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A digital hologram is a discrete two-dimensional array of digitized intensity values of the
terference pattern of the reference and object waves [1]. This array is taken as the
ribution (up to a constant) of the field in the plane of the hologram. This distribution is
used as the initial one, and the numerical calculation [2] of the diffraction integral allows
calculating the field distribution (and then the intensity) in the plane at a given distance from
the plane of the hologram, i.e., in the corresponding cross-section of the studied volume. At
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the same time, it becomes possible to identify the plane of the defect location in three-
dimensional space.

To address this task, a holographic camera setup was developed. For efficient operation
of the holographic camera, in addition to optimizing the optical scheme of the device, optimal
selection of the laser source and matrix receiver, there is a need for algorithms capable of
significantly accelerating the process of digital hologram reconstruction. This is due to the
large volume of holographic data obtained, which requires a significant increase J
performance of holographic image processing.

Discrete Fourier Transform (DFT) and Inverse Discrete Fourier Transfe

transformation compared to DFT and allow increasing the
times. Existing low-order FFT algorithms cannot be appli
radix FFT is only applicable to data arrays of specific si

raphic data arrays (with a
etup. The algorithm was
d holographic camera.

and a modified FFT algorithm that allows proce
bit depth of 1500 or more) of arbitrary size, ob

2 Optical scheme of the holc

A holographic camera setup, ag

Fig.1. The developed setup of the holographic camera.

The developed setup allows recording the interference pattern of the reference and object
waves using a CCD or CMOS matrix. Figure 2 shows the axial scheme of Gabor holography
used in the creation of the holographic camera setup.
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According to the optical scheme, the radiation falls on
diffracted by bulk defects (4) inside the sample bej
waves. The interference pattern of the reference
without diffraction, and the object wave (diffract
is recorded digitally using a CCD matrix. Thus, ajligital hologram is recorded.

The developed holographic camera setup, in ts of three main units as
shown in Figure 3, including the radiatigs

iation of which is combined using a fiber optic combiner. The laser diode with a
avelength of 650 nm is auxiliary, operating in the visible range (red color), and is necessary
or visual positioning of the sample in the cuvette compartment. Also, this unit contains
tronic components for powering the electronics, as well as for data transmission.
The cuvette compartment unit (2) is a compartment with a motorized table that can move
in three directions. The sample is placed on the table, and the desired location on the sample
is selected using the red laser beam. The three-coordinate movement for more precise
positioning of the studied area of the sample is available using a computer.

The receiver unit (3) is a compartment containing a digital camera with a CCD or CMOS
matrix. The source unit (1) and the receiver unit (3) are connected by a system of power
cables, as well as low-current cables for data transmission. The matrix used in the work had
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an image resolution of up to 2048x2048 pixels, with a matrix pixel size of 3.5 um. The main
characteristics of the developed holographic camera are presented in Tablel.

Table 1. The main characteristics of the developed holographic camera setup.

Characteristic Value
Wavelengths 1.064 um + 0,650 pm
Radiant power Up to50 mW
Field of view 100 x 80 mm

Matrix resolution 2048 x 2048 (pixel size3.5 um)
Tested material thickness 45 cmand more (depending on the tion
coefficient of the material)
Frame rate for dynamic Up to 120 frames j
recording

3 Algorithm for reconstructing
holographic camera

ed intensity values of the
interference pattern of the reference his array is taken as the

distribution (up to a constant) of the t

ey

peration that maps one function of a real variable to another function, a
le. This new function describes the coefficients in the expansion of the
ction into elementary components - harmonic oscillations with different
frequencies. The Fourier transform in analytical form is presented in formula (2).

1 (*

f(w) = Nz f)e™™ dx (2)

The Discrete Fourier Transform (DFT) can be conditionally divided into the following
components: Let Xo, X1,..., Xn-1 be a sequence of complex numbers; The analytic function is
presented as a polynomial: f(x) = tottixHtaxot. .. tth1x2; Which can be represented as an array.

The Discrete Fourier Transform is performed according to formula 3.
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N-1 oni,
wk=2xnxeN (k=0,...,.N=1), €))
n=0
The result of the DFT will be a polynomial array. Let's consider n points on the complex
plane: @y, @1, ...,0n-1; Next, we perform the inverse Fourier transform according to formula
).
N-1 )
U
mk=Zane N (k=10,....,.N=1),
n=0

the number of signal values, x, are the measured signal values, and k is th
This transformation is reversible; for the numbers f°,..., f,.1, there exists
f(t) of degree no higher than n-1 with such values zq, ..., -1 respectivi

inverse Fourier transform is:
N-1

—2mi
By = ) mxe N (n=

k=0

unit.
The number of addition operations (X) for calculati
points:
X=(N-=1)«N

The number of multiplication o

dimensional array of numbers:
Y = N? @)
Total number of operatig

1thm. This Fourier transform can be performed
ider a polynomial of 15 values (Figure 4).

Ne7 | Ne§ | Ne9 | NelO | Nell | Nel2 | Nel3 | Neld | Nel

. In"such a way that the values are written into a row with a step of three (Figure
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Nel | Ned4 | Ne7 | NelO | Nel3

Neo2 Ne5 Ne8 | Noll | Nol4d

Ne3 Neb6 Ne9 | Nel2 | Nel5

Fig. 5. Matrix representation of a polynomial.

The next step will be to calculate the DFT for the numbers in
(Figure6).

»{ DFT of five
numbers

Nel | Ned | Ne7 | NelO | Nel3

Ne2 | NeS | Ne8 | Nell | Neld Nell | Neld

Ne3 | Ne6 | Ne9 | Nel2 | NelS Ne9 | Nel2 | NelS

Fig. 6. DFT calculation for the numbers o

Let's introduce a twiddle factor:
i

WNW% = 9
where m is the row nu of the nt, h {¥the column number of the element (counting
starts from zero, not gge); t nit; N is the number of elements.
Multiply each elepdbiit by it: esponding multiplier (Figure 7).
1 2 3 4
Ned Ne? Neld Nel3

Ne5*WN1/15 | Ne8*WN2/15 | Nell*WN3/15 | Ne14*WN4/15

Ne6*WN2/15 | Ne9*WN4/15 | Nel2*WN6/15 | Ne15*WNB/15

ig.7. plication of each matrix element by its corresponding turning coefficient.

As can be seen from Figure 7, some multipliers are repeated. This is due to the identical
ratio of multiplying the row number of an element by the column number, divided by the
total number of elements.

After multiplying all elements by the twiddle factor, the final step is the DFT for each column
of elements (Figure 8).
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Nel Ned Ne7 Nel0 Nel3
Ne2 NeS*WN1/15 | Ne8*WN2/15 | Ne11*WN3/15 | Ne14*WN4/15
Ne3 Ne6*WN2/15 | Ne9*WN4/15 | Ne12*WN6/15 | Ne15*WN8/15

DFT of three DFT of three DFT of three DFT of three DFT of three
numbers numbers numbers numbers numbers

Nel Ned Ne7
Ne2 NeS Ne8
Ne3 Ne6 Ne9

After the inverse transformation of the matri
is obtained using the mixed-radix FFT method (

e transformed polynomial

MNel2 | Nel3 | Neld | NelS
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Fig.10. Mixed radix FFT for an array of 15 numbers.
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Next, for each column, the twiddle factors will be calculated in turn. These will be added
as a multiplier for the coefficients of the radix-3 FFT. In this way, a radix-3 FFT will be
performed, and supplemented by a twiddle factor for each column (Figure 11).

Let's introduce the twiddle factor

i*m+M+H
WNm*h/N =e N (10)
where m is the row number of the element, h is the column number of the element (ind
starts from zero, not one); i is the imaginary unit; M is the number of rows; H is the

of columns; N is the number of elements.

Then
X(m, h) = ZX(m, h) * Wy 1
h
Nel Noa Ne7 Nel10 Ne13
No2 NeS Ne8 Nel1 Ne1ld
The MMdix-3 F
Ne3 N Ne12 NelS

EEREN o 4ne

K| wn2
For element 2 line | —-
2+h T
WN(—5) ey | |22 s | % S+ | e
ism=2+h
=e 15 -
For ent 3 ki
For clcn;:\‘lhlmc B \ % i 14 | loe wxi # |

d with twiddle factor for each column.

As is cle Figure 11, regardless of the numerical values (Nel-Nel5) of the
e multiplication coefficients will not change. The values of the
the total number of values in the array and the order of the

ixmtxk+h
e N  xkef(h), (12)
ultiplication factor, k and h are the column and row indices respectively,
ber of elements in the array, kef™ is the fast Fourier transform coefficient
ers, and depends only on the row index.
To avoid repeatedly calculating the multiplication coefficient for each pixel, the once-
alculated coefficients were saved to a file, from which they were then extracted as needed
ing algorithm execution (Figure 12). A separate file was created for each array size.
oving the coefficients to a separate file reduced the number of mathematical operations by
an average of 65%. Consequently, the algorithm execution speed increased accordingly.

As can be seen from formula 12, since in is a constant, the value of X(kh) depends on the
ratio (kh/N) and the row number (since the fast Fourier transform coefficient of small orders
depends on it). Consequently, some coefficients may be repeated. To avoid coefficient
duplication, the data storage structure in the file consists of a key (kh/N), row number, and
the value itself. This allows for a reduction in the amount of data stored in the file and
decreases its size.
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the addition of more divisions (Figure 13).Dividi
the final value of the array length is equal to a s

Ne5 NeX/2
Net | Ne2

Ne6 NeX/2

Ne7 Ne(X/2)/3

Ne(X/2)/3

Ne(X/2)/3
cannot be divided in half,

apg

but can be divided by 3
u Ned | Ne7 Ne(X/2)/3
Ne2 | NeS | Ne8 Ne(X/2)/3
Ne3 | Ne6 | No9 Ne(X/2)/3

of dividing the array.

ction for User Input:
- Input 2D array of intensity values for the object wave I(x,y) and reference wave
B(x,y). The program extracts the number of samples N from this array.
- Wavelength of the light source A;
- Physical size of the matrix pixel;
- Gamma correction degree vy;
- Analyzed distance interval of the radiation passing from the CCD matrix Ad;
- Discretization step d;
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- Number of threads loading the CPU processor.
Function for Loading an Image from a CCD Matrix and Obtaining a Pixel Array.Since a
black-and-white image encoded in RGBa (R-red, G-green, B-blue, a-alpha) is used, the
function adds only the red component of each pixel to the array. The other 3 values (green,
blue, and alpha) are discarded.

Function for Loading an Executable Module with Hologram DecryptionCode. The
executable code is launched simultaneously on multiple cores. The number of cqs
specified in the input data function.

Calculation of the Convolution Kernel (formula 13) for each pixel and writing
to an array.

. 2 2
I (G B
idA

The FFT for pixel values of the input image and convolutig
calculated in a single function. Since the FFT algorithm re
sorting operations, to save resources, the calculation of the
in parallel. This allows for a 30% speedup in the calculati
it is necessary to convert the values of the convoluti

w =

alculation is first
number of which depends
ormed for each column of
vertical resolution of the

performed in parallel for each row of values of t
on the horizontal resolution of the hologram. The
values of the matrices, the resolution of which

rray of transformed image values
with the i-th element of the t ution kernel values is applied (see formula

SE6Y)

The inverse alculated for the obtained array, then it is written to a new

array, and the
J=F1(u) (15)

ic Image Reconstruction Program

construction programof digital holographic image, an optically transparent
del particle in the shape of a perfect square on its back side is placed

10



BIO Web of Conferences 138, 02032 (2024) https://doi.org/10.1051/bioconf/202413802032
AQUACULTURE 2024

Fig. 14. Test object.

@ s

Choosca file  testbmp

Pixel Size of Matrix (nm) 0,00167  Wavelength (mm):  0,001064
Distance from (mm):
Step (mm): 2

76 ==>  Distance o (mm):

eeds with hologram reconstruction on the specified planes. From
the re i ioure 16), it is clear that the plane of best focus is located at 80-

| 78 mm 80 mm

82 mm l 84 mm 86 mm

Fig. 16. Reconstructed holographic images.

11
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5 Conclusion

The work describes the development of a holographic camera setup and a corresponding
image reconstruction algorithm for analyzing defects within a sample. The algorithm
employs the Discrete Fourier Transform (DFT) and a mixed-radix FFT approach for
reconstructing images from the captured holograms. Pre-calculated coefficients are stored in
files and reused during processing, which allows to reduce the number of mathe ng

particle. The reconstructed image successfully identified the particle'
demonstrating the effectiveness of the developed setup and algorithm.
Overall, this project demonstrates a promising approach for using ho
to analyze defects within samples. The combination of the custom c
efficient reconstruction algorithm allows for detailed and accurate an
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