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Featured Application: The methods described here can be applied in interferometric measure-
ments of dynamic events that are challenging to analyze using conventional approaches inca-
pable of evaluating a single interferogram with closed fringes.

Abstract: Frequency-guided sequential demodulation (FSD) is a technique used to recover the phase
of closed fringe patterns when only a single interferogram is available. FSD is a sequential method
that follows simple and intuitive processing steps for interferogram demodulation, guided by the
frequency of the fringes. The objective of this work is to apply an optimizer block that feeds from
the first stages of the FSD and make feedback in such a manner as to optimize the search for guided
frequencies. This approach significantly reduces demodulation errors, especially when dealing
with high-frequency fringe patterns. The results of using the FSD with and without optimizers are
compared. The optimizers used are the Harmonic Search Optimization (HSO) as well as the Particle
Swarm Optimization (PSO). Results show that FSD with PSO delivers better results compared with
other methods here analyzed.
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1. Introduction

Interference is a fundamental optical phenomenon that emerges when two or more
waves, whether mechanical or electromagnetic, overlap within the same spatial plane. The
scientific discipline tasked with measuring and harnessing this interference is known as
interferometry. Interferometry plays a pivotal role in various domains, ranging from the
precise assessment of aberrations, deformations, and flatness to addressing challenges
posed by disturbances and temperature gradients [1].

The methodologies that are usually preferred to demodulated interferograms are the
phase-shift algorithms and the Fourier method for single linear carrier fringe patterns [2].
However, these techniques often struggle in the case of rapidly changing events because the
phase difference between consecutive interferograms is not a constant. In this situation, a
large linear carrier interferogram can be recorded but at the cost of a reduced dynamic range
of the phase that can be measured. Attempts to record a fringe pattern in the described
situation would lead to infringing the sampling theorem. A solution to measure a dynamic
event with a high dynamic phase range is to analyze a single interferogram with closed
fringes. A unique interferogram with closed fringes can be examined to recover the phase
information associated with the physical phenomena being measured. The measurement
accuracy from a unique closed fringe pattern is thus closely dependent on the phase
distribution of the interferogram being measured.

Several phase demodulation methods from a single fringe pattern have been proposed.
Each one of the proposed solutions has strengths and drawbacks. There are methods that
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use different computational strategies, such as the combination of genetic algorithms and
parametric methods [3-5]; soft computing techniques applied to Zernike polynomials [6];
a combination of genetic algorithms and frequency-guided sequential demodulation [7];
combined harmony search optimization and frequency-guided sequential demodulation [1];
demodulate directly with Particle Swarm Optimization [8]; unwrapping of phase maps with
sign changes [9]; demodulation with symmetric wavefront and tilt [10]; two-dimensional
regularized phase-tracking technique [11]; different techniques of deep learning [12,13];
convolutional neural network [14]; and Lissajous ellipse fitting [15], among others.

While each of these methods demonstrates efficacy in specific contexts and scenarios,
no universal approach exists capable of reliably extracting phase information from any
given interferogram. Some of the mentioned methods have a slow convergence rate, require
a specific path determination method to avoid critical points, and need a large training set
of known solutions to the demodulation problem, besides a high computational complexity.
Rather, these techniques are optimized for particular characteristics of fringe patterns,
thus limiting their applicability in broader contexts. All techniques are susceptible to
be improved.

In particular, the optical phase demodulation has been expressed as an optimization
problem, where computational intelligence algorithms can be applied to find the best
phase solution that matches with the closed fringe patterns called interferogram. In 2007
Kemao and Soon proposed a frequency-guided sequential demodulation (FSD) technique
suggesting a single fringe pattern demodulation by estimating the local frequencies of the
interferogram, where the phase sign determination is guided by the frequency or fringe
density [16].

Harmony search optimization (HSO) is a soft computing technique inspired by the
observation of musical composition to search for perfect harmony and was introduced
in 2001 by Geem et al. [17]. In 1995, Kennedy and Eberhart proposed an evolutionary
algorithm that consists of the optimization of the data using a cloud of particles in order to
model social problems; this algorithm is known as Particle Swarm Optimization (PSO) [18].
Given advances in optimization algorithms, they can support techniques in different
areas of science. Both optimization techniques have found their way into several areas
of scientific knowledge as diverse as engineering [19-21], math optimization [22,23] and
optical applications [8,24,25], among other applications [26].

Recently, the FSD has been combined with an evolutionary algorithm known as HSO,
with good results. Here, we proposed to implement the FSD approach with another evo-
lutionary algorithm, known as PSO. It is found that the proposed combination scheme
FSD-PSO delivers more robust results than FSD or FSD-HSO techniques, particularly when
the interference pattern possesses high-frequency fringes and also with a complex distribu-
tion. In the following section, the FSD principle is explained, as well as the combination of
the optimization algorithms (PSO and HSO) with the FSD algorithm, and the sign change
determination process is explained, too. Then, the simulation results are presented, and,
finally, the discussions and conclusions are declared.

2. Materials and Methods

Optical metrology is a discipline whose aim is to carry out measurements of objects
by applying engineering to optical phenomena such as interference, diffraction, and polar-
ization, among others. Devices such as interferometers, diffractometers and polarimeters
are used to accomplish those measurements. Particularly, interferometers use light as
a measurement unit and, unlike other disciplinary techniques in science, they have the
advantage of being non-invasive measurement methods.

2.1. Interferometry

Interferometry studies the interaction of two or more wavefronts, where one of them
has undergone a modification by a feature of the object being measured [27]. It should
be mentioned that the fewer the interfering wavefronts, the higher the measurement
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resolution will tend since the more wavefronts interact, the greater the number of harmonics
will be generated in the Fourier spectrum, and at the time of demodulation it will be
confusing to interpret which of the interfering wavefronts belongs to each harmonic. Phase
demodulation is the more important task in optical interferometry measurements because
the physical quantity to be measured is directly related to the phase [1].

The fringe pattern intensity produced by a division amplitude interferometer as
Michelson, Twyman-Green, Fizeau, etc. can be modeled by

Iy(x,y) = ay(x,y) + b(x,y)cos[p(x,y)]. 1

where I, (x,y) is the interference fringe pattern intensity unprocessed, a;(x,y) is the back-
ground intensity with a possible noise term 7(x,y) added to it, b(x,y) is the amplitude
modulation, ¢(x, y) is the phase term and (x, y) is the spatial coordinates of the physical
quantity under testing.

2.2. Frequency-Guided Sequential Demodulation

The FSD demodulation method was developed by Kemao and Soon, as explained in
the introductory section, to demodulate closed fringe patterns with a single interferogram.
The sequential algorithm FSD is explained below in the following 6 steps (for a more
detailed explanation the reader is encouraged to consult references [16,28]):

1.  The pre-processing image (denoise filtering), which consists of attenuating possible
noise 77(x,y) of the interferogram I (x, y), taking care that the interference fringes
are not distorted. With this process, #(x, y) is suppressed from a,(x, y) to obtain the
filtered background intensity a(x, y) of the filtered interferogram I(x, y), which is

I(x,y) = a(x,y) + b(x,y)cos(p(x,y)). )

2. To cancel the background intensity a(x,y) and the modulation amplitude b(x, y) coef-
ficients, a normalization procedure has to be carried out considering that both terms
vary slowly compared to the cosine of the phase. Usually, high-pass filters can be used
to remove background intensity, but there are regions of b(x, y)cos(¢(x, v)) = f(x,y)
that can also present low frequencies, especially when the phase is flat, so information
can be lost with this type of filtering. Another more efficient way to eliminate the
coefficient a is using the Empirical Mode Decomposition (EMD), which decomposes
the signal in many harmonics and a residual noise term, as shown in [29]. It continues
with the elimination of the modulation coefficient b(x, y); for this, it is suggested to
use the Hilbert transform to obtain

H{f(x,y)} = —b(x,y)sin(p(x, y)), 3)

and with which the term b(x, y) can be eliminated in two ways: the first one obtaining
the magnitude to find b(x, y), which is

b(x,y) =\ (H{ o) + (Fo)?, @)

and then divide by f(x,y); and the second one is applying a cosine function to the
arctan(—H{f(x,y)}/f(x,y)) term. Therefore, the normalized interferogram becomes

In(x,y) = cos(e(x,y)). ®)

3. The direct extraction of the phase @uq(x,y), which is carried out by applying the
arccosine function to the interferogram. This stage of the phase is used to calculate the
intermediate frequencies Wy, (1, v) and @y, (1, v), where (u, v) are the local coordinates
of the window being processed. Once the optimization process is complete, the final
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frequencies @, (u, v) are available, which guarantees that the optimization algorithm
found a global minimum. Then,

Pwa(x,y) = arccos(l,(x,y)), € [0, m]. (6)
The extraction of the local phase gT) ,(x,y) is considered linear in a small window of

the interferogram. The energy function is defined as the square of the difference of the

normalized interferogram I, (x, y) and the virtual interferogram I(x,y) is calculated.
Then, the local frequencies are allocated inside the minimized energy function as

P(u,v) = [@xa(1t,0), @ya(ut,0)] T (7)

The extraction of the estimated frequency by the optimization method, which is a
vector of two calculated values of the pixel under study.

Eliminate the ambiguity error. Finding a function for the determination of the sign s,
which depends on the final frequencies and the local phase.

To optimize the FSD algorithm, both evolutionary algorithms, the PSO (proposed

optimizer) as well as the HSO (optimizer used in [1]), were applied. The proposed method
is summarized in the flowchart shown in Figure 1, where the user can choose among FSD
(in black), FSD-HSO or FSD-PSO (both in red). The input parameters to the optimization
block are the normalized interferogram I,,(x,y), as well as the local phase @ (x,y), which
are obtained from the first steps of the FSD. The optimizer finds the best values of the
intermediate frequencies @y, (1, v) and @y, (u, v), that are fed to the sign-determining block
of the FSD. At the algorithm’s end, the wrapped phase ¢ (x,y) is obtained, which depends
on the method used: FSD, FSD-HSO or FSD-PSO. To obtain the unwrapped phase ¢, (x,y),
standard unwrapping algorithms can be used. The unwrapping algorithm used in this
work was least squares [30].

I(x,y)
I, |
1 ¥
PSO or HSO Dus L(x.3)
Optimizer | | ||
v cos™ (Z,(x. )
@®,, my“’ p= [fﬁxa, wya]T <
L4 PalX.7)
; . Sign
o, (x, J ) Determiner
@,
FSD

Figure 1. Flowchart of the FSD algorithm optimized with HSO and PSO algorithms.

The operation of the PSO optimizer within the optimization block of Figure 1 is detailed

below. The position of a set of particles is randomly initialized. Then, it is necessary to
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iteratively update the (x,y) positions of the particles in the swarm to find the best positions
through a cost function; that is:
2

cost(u,v) = [I,(u,v) — cos(wx (1 — x) + wy (v — y) + Puwa(x,y))] ®)

where wy and w, are the current positions in (x,y), respectively. In addition, a random
update of the particles is carried out, iteratively comparing the current position versus the
best position within the swarm. At the end of the interactions, the best (x,y) positions
found will correspond to the intermediate frequencies @y, and d)ya, respectively. The PSO
algorithm applied to FSD is as follows [18,19]:

1.  Inputs: normalized interferogram I, and local enveloped phase ¢.
2. The PSO parameters are established.
3. The position of the particles is initialized randomly.

a. The best-known position of the particle swarm is updated by means of the cost
function.

4. The speed of the particles is initialized, randomly.

a.  The speed of the particles is updated based on their best position with respect
to the current position;
b.  The best position within the swarm is updated.

5. The intermediate frequencies &y, and @, are found based on the best positions found
within the swarm, during the total number of valid iterations.

The implementation details of the algorithm PSO were particle number 80, inertia
weight 0.5, cognitive coefficient 0.3, social coefficient 0.2 and iterations 20. Similarly, for the
HSO algorithm were harmony search solutions 100, harmony memory considering rate 0.9,
pitch adjusting rate 0.2 and iterations 100. In both algorithms, the following parameters will
be the same: dimensions of problem 2, lower and upper limits [—1, 1], neighborhood region
for energy function 11 and optimal cost value 0.25, as well as the iterations mentioned
before were applied, as long as the cost function was less than 2.5. The operation of the
FSD-HSO algorithm can be consulted in reference [1].

3. Results
In order to test the three algorithms (FSD, FSD-HSO and FSD-PSO), synthetic interfer-

ograms were implemented, which contained Gaussian functions in strategic positions of
the interferogram. The normalized interferogram I,,(x, ) now reads

In(x,y) = cos[p19(x,y)], ©)

where p; controls the general amplitude of the entire phase, and ¢(x,y) is the sum of
several Gaussians gyx,

(p(x,y) = A'gnw+B‘gne+C'gsw+D‘gse+E'gc- (10)

The Gaussians gy programmed in each synthetic interferogram were placed at the
northeast (g,.), northwest (), southeast (gs¢), southwest (gs,) and central (g.) positions.
Parameters A to D are used to activate each of the Gaussians individually. Internally, the
Gaussians can be written relative to their position xx or yy = nw, ne, sw, se or c, respectively;
that is

Qux = exp(—p2 [Fxx(x — Nux)? + Fyy (v — NW)Z} ) 11)

where the parameters Fyy and Fy, individually controls the width of the Gaussian at x and
y positions, respectively, and the parameter p, determines the width of each Gaussian gen-
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erally in (x,y) positions. To control the positions of each of the Gaussians, the parameters
Nixx and Ny, are used. The synthetic wrapped phase is calculated as

Sin(m%xrm} , (12)

Qw(x,y) = arCtanLos(mq)(x,y))

In Figure 2, the results with different types of synthetic interferograms are shown:
in rows (a-b), five positive Gaussian examples are presented; in row (c), an example
with four positive Gaussians and a negative one is depicted; and in the final row (d),
two Gaussian interferograms are seen. Figure 3 shows the 3D phases representations of
the interferograms shown in Figure 2, in order to observe the differences between the
original phase ¢(x,y) with the unwrapped phases calculated ¢, (x,y) with the FSD and
FSD-HSO algorithms, as well as the proposed algorithm FSD-PSO. The fixed parameters in
all synthetic interferograms were: N = 256, p; = —30, p» = 1/1800, as well as the size of
the interferograms was N x N.

Pw (lx,y) Pu(x,y)

Figure 2. Demodulation results using FSD, FSD-HSO and FSD-PSO. (a) five gaussians when the
central one has a half height and double width; (b) five gaussians when the central one has a half
heitht; (c) five gaussians with central one inverted; and (d) only two positive gaussians.

To calculate the original phase ¢(x,y), Gaussians presented in Figures 2 and 3 rows
(a)—(c), the following parameters were used: a(x,y) =0,b(x,y) =1, A=1,B=1,C=1,
D =1, F;x = 1and Fy;, = 1 are fixed in gne, gnw, §se and gsw, but g¢ acts as adjustable
Gaussian. In these cases, the g, parameters change as follows: in row (a) E = 0.5, Fxy =2
and Fyy = 1;inrow (b) E = 05, Fxy =3 and F, = 3;and intow (c) E = —1, Fxy =5
and Fy; = 5. In row (d), only two Gaussian functions are shown, with A = 0.8, B = 0,
C=0,D =0.8and E =0, as well as their respective thickness parameters are Fyy = 1 and
Fy =1

A set of interferograms with a single Gaussian function with varying width and
amplitude were calculated in order to test the response of the considered methods with
respect to the fringe frequency. In Figure 4 it is shown the two cases of the gaussian
functions, Fxy = F;; = 1 and 10. A 3D view of the recovered phases is shown in Figure 5,
where in row (a) all the methods had success, in row (b) details of the behavior of the
different methods in high-frequency interferograms are shown, where it can be observed
the Gaussian peaks distortion. In addition to Fyx and Fy,, the remaining parameters used to
obtain the interferograms and phases of Figures 4 and 5were: A =0,B=0,C=0,D =0
and E = 1. The interpretation of the results is given in the next section.
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Figure 3. A 3D representation of the original phase and the calculated phases FSD, FSD-HSO and
FSD-PSO of the examples of Figure 2. The figure illustrates a set of gaussian distributions, each

colored with a gradient that starts from a deep, dark blue at the minimal value (base) and transitions

to a lighter shade of yellow at the maximum value (top). (a) five gaussians when the central one
has a half height and double width; (b) five gaussians when the central one has a half heitht; (c) five
gaussians with central one inverted; and (d) only two positive gaussians.

p(x,y)

L(x,y)

Figure 4.

Pw(x,y)
|

Pu(x,y)
A

puy) T rsD

FSD-HSO

Fsp-pso) |

FSD  FSD-HSO  FSD-PSO!

(@)

Demodulation results for only a single Gaussian, where central parameters are:
(@) Fxx = Fyy = 1 and (b) Fxx = Fyyy = 10.
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Pu(x,¥)
Pp(x,y) FSD FSD-HSO FSD-PSO
original phase FSD unwrapped phase FSD-HSO unwrapped phase FSD-PSO unwrapped phase
1 1 1 1
0.5 0.5 0.5 0.5
6 8 8 8
200 O 200 0 200
100 45 100 o9 o 100 200 100 55 . 100 100 540 100
original phase FSD unwrapped phase FSD-HSO unwrapped phase FSD-PSO unwrapped phase
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0.5 0.5 ! 0.5 * 0.5 L (b)
0 i) ] 0

0900 209 o 100 200 0 100 g5 o 100 200 O 100 50 o 100 20 % 100 00 g0 200

Figure 5. A 3D representation of the original phase and the calculated phases FSD, FSD-HSO and
FSD-PSO of the examples of Figure 4. The figure illustrates a set of gaussian distributions, each
colored with a gradient that starts from a deep, dark blue at the minimal value (base) and transitions
to a lighter shade of yellow at the maximum value (top). (a) Fxx = Fyy = 1 and (b) Fxx = Fyy = 10.

4. Discussion

The results of our study, which evaluated the performance of three algorithms (FSD,
FSD-HSO, and FSD-PSO) using synthetic interferograms, provide valuable insights into
the capabilities and limitations of these demodulation techniques.

4.1. Performance with Synthetic Interferograms

In our investigation, we employed synthetic interferograms that incorporated strategi-
cally positioned Gaussian functions. The normalized interferogram I, (x, y) was defined,
allowing us to control the overall amplitude of the phase p; and introduce several Gaussian
components (A to E) into the phase ¢(x,y). These Gaussian components were strategically
placed in the northeast, northwest, southeast, southwest, and central positions within the
interferograms. The parameters Fyy and F, were employed to regulate the width of these
Gaussians, while p; determined their overall scale. Additionally, the positions of these
Gaussians were manipulated using Ny, and Ny,.

Evaluation of Demodulation Methods: In Figure 2, we presented the results obtained
from different synthetic interferograms, categorizing them into various scenarios:

e  Figure 2a,b showcase two examples with five positive Gaussians;
e  Figure 2c features an example with four positive Gaussians and one negative Gaussian;
e  Figure 2d depicts an interferogram with two Gaussian components.

For a more comprehensive analysis, 3D representations of the phases of these interfer-
ograms were provided in Figure 3, allowing us to compare the original phase ¢(x,y) with
the unwrapped phases computed using the FSD, FSD-HSO, and FSD-PSO algorithms.

Fringe Frequency Variation Testing: To assess the methods’ performance concerning
fringe frequency, we generated interferograms with single Gaussian functions that varied
in width and amplitude. These experiments are depicted in Figure 4, where we presented
two cases: Fyy = Fyy = 1 and Fyy = F;; = 10. Subsequently, we examined 3D views of the
recovered phases in Figure 5.

4.2. Key Observations and Insights

Our study yielded several significant findings and observations:
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Method Robustness: The results indicate that the FSD technique performs adequately
with low-frequency interferograms, successfully recovering the phase in most sce-
narios. However, some challenges arise, particularly in cases with central peaks and
scenarios with multiple Gaussians, Figures 2a and 2d, respectively.

FSD-HSO Performance: FSD-HSO exhibits improved performance compared to the
standard FSD method, yielding better results and fewer artifacts. Nevertheless, some
regions in the interferograms still present noticeable artifacts, affecting the quality of
the demodulated phase.

Superiority of FSD-PSO: FSD-PSO emerges as the standout performer among the
three algorithms. It consistently produces more accurate and faithful results, with
reduced artifacts and a closer resemblance to the original phase.

Frequency Sensitivity: The experiments with varying Gaussian widths and amplitudes
provide insights into frequency sensitivity. Both FSD and FSD-HSO exhibit limitations
as fringe frequencies increase, with notable distortions observed in Gaussian peaks.
FSD-PSO demonstrates a more stable response, but it also exhibits some sensitivity to
higher frequencies.

4.3. Quantitative Assessment

To quantitatively assess the algorithms’ performance, we introduced kurtosis and

root mean square (RMS) parameters. Kurtosis values provided insights into the recovered
Gaussian function widths, with positive values indicating a slim, high-profile curve and
negative values suggesting a flattened profile [31]. Notably:

kurtosis

120

100

80

60

40

20

-20

FSD began to falter when Fy, exceeded 7;

FSD-HSO exhibited a diminishing response for Fyy values greater than 6;

FSD-PSO showcased a more favorable performance, deteriorating only slightly when
Fyyx approached higher values, as shown in Figure 6.

0 ¥ 4 6 8 10 12

Fxx, Fyy

——Original FSD FSD-HSO FSD-PSO

Figure 6. Kurtosis vs. Gaussian width (Fyy, Fyy).

Similarly, RMS values illustrated divergence from the original phase as fringe frequen-

cies increased:

FSD-HSO began to diverge when Fyy exceeded 6;
FSD exhibited divergence when Fy, surpassed 8.

FSD-PSO showed remarkable consistency with the original phase, diverging only

significantly higher values, as shown in Figure 7.
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(=]
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0.2

0.1

4] 2 4 6 8 10 12
Fxx, Fyy

——Original —e—FSD —e—FSD-HSO —eFSD-PS0
Figure 7. RMS vs. Gaussian width (Fyy, Fyy).

5. Conclusions

In this study, we conducted a comprehensive evaluation of three demodulation algo-
rithms, namely FSD, FSD-HSO, and FSD-PSO, using synthetic interferograms. Our aim
was to gain a deeper understanding of the capabilities and limitations of these techniques
in the context of optical interferometry.

Through the use of synthetic interferograms, we were able to control various param-
eters, such as the amplitude, position, and width of Gaussian components within the
interferograms. These numerical experiments allowed us to assess the performance of
the demodulation methods across different scenarios, including those with positive and
negative Gaussians and varying fringe frequencies.

This study yielded several important findings and insights:

1.  Method Robustness: The standard FSD technique exhibited satisfactory performance,
particularly with low-frequency interferograms, where it successfully recovered the
phase in most cases. However, challenges arose in scenarios involving central peaks
and multiple Gaussians, as observed in Figures 2a and 2d.

2. FSD-HSO Performance: FSD-HSO demonstrated improved performance compared to
the standard FSD method. It produced better results with fewer artifacts. Nevertheless,
some regions in the interferograms still exhibited noticeable artifacts, impacting the
quality of the demodulated phase.

3. Superiority of FSD-PSO: FSD-PSO emerged as the standout performer among the
three algorithms. It consistently delivered more accurate and faithful results, with
reduced artifacts and a closer resemblance to the original phase.

4. Frequency Sensitivity: Our experiments with varying Gaussian widths and ampli-
tudes provided insights into the frequency sensitivity of the methods. Both FSD and
FSD-HSO exhibited limitations as fringe frequencies increased, leading to distortions
in Gaussian peaks. FSD-PSO demonstrated a more stable response, although it also
exhibited some sensitivity to higher frequencies.

To quantitatively evaluate the algorithms’ performance, we introduced kurtosis and
RMS parameters. These parameters offered insights into the recovery of Gaussian function
widths and divergence from the original phase as fringe frequencies increased.

Our study highlights the strengths of FSD-PSO as a superior demodulation technique.
One important consideration about the use of optimizers with the FSD technique is that
adds computational complexity and also increases the demodulation time. It is essential to
acknowledge other limitations and potential drawbacks:
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1.  Computational Resources: FSD-PSO, being computationally intensive, may require
substantial computational resources for real-time applications. This could be a limiting
factor in scenarios where real-time results are essential.

2. Parameter Tuning: The optimal performance of FSD-PSO may rely on fine-tuning
numerous algorithm parameters. Achieving these optimal settings can be a non-trivial
task and may require expertise.

3. Sensitivity to Extremely High Frequencies: While FSD-PSO demonstrates greater
stability in high-frequency scenarios compared to its counterparts, it may still exhibit
sensitivity to extremely high fringe frequencies, necessitating careful consideration of
application-specific requirements.

In conclusion, our research contributes to a better understanding of the demodulation
capabilities of FSD and its optimized variants FSD-HSO and FSD-PSO. FSD-PSO, in partic-
ular, stands out as a promising approach for accurate phase recovery from interferograms.
However, researchers and practitioners should be mindful of the computational demands
and parameter-tuning requirements associated with this technique. Further research is war-
ranted to explore its practical applicability in real-world optical interferometry scenarios
and address the identified limitations.
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