor patch is
generated and outlined in Green. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2(c). A mutant patch (outlined in Purple) is randomly generated nearby the
donor patch. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

patch size of 3 x 3 is adopted, and the target patch corresponding
to the missing pixel is outlined in Red. The o value is assumed
to be 0.1. To keep the description simple and easy to understand,
we have assumed a colony with a single bee (i.e. NP = 1). The
concept can be easily extended to a colony with multiple bees as
each individual is operating in a more or less independent manner.
The steps are outline as follows.

(a) Step 1: To begin with a population of NP bees each representing
a randomly selected donor patch is generated (NP = 1 in this
example). Suppose the selected donor patch is outlined in
Green as shown in Fig. 2(b).

(b) Step 2: Eq.(4)is applied to compute the SSD between the donor
and the target patch, resulting in a value of 136 and a fitness of
0.007.

(c) Steps 3-4: A mutant patch, outlined in dotted Purple, is
randomly generated nearby the target patch as shown in
Fig. 2(c). The fitness value is 0.012 (SSD = 82.4) which is higher
than the target patch. As a result, the mutant patch is taken to
be the target patch, as illustrated in Fig. 2(d).

(d) Step 5: The onlooker bee evaluates the fitness of the individual
that has been assigned in the previous step. Suppose with such
fitness value, 2 mutants (outlined in dotted Purple) are gener-
ated as shown in Fig. 2(e). The fitness of the left and the right
mutants are 0.1 (SSD = 9) and 0.005 (SSD = 158), respectively.
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Fig. 2(d). The mutant patch, which is higher in fitness than the donor patch, is
assigned to be the new donor patch (outlined in Green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig.2(e). 2 mutant patches (outlined in Purple) are generated from the donor patch
in the bee colony. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

(e) Steps 6-8: Amongst these 2 mutants, the one at the left has a
fitness of 0.1 which is higher than that of the donor patch and
the other mutant patches. The SSD is smaller than o, which
indicates that the mutant patch is quite matched with the
target patch. As a result, the missing pixel is replaced by the
corresponding pixel in the mutant patch at the right as shown
in Fig. 2(f). As the correct donor has been located and taken
to recover the missing pixel in the target patch, the process is
terminated. Different from the full search in Section 2, only a
small number of image patches are visited with ABC algorithm.

4. Experiment results

In the experiment, three test images shown in Fig. 3(a)-(c) are
placed at an axial distance of 0.3 m from the hologram.

Egs. (1) and (2) are applied to generate an off-axis hologram
for each of the images. The wavelength A of the optical beam is
650 nm and the reference plane wave is inclined at an angle of
® = 1.2° degree along the vertical direction. The hologram is
composed of 1024 x 1024 pixels, each being a square of length
7 iwm. Without loss of generality, the dimension and pixel size of
the test images are assumed to be the same as the hologram. Each
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7— 255 | 255 | 255 | 255 | 255 | 255 | 255 | 255

6—] 2554 30 [ 24 | 2557255 | 255 | 255 | 255

5— 2554 48 | 64 | 2551 255 | 255 | 255 | 255

4—| 2554 255 | 255 | 255 1 255 | 255 | 255 | 255

3—{ 255|255 |255(255] 30 | 24 | 255 255

48 2501 255

1— 255 | 255 | 255 | 255 | 255 | 230 | 255 | 255

2— 255 | 255 | 255 | 255

0—{ 255 | 255 | 255 | 255 | 255 | 255 | 255 | 255

Fig. 2(f). The mutant patch at the left has highest fitness value, and selected to
recover the missing pixel in the target patch.

hologram is damaged by removing some of its pixels. The damaged
hologram is then restored with the full search inpainting and our
proposed Artificial Bee Colony (ABC) based inpainting method.
As an example, the hologram of the sample image in Fig. 3(b)
is shown in Fig. 4(a), and the damaged parts are highlighted in
Green as shown in Fig. 4(b). The holograms recovered with the full
search inpainting method, and our proposed method are shown in
Fig. 4(c) and (d), respectively. The images reconstructed by inverse
Fresnel transform from original, damaged and restored holograms
are illustrated in Fig. 5 with Table 2 documenting the RMS errors
for the different methods. It can be observed that the reconstructed
image quality after image inpainting is performed on the hologram
is significantly improved compared with the damaged holograms.
For the two different search methods in image inpainting, from
Table 2, the reconstructed image RMS error of Artificial Bee Colony
search method is very close to full search method when the
stopping criterion of Artificial Bee Colony search in Step 8 is set
to be 62 = 50. But the computation time of hologram inpainting in
this example with Artificial Bee Colony search method is 1695 s and
the one with full search is 18 153 s. The computation conditions are
the same as Section 2.

a

n-
n

Fig. 3. (a)-(c) Test images.

a.
C.

b.
d.

Fig. 4. (a) Original hologram; (b) damaged hologram; (c) restored hologram by full search; (d) restored hologram by ABC algorithm.
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Fig. 5(d). Reconstructed image from restored hologram by Artificial Bee Colony algorithm search when o = 50.

Table 2

Comparison of Root Mean Square (RMS) error in the reconstructed images from damaged and restored holograms with the reconstructed images from the original holograms.

Hologram RMS error for reconstructed image from RMS error for reconstructed image from RMS error for reconstructed image from restored
damaged hologram restored hologram with full search hologram with ABC algorithm search when 6% = 50

QR Code 45.51 6.98 10.59

Lenna 59.22 4.49 8.63

Pepper 60.71 6.60 9.2

In the experiment, the trade-off between computation speed
and reconstructed image quality for Artificial Bee Colony search
method is investigated and the results for different o values are
illustrated in Table 3. It can be observed when the threshold o is
small, the computation time is longer but the reconstructed image
quality is more close to the full search result (for pepper image,
full search RMS error is 6.60). When the threshold o increases, the
computation speed can be fastened but the reconstructed image
quality is reduced. The Artificial Bee Colony search algorithm can
be tuned for different computation speed and reconstructed image
quality requirement criteria.

5. Conclusion

This paper introduces an exemplar and search based image in-
painting technique as a novel method for hologram restoration.
The Artificial Colony Bee algorithm is used to speed up the search-
ing process to reduce the computation to around only 10% or less
as compared with the full search method. Experiment results have
demonstrated that it can greatly improve the reconstructed im-
age quality of damaged holograms with computation time signifi-
cantly reduced. This work can also serve as foundations for further
research works based on hologram inpainting such as hologram
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Table 3

Comparison of computation time and Root Mean Square (RMS) error in the recon-
structed images from damaged and restored holograms with the reconstructed im-
ages from the original holograms with Artificial Bee Colony search for different SSD
threshold 6 (pepper image).

o? Computation time (s) RMS error
25 3267 8.58
50 1695 9.2
75 1086 11.02

100 920 11.31

125 827 12.08

150 807 13.2

compression and speckle removal. Our proposed method can also
be applied to the recovery of computer generated phase-only holo-
gram (POH) [26-31], a topic of increasing interest in recent years
on account of the higher diffraction efficiency of POH as compared
with amplitude-only hologram. A potential application is to ap-
ply inpainting to recover hologram pixels in a POH that have been
modified to accommodate encrypted data[32,33], so that the qual-
ity of the reconstructed images can be enhanced.
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