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Digital holography enables quantitative phase imaging based on interference. A
digital hologram often encodes the phase information along with aberrations or
deformations. This article reviews phase analysis and its diverse application
solutions and challenges in digital holography including aberrations removal in
a single hologram, defect and deformation detection using dual-holograms, and
defect location in multi-holograms. The state-of-the-art of the techniques are
presented and discussed in detail for phase analysis, separation, and
quanti�cation. Phase analysis in digital holography can provide high precision,
high resolution, rapid quantitative and intelligent imaging abilities.
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1 Introduction

Holography was invented in 1948 by Dennis Gabor to improve the resolution of
electron microscopes limited by spherical aberrations (Gabor, 1948). Off-axis illumination
set-up with an off-axis reference beam was proposed by Leith and Upatnieks in 1964 (Leith
and Upatnieks, 1964). Off-axis set-up eliminates the spectral overlap of the zeroth-order
beam and the twin image inherent in Gabor’s in-line con�guration. While electronic
detection of holograms was �rst performed by Enloe et al., in 1966 (Enloe et al., 1966),
digital reconstruction of holograms was constructed by Goodman and Lawrence in 1967.
The technique of recording and reconstructing holograms using a CCD sensor and
numerical methods has been documented by Schnars and Jueptner (Cuche et al., 1999;
Schnars and Jüptner, 1994) and was known as digital holography (DH). Nowadays digital
holography could also mean that hologram recording is done by an electronic device such as
a CCD, CMOS sensor or a photodetector, and the recorded hologram can be numerically or
optically reconstructed (Mann et al., 2005; Zhang and Poon, 2023). Using coherent mode
(Mann et al., 2005), Digital Holography (DH) is capable of producing phase-contrast
images without requiring labels. This distinctive attribute of the quantitative phase imaging
technique is straightforward, non-invasive, and allows for dynamic imaging processes. At
present, DH has been widely used in 3D pro�le detection (Nilsson, 2000; Ye et al., 2022;
Dekiff et al., 2015; Shi et al., 2013; Andrés et al., 2020; Zhang, 2005), dual-wavelength
recording (Kumar et al., 2009; Claus et al., 2021), microscopic observation (Chen et al.,
2023a; Merola et al., 2013a; Merola et al., 2013b; Schnars and Jüptner, 2002), out-of-plane/
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in-plane deformation detection (Wang S. et al., 2018; Lee et al., 2012;
Long et al., 2023; Li P. et al., 2018; Zhao et al., 2021; Sjödahl and
Saldner, 1997; Saucedo et al., 2006; Schedin et al., 1999; Viotti et al.,
1999; Li et al., 2021; Takatsuji et al., 1997; Nilsson et al., 1997; Arai,
2016), particle �eld analysis and testing (Tornari, 2014; Miccio et al.,
2014; Ooms et al., 2008; Pan and Meng, 2003; Merola et al., 2016),
bio-samples recognition (Mandracchia et al., 2019), stroboscopic
vibration detection (Singh et al., 2007; Osten, 2019; Rembe and
Muller, 2002; Hart et al., 2000; Lipiainen et al., 1997; Hansel et al.,
2009) and other applications.

DH encodes the phase information along with the fringes as
shown in Figures 1–3. A hologram, shown in Figure 1A, can be
acquired by on-axis or off-axis recording, during static/dynamic
acquisition, or single-wavelength/dual-wavelength interferometry.
Phase reconstruction algorithm is used to obtain the wrapped phase
by arctangent operation. However, the fringes due to aberrations
also appear in the wrapped phase, compromising phase retrieval in
terms of fringe patterns. In the subsequent unwrapping process, the
fringes dominate in graphic representation masking the target
information, leading to errors in phase reconstruction as shown
in Figure 1B. The separation and compensation of the fringes is
important for improving the accuracy of quantative phase imaing
(Huang and Cao, 2023). Aberration can be effectively eliminated by
physical or numerical methods. In the physical methods, practical
solutions include introducing additional objectives in the optical
path (Mann et al., 2005; Li et al., 2019), such as the use of a
telecentric lens structure (Sánchez-Ortiga et al., 2011; Sánchez-
Ortiga et al., 2014; Matkivsky et al., 2016), or the insertion of an
electrically tunable lens in the illumination paths (Doblas et al., 2015;
Deng et al., 2017a). Compared with physical approaches, numerical
compensation methods are more �exible for phase compensation
without any additional physical devices (Chen et al., 2023a; Liu S.
et al., 2018; Schnars and Jüptner, 2002). It is accepted that the
unwrapped phase consists of two parts: a) non-zero phase
information located on a relatively �at base phase; b)

polynomial-�tting surfaces with oblique or spherical features.
Therefore, after removing the quadratic aberration of spherical
features, the phase subtraction can obtain accurate sample phase
information.

As shown in Figure 2A, in dual-holograms, researchers typically
apply additional deformations to the object, so that the axial
deformation phase can be obtained by subtracting the same
topography information. The above deformation phases often
exceed the wavelength of the laser, resulting in discontinuity at
2� through the arctangent operation (Schnars and Jüptner, 2002;
Chen et al., 2024; Chen et al., 2023c). The separated fringes are
usually quadratic or higher-order polynomial-�tting surfaces that
contain aberrations or deformation information. Similarly, the
isolated target information may consist of pro�le or local
regional deformation. As shown in Figure 2B, the surface of the
object is deformed by external excitation, i.e., the unwrapped phase,
which includes the global off-surface deformation of the surface and
the local deformation caused by defects (or unevenness) of the
object. By separating the global and local phases, they can be
analyzed separately and speci�c defect quanti�cation results can
be obtained.

For multiple holograms as shown in Figure 3, the obtained phase
difference sequence has a certain regularity. Under the conditions of
deformation excitation such as acoustic, light or thermal energy, the
fringe analysis in phase difference is of signi�cance in the �elds of
calibration (Long et al., 2023), motion analysis (Fu et al., 2009), and
high-speed inversion calculations (Trillo et al., 2010a). In particular,
if the off-surface deformation information is transmitted backwards
to the surface of the object, it is possible to locate and reverse the
internal defects (Trillo et al., 2011; Goursolle et al., 2007; Zhou et al.,
2022; Chen S. et al., 2023; Zhu et al., 2023).

In this review, numerical strategies for the separation and
analysis of phase in digital holography are organized through
relevant applications and the quantity of employed holograms. In
the wrapped phase map that contains fringes, the target information

FIGURE 1
The process of obtaining the fringe patterns and target information based on a single hologram. (A) The process of obtaining the phase of a package
from a single wavelength or dual wavelength hologram. (B) The process of eliminating quadratic term aberrations (Chen et al., 2023a; Schnars and
Jüptner, 2002).
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FIGURE 2
The process of obtaining the fringe patterns and local deformation based on dual-holograms. (A) The process of obtaining the phase of deformation
by subtracting the phase before and after deformation, in which red dotted lines indicate the positions of defects. (B) The global and local deformations
are obtained separately by the method of phase separation method (Schnars and Jüptner, 2002; Chen et al., 2024).

FIGURE 3
Multiple holograms utilize redundant information for dynamic monitoring: K-1 phase difference sequence obtained from K adjacent holograms.
Inverting the deformation information into the surface of the object for defect location and reversal (Goursolle et al., 2007; Zhou et al., 2022; Chen S.
et al., 2023).

Frontiers in Photonics frontiersin.org03

Chen et al. 10.3389/fphot.2024.1492075

https://www.frontiersin.org/journals/photonics
https://www.frontiersin.org
https://doi.org/10.3389/fphot.2024.1492075


and the fringes are independent of each other (Chen et al., 2023a;
Huang and Cao, 2023; Schnars and Jüptner, 2002). For different
applications, these two types of phase information behave
differently, and therefore need speci�c treatments. In a single
hologram, the axial information of the object is the phase, and
the numerical strategy focuses on eliminating or compensating for
aberrations. Phase information is redundant in two or more
holograms, in which the fringes contain information about
frequency domain error, deformation, or movement. As the
number of holograms increases, the phase information changes
from undersaturation to supersaturation. Therefore, different
countermeasures are needed to separate, quantify, and reverse the
phase information.

The review is organized in terms of the number of holograms
used in the analysis. For a single hologram (obtained from on-axis/
off-axis, static/dynamic or single/dual wavelengths), the review is
focused on the development in fringes as well as aberration
separation, elimination, and compensation. For dual- or multi-
holograms, we analyze deformations produced by external
excitations encoded by fringes. These regular deformations
involve the detection of the physical properties of the substance
(super�cial, subsurface, and internal defects). The advantages and
limitations of different methods are analyzed. The future direction
with regard to phase analysis has also been discussed.

2 Phase compensation and defect
reversal in digital hologram

2.1 Phase aberration elimination in single
digital hologram

2.1.1 Phase aberration elimination with
prior knowledge

For on-axis, off-axis, multi-wavelength, and speckle
interferometric systems, the acquired hologram is essentially an
interferogram. Laser is the typical light source for DH, and its
coherent properties allow to create interferograms. For multi-
wavelength techniques, two or more of different lasers are
coupled into a single interferometric geometry (Sova et al., 2002).

The interference of the coherent beams is recorded by a CCD or
a complementary metal–oxide–semiconductor (CMOS) camera.
The hologram is then transferred to a computer for
reconstruction. The intensity distribution of the interferogram
recorded by the CCD can be written as

I0 x, y� � � a0 x, y� � + b0 x, y� � cos �0 x, y� �� �, (1)

where a0(x, y) and b0(x, y) represent background information and
modulation information, respectively, where a0(x, y) and b0(x, y)
are generally considered to be constants in DH. �0(x, y) is the phase
function, which is generally the focus of DH (Ferraro et al., 2006).

For phase reconstruction, we �rst reconstruct the complex �eld
either by Fresnel diffraction or the use of angular spectrum method.
The wrapped phase map is subsequently obtained by arctangent
operation. We express the reconstructed unwrapped total phase
�tot(x, y) as

�tot x, y� � � Unwrap �0 x, y� �� � � �tar x, y� � + �abe x, y� �, (2)

where UNWRAP[•] indicates the phase unwrapping operation.
�abe(x, y) and �tar(x, y) represent phase aberrations and target
phase, i.e., the true phase from the object, respectively.

Phase aberration removal is essential for accurate phase analysis.
Numerous approaches have been developed to compensate for the
presence of aberrations and imperfections of the optical systems in
DH from a numerical analysis point of view. In the process of optical
imaging, phase aberrations include spherical aberration, chromatic
aberration, and astigmatism aberration. Among them, the
inconsistency of the beam focus causes spherical aberrations. For
multi-wavelength hologram recording systems, chromatic
aberration occurs as multiple wavelengths share the same
imaging plane. Astigmatism aberration is commonly caused by
the different focal length of the tangential and sagittal rays. Based
on the numerical analysis of the above three phase aberrations, it can
be found that either the Zernike polynomial or the standard
polynomial can be �tted accurately, and the �tting result is
generally quadratic term aberrations.

Compensation function is important for aberration
computation. For a Mach-Zehnder setup, as shown in Figure 4A,
the specimen can be removed. Two microscopic objectives are used,
with a difference in the distance between them and the CCD.
Combined with the carrier angle in Figure 4B, the optical path
information is thought to be able to obtain the inclination angle,
eccentricity, and surface curvature of the quadratic aberrations. It
starts from an object-free region of the phase image as the initial
phase map, the curvature and spherical center of the quadratic phase
are calculated by measuring the distance of the optical path
components (Coppola et al., 2010; Colomb et al., 2006a; Min
et al., 2017; Liu et al., 2013; Miccio et al., 2007; Wang et al.,
2014; Zuo et al., 2013a), especially distances among CCDs, lenses
and objects. The phase compensation function can be modelled as

�abe x, y� � � cx x-�( )2 + cy y-�� �2 + tx x-�( ) + ty y-�� �, (3)

where cx, cy, tx, and ty represent the curvatures and tilt angles of the
x-axis and y-axis, respectively. � and � represent the offsets of the
x-axis and y-axis, respectively, which are all calculated from the
optical path information.

However, the use of the above compensation function as
Equation 3 depends on the availability of the optical path
information and thus complicated to use in practice. Processing
of the zeroth and �rst order spectra in DH is also important for the
control of phase aberration. These two orders are obtained using the
Fourier transform of the hologram. In off-axis holography, the
reference beam interferes with the object beam at a certain angle,
thus the positive and negative �rst-order spectrum will be separated
from the zeroth-order spectrum at a certain angle and distance. Min
et al. presented a simple and fast phase aberration compensation
method in digital holographic microscopy for quantitative phase
imaging of living cells (Min et al., 2017). Through the work, phase
aberration compensation was then performed with the frequency
spectrum of an off-axis hologram. Following the conversion of a
hologram using Fourier transform as shown in Figure 5, critical
parameters such as fringes are obtained. Consequently, aberrations
are modelled as follows:

�abe x, y� � �
A�m
Wc

x-g� �2 +
A�n
Hc

y-h� �2 +
p
A2 x +

q
A2 y (4)
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where A represents the effective magni�cation of the optical imaging
system. Wc and Hc represent the width and height of the hologram
recorded by the CCD, respectively. � represents the wavelength of
the laser used. Other coef�cients include length-width coef�cients m
and n of the positive �rst-order spectrum, the offsets p and q relative
to the zeroth order, the offset g and h of the center of the sphere
relative to the center of the phase map. By substituting Equation 4
into Equation 2, the elimination of the spherical aberration can
be achieved.

Alternating Direction Method (ADM) is also used to eliminate
the global aberrations. A simple yet effective method is through the
rotation of the hologram. For this, Deng et al. rotated the hologram
by 180° by matrix rotation to eliminate oblique fringes, which is the
primary aberration term, before aberration phase removal (Deng
et al., 2017b). The above method is useful for eliminating the tilt
aberration. Huang et al. presented an effective phase aberration-free
synthetic-aperture phase microscopy by using the synthetic aperture
(Huang et al., 2023). The synthetic aperture enables the rotation of
the spectrogram, which can be solved by sparsity regularization
technique for aberrations of each sub-aperture removal, resulting in
a distortion-free high-resolution composite image. Based on
structured illumination, Li et al. proposed a phase-shifting-free
method to achieve an orthogonal polarization in the spectrum to
improve the intensity and phase resolution of digital holography (Li
S. et al., 2018).

Inspired by the connection between digital holography and
transport-of-intensity, Zuo et al. proposed a numerical method
for direct recovery of continuous phase information encoded in

digital holography without phase (2�) discontinuities (Zuo et al.,
2013b). The method is able to overcome the phase discontinuity
problems in the phase unwrapping process, and at the same time
automatically removes the tilt phase aberration. The technique is
also capable of suppressing the quadratic aberration.

2.1.2 Phase aberration elimination without
prior knowledge

Depending on the applications, phase aberrations are
introduced by factors such as imperfect optical path set-up
(Mann et al., 2005), numerical reconstruction (Zuo et al., 2013b;
Wang et al., 2019), conjugate subtraction (Claus et al., 2021), and
excitation conditions (Long et al., 2023; dePolo et al., 2021; Kosma
et al., 2018; Tornari et al., 2020; Rippa et al., 2021). When obtaining a
wrapped phase map with fringes and considering the loss of optical
path information and the universality of the aberration elimination
method, a direct aberration elimination method that does not
require prior knowledge is recommended. Lateral sheer, spectral
analysis and least-squares algorithms are commonly used for
aberration elimination that require no prior knowledge (Ferraro
et al., 2006; Liu et al., 2014; Di et al., 2009). Coppola et al. used the
self-referencing method to process the unwrapped phase and
eliminated the spherical aberration (Coppola et al., 2010).
Through the use of spectral energy technique, Liu et al. derived a
formula to automatically eliminate spherical aberrations (Liu
et al., 2014).

Among these techniques, Zernike circular polynomials or
normal polynomials (Liu et al., 2020) are often used to �t the

FIGURE 4
Schematic of the experimental setup for off-axis DH. (A) Typical Mach-Zehnder off-axis optical path; (B) Off-axis system and carrier angles.
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surface of phase aberration produced by the coherent beams,
allowing the characterization of the aberration of the
geometrical wavefront.

Under such assumptions, there are two expressions for
aberration �abe(x, y) as follows:

�abe x, y� � � �
n

i�0
uiZi x, y� �, (5)

�abe x, y� � � �
M

m�0
�

N

n�0
umnxmyn, (6)

where Zi(x, y) is the Cartesian form of the ith-order Zernike
polynomial. ui and umn are the corresponding coef�cients
describing the degree of phase aberration.

For Equations 5, 6, the solution of polynomial coef�cients
generally forms an overdetermined system (Di et al., 2009),
which is obtained by the inverse operation of the matrix (Chen
et al., 2023a; Schnars and Jüptner, 2002). The least-squares
algorithm is a common surface �tting algorithm. However,
over�tting is often introduced through the traditional least-
squares algorithm. Miccio et al. discussed the relative relationship
between the object phase and aberration in thin objects (Miccio
et al., 2007). Over�tting can be overcome through the constrained
matrix inversion and Zernike polynomials to obtain the quadratic

aberration coef�cients using l1-norm, background segmentation,
and gradient segmentation (Liu S. et al., 2018; Colomb et al., 2006b;
van den Berg and Friedlander, 2011; Ren et al., 1999; Ren
et al., 2019).

Coef�cient optimization methods such as deep learning and
weighted least-squares can also be applied to overcome
over�tting problem (Schnars and Jüptner, 2002; Nguyen et al.,
2017; Guo, 2011; Espinosa et al., 2011; Nam and Rubinstein,
2005). It is known that over�tting is attributed to the factors
including position, shape, area and height of the sample phase
(Liu Y. et al., 2018; Otsu). Liu et al. used the least squares
algorithm and the background partition method to obtain
more accurate polynomial �tting coef�cients to alleviate
over�tting (Liu et al., 2019). Within this method, the
polynomial coef�cients are obtained in an optimization
procedure by minimizing the total standard deviation, i.e., the
sum of local standard deviation of the compensated phase
map. Since the phase variations from full-�eld (global) and
selected area (local) are both considered, the proposed method
is more accurate and robust than the state-of-the-art numerical
methods (Liu et al., 2020).

Other phase aberration removal techniques inspired by the
observation that the target phase is generally located on a

FIGURE 5
The process for aberration elimination based on spectrogram and fringe map measurement. [Reprinted/Adapted] with permission from ref (Min
et al., 2017) © The Optical Society.
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relatively �at phase are also successful. As shown in Figure 6, the
horizontal axis represents the complexity of the pro�le, and the
vertical axis represents the area occupied by the sample phase. A
common object is usually placed on a �at platform, and a
numerical analysis of the phase using a histogram can reveal
several distinct peaks in the histogram. These peaks tend to be
distributed around the mean and standard deviation in their
Gaussian distribution. Therefore, histogram and Gaussian
distributions (HGD) plots of phase map are used to illustrate
the difference between complex and large-area-ratio pro�le
(Chen et al., 2023a; Schnars and Jüptner, 2002) in Figure 6.
There are three typical target phase distributions as shown in
Figures 6A, C, D: the stepped phase with a large area of phase

difference (Chen et al., 2023a), biological cell samples with simple
pro�le and small area ratios of the sample phase versus the total
area of image (Liu et al., 2019), and the USAF resolution plate
with a complex pro�le distribution (Schnars and Jüptner, 2002).
Cells and USAFs in Figures 6C, D are common samples in phase
aberration elimination, which dominate a small area ratio (the
sample phase versus the total area of image generally less than
40%). For a phase with an area ratio of more than 50% such as
illustrated in Figure 6A, the polynomial coef�cients obtained
from each side of the �at phase mixed with the aberration are not
representative of the global aberration, resulting in the over�tting
that cannot be eradicated. The phase information shown in
Figure 6B with a large area and complex pro�le is generally

FIGURE 6
Classify the common phase distributions and histogram and Gaussian distributions (HGD) plots in DH according to the area ratio and pro�le of the
sample phases: (A) The stepped phase with a large area of phase difference and simple pro�le with the HGD plot shows histogram converging around
� � � and � + �, where � and � represent the average value and standard deviation of the Gaussian function, respectively; (B) phase with both complex
pro�le and large area ratios of the sample phase versus the total area of image with the HGD plot showing an overly scattered histogram distribution;
(C) biological cell samples with simple pro�le and small area ratios of the sample phase versus the total area of image with the histogram is symmetrically
distributed around the value of 0 in the HGD plot; (D) the USAF resolution plate with a complex pro�le distribution the histogram shows a spike at the
0 value in the HGD plot.
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considered to be contaminated by noise, and pre-noise reduction
is required before the aberration removal process.

For the removal of aberrations, based on the distribution of the
target phase, the exact polynomial coef�cients are usually obtained
for the separation or minimization of the aberrations. Using a
quantitative evaluation metric of maximum-minus-minimum,
Wang et al. constructed a compensation function based on the
reconstruction distance to remove aberration automatically (Wang
et al., 2019). The quadratic phase aberration is eliminated by �nding
the extreme point of the metric to obtain the optimal reconstruction
distance. By observing the distribution characteristics of the target
phase, Chen et al. proposed a method for automatic phase
aberrations elimination method based on Gaussian 1�-criterion

and histogram segmentation technique, where adaptive
aberration compensation is based on the phase imitation and
metric optimization method (Chen et al., 2023a; Schnars and
Jüptner, 2002). Based on the characteristics of the phase HGD
plots, the proposed method adaptively compensates for the common
phases as illustrated in Figure 6 and eliminates the in�uence of the
sample phase when the sample phase versus the total area of image is
less than 50%. It also introduces the weighted least squares to improve
the ef�ciency of surface �tting. For cases where the sample phase ratio is
higher than 50%, the phase information is partially differentiated along
the x-axis and y-axis, and the low-order signals are �ltered out and
restored to the imitation phase, so as to achieve accurate compensation,
where previous methods have failed to solve.

FIGURE 7
(A) Tunable laser-based dual-wavelength optical path system. (B) Transitions from �1 to �2 wavelengths may be affected by external vibrations or
changes in light intensity, which may introduce external deformation or Gaussian noise.

FIGURE 8
(A) Single-shot dual-wavelength digital holography (SSDWDH) system. (B) Effect of manual spectrogram selection on phase reconstruction, S1, S2,
and S3 represent the spectrum selection of green, black, and red elliptical dotted lines, respectively. Choosing the right �ltering on the spectrum can
reduce the degree of aberration.
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To increase ef�ciency of aberration removal, an automatic
aberration compensation approach is proposed based on the
principal component analysis (PCA) (Zuo et al., 2013a; Sun
et al., 2016). However, it corrects spherical/elliptical aberration
only and disregards the higher order aberrations. Deep learning
methods have been applied in aberration compensation in DH
(Nguyen et al., 2017; Hadad et al., 2023). The traditional DH
solves the phase aberration compensation problem by manually
detecting the background for quantitative measurement. This
would be a drawback in real time implementation and for
dynamic processes such as quanti�cation of real time cell
migration. Deep learning methods are generally enabled by
supervised learning with CNNs, DNNs, Y4-Net, et al. using
labelled/label-free images, such as object-background
segmentation images or aberration-free images to obtain the
ground truth for the training.

Nguyen et al. (Nguyen et al., 2017) proposed a novel method
that combines a supervised deep learning technique with
convolutional neural network (CNN) and Zernike polynomial
�tting (ZPF). The deep learning CNN is implemented to perform
automatic background region detection that allows for ZPF to
compute the self-conjugated phase to compensate for most
aberrations. The network process typically takes only a fraction
of a second for inference without the need for any iterations and
manual intervention.

2.1.3 Phase aberration elimination with dual-
wavelength

Single-wavelength DH is limited in measuring complex or
highly rough surface pro�le. Dual-wavelength digital holography
is proposed with the improvement of tunable laser performance, and
the morphology measurement range of dual-wavelength digital
holography can be expanded from a few microns to millimeters.
In the cases of dual-/multi-wavelength hologram recording, the
same optical path will be used to create holograms of different
wavelengths as shown in Figure 7A. The dual-wavelength
holography operates by combing multiple single-wavelength
lasers to merge multiple light waves into the same optical path
using a beam splitter or �ber coupler, in which different wavelengths
of holograms are photographed sequentially (Di et al., 2000; Khoo
et al., 2020). The phase map is obtained by subtracting two phases
corresponding to two different wavelengths. However, the �ltering
of the spectrum in the frequency domain will result in out-of-focus
information. As shown in Figure 7B, in the phase solving stage (Guo
et al., 2018), Deformation of objects caused by external vibrations,
tilting caused by off-axis structures (Hsieh and Kuo, 2020), and
changes in background light will introduce phase distortion and
Gaussian noise. Based on the method of linear regression (Shan
et al., 2019; Wang et al., 2017), phase retrieval is the linear
relationship between the two phase maps to avoid the noise
ampli�cation caused due to the phase subtraction of the phase

FIGURE 9
(A) Phase difference and pro�le reconstruction algorithm generated by wavelengths �1 and �2; (B) Residual phase compensation to obtain the
undisturbed pro�le map of the sample under investigation (Claus et al., 2021). Compared with the cumbersome aberration cancellation algorithm, this
method can achieve ef�cient aberration cancellation by subtracting the reference hologram.

Frontiers in Photonics frontiersin.org09

Chen et al. 10.3389/fphot.2024.1492075

https://www.frontiersin.org/journals/photonics
https://www.frontiersin.org
https://doi.org/10.3389/fphot.2024.1492075


maps (Kemao, 2007) or the Gaussian noise reduction method
(Piniard et al., 2021), which removes Gaussian noise.

The chromatic aberration will occur once multi-wavelength
shares the same imaging plane. Owing to the chromatic
aberrations, the non-negligible longitudinal image shift will occur
in the numerical reconstruction process. Commonly used methods
to remove phase aberrations for dual-wavelength DH include optical
path compensation (Guo and Wang, 2017), phase mask (Colomb
et al., 2006c), surface �tting (Ren et al., 2019), double exposure
(Khodadad et al., 2014), and the application of deep learning to
increase the accuracy and speed of aberration removal (Wang
et al., 2020).

In on-axis holography, due to the simple structure of the
optical path, the acquisition capability of the image sensor can
be fully utilized to obtain high-quality holograms, and the
redundant fringe information can be eliminated iteratively
through phase shift technology and the in�uence of the overlap
between the conjugate image and the zeroth-order image can be
eliminated for aberration removal (Kumar et al., 2009; Gao et al.,
2021; Tahara et al., 2015; Wang H. et al., 2018; Zhou et al., 2009). In
order to achieve real-time measurements, some investigators have
proposed single-shot dual-wavelength digital holography
(SSDWDH) as shown in Figure 8, which allows high-precision
and high-depth �eld pro�le detection by setting different off-axis
angles (Khodadad et al., 2015; Kumar et al., 2020; Min et al., 2012)
or using the polarization characteristics of the laser (Guo and
Wang, 2017; Abdelsalam et al., 2011; Abdelsalam and Kim, 2012;
Kühn et al., 2007). As shown in Figure 8B, the obtained
quantitative phase map calculated with the synthetic wavelength
will introduce errors in spectrum selection. Especially, the errors in
the reconstruction process can introduce distortions such as
spherical aberrations, astigmatism, coma, and chromatic
aberration.

The one-shot dual-wavelength interferogram is shown in
Figure 8A, where the expression of the interferogram intensity is
written as:

I0 x, y� � � a0 x, y� � + b0 x, y� � cos �0 x, y� �� � + a1 x, y� �

+ b1 x, y� � cos �1 x, y� �� �,

where a0(x,y) and a1(x,y) represent background information,
b0(x,y) and b1(x,y) represent modulation information. �0(x,y)
and �1(x,y) represent the phase functions at wavelengths �1 and �2,
respectively.

Fourier transformation of the hologram yields two pairs of
positive and negative primary spectrum, as shown in Figure 9A.
The phase difference is proportional to the height of the object’s
pro�le, which is manifested as Equation 7:

�� x, y� � � �1 x, y� �-�0 x, y� � �
2�
�

h x, y� �, with � �
�1�2

�1-�2| |.
(7)

where � represents the synthetic wavelength, and h(x, y) is the
height information of pro�le of the sample.

Claus et al. demonstrated a dual-wavelength digital
holographic interferometry based on a highly spectrally
stable dual VCSEL (vertical-cavity surface-emitting laser) light
source (Claus et al., 2021). They imaged the hologram of
reference object without the step sample, subtracting the
background phase information to obtain a clean step-type
phase information as shown in Figure 9B.

The tunable laser in Figure 7A needs to emit two wavelengths of
lasers sequentially, which cannot achieve real-time topography
detection, and the two reference lights in Figure 8A need to be
transmitted to the CCD at different angles, which is easy to
introduce aberrations during spectral �ltering. Replacing the laser

FIGURE 10
Deformation in three directions recorded by two holograms. (A) Schematic diagram of a system that simultaneously detects deformations in three
directions. (B) Spectrogram obtained from a hologram generated by three pairs of interference of object beams and reference beams incident onto the
CCD, where the density of information recording is greatly improved.
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and CCD in Figure 7A with an RGB laser and a color camera,
respectively, solves this problem, greatly improving the ef�ciency of
dual-wavelength interference. Color digital holography (Claus et al.,
2021) or RGB digital holography (Min et al., 2014), and further real-

time measurements can be achieved by combining the color
information of light with off-axis angle (Min et al., 2012) or
polarization information (Min et al., 2014). In addition, because
coherent light is sensitive to defects in the optical path and prone to

FIGURE 11
(A) Method to validate unknown fringe patterns in artwork documentation; (B) an overlay exemplary interferogram with the fresco and the risk
assessment map. [Reprinted/Adapted] with permission from ref (Trillo et al., 2012) 2012 Published by Springer Nature BV.
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speckle noise, the use of low-coherence light sources is promising to
obtain high quality phase maps through the use of cost effect LED
light sources (Jeon et al., 2016).

2.2 Deformation phase in dual
digital holograms

2.2.1 Quantitative calibration of deformation
One of main applications of the dual-digital-hologram is to

study the deformation. Deformation can be detected by the use of
phase differences. The interferogram recorded by the CCD after
deformation can be expressed as:

I1 x, y� � � a0 x, y� � + b0 x, y� � cos �0 x, y� � + �� x, y� �� �, (8)

where a0(x, y) and b0(x, y) represent background information and
modulation information, respectively. �0(x, y) represents the phase
function interfered by the coherent beams before deformation.
��(x, y) indicates the phase difference due to deformation.

The complex amplitude information of the phase difference
��(x, y) can be obtained by subtracting the phases of Equation 8
and Equation 1. However, since the deformation is commonly in the
	m range (exceeding 1/2 wavelength of laser), aberration is
introduced into the wrapped phase in subsequent arctangent
operation, which appears in the form of fringes.

Schedin et al. (Schedin et al., 1999) used a Ruby laser to
simultaneously record the z-axis deformation and x/y-axis
deformation of the object using a combination of mirrors, beam-
splitters, and single-mode �bers. As shown in Figure 10A, the object is

illuminated from three different directions, where each optical path is
matched with three reference beams such that three independent
digital holograms are formed and added incoherently in one single
CCD image. Figure 10B illustrates the spectrogram obtained from the
hologram, which contains a zeroth-order spectrum and three pairs of
positive- and negative-�rst order spectra. Before and after
deformation, the optical phase difference between the two
recordings taken for each hologram is quantitatively evaluated by
the Fourier-transform method so that a set of three phase maps is
obtained, representing the deformation along three sensitivity vectors.

Li et al. (Li et al., 2021) proposed an ef�cient and synchronous 3D
deformation measurement method based on digital speckle pattern
interferometry (DSPI) and digital shear speckle interference (DSSPI).
These two methods used a single CCD and two lasers to capture the
speckle patterns from three sensitive directions simultaneously, which
simpli�ed the optical arrangement with reduced system cost, and
improved the detection ef�ciency effectively. Based on the
characteristics of shear speckle interferometry, which can directly
obtain the derivative of motion information, real-time three-direction
motion detection can be realized.

The motion detection information (	m or nm) obtained by DH
is displayed in phase (rad), but there is a lack of effective calibration
techniques to connect 	m and rad for movement in the x, y, and
z-axes. To exploit the advantages of those optical techniques and
enhance the con�dence in the data from the optical system, Long
et al. (Long et al., 2023) proposed a physical reference material
(PRM) that can generate a deformation �eld with submicron
uncertainty. The PRM is a circular plate of composite structure
including a central rod and the peripheral annular plate clamped at
the edge, the central rod of which has merely displacement and no

TABLE 1 Fringe pattern classi�cation.
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deformation under displacement loading. The displacement of the
central area of the PRM is used for calibration, which provides
connection to the national standard for length.

2.2.2 Quantitative analysis of deformation
To identify the location, shape, and quantitative analysis of

defects on the surface and subsurface of objects, a nonlinear force

analysis of the overall deformation is constituted under the external
excitation (dePolo et al., 2021). When the surface of an object is
arti�cially excited, the inhomogeneity of the subsurface and the body
of the object goes through changes in optical displacement that is
simultaneously captured in full-�eld interferometry. The in�uence
of thermal energy (Kosma et al., 2018; Tornari et al., 2020; Rippa
et al., 2021) and acoustic wave (Shen et al., 2004; Wang et al., 2013)

FIGURE 12
Comprehensive qualitative and quantitative analysis of defects in the detection area. (A) obtained fringe patterns map, it shows �ve typical fringe
species: circular fringes; curved fringes; density changed fringes; direction changed fringes; dead-end fringes (Tornari et al., 2012); (B) unwrapped phase
map; (C) deformation map of local-body, with abnormal areas marked by blue dotted lines; (D) original photo of the sampling fresco area, in which the
defect areas marked in Figures 12A, C are overlapped.

FIGURE 13
A special case of aberration elimination. (A) Two holograms taken before and after the local deformation of a dual-wavelength object in a static
experiment; (B) The wrapped phase obtained by phase subtraction; (C) separated step-type object information; (D) isolated deformation information in
terms of fringes.
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therefore can be used to detect the defects on surface and subsurface
of these objects. Vibration experiments (Tornari, 2019; Bernikola
et al., 2009; Tornari et al., 2008) are also used to simulate the
vibration of artifacts in multi-directions and at board-band
frequencies during transportation. The above-mentioned external
in�uences will cause a change in the optical path difference in the
interference �eld, resulting in a fringe pattern of the phase. Based on
the fringe patterns, the deformation of the surface of the object can
be restored, and the damage degree of the defect can be evaluated by
qualitative or quantitative methods.

Tornari et al. (Tornari, 2014; Tornari, 2019; Bernikola et al.,
2009; Tornari et al., 2008; Tornari, 2022; Tornari, 2007; Tornari
et al., 2015; Tornari et al., 2017; Trillo et al., 2010b) con�rmed the
correlation between the appearance of the fringe patterns and the
cause of the defect. As shown in Figure 11A, the approach adopted is
a general description of the morphology of edges for a common type
of internal defect, interlayer debonding, known as detachment and
�ssures in art conservation. It shows that any defect-indicative fringe
patterns can serve as a direct visual control of the structural
condition in the inspection of works of art. In Figure 11B, the
fringe patterns are overlapped with the image acquired in the �eld of
view (FOV). By using the “Fringe pattern classi�cation” in Table 1,
the location and shape of defect information is qualitatively analysed
by observing the abnormal parts of the fringe patterns.

The fringe patterns have typical classi�cation associated with
defects. Through a large number of validation from the fringe
patterns obtained by the preset defects, the comparative
identi�cation of the fringes and defects can be realized, so as to
obtain the fringe pattern classi�cation in Table 1. The defective area
has abnormal structural or material characteristics so that the
mechanical freedom under external excitation is higher than the
normal area. The energy waves will excite both the local-body and
the whole-body (Tornari, 2022). The energy wave is incident on the
mural surface in the form of a spherical wave, and the deformation

can be regarded as phase contrast information, which thus is helpful
for recognition of the objects without the need of labels.

From the deformation calibration experiment in Figure 11, it can
be observed that the deformation is similar to spherical waves.
Compared to optical spherical waves, the form of energy waves is
mainly present in the deformation of the surface of the object (Chen
et al., 2024; Chen et al., 2023c). The unwrapped phase is

� x, y� � � UNWRAP �� x, y� �� � � �w x, y� � + �l x, y� �,

where ��(x, y) represents the phase difference (i.e., wrapped phase)
with regard to deformation, UNWRAP[•] indicates the phase
unwrapping operation, �w(x, y) and �l(x, y) represents the
whole-body phase and local-body region phase, respectively.

Deformation signi�es changes in the mechanical integrity or
physicochemical composition of materials, leading to the
deterioration of the constitution and construction of objects. The
fringe patterns are mostly useful for the whole-body deformation
(Tornari, 2022), which would mask minor abnormalities in the
local-body. Therefore, it is possible to combine the qualitative
identi�cation of the fringe pattern with the quantitative analysis
of the phase of the localized region. As shown in Figure 12A, the
cause of the global defects in the detection area can be obtained using
the classi�cation in Table 1. The local-body phase shown in
Figure 12C reveals the quantitative information of the defect.
Highlights from the solid red lines and the dotted blue lines
shown in Figure 12D allows for a qualitative and quantitative
comprehensive analysis of the defects.

2.2.3 Local deformation separation from the whole
phase mixed with background

For dual digital hologram analysis, the object deformation leads to
changes relative to the background. In the optical path shown in
Figure 7, the reconstructed phase information is mixed with the

FIGURE 14
Summary of the 2D Fourier transform method (2DFTM) and the 3D Fourier transform method (3DFTM), in which mod and arg represent amplitude
and phase, repectively (Trillo et al., 2010a).
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topography information of the object and the deformation information
disturbed by the external environment. There are some special cases,
such as in Figure 13, where the analyte is a step-shaped sample that is
pasted on the background plate and slides relative to the background
plate during the test. The �rst hologram I0(x, y) was taken based on
wavelength �1, and then the second hologram I1(x, y) was obtained
using wavelength �2 in the same optical path. However, the step-type
object is glued to the background plate, during the second hologram
I1(x, y) is taken, the object is deformed relative to the background
plate. The expressions for the two holograms are:

I0 x, y� � � a0 x, y� � + b0 x, y� � cos �0 x, y� �� �,

I1 x, y� � � a1 x, y� � + b1 x, y� � cos �1 x, y� � + ��d x, y� �� �,

where a0(x, y) and a1(x, y) represent background information,
b0(x, y) and b1(x, y) represent modulation information. �0(x, y)

and �1(x, y) represent the phase functions at wavelengths �1 and �2,
respectively. ��d(x, y) represents the phase difference due to
deformation. Since the interval between the two holograms is
short enough, it can be assumed that the background and
modulation described above are roughly the same,
i.e., a0(x, y) � a1(x, y) and b0(x, y) � b1(x, y).

Using the Fourier carrier algorithm, the phase difference
between the two holograms can be obtained:

�� x, y� � � �1 x, y� � - �0 x, y� � + ��d x, y� �, (9)

where �1(x, y) � �0(x, y) � 2�
� h(x, y) represents the pro�le of the

object, which has the same meaning as in Equation 7. The
�1(x, y) � �0(x, y) term generally does not exceed the interval
of (��, �), while ��d(x, y) represents the fringes due to
deformation.

FIGURE 15
The location of internal defects is obtained based on the time reversal method. (A) Geometry of simulation with source, deformation receivers,
defect positions (Goursolle et al., 2008); (B) Matrix of the maximum of stress with a rebroadcasting of non-linear signature extracted with
harmonic �ltering.
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The phase difference ��(x, y) of the two holograms is shown in
Figure 13B, The part outside the red dashed box is the background
plate, which stays static during imaging. The fringe patterns in the
red box contains the deformation information of the object. As
shown in Figures 13C,D, the pro�le and deformation information
can be separated using the similar data processing as discussed in
Section 2.1, where Figure 13C is the background and Figure 13D is
the true deformation. Through this, it can avoid the phase confusion
effects due to the motion effects.

2.3 Location and reversion of defects
within materials

Multiple holograms involve the collection of multiple
holograms. Given the multiple K holograms, K-1 wrapped phases
with fringes can be obtained based on the principle of phase
subtraction. As shown in Figure 3, in these wrapped phases,
there are regular changes due to defects within the material or
high-speed motion. Defects of the material require analysis of the
deformation fringes in these holograms.

Trillo et al. proposed a hybrid technique aimed at non-
destructive testing of materials, through a combination of
acoustic, optical, and numerical methods to obtain information
inside the material and thus assessing its integrity (Trillo et al.,
2010a; Trillo et al., 2011; Trillo et al., 2010b). Sonar is performed on
the specimen with a narrow band compression sound wave of short
pulses. The wave travels through the material, probes its interior,
and eventually appears on the opposite surface. Pulsed digital
holography interferometry (pulsed television holography) is used
to measure the surface displacement caused by the arrival of the
continuous wave surface of the wavefront. The acoustic amplitude
and phase of the wavefront on the surface can be obtained by
performing 3D Fourier transform processing on the measured data.

The 3D Fourier transform is applied for phase retrieval as shown
in Figure 14. The general expression of a hologram with spatial carrier,
recorded with single pulse illumination, for a given instant tn is

In x( ) � Io,n + Ir,n + 2
�����
Io,nIr,n

�
cos 
p,n + �o,n-�r,n + 2�f cx • x	 
,

where x � (x1, x2) is the position on the image plane, In(x) is the
intensity of the nth interferogram, Io,n � Io,n(x) and Ir,n � Ir,n(x) are
the intensities of the object and reference beams respectively, 
p,n �

p,n(x) is the random phase due to the speckle, �o,n � �o,n(x, tn) is the
object phase related to the displacements of the object and �r,n �
�r,n(x, tn) is the reference phase. f cx � (fcx1, fcx2) is the spatial carrier.

Similar to the traditional Fourier transform, Equation 9 shows
the spectral characteristics of the positive and negative �rst and
zeroth order in the spectrum after the 3D Fourier transform. The
defective and non-defective specimens were utilized to validate the
technique (Trillo et al., 2010a). In defective specimens, the technique
has the ability to locate the approximate size and location of the
defect as long as the transverse dimensions of the defect are large
enough compared to the acoustic wavelength employed. Based on
the Rayleigh-Sommerfeld diffraction formula, the above acoustic
wave amplitude and phase are conducted in the opposite direction,
thus the defect is focused at the positive order of the t axis, so as to
realize the defect location.

The image sampling frequency of 3D Fourier transform is
17–25fps for ordinary CCD cameras. When detecting axial
defects, the positioning accuracy is in the millimeter range. In
order to improve the positioning accuracy and multi-defect
simultaneous positioning, Goursolle et al. (Goursolle et al., 2007;
Goursolle et al., 2008) demonstrated the feasibility of using the
nonlinear features extracted from non-linear elastic wave
spectroscopy (NEWS) combined with the time reversal (TR)
method to achieve precise defect imaging. Geometry and some
material characteristics of the 2D specimen (300 mm × 500 mm
aluminum sample) are shown in Figure 15. There are positive and
negative excitation signals serving as the input, which are
transmitted in the measured sample. Due to the hysteresis and
expansion characteristics of the defects, the extreme changes in
stress will produce linear and nonlinear deformation results, and the
deformation results will be added and subtracted. If the added phase
is not zero, it indicates an internal defect. The deformation result is
converted into excitation. Consequently, excitation is transmitted
back reversely, where the defect location information is obtained
after the time reversal algorithm.

3 Conclusion

This paper have discussed phase aberration removal,
deformation analysis, and location of defects from a single
hologram, dual- and multiple-holograms. For a single hologram
obtained from on-axis/off-axis, static/dynamic or single/dual
wavelengths, the focus is to eliminate or compensate phase
errors. With prior knowledge, the corresponding quadratic
aberration coef�cient can be obtained through leveraging optical
setup, spectrum, and the fringe information. Without prior
knowledge, polynomial coef�cient optimization technology, phase
separation technology, and deep learning methods have been
proposed to remove phase aberration to obtain aberration-free
surface. These technologies also can be extended to the dual-
wavelength or multi-wavelength situations for precise pro�le
reconstruction. For two or more holograms, analysis on phase
difference has become interesting, and the focus is more on its
quantitative analysis corresponding to the deformation or defects.
For example, the strain distribution of the defect location is
separated from the complex fringes to realize the lateral and axial
quanti�cation of the defect. Using techniques such as three-
dimensional Fourier transform, or time reversal method, the
location of defects can be retrieval from holograms. Future work
will enable digital holography to provide high precision, high
resolution, rapid quantitative and intelligent phase imaging
ability, which will continue to inspire diverse applications.
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