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1. Introduction   

     Traditional holographic and speckle interferometry 

cannot directly compare two identical specimens under 

similar stress conditions. Each displacement field must 

be calculated independently to ascertain the difference 

in displacement between the two object surfaces. Only 

then can the numerical results be compared. However, 

in fact, even for small strains, holographic and speckle 

interferometry cause fringe overcrowding.  

 

       

 

 

    Without strong magnification, the fringe system 

becomes too dense to observe, making the evaluation 

laborious and occasionally even impossible. To mitigate 

or go around these challenges, a few comparative 

holographic and interferometric approaches [1–4] have 

been developed. Comparative holographic and 

comparative speckle pattern interferometry, which 

show the variations in surface displacements of two 

similar specimens under the same stress level, have 

created a wealth of new possibilities for nondestructive 

testing and control.   
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 This study introduces comparative speckle pattern interferometry as a method to 

visually compare two comparable items, namely the master and the test. The 

comparison result is displayed as an interference pattern that illustrates the 

displacement difference. Using the stored master and test objects in the 

photorefractive material (LiNbO3 crystal), different phase-stepping algorithms are 

implemented. A new formula for the addition of the difference and sum phases of 

deformations and the error in the calculated phase is obtained using three-, four-, 

and five-phase step algorithms.   The difference correlation fringes that coexist 

with the sum correlation fringes can be obtained and analyzed using the 

unwrapped phase maps extract only the difference fringe map that corresponds to 

the difference correlation fringes and measure the difference in displacement 

accurately and with high performance. The results show that the five-phase 

stepping method gives more accurate results than the three- and four-phase 

stepping methods when looking at the unwrapped phase map of the difference in 

displacement between the two stressed objects.. 
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       To assure the highest level of measurement accuracy, 

phase-shifting and phase-unwrapping algorithms [5–12] are 

utilized. A highly accurate phase unwrapping algorithm 

applied to comparative measurement in phase-shifting 

digital interferometry is introduced.  The synthetic lithium 

niobate (LiNbO3) crystals were first produced in 1949 by 

Matthias and Remeika [13]. The crystals are classified under 

the rhombohedral (trigonal) space group 𝑅3𝐶 and have a 

3𝑚point group (C6v in Schonflies notation) [14]. 

Furthermore, it has an ABO3-type ferroelectric nature, 

characterized by an oxygen octahedron structure.  

       The novel approach relies on substituting the 

traditional method with the LiNbO3 crystal as the recording 

medium [1, 2].  To extract only the difference fringe map 

that corresponds to the difference correlation fringes and 

measure the difference in displacement accurately and 

with high performance, the difference correlation fringes 

that coexist with the sum correlation fringes can be 

obtained and analyzed using the unwrapped phase maps. 

The provided results demonstrate that the five-phase 

stepping algorithm yields more accurate results than the 

three- and four-phase stepping algorithms when it comes 

to the unwrapped phase map of the difference in 

displacement of the two stressed objects. 

 

2. Optical setup 

       The master (MO) and test (TO) items, motorized 

linear translation stages, reference wave (bump beam) 

with average intensity I2, and LiNbO3 with a 5 mm x 5 

mm x 5 mm size are the fundamental components of 

the experimental setup (Fig. 1). One coherent low-

power laser beam ( =670 nm and P=10 mW) is the 

light source. CCD camera with  4.65 × 4.65 pixel size and 

1280 x 1024 pixel resolution. For automatic fringe 

analysis, the phase shifts needed are obtained using a 

piezoelectric transducer (PZT). There were two identical 

bars that needed to be compared. It is possible to move 

the bars vertically, axially, or by rotating them about 

their vertical axis. 

 

3. The analysis of the interference pattern 

     During the comparison procedure, the hologram of 

the master object replaces it in this comparable digital 

approach. One benefit of this replacement is that it 

always compares results using the same non-displaced 

and displaced patterns. Fig 1 shows the arrangement. 

To supply the micro displacement, the master and test 

objects are placed on a linear motorized translation 

stage.  

 

Fig. 1 Experimental set-up for comparative measurement 

in speckle interferometry using a single reference beam 

technique with LiNbO3 Crystal as a recording medium: OL: 

objective lens, L1, and L2: lenses, D1 and D2: pupil 

apertures, BS: beam splitter, L3: imaging lens, Crystal 

LiNbO3 (CCD): observation plane, M1 and M2: mirrors, I1: 

average intensity of the object beam, I2: average intensity 

of the pump beam. MO and TO: master and test objects. 

 

     Using a single reference beam, the experiment's first 

phase records and stores the speckle pattern of the 

master object's displaced and non-displaced states in 

the LiNbO3 crystal [14, 15]. There are two parts in step two 

of the second stage: The first stage involves recording 

and storing in the computer's memory the non-

displaced test item and the returned speckle pattern of 

the displaced and non-displaced states of the master 

object. The second step involves recording and restoring 

into the computer's memory the displaced state of the 

test object as well as the retrieved speckle pattern of 

the non-displaced and displaced states of the master 

object. The master and test objects are coupled to 

motorized linear translation stages based on their 

displacement states (axial or lateral states). 

    The following describes the basic processing of the 

operation: mU  and 
/

mU  are the complex amplitudes of 

the master object that was retrieved, respectively, 

before and after displacement. 

mi

mm euU



                         (1)        
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/
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          (2)   

  

Assume that tU  is the complex amplitude of the light 
scattered in the initial state by the test object. 
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


                               (3) 
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     The wave field scattered by the test object in its 

displaced state is interfered with by the complex 

amplitude generated by the retrieved master object. 

             mrtr UUU 
                          (4) 

where 
/

mmmr UUU  is the virtual images' complex 

amplitude that was extracted from the hologram. 

The front panel of the CCD camera displays the 

following intensity distribution: 
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where )( /

mt   is the phase difference that 

corresponds to the difference between the test and 

master objects' displaced and non-displaced states, 

where the master object is in its retrieved displaced 

state and the test object is in its non-displaced state. As 

previously indicated, the second step involves the CCD 

camera receiving the wave fields of the retrieved non-

displaced and displaced states of the master object as 

well as the scattered light from the test object in its 

displaced state. 

Let be the complex amplitude of the scattered light of 

the test object in its final (displaced) state, as in the 

preceding analysis: 
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/
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where 
/

t  is the phase term that was introduced 

because of the test object's displacement. The CCD 

camera's front panel's intensity is: 
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where )( ///

mt    is the phase difference that 

corresponds to the difference between the test and 

master objects' displacement states, where the master 

object is in its retrieved displaced state and the test 

object is in its displaced state. The difference can be 

seen on the monitor by deducting the two images' 

resulting intensities I  and /I . It is assumed that the 

two objects' displacements are sufficiently minimal such 

that 
/

tt II   and 
/

mm II  . 
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      i.e. 
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     where )( ///

mt    is the phase change 

caused by the sum of the two objects' displacements. 

Equation (9) illustrates that the first and second terms 

of the equation represent the difference in 

displacements between the two items and the sum of 

the displacements of the two objects, respectively. The 

two terms indicated in equation (9), which represent 

high-frequency random speckle noise, influence the sine 

component. The study culminates in the display of 

difference correlation fringes coexisting with sum 

correlation fringes as one fringe pattern. 

3.1. Phase-stepping techniques and error due to a 

phase stepper error 

      As previously stated, the experimental setup utilized 

in the second part is identical to that of the first part, 

with the primary distinction being the only application 

of the phase-stepping technique in the second part 

through modifying one of the interferometer's mirrors 

on a PZT. To achieve the intended phase shifts between 

data frames, a precise calibration is required [6, 16]. For 

the three, four, and five phase step methods, a phase 

shift 2


 per exposure is used in present measurements. 

Three, four, and five phase-shifted intensity patterns 

can be created using the phase-shifting device. The 

intensity distribution of the correlograms can be written 

as: 

)]
2

1sin()
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1sin(4 ///

NNmtN III  

                                                                            (10)  
Where N = 1, 2,…., 5. Its value depends on the equation 
of the used phase stepping algorithm. 

For three phase stepping algorithm, 41
  , 4

3
2

 

, and 4
5

3
  , for four phase stepping algorithm,  

01  , 22
  ,  3 , and 2

3
4

  , and for five 

phase stepping algorithm, 01  , 22
  ,  3 , and 

2
3

4
  , and  25   

Using the three, four, and five phase step algorithms 

from the intensity distributions of equation (10) one can 

derive a new formula for the sum of the difference and 

sum phases of deformations, which is as follows:     

 )( //                                          (11) 

For an algorithm using three phase stepping,  
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 For an algorithm using four phase stepping,  
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            For an algorithm using five phase stepping,  
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For simplicity, fig. 2 shows the flowchart of processing 

3,4, and 5 phase stepping algorithms .The majority of 

phase-shifting interferometric (PSI) approaches are 

mostly affected by the phase-stepper error [17, 18].  

    The phase step size is specified in phase shifting 

interferometry (PSI) methods and remains constant for 

the 3, 4, and 5 position approaches. The non-linearity in 

the motion of a PZT executing the phase-stepping or an 

incorrect phase-step size calibration could lead to an 

inaccurate estimation of the phase.  

 

Fig. 2 Flowchart of processing 3, 4, and 5 phase stepping 

algorithms 

 

     The general equation for the phase map error   

caused by the phase step error in the method that is 

being presented is as follows [19]. 
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Assuming that r is small. Where   is the error in 

the calculated phase,  is the calculated phase for the 

addition of the difference and sum phases of 

displacements, and r is the correct phase step.  

     The value of R can be changed from 3 to 5, 

depending on the phase step. In the present treatment, 

the value of R is chosen to be equal to 3, 4, and 5 

respectively and 20
 r  . From equations (11-14) 

and (15), and after the simplification, the new general 

equation applied for given the error in the calculated 

phase in case of three, four, and five phase stepping 

algorithms will be:  

So,     
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4. Experimental results and discussions      

     The experimental setup for speckle recording in a 

LiNbO3 crystal is depicted in Fig. 1. It is utilized as the 

foundation for developing a productive and easy to use 

tool for comparison measures. The master (MO) and 

test (TO) objects are illuminated by almost half of the 

transmitted beam, also known as the object beam. The 

pump beam or reference beam, which makes up the 

remaining fraction of the laser beam, enters the crystal 

directly. The identical laser source's pump beam is 

positioned 40 degrees (externally) from the object 

beam. The result is that the object beam and the bump 

beam (reference beam) interfere with one another 

inside the crystal, creating the specklegram. 

      First, the CCD camera received the wave fields 

scattered by the test object in its non-displaced state 

and the wave fields scattered by the master object in 

both its non-displaced and displaced states, as per the 

theoretical analysis previously provided. Following the 

test object's displacement, the two wave fields (non-

displaced and displaced states) of the master object and 

the wave field scattered by the displaced test object 

make up the interfering beams. The previously stored 

interferometric speckle pattern was used.  

     After subtracting the two speckle patterns from one 

another, the difference, which represented the 

difference and sum of the displacements of the test and 

master objects was shown as correlation fringes on the 

monitor. The sum correlation fringes according to Eq. 

(9) were also noted, as was previously reported. The 

measurement's outcome was obtained when the test 

and master objects were moved axially, as shown in fig. 

3 (a, b, c). 
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       This figure illustrates how, for three, four, and five 

phase stepping algorithms, respectively, the difference 

correlation fringes and sum correlation fringes coexist 

when the test and master objects are deformed by 2 µm 

and 3 µm. A wavelength of 0.6700 µm was employed. 

Fig. 4 (a ,b ,c) shows the difference correlation fringes 

coexist with sum correlation fringes when the test and 

master objects are deformed by 2µm and 3µm 

respectively, for three, four, and five phase stepping 

algorithms, respectively. The used wavelength was 

0.5780 µm. Fig. 5 (a, b, c) shows the difference 

correlation fringes coexist with sum correlation fringes 

when the test and master objects are deformed by 2µm 

and 3µm respectively, for three- , four-, and five-phase 

stepping algorithms, respectively. The used wavelength 

was 0.4360 µm. As we can see from these figures, the 

visibility of the correlation fringes in case of using five-

phase stepping algorithm is better than the correlation 

fringes obtained using the three- and four-phase 

stepping algorithms at the same used wavelength.      

     There is a direct relationship between wavelength 

and degree of visibility. The degree of visibility 

decreases as the wavelengths decrease, and vice versa. 

Depending on equations (11-14), figs. 6a–6c show the 

unwrapped images using the Itoh algorithm (16), when 

the test and master objects are deformed by 2µm and 

3µm, respectively, for three, four, and five phase 

stepping algorithms, respectively, in the case of using 

wavelength 0.6700  𝑚. 

     Also, figs 7a-7c and 8a-8b show the unwrapped 

images using the Itoh algorithm when the test and 

master objects are deformed by 2µm and 3µm, 

respectively, for three, four, and five phase stepping 

algorithms, respectively, in the case of using 

wavelengths of 0.4360  𝑚 and 0.3600  𝑚.  

 

 

 

 

 

 

 

 

 

    These series of figures, which display the data at 

various wavelengths, demonstrate how the phase 

unwrapping algorithms work to extract only the 

difference correlation fringes from the coexisting sum 

correlation fringes. From there, we can use the phase 

change to determine the displacement difference 

between the test object and the master. Depending on 

equation 15, figs. 9a-9c, 10a-10c, and 11a-11c show the 

error image due to phase stepper error when the test 

and master objects are deformed by 2µm and 3µm for 

three, four, and five phase stepping algorithms, 

respectively, in the case of using wavelengths of 

0.6700  𝑚, 0.4360  𝑚, and 0.3600  𝑚. As we can see 

from these figures, the visibility of the correlation 

fringes in the case of using five-phase stepping 

algorithm is better than the correlation fringes obtained 

using the three- and four-phase stepping algorithms, 

even though the wavelength changes. This means that 

accuracy of the required error measurement is the best 

at five phase stepping algorithm.  

      Fig. 12 (a, b, c) show row 310 of the error is due to 

stepper error, when the test and master objects are 

deformed by 2µm and 3µm, for three-, four-, and five-

phase stepping algorithms, respectively. The used 

wavelength was 0.6700  𝑚. Fig. 13 (a, b, c) show row 

310 of the error is due to stepper error, when the test 

and master objects are deformed by 2µm and 3µm, for 

three-, four-, and five-phase stepping algorithms, 

respectively. The used wavelength was 0.4360  𝑚. Fig. 

14 (a ,b ,c) show row 310 of the error is due to stepper 

error, when the test and master objects are deformed 

by 2µm and 3µm, for three-, four-, and five-phase 

stepping algorithms, respectively. The used wavelength 

was 0.3600  𝑚. 
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(a)                                                                                                                     (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) 

 

 

 

Fig. 3 (a) Difference correlation fringes coexist with sum correlation fringes for three phase stepping algorithm. (b) 

Difference correlation fringes coexist with sum correlation fringes for four phase stepping algorithm. (c) Difference 

correlation fringes coexist with sum correlation fringes for five phase stepping algorithm. The test and master objects are 

deformed by 2µm and 3µm respectively. The used wavelength was 0.6700  𝑚. 
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                                                                                                        (c) 

 
 
 

Fig. 4 (a) Difference correlation fringes coexist with sum correlation fringes for three phase stepping algorithm. (b) 
Difference correlation fringes coexist with sum correlation fringes for four phase stepping algorithm. (c) Difference 

correlation fringes coexist with sum correlation fringes for five phase stepping algorithm. The test and master objects are 
deformed by 2µm and 3µm respectively. The used wavelength was 0.5780  𝑚. 
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(a)                                                                                                          (b) 
 
 

 
 

 
 
 

 (c)  
 
 
 

Fig. 5 (a) Difference correlation fringes coexist with sum correlation fringes for three phase stepping algorithm. (b) 
Difference correlation fringes coexist with sum correlation fringes for four phase stepping algorithm. (c) Difference 

correlation fringes coexist with sum correlation fringes for five phase stepping algorithm. The test and master objects are 
deformed by 2µm and 3µm respectively. The used wavelength was 0.4360  𝑚. 
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Fig. 6 (a) Unwrapped images using the Itoh algorithm for three phase stepping algorithm. (b) Unwrapped images using 

the Itoh algorithm for four phase stepping algorithm. (c) Unwrapped images using the Itoh algorithm for five phase 

stepping algorithm. The test and master objects are deformed by 2µm and 3µm, respectively. The used wavelength was 

0.6700 𝑚. 
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(a)                                                                                                                (b) 
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Fig. 7 (a) Unwrapped images using the Itoh algorithm for three phase stepping algorithm. (b) Unwrapped images using 

the Itoh algorithm for four phase stepping algorithm. (c) Unwrapped images using the Itoh algorithm for five phase 

stepping algorithm. The test and master objects are deformed by 2µm and 3µm, respectively. The used wavelength was 

0.4360 𝑚. 
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Fig. 8 (a) Unwrapped images using the Itoh algorithm for three phase stepping algorithm. (b) Unwrapped images using 

the Itoh algorithm for four phase stepping algorithm. (c) Unwrapped images using the Itoh algorithm for five phase 

stepping algorithm. The test and master objects are deformed by 2µm and 3µm, respectively. The used wavelength was 

0.3600 𝑚. 
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Fig. 9 (a) Error image due to phase stepper error for three phase stepping algorithm. (b) Error image due to phase stepper 

error for four phase stepping algorithm. (c) Error image due to phase stepper error for five phase stepping algorithm. The 

test and master objects are deformed by 2µm and 3µm respectively. The used wavelength was 0.6700  𝑚. 
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Fig. 10 (a) Error image due to phase stepper error for three phase stepping algorithm. (b) Error image due to phase 

stepper error for four phase stepping algorithm. (c) Error image due to phase stepper error for five phase stepping 

algorithm. The test and master objects are deformed by 2µm and 3µm respectively. The used wavelength was 0. 

4360 𝑚.  

 



                                                        Nasser A. Moustafa et al /Egy. J. Pure & Appl. Sci. 2024; 62(3):1-18 
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Fig. 11 (a) Error image due to phase stepper error for three phase stepping algorithm. (b) Error image due to phase 

stepper error for four phase stepping algorithm. (c) Error image due to phase stepper error for five phase stepping 

algorithm. The test and master objects are deformed by 2µm and 3µm respectively. The used wavelength was 

0.3600 𝑚. 
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Fig. 12 (a) Row 310 of the error is due to stepper error for three phase stepping algorithm. (b) Row 310 of the error is 

due to stepper error for four phase stepping algorithm. (c) Row 310 of the error is due to stepper error for five phase 

stepping algorithm. The test and master objects are deformed by 2µm and 3µm respectively. The used wavelength was 

0.6700  𝑚. 
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Fig. 13 (a) Row 310 of the error is due to stepper error for three phase stepping algorithm. (b) Row 310 of the error is 

due to stepper error for four phase stepping algorithm. (c) Row 310 of the error is due to stepper error for five phase 

stepping algorithm. The test and master objects are deformed by 2µm and 3µm respectively. The used wavelength was 

0.4360  𝑚. 
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5. Conclusion 

       A very precise phase unwrapping method is devised 

and applied to comparative measurement in phase-shifting 

digital interferometry to provide the highest level of 

measurement accuracy.  An interferogram that records the 

differences between the master and test objects that is 

produced by a single reference beam. Consequently, it is 

possible to produce difference correlation fringes that 

coexist with sum correlation fringes. The sum fringes can 

be removed by applying the phase unwrapping procedures 

for the fringe analysis.  The obtained phase error has the 

smallest value in the case of the five-phase stepping 

algorithm compared to the three- and four-phase stepping 

algorithms at the same wavelength. The visibility of the 

correlation fringes in the case of using five-phase stepping 

algorithm is better than the correlation fringes obtained 

using the three- and four-phase stepping algorithms, even 

though the wavelength changes.  

     This means that the accuracy of the required error 

measurement is the best at the five- phase stepping 

algorithm. Three, four, and five-phase step algorithms are 

used to generate a new formula for the addition of the 

difference and sum phases of deformations and also the 

error in the computed phase.  
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