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Strain estimation in digital holographic interferometry using piecewise polynomial phase approximation based method Sai Siva Gorthi, G Rajshekhar and Pramod Rastogi Applied Computing and Mechanics Laboratory, Ecole Polytechnique F´ed´erale de Lausanne, 1015-Lausanne, Switzerland. [email protected]



Abstract: Measurement of strain is an important application of digital holographic interferometry. As strain relates to the displacement derivative, it depends on the derivative of the interference phase corresponding to the reconstructed interference field. The paper proposes an elegant method for direct measurement of unwrapped phase derivative. The proposed method relies on approximating the interference phase as a piecewise cubic polynomial and subsequently evaluating the polynomial coefficients using cubic phase function algorithm. The phase derivative is constructed using the evaluated polynomial coefficients. The method’s performance is demonstrated using simulation and experimental results. © 2010 Optical Society of America OCIS codes: (120.2880) Holographic interferometry; (090.1995) Digital holography; (120.4290) Non-destructive testing
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1.



Introduction



Digital holographic interferometry (DHI) is a popular non-invasive and whole field measurement technique which has emerged as an important tool for deformation analysis in areas like non-destructive testing, experimental mechanics etc. In DHI, the information about the deformation or displacement is encoded in the interference phase of the complex reconstructed interference field whose real part constitutes a fringe pattern [1] . For many applications, the displacement derivative or equivalently the interference phase derivative is of particular interest since it gives information about the strain distribution. A popular approach for phase derivative estimation in DHI is digital shearing where a superposition between pixel shifted i.e. sheared complex amplitude of reconstructed wave and the original complex amplitude is performed to approximate the phase differentiation operation [2, 3, 4]. The sensitivity of this method depends on the amount of the shearing introduced. The phase derivative obtained using the digital shearing approach is usually susceptible to noise and hence methods involving various filtering operations have been proposed [5]. The iterative filtering operation in [5] is time-consuming and has to be implemented with caution so as not to smear the dense fringes. It needs to be emphasized that the phase derivative obtained by the above methods is wrapped and hence requires an unwrapping algorithm. Some of the other methods developed for phase derivative estimation are [6, 7]. Recently, methods [8, 9] based on the high-order ambiguity function (HAF)[10] were proposed with potential benefits for fringe analysis in DHI. However the performance of HAF based methods is adversely affected in the presence of severe noise [11]. In this paper, we propose an elegant method to directly estimate the unwrapped phase derivative in DHI even in the presence of severe noise using the cubic phase function (CPF) algorithm [11]. The proposed method works by modelling the complex reconstructed interference field obtained in DHI as a piecewise polynomial phase signal. In other words, the reconstructed interference field is divided in many segments and the interference phase is assumed to behave like a polynomial in each segment. The major benefit of using piecewise polynomial approximation is that even phase distribution with rapid variations can be modelled as a low order polynomial with sufficient accuracy in a small segment. In the proposed method, the phase is modelled as a cubic polynomial or equivalently the phase derivative as a quadratic, and the quadratic coefficients are evaluated using the CPF algorithm in each segment. The phase derivative is then constructed using the evaluated coefficients. The theory of the proposed method is outlined in the next section and simulation and experimental results are presented in section 3 followed by conclusions and acknowledgements. 2.



Theory



The reconstructed interference field in DHI is given as I(x, y) = A(x, y) exp [ jφ (x, y)] + η (x, y)



(1)



where A(x, y) is the amplitude term; φ (x, y) is the interference phase and η (x, y) represents the noise assumed to be zero mean additive white gaussian noise (AWGN). Here x and y refer to the pixels or equivalently columns and rows along the N × N fringe pattern. To implement the piecewise polynomial phase approximation, we divide an arbitrary column x into say Nw segments such that each segment is of size Ns = N/Nw . So for the kth segment such that k ∈ [1, Nw ], Eq. (1) can be written as Ik (y) = Ak (y) exp [ jφk (y)] + ηk (y)



(2)



Assuming a cubic phase approximation with the cubic coefficients [a0k , a1k , a2k , a3k ] for the kth segment, we have φk (y) = a0k + a1k y + a2k y2 + a3k y3 (3) #119000 - $15.00 USD
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∂ φk (y) = a1k + 2a2k y + 3a3k y2 ∂y



(4)



∂ 2 φk (y) = 2(a2k + 3a3k y) ∂ y2



(5)



From Eq. (4), it is clear that the phase derivative for the kth segment can be evaluated by determining the coefficients [a1k , a2k , a3k ]. They are estimated using the CPF algorithm [11]. The CPF of Ik (y) is given as CPFk (y, Ω) =



(Ns −1)/2



∑



τ =0



Ik (y + τ )Ik (y − τ )exp(− jΩτ 2 )



(6)



The peak of the CPF’s magnitude corresponds to the second order derivative of phase also known as the instantaneous frequency rate in signal processing. Hence we have Uk (y) = arg max |CPFk (y, Ω)| Ω



(7)



where ‘arg max’ indicates the value of the argument Ω at which |CPFk | attains the maximum value. So using Eq. (5), we have Uk (y) = 2(a2k + 3a3k y)



(8)



Equation (8) which involves the coefficients a2k and a3k gives the second order phase derivative as a function of y for the kth segment. In order to estimate these coefficients, Uk (y) is evaluated for two positions of y i.e. y1 and y2 to generate two equations in the two variables [a2k , a3k ]. Hence, we have Uk (y1 ) = 2(a2k + 3a3k y1 )



(9)



Uk (y2 ) = 2(a2k + 3a3k y2 )



(10)



Equation (9) and Eq. (10) are solved to get the estimates [aˆ2k , aˆ3k ]. The recommended values of y1 and y2 are 0 and 0.11Ns to keep the estimation error minimum [11]. The remaining coefficient a1k is then estimated using a dechirping operation which is carried out as Ik (y) = Ik (y)exp[− j(aˆ2k y2 + aˆ3k y3 )]



(11)



Equation (11) is equivalent to peeling off the contribution of the polynomial coefficients a2k and a3k from the phase of Ik (y) which effectively yields Ik (y) as a single tone signal with frequency a1k . Hence estimation of a1k boils down to single tone frequency estimation from Ik (y) which can be implemented using a Fourier transform (FT). In other words, Gk (ω ) = FT [Ik (y)]



(12)



aˆ1k = arg max |Gk (ω )|



(13)



ω



Equation (12) is efficiently implemented using fast Fourier transform (FFT). The estimation accuracy for aˆ1k is further improved using iterative frequency estimation by interpolation on Fourier coefficients (IFEIF) technique [12]. IFEIF is a computationally efficient technique with enhanced accuracy for single tone frequency estimation. With the coefficient estimates [aˆ1k , aˆ2k , aˆ3k ] known, the phase derivative for the kth segment can be constructed using Eq. (4). #119000 - $15.00 USD
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Fig. 1. Original vs estimated phase derivative in radians/pixel at SNR of (a) 5 dB, (b) 10 dB, (c) 15 dB. (d) Absolute error for phase derivative estimation



By repeating the above procedure for all Nw segments, the phase derivative for the column x is determined. A 50 % overlapping segment strategy is used to minimize the error at the boundaries of adjacent segments. The phase derivative is determined in a similar fashion for all columns x ∈ [1, N] to give the overall phase derivative for the entire fringe pattern. It needs to be emphasized that the phase derivative obtained by the proposed method is unwrapped and hence no further unwrapping algorithm is required. The major advantage of the proposed method is the inherent robustness of the CPF algorithm to severe noise [11]. To show the applicability of the proposed method for phase derivative estimation, we simulated a one dimensional signal at signal to noise ratios (SNR) of 5 dB, 10 dB and 15 dB. The performance of the proposed method is shown in Fig. 1(a)-1(c). The absolute errors in phase derivative estimation for different SNRs are shown in Fig. 1(d). It is clear from Fig. 1 that even for SNR as low as 5 dB, the proposed method works reasonably well for phase derivative estimation. 3.



Simulation and experimental results



The fringe pattern corresponding to the real part of the reconstructed interference field in DHI simulated at SNR of 5 dB is shown in Fig. 2(a). The original phase derivative along y direction in radians/pixel is shown in Fig. 2(b). The phase derivative estimate ω1 (x, y) in radians/pixel obtained by applying the proposed method is shown in Fig. 2(c). We used Nw = 8 for analysis throughout the paper. Though the phase derivative obtained from the proposed method is unwrapped, the corresponding wrapped form is shown for illustration purpose only in Fig.2(d). The wrapped form was evaluated using arctan{Im(exp[ jω1 (x, y)])/Re(exp[ jω1 (x, y)])} where ‘Im’ and ‘Re’ denote the imaginary and real parts of a complex number. The root mean square error (RMSE) for phase derivative estimation was 0.0166 radians/pixel. Note that the pixels near the borders were neglected for the RMSE calculation to ignore the errors at the bound#119000 - $15.00 USD
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(a)



(b)



(c)



(d)



Fig. 2. (a) Simulated fringe pattern. (b) Original phase derivative in radians/pixel. (c) Estimated phase derivative in radians/pixel. (d) Wrapped form of the estimated phase derivative



aries. The practical applicability of the proposed method is tested for a DHI experiment. A circularly clamped object was subjected to central loading and two holograms were recorded before and after deformation using a Coherent Verdi laser (532 nm). Numerical reconstruction was performed using Discrete Fresnel transform [1] which gave the complex amplitudes of the object wave before and after deformation. The complex amplitude of the post-deformation object wave was multiplied with the conjugate of the complex amplitude of the object wave prior to deformation to obtain the reconstructed interference field. The corresponding fringe pattern is shown in Fig. 3(a). The estimated phase derivative along y direction after applying the proposed method and the corresponding wrapped form are shown in Fig. 3(b) and Fig. 3(c). For the sake of comparison, the phase derivative was also estimated using the digital shearing method [4] where the sheared complex amplitude of the reconstructed wave was superimposed on the original complex amplitude to approximate the phase differentiation operation. The wrapped phase derivative estimate thus obtained is shown in Fig. 3(d). It is clear from Fig. 3(d) that the digital shearing method is susceptible to noise besides requiring an unwrapping algorithm. Compared to the digital shearing method, the proposed method offers better ability to handle fringe patterns with severe noise. 4.



Conclusions



The paper proposes an elegant cubic phase function algorithm based method for phase derivative estimation in DHI. The major advantages of the proposed method are its ability to directly provide the unwrapped phase derivative thereby eliminating the requirement of unwrapping algorithms and its robustness to noise. The proposed method’s performance is verified by the simulations whereas its practical applicability is validated by the experimental results presented in the paper. The results indicate that the method has the potential to be established as an im#119000 - $15.00 USD
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Fig. 3. (a) Fringe pattern obtained in a DHI experiment. (b) Estimated phase derivative in radians/pixel. (c) Wrapped estimated phase derivative. (d) Wrapped phase derivative estimate using digital shearing method.



portant technique for phase derivative estimation in DHI. Acknowledgements The authors would like to thank the Swiss National Science Foundation for its support provided under the Grant 200020-121555.



#119000 - $15.00 USD



(C) 2010 OSA



Received 23 Oct 2009; revised 11 Dec 2009; accepted 11 Dec 2009; published 4 Jan 2010



18 January 2010 / Vol. 18, No. 2 / OPTICS EXPRESS 565



























[image: Strain estimation in digital holographic ... - Infoscience - EPFL]
Strain estimation in digital holographic ... - Infoscience - EPFL












[image: accelerometer - enhanced speed estimation for ... - Infoscience - EPFL]
accelerometer - enhanced speed estimation for ... - Infoscience - EPFL












[image: accelerometer - enhanced speed estimation for ... - Infoscience - EPFL]
accelerometer - enhanced speed estimation for ... - Infoscience - EPFL












[image: DynaProg for Scala - Infoscience - EPFL]
DynaProg for Scala - Infoscience - EPFL












[image: ATraPos: Adaptive Transaction Processing on ... - Infoscience - EPFL]
ATraPos: Adaptive Transaction Processing on ... - Infoscience - EPFL












[image: Incentives for Answering Hypothetical Questions - Infoscience - EPFL]
Incentives for Answering Hypothetical Questions - Infoscience - EPFL












[image: A WIDEBAND DOUBLY-SPARSE APPROACH ... - Infoscience - EPFL]
A WIDEBAND DOUBLY-SPARSE APPROACH ... - Infoscience - EPFL












[image: Efficiently Maintaining Distributed Model-Based ... - Infoscience - EPFL]
Efficiently Maintaining Distributed Model-Based ... - Infoscience - EPFL












[image: A WIDEBAND DOUBLY-SPARSE APPROACH ... - Infoscience - EPFL]
A WIDEBAND DOUBLY-SPARSE APPROACH ... - Infoscience - EPFL












[image: Paired comparison-based subjective quality ... - Infoscience - EPFL]
Paired comparison-based subjective quality ... - Infoscience - EPFL












[image: Evolutionary Conditions for the Emergence of ... - Infoscience - EPFL]
Evolutionary Conditions for the Emergence of ... - Infoscience - EPFL












[image: Marbach 2009 Ann NY Acad Sci - Infoscience - EPFL]
Marbach 2009 Ann NY Acad Sci - Infoscience - EPFL












[image: Integration of LED's and GaAs circuits by MBE ... - Infoscience - EPFL]
Integration of LED's and GaAs circuits by MBE ... - Infoscience - EPFL












[image: Bio-mimetic Evolutionary Reverse Engineering of ... - Infoscience - EPFL]
Bio-mimetic Evolutionary Reverse Engineering of ... - Infoscience - EPFL












[image: Miniboxing: Improving the Speed to Code Size ... - Infoscience - EPFL]
Miniboxing: Improving the Speed to Code Size ... - Infoscience - EPFL












[image: Strain, curvature, and twist measurements in digital ...]
Strain, curvature, and twist measurements in digital ...












[image: Distance Estimation in Virtual Environments ... - ACM Digital Library]
Distance Estimation in Virtual Environments ... - ACM Digital Library












[image: Super-Resolution Digital Holographic Microscopy for ...]
Super-Resolution Digital Holographic Microscopy for ...












[image: Quasi-equilibrium - Infoscience]
Quasi-equilibrium - Infoscience












[image: Scalable Component Abstractions - EPFL]
Scalable Component Abstractions - EPFL















Strain estimation in digital holographic ... - Infoscience - EPFL






11. P. O'Shea, â€œA fast algorithm for estimating the parameters of a quadratic FM signal,â€� IEEE Trans. Sig. Proc. 52,. 385â€“393 (2004). 12. E. Aboutanios and B. Mulgrew, â€œIterative frequency estimation by interpolation on Fourier coefficients,â€� IEEE. Trans. Sig. Proc. 53, 1237â€“1242 (2005). (C) 2010 OSA. 18 January 2010 / Vol. 






 Download PDF 



















 403KB Sizes
 3 Downloads
 274 Views








 Report























Recommend Documents







[image: alt]





Strain estimation in digital holographic ... - Infoscience - EPFL 

P. O'Shea, â€œA fast algorithm for estimating the parameters of a quadratic FM signal,â€� IEEE Trans. Sig. Proc. 52,. 385â€“393 (2004). 12. E. Aboutanios and B. Mulgrew, â€œIterative frequency estimation by interpolation on Fourier coefficients,â€� I














[image: alt]





accelerometer - enhanced speed estimation for ... - Infoscience - EPFL 

have to be connected to the mobile slider part. It contains the ... It deals with design and implementation of controlled mechanical systems. Its importance ...... More precise and cheaper sensors are to be expected in the future. 3.2 Quality of ...














[image: alt]





accelerometer - enhanced speed estimation for ... - Infoscience - EPFL 

A further increase in position resolution limits the maximum axis speed with today's position encoders. This is not desired and other solutions have to be found.














[image: alt]





DynaProg for Scala - Infoscience - EPFL 

In a deliberate design decision to simplify the hardware, there exist no ... 8http://mc.stanford.edu/cgi-bin/images/5/5f/Darve_cme343_cuda_2.pdf .... 10. 2.3 Scala. Â«Scala is a general purpose programming language designed to .... Sequences alignmen














[image: alt]





ATraPos: Adaptive Transaction Processing on ... - Infoscience - EPFL 

into account a) static data dependencies, b) dynamic workload information, and c) ...... workload using the array-based approach described above. It periodically ...














[image: alt]





Incentives for Answering Hypothetical Questions - Infoscience - EPFL 

can be used as a basis for rewards that enforce a truthful equilibrium. In our previous work [11] we presented an opinion poll mech- anism for settings with 2 possible answers that does not require knowledge of agent beliefs. When the current poll re














[image: alt]





A WIDEBAND DOUBLY-SPARSE APPROACH ... - Infoscience - EPFL 

Page 1 .... build the matrices BÎ©j such that BÎ©j Â· a(j) â‰ˆ 0, by selecting rows of Bnb indexed ... To build the narrowband CR [6] we first performed a STFT and then.














[image: alt]





Efficiently Maintaining Distributed Model-Based ... - Infoscience - EPFL 

their own local streams in different local networks. s2. 10.2. 11.1. : raw data stream model-based view. 3.1. 4.5. : 8.5. 8.2. : s4 s5 s'2. 10.1. 11.1. : s3. 0.9. 2.3. : 1.0.














[image: alt]





A WIDEBAND DOUBLY-SPARSE APPROACH ... - Infoscience - EPFL 

a convolutive mixture of sources, exploiting the time-domain spar- sity of the mixing filters and the sparsity of the sources in the time- frequency (TF) domain.














[image: alt]





Paired comparison-based subjective quality ... - Infoscience - EPFL 

Abstract As 3D image and video content has gained significant popularity, sub- ... techniques and the development of objective 3D quality metrics [10, 11]. .... is 'better' or 'worse' than stimulus B) and a more subdivided form (stimulus A is ...... 














[image: alt]





Evolutionary Conditions for the Emergence of ... - Infoscience - EPFL 

Consistent with this view, the ten- dency of robots to be attracted ... 360o vision system that could detect the amount and intensity of red and blue light. A circular ...














[image: alt]





Marbach 2009 Ann NY Acad Sci - Infoscience - EPFL 

Application to the DREAM Five Gene Network Challenge ...... Computation, Machine Learning and Data Mining in Bioinformatics. E. Marchiori et al., Eds.: ...














[image: alt]





Integration of LED's and GaAs circuits by MBE ... - Infoscience - EPFL 

Under illumination, the MESFET behaves as if a positive voltage were applied to the gate. Fig. 2 shows the I-V characteristics of an enhancement mode.














[image: alt]





Bio-mimetic Evolutionary Reverse Engineering of ... - Infoscience - EPFL 

genetic regulatory networks from gene expression data; 2) We demon- strate how ... linear gene models where analytical approaches or local gradient based.














[image: alt]





Miniboxing: Improving the Speed to Code Size ... - Infoscience - EPFL 

Finally, being annotation-driven, it lets programmers decide on the tradeoff between speed and code size. Unfortunately the interplay between separate compilation and compatibility forces specialization to generate all het- erogeneous variants of the














[image: alt]





Strain, curvature, and twist measurements in digital ... 

Sep 24, 2009 - of shearing introduced in the measurement process.1 Another important optical technique is digital holographic interferom- etry (DHI), whose popularity was ensured by the advent of high resolution charge coupled device (CCD) camera, wh














[image: alt]





Distance Estimation in Virtual Environments ... - ACM Digital Library 

Jul 29, 2006 - and a target avatar in the virtual world by using a joystick to adjust ... âˆ—email: {jingjing.meng,john.j.rieser.2,bobby.bodenheimer}@vanderbilt.














[image: alt]





Super-Resolution Digital Holographic Microscopy for ... 

Using Fresnel back propagation, the object at the object plane is reconstructed. However, the back propagation also can be reconstructed the field at the PLSs ...














[image: alt]





Quasi-equilibrium - Infoscience 

Mar 28, 2012 - All agents bid at the same time for all locations â†’ prices and location distributions are defined. - The assignment mechanism is an auction ...














[image: alt]





Scalable Component Abstractions - EPFL 

from each other, which gives a good degree of type safety. ..... Master's thesis, Technische UniversitÃ¤t ... Department of Computer Science, EPFL, Lausanne,.


























×
Report Strain estimation in digital holographic ... - Infoscience - EPFL





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















