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Investigation of rapid phase unwrapping technique for deformation
metrology in digital holographic interferometry
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In this paper, we explore the application of a fast phase unwrapping method in digital holographic interferometry for
deformation analysis. In the proposed approach, we formulate the phase unwrapping equation using Poisson’s equation
and solve it using graphics processing unit computing. We demonstrate the method’s ability to handle noisy signal data
in a computationally efficient manner using numerical simulations. We also present the experimental results to show
the method’s practical utility in digital holographic interferometry. © Anita Publications. All rights reserved.
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1 Introduction

Digital holographic interferometry (DHI) [1] is one of the prominent optical techniques for non-
destructive testing [2], experimental mechanics [3], biomedical imaging [4] and material inspection [5]. This
technique relies on recording of two holograms at the camera plane. After recording operation, we perform
numerical reconstruction using digital Fresnel transform [ 1] to obtain the complex object wavefield signals,
and subsequently perform conjugate multiplication to obtain the complex fringe signal. The main quantity
of interest in DHI is the interference phase, which is encoded in the complex fringe signal. The reliable
recovery of phase measurements enables us to quantify measurements related to refractive index, height
profile, deformation and defects.

By computing the argument of the complex fringe signal using the arctangent operator, we obtain
the wrapped phase map which contains discontinuities and lies between the interval [—r, n]. But the actual
phase is a smooth and continuous distribution without any phase jumps or discontinuities. Therefore, phase
unwrapping is an important tool for practical applications. Many techniques have been reported for phase
unwrapping. The conventional technique for phase unwrapping involves Itoh's algorithm [6] whose major
strength is computational simplicity, but it is error-prone in the presence of noise. To overcome this, many
noise robust algorithms have been proposed. These methods are broadly classified into two classes. The first
class includes path-dependent methods such as Mask cut [7], quality guided [8] and Flynn’s [9] algorithms.
In the second class, methods including the least squares method [10] and polynomial fitting [11] are based on
path-independent algorithms. In addition to accuracy, speed also plays an important role in phase unwrapping.
In the least-squares method, an unwrapping model was developed to arrive at Poisson’s equation [12,13].
Further, this derived equation was solved using computationally efficient fast Fourier transforms (FFT) and
graphics processing units (GPU) [14,15]. In this paper, we apply GPU based rapid phase unwrapping on the
noisy fringes obtained in DHI for studying a deformed test specimen.
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2 Theory

Let the object wave-field be considered as a complex signal with amplitude and phase. The wrapped
phase is obtained by computing the argument of the wave-field. The unwrapped phase is given by

dx,y)=px, )+ 2p(x, ) (D

Here, ¢ (x, y) denotes the unwrapped phase, ¢ (x, y) indicates the wrapped phase and p (x, y) is an integer
function. Further, (x, y) are the pixel coordinates. Using the least squares approach, the phase unwrapping
problem can be modeled in the form of a Poisson equation [14],

Vi (x, ) = L(x, ) 2
where, L is the input to the Poisson solver. We solve the equation using the discrete cosine transform (DCT)
and inverse DCT operations as [15],

@ (x,y) = IDCT{[DCTp (x, y)]/(2cos (mx/M) + 2cos (mx/N) — 4)} 3)

The DCT is efficiently implemented using GPU computing [16,17]. The core idea of a GPU is
to perform the operations in parallel as opposed to sequential operations. In the GPU, at the beginning
of the program, multiple threads are launched. Each thread acts as a single processor. Programs written
on a GPU are called device functions, whereas host functions are written on the central processing unit
(CPU) of the computer. The GPU computing model has several important and computationally efficient
packages to perform operations such as CUFFT and CUBLAS. The computationally intensive operations
of the unwrapping procedure can be delegated to execute on the GPU device using the CUDA model which
allows for massive parallel computing facilities and can result in high computational efficiency.

The algorithmic flow is shown in Algorithm 1. The noisy wrapped phase is loaded onto GPU
memory. Then, it is transferred to the GPU device. Further, to obtain the phase initializer, Laplace’s equation
is computed on the GPU. Subsequently, the unwrapped phase is updated iteratively using the conjugate
gradient algorithm until the convergence is obtained. Then the obtained unwrapped phase is transferred from
GPU to CPU.

4 Results

For analysis of proposed method, we performed numerical simulations using noisy data. For the
simulation, we modeled a unit amplitude signal with a polynomial phase function. Further, we added white
Gaussian noise to the simulated signal. For error analysis, we provide error plots and the root mean square
error. The results obtained from the proposed method are presented in Fig 1.

In Figs 1(a,d,g), we portray the simulated wrapped phase with AWGN of signal to noise ratio (SNR)
values of 15, 10 and 5 dB, respectively. Figures 1(b,e.h) detail the estimated phases in radians. In Figs 1(c.f,i),
we show the errors for phase estimation. The root mean square errors (RMSE) for the phase maps obtained
from the proposed method for 15, 10 and 5 dB SNR values were computed as 0.44, 0.47 and 0.48 radians.

We demonstrate the gain in computational efficiency using a graphics processing unit based
implementation in Table 1. The first column of the table indicates the image size in pixels. The second column
indicates the execution time in seconds (s) required for the phase unwrapping method using a sequential
implementation based only on CPU computing. In the table, the third column indicates the execution time in
milliseconds (ms) for the parallel GPU based implementation of the unwrapping method. Next, we estimated
the speed-up or gain in computational efficiency as the ratio (rounded to nearest integer) of the execution
time values in second and third columns. The fourth column of the table indicates the gain in computational
efficiency. From the table, we infer that GPU phase unwrapping has enormous speed benefits. For our GPU
implementation, we used the NVIDIA Quadro M-2000 as the GPU device. The workstation had an Intel
Xeon E3-1240 processor with 65 Gigabyte memory and 3.5 GHz clock speed.
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Algorithm1: Implementation of phase unwrapping algorithm in GPU

Start

/ Initialize wrapped phase(d/) in host memory /

|Tra nsfer host memory to device memory |

| Solve for Poisson's equation in GPU for precxmdil.mmr|

. NO
E(Q_‘JLJ = E ¢l'|k+] = Q:Jk

YES

Apply conjugate pradient algorithm iteration in GPU

4' Update unwrapped phase ¢* ‘

| Transfer updated unwrapped phase from GPU to CPU

Stop

957

Table 1. Computational performance of GPU implementation

Image Size Sequential GPU

(pixels) implementation  implementation Gain
250%250 2.34s 34 ms 69
512*512 11.23s 125 ms 90

1024*1024 47s 500 ms 94
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Fig 1. (a,d,g) Noisy simulated wrapped phases. (b,e,h) Estimated unwrapped phase maps in radians. (c,f,i) Phase
estimation errors.

Next, we applied our method for deformation metrology using DHI. We used a circularly clamped
Aluminum disk as the test specimen and applied deformation to it using a point load mechanism. We recorded
the prior and post deformation holograms using a digital camera. The hologram processing was performed
using the numerical reconstruction procedure followed by a complex superposition operation to obtain the
complex fringe signal. The setup details are given in [ 18]. We applied the GPU enabled method to extract the
unwrapped phase map from the wrapped phase or the argument of the complex fringe signal.
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Fig 2. (a,d,g) Noisy experimental fringe patterns. (b,e,h) Wrapped phase maps. (c,f,i) Estimated unwrapped phase
maps in radians.

In Figs 2(a,d,g), we show three fringe patterns, experimentally recorded in our DHI setup. We show
the wrapped phases in Figs 2 (b,e,h). The unwrapped outputs obtained using our method are given in Figs
2 (c,f,1). From the fringe patterns, we observe an increase in fringe density which indicates the progressive
increase in the deformation. This is also evident from the changing phase map range in the three cases. It
is important to note that for dynamic studies, where the temporal nature of the deformation needs to be
investigated, high computational efficiency is an important requirement. This is mainly because such studies
involve the processing of a large stack of images. Hence, for these applications, the high computational
performance of the GPU based methods would provide rapid processing capabilities.

5 Conclusion

We proposed the application of a GPU assisted phase unwrapping method in DHI. We observe
that the graphics processing unit based phase unwrapping method is noise-resistant and has significant
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computational efficiency as compared to the sequential implementation. From experiments, we observe
the practical applicability of the method in DHI. The main advantage of the GPU computing approach is
tremendous reduction in computational complexity which paves the path for dynamic applications [17-19] in
digital holographic interferometry.
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