
1 

Laser Ultrasonic Imaging of Submillimeter 1 

Defect in A Thick Waveguide Using Entropy-2 

polarized Bilateral Filtering and Minimum 3 

Variance Beamforming4 

5 

6 

Yi He†a, Kai Wangb, Lei Xua, Hoon Sohnc,d and Zhongqing Sua,e,f∗7 

8 
a Department of Mechanical Engineering 9 

The Hong Kong Polytechnic University, Kowloon, Hong Kong SAR 10 
11 

b School of Aerospace Engineering 12 
Xiamen University, Xiamen 361005, P.R. China 13 

14 
c Department of Civil and Environmental Engineering 15 

Korea Advanced Institute of Science and Technology, Daejeon 34141, Republic of Korea 16 
17 

d Center for 3D Printing Nondestructive Testing 18 
Korea Advanced Institute of Science and Technology, Daejeon 34141, Republic of Korea 19 

20 
e The Hong Kong Polytechnic University Shenzhen Research Institute 21 

Shenzhen 518057, P.R. China 22 
23 

f School of Astronautics, Northwestern Polytechnical University, Xi’an, 710072, P.R. China 24 
25 
26 
27 

submitted to Mechanical Systems and Signal Processing 28 

(submitted on 25th May 2022; revised and re-submitted on 22nd Aug 2022) 29 

30 

† PhD Student. 
∗ To whom correspondence should be addressed. Tel.: +852-2766-7818, Fax: +852-2365-4703; 

Email: Zhongqing.Su@polyu.edu.hk (Prof. Zhongqing Su, Ph.D.) 

This is the Pre-Published Version.https://doi.org/10.1016/j.ymssp.2022.109863

© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/

mailto:Zhongqing.Su@polyu.edu.hk


2 

Abstract 31 

Recent quantum leap in far-field laser techniques has advanced noncontact implementation of 32 

nondestructive ultrasonic imaging, in pursuit of enhanced accessibility, detectability and 33 

practicability. Nevertheless, when laser-generated thermoelastic waves are extended to thick 34 

waveguides, they manifest fairly low signal-to-noise ratios (SNRs), along with severe wave 35 

diffusion, consequently lowering image resolution and contrast. With these motivations, a laser-36 

ultrasonics imaging approach is developed, in conjunction with i) entropy-polarized bilateral 37 

filtering (Entropy-P-BF) for signal denoising, and ii) minimum variance (MV) beamforming for 38 

defect imaging, targeting at precise characterization of a submillimeter defect (with its 39 

characteristic dimension being smaller than the wave diffraction limit) in a thick waveguide. The 40 

entropy-polarized bilateral filtering denoises laser-induced ultrasonic wave signals via a two-41 

dimensional convolution, the weight matrices of which are continuously updated according to 42 

local noise and uncertainty. With an elevated SNR, MV beamforming subsequently conducts an 43 

apodized beamforming to image the defect. Experimental validation is conducted by imaging a 44 

void-type defect, 0.7 mm only in its diameter, in a jet aero-engine turbine disk. Results prove that 45 

the developed approach is capable of characterizing a submillimeter defect accurately in a thick 46 

waveguide with thickness ~25 times the wavelength of laser-induced shear wave, regardless of a 47 

fairly low SNR (< 1dB). 48 

 49 

Keywords: signal denoising; defect imaging; laser ultrasonics; bilateral filtering; subwavelength 50 

defect; minimum variance beamforming. 51 
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1. Introduction 53 

Ultrasonic imaging (UI) has demonstrated its effectiveness in material characterization [1, 2], 54 

nondestructive anomaly detection [2, 3], biomedical diagnosis [4] among many others. Prevailing 55 

UI approaches are implemented in a contact manner using contact-type transducers such as lead 56 

zirconate titanate (PZT) wafers [5], ultrasonic wedge transducers [6], polyvinylidene difluoride 57 

(PVDF) film sensors [7-11], nanocomposite-based ultrasound sensors [12-14], and optical fiber 58 

sensors [15]. Though acoustic coupling is warranted, the nature of the contact measurement 59 

narrows the application spectrum of UI, owing to the intrusion of contact-type transducers to the 60 

original integrity of inspected samples. Other limitations associated with the contact 61 

implementation of UI also include the narrowed bandwidth of transducers [16], larger-than-usual 62 

measurement error under a temperature-fluctuating condition [17], labor-intensive transducer 63 

installation and high cost of subsequent maintenance [18]. In pursuit of enhanced accessibility, 64 

detectability and practicability, the contactless generation and acquisition of ultrasonic signals, 65 

using such as air-coupled ultrasonic transducers [19], inductively coupled transducers [20], and 66 

laser vibrometers [21] have emerged, to circumvent, to a certain degree, the problems that the 67 

contact UI encounters. Contactless UI has found its superb applications in online quality inspection 68 

of products [22], defect awareness of specimens featuring complex geometries which are 69 

inaccessible to contact-type transducers [23], and signal acquisition in harsh working conditions 70 

[24], to name a few. 71 

 72 

Amongst diverse means of contactless generation and acquisition of ultrasonic waves, the laser 73 

ultrasound (LU) has offered a new avenue towards high-resolution flaw detection, thickness 74 

gauging and material characterization [25-31]. The short acoustic wavelength of laser-generated 75 

ultrasound makes LU a powerful inspection tool for pinpointing flaws at the scale of millimeter 76 

[25, 26]. There is rich supply of studies to facilitate understanding of ultrasound generation and 77 

heat transfer during laser irradiation [32-34]. As revealed, the physical principle of nondestructive 78 
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LU generation lies in the thermal expansion [33-36]: in the thermo-elasto regime, ultrasound can 79 

be excited by instantaneous, dramatic thermal expansion when a focused laser pulse illuminates 80 

and heats the sample surface. When used to capture ultrasound waves, LU not only facilitates a 81 

contactless acquisition, but also enables a broadband sampling range of up to gigahertz or even 82 

terahertz, conducive to enhancement of acquisition accuracy. Of particular interest in LU-based 83 

signal acquisition are reflectometry [37-39] and interferometry [40, 41], both of which have 84 

adequate sensitivity to particulate displacements of the order of 101-102 picometers, and are 85 

therefore capable of perceiving LU-induced high-frequency ultrasound [42]. Representatively, Liu 86 

et al. [43] extracted nonlinear signal features of LU-generated elastic waves captured with a 87 

scanning laser interferometer, referred to as Bhattacharyya Distance, to image a crack of 10 mm 88 

in its length in an aluminum plate. Using a fast multi-point irradiation system integrated with a 89 

pulse laser head and a galvanometer, Wu et al. [29] developed a spatial gradient-based image 90 

processing technique for simultaneously locating multiple defects of different sizes ranging from 91 

20 to 400 mm2. To visualize an inner defect with an off-axis orientation in a thick waveguide (~50 92 

mm in thickness), Stratoudaki et al. [26] made use of a total focusing map (TFM) approach, in 93 

conjunction with a full-matrix-capture method and an interferometer, to image multiple defects in 94 

an aluminum block including a series of drilled holes of 1.3 mm in diameter and varying depth 95 

from 5 to 12 mm, along with multiple slots with orientation varying from 0° to 60°. Not only 96 

limited to a structure with a regular geometry under the ordinary working condition, LU 97 

demonstrates its advantage when the inspection is extended to those with complex shapes serving 98 

in harsh working environment. Representatively, Chen et al. [23] utilized TFM to image five sites 99 

of defect, 3 mm in diameter each, in a geometrically complex sample, with two interferometers 100 

which were placed orthogonally one to the other, to acquire ultrasound signals from a curved 101 

surface. Addressing the difficulty using contact-type transducers for online inspection of kissing 102 

bonds and residual stress in a joint during friction stir welding, Lévesque et al. [44] combined 102-103 

MHz LU and Fourier domain synthetic aperture focusing technique, to identify micro-scale cracks. 104 
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For monitoring geometrically complex structures of large dimensions, Jiang et al. [45] employed 105 

LU to obtain fast classification and evaluation of artificial rolling contact fatigue defect in rails. 106 

 107 

Despite apparent advantages, when LU-based UI is extended to a thick waveguide, the thickness 108 

of which is at least ten times the LU wavelength, the prevailing approaches show compromised 109 

performance and degraded deficiency. This is due to multiple factors, including the low energy 110 

intensity of a generated laser pulse (to avoid ablation of inspected samples), the high excitation 111 

frequency beyond megahertz, and the long propagation distances of laser-triggered ultrasound 112 

waves in the waveguide thickness. As a result, the magnitude of laser-generated thermoelastic bulk 113 

waves (LTBWs) captured from a thick waveguide is usually of the order of tens of picometers only 114 

[46]. Consequently, changes in LTBW signals that are introduced by defect in the inspected 115 

samples (e.g., wave echo or mode conversion) are prone to the contamination of ambient noises 116 

of the same order in magnitude [47]. In addition to the ultralow magnitude in intensity at a 117 

picometer scale, the reflectance of LTBWs also often presents a fairly low, yet location-dependent, 118 

signal-to-noise ratio (SNR) varying according to the local roughness of the sample surface [48]. 119 

Averaging signals acquired under the same measurement conditions may mitigate the signal 120 

uncertainty and accordingly enhance SNRs, which is, however, at the cost of increasing scanning 121 

time for repeating the measurement. To circumvent this problem, Xue et al. [49] recalled an 122 

ensemble empirical mode decomposition method to screen high-frequency noises in LU-induced 123 

longitudinal wave signals, for estimating the sizes of grains in an aluminum alloy sample. Ni et al. 124 

[50] suppressed the noise in LTBW signals using the spatial frequency selection, and imaged the 125 

defect with the synthetic aperture focusing technique, via which the acoustic waves of stronger 126 

magnitudes were selected to regulate the numerical aperture. Sadr et al. [51] developed a revamped 127 

denoising approach with wavelet transform and independent component analysis, to boost the 128 

number of independent components extracted from LU signals, showing superior performance in 129 

denoising LU signals with fluctuating SNRs. 130 
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 131 

Nevertheless, the above-mentioned denoising approaches, when used to denoise LTBW signals 132 

captured from a thick waveguide, usually show inferior performance, because the signal features 133 

of LTBWs (e.g., wave echo or mode conversion) captured from a thick waveguide tend to be weak 134 

in magnitude (< 1 dB). Ordinary signal processing techniques are effective only in denoising LU 135 

signals with SNRs greater than 10 dB. In addition to the low SNRs of LTBW signals, the demand 136 

to precisely evaluate defect at the scale of submillimeter adds extra challenge and difficulty to LU-137 

based UI. By way of illustration, the industrial standard, Advisory Circular — Damage Tolerance 138 

for High Energy Turbine Engine Rotors (AC) [52], stipulates that the threshold of a tolerable crack 139 

in an aero-engine turbine disk is 0.03 inch (i.e., ~0.762 mm) only – a dimension at the 140 

submillimeter scale. LU techniques exploit LTBWs featuring a wavelength of 1~2 mm (given 141 

nanosecond laser pulse is used and a metal sample is considered) [43, 53], which approaches the 142 

diffraction limit of a defect with its size comparable to this threshold. Restricted by this, LU can 143 

be of inadequate accuracy and low imaging resolution, when attempted to characterize a 144 

subwavelength defect. To break through such a bottleneck and enhance detectability of LU-based 145 

UI, continued endeavors have been made, most of which use PZT-based contact-type transducers, 146 

assisted with signal processing such as time reversal [54], sparse array [55], minimum variance 147 

(MV) beamforming [56, 57], etc. Among these signal processing approaches, the MV 148 

beamforming proves its superiority in imaging spot-type scatterers in alloys [56-58]. However, the 149 

effectiveness of MV beamforming can decrease significantly when used to process LU signals of 150 

low SNRs [58, 59]. As a matter of that, imaging submillimeter defect in thick waveguides using 151 

noncontact LU remains a daunting task. 152 

 153 

Motivated by the above challenges of existing LU-based UI, a fully noncontact UI approach is 154 

developed, targeting at precise characterization of a submillimeter defect in a thick waveguide. 155 

Addressing the low SNRs of LTBW signals acquired from a thick waveguide, the approach is 156 
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supplemented with i) a new denoising algorithm based on entropy-polarized bilateral filtering 157 

(Entropy-P-BF) and ii) a defect imaging method based on MV beamforming. Experimental 158 

validation is conducted by imaging a submillimeter defect, 0.7 mm only in its diameter, in a jet 159 

aero-engine turbine disk. 160 

 161 

2. LTBWs in Thick Waveguide: Excitation, Propagation and Acquisition 162 

The principle of the proposed noncontact LU-based UI is illustrated schematically in Fig. 1. In the 163 

set-up, a pulsed laser beam is periodically generated to trigger LTBWs in the waveguide under 164 

inspection, referred to as the pump beam; at the same time, another continuously generated laser 165 

beam, the probe beam, illuminates the waveguide surface for detecting LTBWs. To avoid mutual 166 

interference between the pump and probe beams on the same waveguide surface which is caused 167 

by the local oscillation induced by the residual heat in the vicinity of the laser irradiated region 168 

(a.k.a. the thermal noise during laser generation), the excitation and acquisition of LTBWs are 169 

implemented on the upper and lower surfaces of the waveguide, respectively. The pump beam is 170 

line-focused into a narrow band, to irradiate the upper surface and induce transient expansion, 171 

which triggers LTBWs in the waveguide. The LTBWs interact with the defect (if any) in the 172 

waveguide and waves are scattered by the defect. Consequently, the probe beam irradiates the 173 

lower surface, and is interfered with the defect-scattered LTBWs, leading to the change in the 174 

phase of the probe beam. The shift in electromagnetic phase of the probe beam is captured via 175 

interferometry, and variation of the shift is associated with LTBW propagation in the waveguide. 176 

  177 

In the above process, the constitutive equation that governs the LTBW propagation is defined by 178 

 02 ,
s s s s s si j i j i jσ µε λε δ= +  (1) 179 

where 
s si jσ  ( , , ,s si j x y z= ) signifies the stress tensor; 

s si jε  is the strain tensor ( 0 xx yy zzε ε ε ε= + + ); 180 

λ   and µ   two Lamé constants. 1
s si jδ =   when s si j=  , and otherwise 0

s si jδ =  . When the pump 181 
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beam irradiates the upper surface of the waveguide, the variance of temperature, T∆ , is induced, 182 

which introduces a boundary condition of thermal strain, , s sT i jε  (where z=0), as 183 

 , 3 ,
s s s sT i j i jB Tε γ δ= − ∆  (2) 184 

where γ   denotes the thermal expansion coefficient, and B   the bulk modulus that is equal to 185 

2 3λ µ+ . LTBW is governed by the motional equation as 186 

 
2

2 ,s s si j i

s

u
j t
σ

ρ
∂ ∂

=
∂ ∂

 (3) 187 

where ρ  is the density of material, 
si

u  the displacement components in Cartesian coordinate, and 188 

t  the time. Substituting Eqs. (1) and (2) into (3), a partial differential equation is yielded as 189 

 ( )
2 2

2 23 .s s s

s s

j i i
j j

s s s

u u u
B T

i j i t
λ µ γ δ µ ρ

∂ ∂ ∂ ∂
+ − ∆ + = ∂ ∂ ∂ ∂ 

 (4) 190 

In the absence of any external force, Eq. (4) can be solved after introducing initial conditions 191 

(namely, 
si

u  =
si

u t∂ ∂  =0 and 0T∆ =   (when 0t ≤  )), and the stress-free boundary condition 192 

(namely, 0
si zσ =  (when 0z = )).  193 
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 194 

Figure 1. Schematic of the fully noncontact LU-based UI for imaging submillimeter defect in thick waveguide 195 

(2-D view). 196 

 197 

Given a line-focused pump beam, the LTBW shows a cylindrical spreading, and therefore the 198 

polar-coordinate-form displacement field (i.e., ru   and uθ  , as shown in Fig. 1) is adopted. By 199 

solving Eq. (4) and applying the Cartesian-to-polar conversion, the θ  -related ru   and uθ   are 200 

yielded as [35] 201 

 

( )
( ) ( )( ) ( )

( )
( )( ) ( )

3 2 2 2

2 2 2 2

4

2 2 2

2 sin sin 2 sincossin ,
1 cos sin1 cos

sin 4sin ,
1 sin sin

L S LL
r L

T L LT L

S
S

T S L S

ik k kku F k
i k ik ki k k

iku F k
i k k k k

θ

θ θ θθθ
θ φ θθ

θθ
θ φ θ

 −
 ∝ +
 − −− + 

∝
− + −

 (5) 202 

where 203 

Line-focused pump beam 

Incident wave 

Echo or 
converted wave 

Probe beam 

Transient expansion 

Submillimeter defect 

Phase shift 
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( ) ( )

( ) ( ) ( )( )
( )

22 2 2 2 2 2 2

d ,
, sin  or sin

2 4

.
2

ix x

L S

S L S

T

F x I x e x
x k k

x x k x x k x k

Ck
a

λ
λ

λ

λ λ λ λ λ

θ θ
φ

ω

∞ −

−∞

 = =
 = − − − −

=

∫
 (6) 204 

In Eqs. (5) and (6), ( )I x  denotes the spatial distribution of the laser irradiation over the waveguide 205 

surface, ( )F xλ  the Fourier transform of ( )I x , ( )xλφ  the Rayleigh determinant, Lk  and Sk  the 206 

wavenumbers of longitudinal and shear modes of LTBWs. xλ  is the projection along the x-axis of 207 

the wavenumber of longitudinal (for ( )F xλ ) or shear (for ( )xλφ ) mode of LTBWs, ω  the central 208 

frequency of LTBW, C  the specific heat capacity, a  the thermal conductivity, and i  the imaginary 209 

unit. It is noted in Eq. (5) that the generated LTBW field manifests specific directivity that gives 210 

rise to an angle-dependent magnitude of the displacement field. As a result of this, blind zones 211 

may exist during defect detection, in which LTBW is of a low intensity and therefore weakly 212 

interacts with the defect. 213 

 214 

Considering the directivity of LTBWs in a thick waveguide, the low intensity of incident 215 

longitudinal LTBW, and interference of environmental noise, as well as the fact that wave 216 

excitation and acquisition are conducted on the two opposite waveguide surfaces as illustrated in 217 

Fig. 1, the shear-to-longitudinal (S-to-L) mode conversion is utilized in the approach. This is in 218 

part attributed to the strongest magnitude of the S-to-L mode of LTBW among all the echo and 219 

conversion modes generated by the defect. In addition, the significant difference in the propagation 220 

velocity between the shear and longitudinal wave modes facilitates separation of the converted 221 

longitudinal wave from the incident shear wave, benefiting subsequent signal processing and 222 

interpretation.  223 

 224 

3. Denoising and Imaging Algorithm 225 
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Envisaging the fairly low SNRs of LTBW signals scattered by a submillimeter defect in a thick 226 

waveguide, a denoising algorithm based on entropy-polarized bilateral filtering (BF) (Section 3.1) 227 

and a defect imaging method based on minimum variance (MV) beamforming (Section 3.2) are 228 

developed. 229 

 230 

3.1 Entropy-based Bilateral Filtering 231 

3.1.1 Signal Pre-arrangement 232 

Raw LTBW signals, which are captured at different signal acquisition points on the waveguide 233 

surface under the same laser irradiation condition (i.e., the same laser irradiation position and laser 234 

intensity), are first pre-arranged in a three-dimensional (3-D) domain, in which the x-axis 235 

represents acquisition points in sequence, y-axis the time and z-axis the signal amplitude, in Fig. 236 

2 (a). The top view of the 3-D presentation is referred to as the signal sequence images (SSIs) 237 

hereinafter. The spectrum of a representative raw LTBW signal is presented in Fig. 2 (a), to observe 238 

that the key signal components distribute within a range from 0.5 to 4 MHz. Figures 2 (b)-(d) 239 

show the SSIs obtained after averaging 200, 100, and 50 raw LTBW signals which are acquired 240 

under the identical laser irradiation condition, indicating that averaging raw LTBW signals can 241 

facilitate recognition of signal features, but at a limited degree. 242 

 243 

 244 

 245 
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(b) SSI upon averaging 200  

LTBW signals 

 
(c) SSI upon averaging 100  

LTBW signals 

 
(d) SSI upon averaging 50  

LTBW signals 
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Figure 2. (a): LTBW signals pre-arranged in the order of acquisition points (red points), to produce an SSI, 247 

and frequency spectrum of a representative raw LTBW signal; (b)-(d): SSIs obtained upon averaging 200, 100 248 

and 50 LTBW signals, under the same laser irradation condition 249 

 250 

3.1.2 Bilateral Filter (BF) 251 

BF is a denoising algorithm to rapidly execute pixel-wise denoising of a gray or a chromatic digital 252 

image. BF originates from the conventional Gaussian filter – a classical linear smoothing filter that 253 

reconstructs the image value at each pixel by weighted-averaging its adjacent pixels according to 254 

a 2-D Gaussian distribution function, and this function is referred to as kernel. Different from the 255 

(a) 

-10 mm 10 mm 

Inspected object 
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conventional Gaussian filter, BF updates the kernel by scalar-multiplying the original kernel of the 256 

Gaussian filter (which is termed the spatial kernel in BF) and a range kernel (which quantifies the 257 

difference in values between the pixel to-be-denoised and its adjacent pixels). 258 

 259 

Consider an arbitrarily selected pixel of an SSI, 
0 0i jp , as indicated in Fig. 3 (a). 

0 0i jp  is centralized 260 

in a segment of the SSI, 
0 0i jX , and it locates at the i0-th row ( 0 ,1, , T SSIi L=  , where ,T SSIL  denotes 261 

the number of pixels along y-axis of an SSI) and the j0-th column ( 0 ,1, , S SSIj L=  , where ,S SSIL  is 262 

the number of pixels along x-axis of an SSI). Specifically in this approach, the spatial kernel of BF 263 

is a spatial-temporal kernel STK  , which, together with the range kernel 
0 0,V i jK   (note that the 264 

matrices STK , 
0 0,V i jK  and 

0 0i jX  are of the same dimension) can be calculated via [60] (Fig. 3 (b)) 265 

 

( ) ( )( ) ( )( )

( )
( )( )0 0 0 0

0 0

2 2

2 2

2

, 2

1 2 1 21, exp ,
2 2 2

,1, exp ,
22

T S
ST

S T T S

i j i j
V i j

VV

k L l L
k k l

X k l p
k k l

πσ σ σ σ

σπσ

 − + − +
 = − −
 
 
 − = −
 
 

 (7) 266 

where ( ),STk k l , ( )
0 0, ,V i jk k l  and ( )

0 0
,i jX k l  signify individual elements of STK , 

0 0,V i jK  and 
0 0i jX  267 

in the k-th row ( 1, , Tk L=  , where TL  denotes the number of pixels along y-axis of 
0 0i jX ) and the 268 

l-th column ( 1, , Sl L=   , where SL   represents the number of pixels along x-axis of 
0 0i jX  ), 269 

respectively. Sσ   and Tσ   are the standard deviations of the 2-D Gaussian distribution that the 270 

individual elements of STK   follow, while Vσ   is the standard deviation of the one-dimensional 271 

Gaussian distribution that the individual elements of 
0 0,V i jK  follow. Note that STK  is independent 272 

of 
0 0i jp , whereas 

0 0,V i jK  is 
0 0i jp -dependent. Equation (7) indicates that ( ),STk k l  decreases as the 273 

distance between ( )
0 0

,i jX k l   and 
0 0i jp  increases; and ( )

0 0, ,V i jk k l   decreases as the difference in 274 

values between ( )
0 0

,i jX k l   and 
0 0i jp   increases. With Eq. (7), the kernel of BF, 

0 0i jK  , can be 275 
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obtained by (Figs. 3 (b) and (c)) 276 

 
0 0 0 0, ,i j ST V i j= ⋅K K K  (8) 277 

where the operator “ ⋅ ” represents the scalar multiplication, which denotes that each element of 278 

0 0i jK  in the k-th row and the l-th column is produced by multiplying ( ),STk k l  of STK  and the 279 

corresponding ( )
0 0, ,V i jk k l  of 

0 0,V i jK . With Eq. (8), the pixel value 
0 0i jp  is re-defined as 280 

 
( )0 0 0 0

0 0

0 0

T

T ,i j i j
i j R

i j

p −

⋅
=

e X K e

e K e
 (9) 281 

where 
0 0i j Rp −   is the re-defined pixel and e   a column vector with all its elements being one. 282 

Superscript “ T ” represents the transpose operation of matrix. 283 

 284 

Figure 3. Procedure of generating the kernel of BF: (a) a segment of SSI, at center of which pixel 
0 0i jp  285 

locates; (b) the spatial-temporal kernel STK  and range kernel 
0 0,V i jK ; (c) kernel 

0 0i jK  for 
0 0i jX  obtained by Eq. 286 

(8). 287 

With the 2-D convolution operation, Eqs. (7), (8) and (9) are executed throughout the entire SSI. 288 

(a) 

(b) 
 

(c) 
 

Scalar multiplication 
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BF possesses the capability of edge-preserving (EP) for an image, and in another word the range 289 

kernel in BF tends to retain pixel values that are singular from the rest in the image, such as the 290 

image edges or damage-induced singularity. That is because BF can maintain the high-frequency 291 

components of SSIs – those represented by the key image features (e.g., image edges or damage-292 

induced singularity). For illustration, Figs. 4 (a)-(d) show a noise-polluted SSI, along with images 293 

processed with BF and Gaussian filter, respectively. Comparison implies that BF preserves more 294 

sharpness of the image and loses less high-frequency signal information, than the Gaussian filter 295 

does. The capability of EP that BF possesses ensures that a denoised SSI will not be over-averaged 296 

as the Gaussian filter usually does. A consequence of the over-averaging is a blurred image with 297 

reduced image resolution. In this approach, the high-frequency components in LTBW signals (i.e., 298 

those scattered in a frequency range from 0.5 to 4 MHz) substantially define the image resolution 299 

and contrast. 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Comparison between BF- and Gaussian-filter-based image denoising: (a) a noise-free SSI containing 311 

a narrowed pulse centralized in SSI; (b) white-noised-added image of (a); (c) BF-denoised image of (b); (d) 312 

Gaussian-filter-denoised image of (b).  313 

 314 

3.1.3 Polarized Bilateral Filter (P-BF) 315 

Equations (7)-(9) applies BF-based denoising on an SSI with the same intensity of EP on the two 316 

orthogonal dimensions - temporal and spatial dimensions, because the range kernel of BF entails 317 

the same Gaussian distribution function on the two dimensions simultaneously. It is, however, 318 

envisaged that in practical implementation, the intensity of EP, on different dimensions, is 319 

preferably selected independently one from the other, so as to entertain distinct resolutions of the 320 

SSI in the temporal and spatial dimensions. 321 

 322 
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To this end, the P-BF proposed in this study allows independent intensity of EP on the temporal 323 

and spatial dimensions. The polarization of BF enables different types of Gaussian distribution, 324 

uniform distribution, or mix of both, to be applied on different rows of the range kernel (
0 0,PBF V i j−K ). 325 

As shown in Fig. 5 (a), i) for the central row of 
0 0,PBF V i j−K  , i.e., the ( ( 1) 2TL +  )-th row, the 326 

Gaussian distribution is applied, as defined in Eq. (7); ii) for the rest of the rows of 
0 0,PBF V i j−K , a 327 

threshold b  is defined first. Provided that the distance between a specific row and the central row 328 

(i.e., ( 1) 2Tk L− + ) is less than b , this row is named the adjacent row, or otherwise the distant 329 

row. For an adjacent row, the distribution of its individual elements follows 330 

 

( )
( )

( )
( )

2

0 0
2

0 0

21 1, , ,
62

1
21

where ,  ,  1 ,
2

ran i j

V

x p

ran i j Guassian uniform
VV

T

T
uniform Guassian uniform

GU x p k c e c

L
k

L
k b c c c

b

σ

σπσ

−
−

= +

+
−

+
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where ( )0 0
, ,ran i jGU x p k   denotes Gaussian-uniform-mixed distribution which is the sum of a 332 

Gaussian distribution and a uniform distribution of the element, dependent on both 
0 0i jp  and k ; 333 

ranx  is a variable, to be replaced with ( )
0 0

,i jX k l  when Eq. (10) is calculated; Guassianc  and uniformc  334 

are the scale factors of Gaussian distribution and uniform distribution, respectively. Equation (10) 335 

implies that for a given adjacent row that is the k -th row of 
0 0,PBF V i j−K , Guassianc  and uniformc  are 336 

linearly assigned by k , on which basis the integration of ( )0 0
, ,ran i jGU x p k  with respect to ranx  is 337 

equal to one. It is noted that the longer the distance between an adjacent row to the central row the 338 

larger uniformc   it will be, and the closer it approaches one. Once 1uniformc =   and consequently 339 

0Guassianc = , ( )0 0
, ,ran i jGU x p k  is converted to a uniform distribution ( )ranU x  as 340 

 ( ) 1 .
6ran

V

U x
σ

=  (11) 341 
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It is specified that individual elements of a distant row follow the distribution of ( )ranU x , in which 342 

ranx  is to be replaced with individual elements of distant rows. Substituting 
0 0i jX  into Eqs. (10) 343 

and (11) as the variables, 
0 0,PBF V i j−K  can be calculated via 344 

 ( )
( )( ) ( )

( )

0 0 0 0

0 0,

1
, , , ,  

2
,

11 ,                                
6 2

T
i j i j

PBF V i j
T

V

L
GU X k l p k k b

k k l
L

k b
σ

−

 +
− <

= 
+ − ≥



 (12) 345 

where ( )
0 0, ,PBF V i jk k l−  signifies the element of the k-th row and l-th column of 

0 0,PBF V i j−K . With the 346 

above modified range kernel, there are ( )2 1TL b− +  elements in each column of 
0 0,PBF V i j−K  which 347 

are equal to ( )1 6 Vσ , regardless of the location and value of 
0 0i jp .  348 

 349 

In this way, P-BF acts as a quasi-Gaussian filter on the temporal dimension. Note that a 350 

conventional Gaussian filter, per se, does not conduct EP, while the quasi-Gaussian-filter, as 351 

defined by Eq. (10), weakens EP on the temporal dimension. In the meantime, on the spatial 352 

dimension of the SSI, the elements of the central and adjacent rows of 
0 0,PBF V i j−K  follow a regular 353 

Gaussian distribution and ( )0 0
, ,ran i jGU x p k  performs the normal EP. Similar to 

0 0i jK , the kernel 354 

of P-BF, 
0 0,PBF i jK   (Fig. 5 (b)), can be obtained by scalar multiplication between STK   and 355 

0 0,PBF V i j−K  as  356 

 
0 0 0 0, , .PBF i j ST PBF V i j−= ⋅K K K  (13) 357 
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(b) 

0 0,PBF i jK  

Figure 5. Procedure of generating the kernel of P-BF: (a) the range kernel of P-BF determined by different 358 

distributions (blue: Gaussian distribution; green: uniform distribution; red: Gaussian-uniform-mixed 359 

distribution); (b) kernel of P- BF obtained by Eq. (13). 360 
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The P-BF allows different intensities to be applied on the temporal and spatial dimensions that are 361 

independent one to the other. It is such a trait of P-BF that satisfies the need of denoising at different 362 

resolutions on two dimensions of an SSI. With P-BF, the columns of SSI, i.e., the LTBW signals 363 

are denoised, and the rows of SSI, which characterize the location of signal acquisition points, 364 

remain the original sharpness of peaks and valleys. 365 

 366 

3.1.4 Adaptive Estimate of Local Signal Uncertainty: Entropy-based BF 367 

P-BF implements independent EP on the temporal and spatial dimensions of an SSI with different 368 

distributions that are followed by the elements of adjacent and distant rows of 
0 0,PBF V i j−K  , 369 

respectively. Nevertheless, the P-BF lies in a hypothesis that SNR on the spatial dimension remains 370 

constant, in Eqs. (7), (8), (9), and (12). However, the defect-converted wave mode manifests itself 371 

as an instantaneous pulse in an SSI, due to the broadband nature of the probe beam, and 372 

consequently the SNR of a LTBW signal varies on the temporal dimension: local SNRs increase 373 

in the presence of defect-induced mode conversion, and vice versa. Ignorance of such variation 374 

can result in distorted denoising, because the hypothesis of a constant SNR in P-BF leads to a 375 

constant EP on the temporal dimension, which is insufficient to preserve the sharpness of the peaks 376 

of an SSI and accordingly over-flats the pulse peaks. 377 

 378 

To circumvent this deficiency of P-BF, adaptive estimate of local SNRs is introduced to 379 

supplement P-BF in this study. The local SNRs are the measure of the correlation between the 380 

determinacy and uncertainty in a noise-polluted signal [61, 62]. The determinacy indicates a pure 381 

signal component, yet uncertainty characterizes the noise. To quantify uncertainty, the information 382 

entropy (IE), referred to as Shannon entropy, is introduced, serving as a criterion to regulate the 383 

range kernel of P-BF.  384 

 385 

Continue using 
0 0i jp  — an arbitrary pixel of an SSI, for illustration. To obtain IE of 

0 0i jp , a column 386 



21 

vector 
0 0i jx , with N elements (N TL≤ ; N is an odd), is extracted from the central column of 

0 0i jX . 387 

The pixel 
0 0i jp   is the middle element of 

0 0i jx  . For an arbitrarily selected element of 
0 0i jx  , the 388 

following two probabilities exist: 389 
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 (14) 390 

where 
0 0 0i j

n <x  and 
0 0 0i j

n ≥x  denote the numbers of elements in 
0 0i jx , the value of which are less than 391 

and greater than/equal to 0, respectively. With that, the IE of 
0 0i jp , ( )0 0i jE p  (unit: Bit), is calculated 392 

via [62] 393 

 ( ) ( ) ( )( ) ( ) ( )( )0 0 0 0 0 0 0 0 0 02 20 log 0 0 log 0 .i j i j i j i j i jE p P P P P = − < < + ≥ ≥ x x x x  (15) 394 

As both ( )0 0
0i jP <x  and ( )0 0

0i jP ≥x  fall in a range from zero to one, it is noted in Eq. (15) that 395 

( )0 0i jE p  is non-negative. In particular, when ( )0 0
0i jE p = , it mathematically indicates that 

0 0i jx , 396 

corresponding to 
0 0i jp , is fully deterministic (with no noise). 397 

 398 

Applying Eq. (15) on Eq. (12), the range kernel of Entropy-P-BF, 
0 0,EPBF V i j−K , is then defined as 399 
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 (16b) 401 

where ( )
0 0, ,EPBF V i jk k l−  signifies the element of the k-th row and l-th column of 

0 0,EPBF V i j−K . sf  is 402 

the sampling rate, and S LTBWT −  the period of the shear mode of LTBW. Equation (16b) re-defines 403 
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b  in P-BF as a binarized function subject to ( )0 0i jE p . With ( )( )0 0i jb E p , the boundary between 404 

the adjacent and distant rows can now be adaptively determined by ( )0 0i jE p  in Entropy-P-BF, 405 

which endows the Entropy-based BF with the capability of processing SSI with various local SNRs. 406 

Same as 
0 0i jK   and 

0 0,PBF i jK  , the kernel of Entropy-P-BF, 
0 0,EPBF i jK  , can be obtained by scalar 407 

multiplication, as 408 

 
0 0 0 0, , .EPBF i j ST EPBF V i j−= ⋅K K K  (17) 409 

Equations (16) and (17) define the Entropy-P-BF in this approach. 410 

 411 

Figure 6 illuminates the denoising process of an SSI using Entropy-P-BF. An IE map is first 412 

obtained for the SSI, with Eq. (15). For a pixel, at which ( )0 0
0i jE p =  (e.g., the peak of a pulse), 413 

0 0i jp  is fully deterministic, and Eq. (16) implies that those rows in 
0 0,PBF V i j−K , the distance of which 414 

to the central row of 
0 0,PBF V i j−K  is no more than 4s S LTBWf T − , are the adjacent rows. Under this 415 

circumstance the P-BF approaches BF, and EP on the temporal dimension preserves high-416 

frequency components of LTBW signals (greater than 0.5 MHz in this case) – key image features 417 

including peaks of all the pulses. In the contrast, when ( )0 0
0i jE p >  at a specific pixel, Eq. (16) 418 

applies 8s S LTBWf T −  to b, and the P-BF retreats to the quasi-Gaussian filter. Consequently, the EP 419 

on the temporal dimension suppresses high-frequency components of LTBW signals, and in the 420 

meantime mitigates background noise. 421 
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0 0i jX

0 0i jp

( )0 0
0i jP <x ( )0 0

0i jP ≥x

( )0 0
0?i jE p =

  b = fsTS-LTBW/4

0 0i jx

 422 

Figure 6. Flowchart of SSI denoising using Entropy-P-BF. 423 

 424 

3.2 Minimum Variance (MV) Beamforming 425 

With the Entropy-P-BF, SSIs are denoised and SNRs of LTBW signals are enhanced. The enhanced 426 

LTBW signals are subsequently used to image defect with the MV beamforming. MV 427 

beamforming narrows the Full-Width-at-Half-Maximum (FWHM) of an image and boosts the 428 

image contrast. Here, FWHM is defined as the width between two pixels of an image, field values 429 

of which are equal to half of the peak field value of the image. FWHM is a key feature that 430 

calibrates the resolution of an image. MV beamforming, sharing the same principle with that of 431 

the delay-and-sum (DAS) beamforming, applies different degrees of time delay to a batch of 432 

LTBW signals, so as all the LTBW signals arrive at an acquisition point at the same time. The 433 

traveling time of a wave mode in LTBW signal (i.e., the S-to-L mode, in this study. In principle, 434 

various wave modes can be used for MV beamforming [63], while the S-to-L mode in LU signals 435 

is utilized as interpreted in Section 2.) is the time that the wave mode takes to travel from the laser 436 

Probabilities 

Calculating IEs of all 
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irradiation point to the defect, and then from the defect, upon mode conversion, to the signal 437 

acquisition point. The delay is determined according to the length of the irradiation-defect-438 

acquisition path and the phase velocities of the shear and longitudinal wave modes. Upon delay, a 439 

DAS image can be created, in which the pixel value is equal to the magnitude of an aligned LTBW 440 

signal. Repeating the above operation to all the aligned LTBW signals creates a series of DAS 441 

images.  442 

 443 

Consider the j0-th column of a denoised SSI, 
0j

S , which is a denoised LTBW signal that is obtained 444 

when the laser irradiation is at ( )0 0, ,,j ir j irx z  and acquisition at ( )0 0, ,,j acq j acqx z , as shown in Fig. 7 445 

(a). With 
0j

S , a DAS image, 
0j

D , is created via 446 
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(18) 447 

where, ( )
0 1 1,j i jD  represents the pixel located at the i1-th row and the j1-th column of 

0j
D  (here, 448 

1 1, , xi L=  , and 1 1, , zj L=  . xL  and zL  denote the numbers of pixels along x- and z-axes in 
0j

D , 449 

respectively.). ( )1 1,i jx  and ( )1 1,i jz  are the x- and z-coordinates of the pixel ( )
0 1 1,j i jD , respectively. 450 

S LTBWv −  and L LTBWv −  are the phase velocities of the shear and longitudinal wave modes of LTBW, 451 

respectively. st   is the time interval for signal acquisition. ( )( )0 1 1,j si jt tS   is the ( )0 1 1, , sj i jt t  -th 452 

element of  
0j

S . Equation (18) is applied to 
0j

S , to obtain its DAS image. Averaging all DAS 453 

images results in a raw DAS image, D , as 454 
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j
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D  (19) 455 

The dimension of each 
0j

D is identical to that of D . The peak in the D  denotes the presence of 456 
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defect. 457 
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 459 

Figure 7. (a) The principle of DAS beamforming; (b) the principle of MV beamforming. 460 

 461 

Notwithstanding, given that the dimension of a submillimeter defect is less than the diffraction 462 

limit of the LTBW, wave diffraction cannot be safely negligible, and hence DAS-based 463 

beamforming can become untenable without considering the wave diffraction, as illustrated in Fig. 464 

7 (a). The diffraction limit, diffD , is defined as [64] 465 

 
( )22 2
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d D
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−
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≈ ⋅ , (20) 466 

where S LTBWλ −   is the wavelength of the shear mode of LTBW, defect acqd −   the distance from the 467 

defect to the sample surface on which LU signals are acquired, and acqD  the distance between the 468 

first and the last acquisition points on the sample surface. The diffraction is responsible for the 469 

emergence of side lobes in a DAS image, as seen in Fig. 7 (b), which are undesirable patterns to 470 

elongate the FWHM of the image, leading to artifacts in a DAS image. 471 

 472 
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To suppress the side lobes, the MV beamforming [57] conducts apodization following Eq. (18), as 473 

illustrated in Fig. 7 (b). For each pixel, the value is the sum of the magnitudes of all the aligned 474 

LTBW signals that are weighted via apodization. Here, the apodization indicates the searching for 475 

a series of weight coefficients, 
1 1 0,i j jw , so as to minimize each pixel of D  out of the main lobe [65] 476 

 ( ) ( )
, ,

1 1 0 0 1 1 0
0 0

1 1 , 1 1 ,
1 1

, , ,      where 1
S SSI S SSIL L

MV i j j j i j j
j j

i j w i j w
= =

= =∑ ∑D D  (21) 477 

where MVD  denotes the MV-regulated D , and ( )1 1,MV i jD  is the pixel located at the i1-th row and 478 

the j1-th column of MVD  . Mathematically, the MV beamforming minimizes ( )1 1,MV i jD   by 479 

regulating 
1 1 0,i j jw   under the constrain of unity that the sum of 

1 1 0,i j jw   is equal to one (i.e., 480 

,

1 1 00
,1

1S SSIL
i j jj

w
=

=∑  ). Here, the minimization of ( )1 1,MV i jD   is implemented by minimizing 481 

( )2
1 1,MV i jD   instead of ( )1 1,MV i jD   itself, to mathematically facilitate the minimization. 482 

( )2
1 1,MV i jD  is first vectorized as 483 
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 (22) 484 

In the above 
1 1i jR  is the cross-spectral density matrix. With the constrain of ,

1 1 00
,1

1S SSIL
i j jj

w
=

=∑ , it has 485 
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where the operation of 
1 1 1 1 1 1

1 1

Tmin
i j

i j i j i jw
w R w  regulates 

1 1i jw , so as to minimize 
1 1 1 1 1 1

T
i j i j i jw R w . For a point-487 

like defect, an ameliorated version of 
1 1i jR , 

1 1
ˆ

i jR , is defined as [57] 488 
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where J  is a matrix with all its antidiagonal elements are equal to 1 and the rest are 0; ( )1 1
Tr i jR  490 
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denotes the operation extracting the trace of 
1 1i jR . Recalling the method of Lagrange multipliers 491 

[65, 66], and replacing 
1 1i jR  by 

1 1
ˆ

i jR , 
1 1i jw  can be obtained as 492 

 1 1

1 1

1 1

1

T 1

ˆ
.ˆ

i j
i j

i j

−

−
=

R e
w

e R e
 (25) 493 

Substituting Eqs. (25) to (21), the MV-refined image MVD  is obtained, to image the defect, if any, 494 

in the waveguide. 495 

 496 

4. Experimental Validation 497 

To validate effectiveness of the developed LU-based UI that is facilitated by the denoising and 498 

imaging algorithm, experiment is conducted, in which a piece of an aero-engine turbine disk 499 

containing a submillimeter internal defect is imaged. 500 

 501 

4.1 Experimental Set-up 502 

The schematic of experimental set-up is shown in Fig. 8. The set-up consists of a pulsed-laser 503 

pump system, an assembly of optical lenses, a three-axis stage, and a laser Doppler vibrometer 504 

data-acquisition (LDV-DAQ) system. The pulsed-laser pump system is a compact pulsed Nd: YAG 505 

diode-pumped solid slate laser device (QUANTEL® Centurion+ 50 mJ), and it emits a pulsed laser 506 

beam with the modifiable pulse repetition frequency (PRF) variable from 1 to100 Hz, the optical 507 

wavelength of 1,064 nm, the duration of 12 ns, the irradiation area of 3.2 mm × 3.2 mm, and the 508 

energy intensity ranging from 0 to 50 mJ. The assembly of optical lenses is installed in a 60-mm 509 

coaxial cage (LUBON®), including a cylindrical lens with the 100 mm focal length (LUBON® 510 

CY107R14) and a beam expander with multiples ranging from twofold to sixfold (Daheng Optics® 511 

GCO-2505). The lens and expander are placed in sequence between the sample and the pulsed-512 

laser pump system, as shown in Fig. 8 (b). Via the beam expander, the raw pump beam is 513 

quadrupled, each measuring 12.8 mm × 12.8 mm. The cylindrical lens narrows the horizontal size 514 
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of the expanded beam to 0.8 mm× 12.8 mm. The pump beam, captured with an infrared camera, 515 

Fig. 8 (c), is invisible. The three-axis stage horizontally displaces the sample along the x-axis to 516 

receive the laser irradiation. The LDV-DAQ (Polytec® PSV-500) measures LTBW responses with 517 

a visible laser beam of the optical wavelength of 633 nm and the intensity less than 1 mW, toggles 518 

the detection positions, and registers the data. All instruments and the sample are immobilized on 519 

an optical platform, immune to ambient vibration. 520 

 521 

 522 

Figure 8. Experiment for implementing fully contactless LU-based UI: (a) schematic of experimental setup; 523 

(b) assembly of lenses; (c) re-shaped pump beam (0.8 mm× 12.8 mm), illuminating the sample surface. 524 

 525 
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The sample is a piece cut from an aero-engine turbine disk – a nickel-based superalloy (FGH4096), 527 

with its key material parameters in Tab. 1 [67]. The superalloy features the phase transition 528 

temperature of 700 K, which withstands a single-pulse energy of 15 mJ, corresponding to the laser 529 

irradiance of 11.27 MW/cm2. The sample measures 150 mm × 30 mm × 50 mm, Fig. 9 (a). The 530 

sample is pre-treated with a submillimeter defect – a through hole with its diameter being 0.7 mm, 531 

Fig. 9 (b). 532 

Table 1. Key material properties of nickel-based superalloy (FGH4096) [67]. 533 

λ  (Lamé's first parameter, GPa) 132.80 

µ  (Lamé's second parameter, GPa) 86.34 

ρ  (Density, g/cm3) 8.32 

γ  (Linear expansion coefficient, 10-6 K-1) 11.3 

C  (Specific heat capacity, J/(kg•K)) 6.6×10-3 

a  (Thermal conductivity, W/(m•K)) 6.9 

MT  (Melting temperature, K) 1006.85 

PT  (Phase transition temperature, K) 756.85 

 534 

4.3 Experimental Procedure 535 

The line-shaped pump beam illuminates the front surface of the sample along five lines (marked 536 

as irradiating lines 1-5 in Fig. 9 (a)) parallel to the y-axis and evenly spaced with an interval of 2.5 537 

mm. LTBWs are acquired on the back surface of the sample at up to 41 equidistant acquisition 538 

points with an interval of 0.5 mm. A retroreflective tape (Fig. 9 (c)) is surface-adhered on the 539 

acquisition area, to enhance the intensity of the reflected probe beam. 540 

 541 

 542 
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 543 

Figure 9. (a) Schematic of sample (dimensions not in real scale); (b) close-up photo of the through-hole type 544 

defect with the diameter of 0.7 mm; (c) back surface of sample, on which LTBW signals are acquired. 545 

 546 

For each laser irradiation, the PRF is set to be 100 Hz, and the pulse energy to be 15 mJ which is 547 

below the ablation threshold of the specimen material. The pulsed-laser pump system emits a 548 

periodical pulsed laser beam, and the LDV DAQ system is synchronized to emit the probe beam. 549 

The out-of-plane displacements induced by LTBW at the sample surface are measured at the 41 550 

acquisition points with the LDV DAQ system, at a sampling rate of 62.5 MHz. At each acquisition 551 

point, 200, 100 and 50 LTBW signals are acquired under each laser irradiation. A high-pass filter 552 

with the cut-off frequency of 500 kHz is set to screen low-frequency ambient noise. 553 

 554 

The developed denoising and imaging algorithm is applied on the acquired LTBW signals: first, 555 

all LTBW signals are pre-arranged to create SSI (Section 3.1.1); second, the SSI is denoised with 556 

the Entropy-P-BF to elevate SNRs (Section 3.1.3); last, the defect is imaged with SNR-enhanced 557 

LTBW signals, via MV beamforming. 558 

 559 

5. Results and Discussion 560 
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The accuracy and precision of defect imaging obtained using the Entropy-P-BF and MV 561 

beamforming is compared against those using conventional signal processing approaches. 562 

 563 

5.1 BF vs. P-BF vs. Entropy-P-BF 564 

Three SSIs, having different intensities of background noise, are processed using BF, P-BF and 565 

Entropy-P-BF, with results shown in Fig. 10. Comparison reveals that BF, P-BF and Entropy-P-566 

BF are able to smooth background noise and highlight defect-induced mode conversion. In 567 

particular, Entropy-P-BF shows the highest SNR when compared with P-BF and BF, which 568 

exhibits the improvement of SNR in magnitude by an order, given that 50 LTBW signals are 569 

averaged. A major drawback of BF is that the peaks and valleys of the pulses are distorted, due to 570 

the same denoising resolution applied on both the temporal and spatial dimensions (therefore the 571 

same EP intensity on both dimensions). In the contrast, with different degrees of denoising 572 

resolution and EP intensity in two dimensions, P-BF and Entropy-P-BF increase the SNRs, not at 573 

the cost of distorting pulse peaks and valleys.  574 

 575 

The refining of SSIs upon denoising is apparent in the time-frequency domain. Figure 11 presents 576 

the spectrograms of a LTBW signal, and three counterpart signals that are pre-processed with BF, 577 

P-BF and Entropy-P-BF. Results affirm that all three denoising approaches are capable of 578 

suppressing the lower- or higher-frequency components out range of the key signal components 579 

(referring to signal spectrum in Fig. 2 (a)). However, Entropy-P-BF outperforms the others in 580 

preserving the key signal components in the range from 0.5 to 4 MHz. The defect images obtained 581 

with MV beamforming, using SSIs denoised by BF, P-BF, and Entropy-P-BF, are compared in Fig. 582 

12. Without the denoising process, MV beamforming naturally fails imaging the defect. Compared 583 

with P-BF and BF, the Entropy-P-BF in conjunction with MV beamforming shows the best 584 

imaging performance.  585 

 586 
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Figure 10. SSIs, upon averaging 200, 100 and 50 LTBW signals, and denoised results processed with BF, P-588 

BF, and Entropy-P-BF (red ellipses pointing out the peaks of pulses in LTBW signals that are distorted in 589 

results with BF, but not in others). 590 

 591 

In addition, the improvement of SNRs upon Entropy-P-BF is at the expense of only a slight 592 

increase in computational cost. To put it into perspective, for the example signals shown in Fig. 593 

10, in which each SSI features 900 × 41 pixels, the runtime of executing BF, P-BF and Entropy-594 

P-BF is 0.114 s, 0.145 s, and 0.175 s, respectively (based on a computer having a CPU with 20 595 

logical processors, 3.20 GHz of clock speed and 64 GB RAM.). In practice, the dimension of an 596 

SSI takes quadratic expansion with the increase of the sample surface area to be imaged, and 597 

therefore the cost-effectiveness is an important merit of Entropy-P-BF. 598 
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Figure 11. Spectrograms of (a) a LTBW signal segment; (b) BF-denoised, (c) P-BF-denoised, and (d) Entropy-599 

P-BF-denoised signal in (a). 600 
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Figure 12. Defect images obtained with MV beamforming using SSIs, upon averaging 200, 100 and 50 LTBW 612 

signals and denoised with BF, P-BF and Entropy-P-BF (red circle: real location and dimension of defect; value 613 

below image indicating the maximum relative intensity of pixel at defect location). 614 

 615 

5.2 DAS vs. MV Beamforming 616 

Figure 13 compares defect images obtained with conventional DAS-based and MV beamforming-617 

based imaging algorithms, to observe plenty of side lobes in the DAS-processed image, Fig. 13 618 

(a), owing to the ignorance of the wave diffraction components in LTBW signals. With the 619 
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apodization conducted via MV beamforming, those side lobes are eliminated, Fig. 13 (b).  To 620 

quantitively illustrate the difference in between, two line spread functions, along two orthogonal 621 

lines crossing the defect location, are obtained and presented in Figs. 13 (c) and (d), showing 622 

respective FWHM in two images. It is noted that FWHM reduces from 1.01 mm to 0.79 mm, and 623 

from 3.04 mm to 0.67 mm, respectively, in two dimensions of the sample, which represents an 624 

increase in image resolution by 21.78% and 74.01%, respectively. In addition, significant 625 

reduction in the number of side lobes is noted, conducive to the improvement of imaging accuracy 626 

and precision. 627 
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Figure 13. Defect images obtained with DAS-based and MV beamforming-based algorithms: (a) DAS; (b) 628 

MV beamforming; (c) and (d) the horizontal and line vertical spread functions near defect, respectively. 629 
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6. Concluding Remarks 630 

Aimed at conducting contactless imaging of the submillimeter defect in a thick waveguide, a LU-631 

based UI approach is developed, in conjunction with i) a new denoising algorithm based on 632 

entropy-P-BF and ii) a defect imaging method based on MV beamforming. The entropy-P-BF 633 

denoises laser-induced ultrasonic wave signals, to remarkably improve SNRs, and MV 634 

beamforming subsequently conducts an apodized beamforming to image the defect. The accuracy 635 

and precision of the developed LU-based UI are verified by experiment, in which a void-type 636 

defect, 0.7 mm only in its diameter, in a jet aero-engine turbine disk is imaged precisely. Results 637 

affirm that the new approach is capable of characterizing a submillimeter defect accurately in a 638 

waveguide with thickness ~25 times the wavelength of laser-induced shear wave, regardless of a 639 

fairly low SNR (< 1dB). 640 
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