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 结构健康监测

局部（高频）监测: 
局部损伤的精准检测（例如：无损检测，导波方法，等）

整体（低频）监测:
大尺度结构的损伤检测（例如：振型，模态，等）

1.背景介绍



 超声无损检测中的噪声：

相干噪声:
由被检测材料晶粒结构散射形成的声学噪声

高斯白噪声: 
检测系统的仪器设备形成的电学噪声

1.背景介绍
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实测超声回波：

316不锈钢微
观晶粒结构

316不锈钢焊接

焊缝热影响区
晶粒结构



脉冲回波法超声信号建模:
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颗粒散射脉
冲响应函数

散射特征函数 缺陷脉冲
响应函数

缺陷特征函数 高斯白噪声
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Presentation Notes
To address this problem, we need to know the characteristics of each component in the signal. When High frequency ultrasound pulses are transmitted into a material they will be reflected by flaws if there is any. But at the same time, grain boundaries within the material also cause reflection, most likely in Rayleigh scattering region.



将上式表述为矩阵形式：

𝑦𝑦 𝑡𝑡 = �
𝑖𝑖=1

𝐾𝐾

𝑎𝑎𝑖𝑖𝑥𝑥𝑖𝑖(𝑡𝑡) + �
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𝑁𝑁

𝑏𝑏𝑗𝑗𝑠𝑠𝑗𝑗(𝑡𝑡) + 𝑛𝑛(𝑡𝑡)

缺陷回波 颗粒噪声 白噪声

上式可以简写为：

𝐲𝐲 = 𝚽𝚽𝐜𝐜 + 𝛆𝛆
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If we use xi and si to represent the convolution terms, we have a much simpler model like this.Put them together, we have a expression like this.



先验信息：被检测构件中仅存在较少数量的缺陷/损伤

1. 设计一个合理的字典𝚽𝚽；

2. 借助求解病态反问题算法，寻求𝐜𝐜的最优估计；

3. 从𝐜𝐜中找出对应于缺陷的分量，同时抑制噪声对应的分量。

因此，缺陷检测问题可以通过下述思路求解：

求解思路： 𝐲𝐲 = 𝚽𝚽𝐜𝐜 + 𝛆𝛆

稀疏性要求？

缺陷的空间稀疏性
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Presentation Notes
*** Based on the analyzed signal By using some suitable method, we can ***After obtaining the coefficients, we need to *** because C contains both the coefficients for flaws and grain noise.



字典设计

Gabor脉冲模型： 𝑔𝑔 𝑡𝑡 =
𝐴𝐴
2𝜋𝜋𝑠𝑠

𝑒𝑒−
(𝑡𝑡−𝑢𝑢)2
2𝑠𝑠2 𝑒𝑒𝑖𝑖𝑖𝑖(𝑡𝑡−𝑢𝑢)

该模型包含三个基本参数 𝜸𝜸 = (𝒖𝒖, 𝒔𝒔,𝝎𝝎)，分别是时间延迟参数𝒖𝒖，脉
冲带宽参数𝒔𝒔，中心频率参数𝝎𝝎。

Presenter
Presentation Notes
For dic design, Gabor model is used. This model can approximate ultrasonic signal very well, as we can see in this figure. For this model, we have three parameters to design. 



频率参数 𝝎𝝎：假定选取𝑚𝑚个频率参数 𝜔𝜔𝑖𝑖, 𝑖𝑖 = 1, 2, … ,𝑚𝑚, 它们满足：

𝑓𝑓𝑖𝑖

𝜔𝜔𝑖𝑖=2𝜋𝜋𝑓𝑓𝑖𝑖

字典设计
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By doing this, we can have more parameters for the higher power part of the signal, thus we can represent the signal more effectively.



脉冲宽度参数 𝒔𝒔 : 

 (𝑠𝑠1, 𝑠𝑠2) 给出了所有可能缺陷回波
带宽参数的上下限值。

s1

s2

字典设计

 考虑噪声的字典所选用的脉冲宽
度参数范围为：(0.5𝑠𝑠1, 2𝑠𝑠2)
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Presentation Notes
If the estimated range is s1 and s2, then we extend this ranger further to 0.5s1 to 1.5s2 to account for both flaw signal and noise.



t

Amplitude

时间延迟参数 𝒖𝒖 : 假定选取 𝑝𝑝个时间延迟参数 𝜔𝜔𝑗𝑗, 𝑗𝑗 = 1, 2, … , 𝑝𝑝, 它们满

足：

字典设计
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DELTA = 1 means sample by sample analysis.



字典维度：如果三参数的数量分别为𝒎𝒎,𝒏𝒏,𝒑𝒑，则字典的维度为𝑁𝑁 × 𝐿𝐿,  
𝐿𝐿 = 𝑚𝑚 × 𝑛𝑛 × 𝑝𝑝. 

字典的稀疏性：

字典设计

1. 对于任意 𝑢𝑢𝑖𝑖, 有𝑚𝑚 × 𝑛𝑛个原子（覆盖全部频率和带宽）可用于近似表征结构噪声；
2. 结构噪声是一种声学噪声，频率和带宽均有限。

意味着: 
对于𝑢𝑢𝑖𝑖时刻的结构噪声，所需原子数量远小于𝑚𝑚 × 𝑛𝑛，在当前字典下具备
稀疏性。

Presenter
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Particularlly, when DELTA is equal to 1, then p=N, and so, L is m*n times larger than N. 



字典维度：如果三参数的数量分别为𝑚𝑚,𝑛𝑛,𝑝𝑝，则字典的维度为𝑁𝑁 × 𝐿𝐿,  
𝐿𝐿 = 𝑚𝑚 × 𝑛𝑛 × 𝑝𝑝. 

因此， 𝐲𝐲 = 𝚽𝚽𝐜𝐜 + 𝛆𝛆是一个病态方程，因为 N≪L.

反问题求解

minimize 𝐜𝐜 0 subject to 𝐲𝐲 ≈ 𝚽𝚽𝐜𝐜

求解思路：施加稀疏约束条件

理论上存在，实际上不可行
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Presentation Notes
Particularlly, when DELTA is equal to 1, then p=N, and so, L is m*n times larger than N. 



主流求解策略:

(a). 匹配追踪(Matching Pursuit)

(b). 基追踪(Basis Pursuit)

(c). 稀疏贝叶斯学习(Sparse Bayesian Learning) 

(d). 非凸正则化约束 (lp–norm regularization, 0<p<1)

反问题求解

等效于l1–norm

迭代的l1–norm

Presenter
Presentation Notes
This kind of equation can be solved by adding sparseness constrains on C. In this study, we can see that C is sparse indeed.There are mainly three class of solutions.
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非凸稀疏正则化

{ }2arg min
p

λ= +c y -Φc c约束条件:

MAP arg max ln ( | )

arg max[ln ( | ) ln ( )]

arg max[ln ( ) ln ( )]
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=
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c
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y c c
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( | ) ( | ) ( ) / ( )p p p p=c y y c c y根据贝叶斯原理：

则c的最大后验概率(MAP)估计:
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Presentation Notes
Although this algorithm is Easy to implement, computationally efficient. Studies show that MP doesn’t work well for signals with low SNR.  AND because this is a greedy algorithm, it suffers from Local optima.



假设c中元素均为独立同分布(i.i.d.) 随机变量，切服从高斯分布：

1( ) exp( ),0 11 22 2 ( )

p
i ip

p

pp c c p

p
ββ

= − < ≤
Γ1

( ) ( )
L

i
i

p p c
=

= ∏c

MAP
2 ( )

arg min ( )

arg min[ ( )]p

J

Eγ

=

= − +

c c

y Φc c

且

则c的最大后验概率估计为：
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非凸稀疏正则化
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Although this algorithm is Easy to implement, computationally efficient. Studies show that MP doesn’t work well for signals with low SNR.  AND because this is a greedy algorithm, it suffers from Local optima.



基于因子梯度下降*, c可以通过迭代的方式进行求解:

T T 1
1 1 1 1 1W ( )k k k k k λ −

+ + + + += +c Φ Φ Φ I y

这里 1 1Wk k+ +=Φ Φ

1 /2
1W diag( [ ] )p

k kc i −
+ =

* Rao B D, Engan K, Cotter S F, et al. Subset selection in noise based on diversity measure minimization.

非凸稀疏正则化
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Although this algorithm is Easy to implement, computationally efficient. Studies show that MP doesn’t work well for signals with low SNR.  AND because this is a greedy algorithm, it suffers from Local optima.



• 第一步: 消减处理

1 2 1 2' , ( , ) ( , )
0,

i i i
i

c if s s s and
c

if else
ω ω ω     ∈   ∈

=                                             

• 第二步: 阈值处理

' ' ', max
ˆ

0,
i i

i

c if c c
c

if else

λ      ≥= 
                     

• 第三步3: 缺陷回波重构: �𝒚𝒚 = 𝚽𝚽�𝒄𝒄

缺陷识别/噪声抑制
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Presentation Notes
By RSBL algorithm, we can obtain the coefficients vector cBut because c contains coefficients for both flaw signal and noise



无噪声缺陷回波

含结构噪声

含白噪声

模拟信号分析
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By RSBL algorithm, we can obtain the coefficients vector cBut because c contains coefficients for both flaw signal and noise



成功识别的准则:

org

org

ˆ ,
COR

ˆ
p p

p p




(1). 重构脉冲信号与真实脉冲信号相关系数大于0.8.

(2).重构脉冲信号与真实脉冲信号之间的归一化均方误差小于 0.3.

org orgˆNMSE /p p p 

缺陷识别/噪声抑制
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Presentation Notes
By RSBL algorithm, we can obtain the coefficients vector cBut because c contains coefficients for both flaw signal and noise



Case 1: 含结构噪声的信号分析结果

 p=0.95~0.98 在分析含结构噪声的信号时效果最佳。

缺陷识别/噪声抑制
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Presentation Notes
By RSBL algorithm, we can obtain the coefficients vector cBut because c contains coefficients for both flaw signal and noise



 lp (p=0.95) 优于正交匹配追踪(OMP)和基追踪(BP)方法。

缺陷识别/噪声抑制

Case 1: 含结构噪声的信号分析结果
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 p=0.7~0.99分析含白噪声的信号时效果均较好。

缺陷识别/噪声抑制

Case 2: 含白噪声的信号分析结果

Presenter
Presentation Notes
By RSBL algorithm, we can obtain the coefficients vector cBut because c contains coefficients for both flaw signal and noise



缺陷识别/噪声抑制

 lp (p=0.95) 略优于正交匹配追踪(OMP)，优于基追踪(BP)方法。

Case 2: 含白噪声的信号分析结果

Presenter
Presentation Notes
By RSBL algorithm, we can obtain the coefficients vector cBut because c contains coefficients for both flaw signal and noise



传感器: Olympus V323 (中心频率2.25MHz) 

脉冲发射/接受器: Olympus 5072

试件: 热处理不锈钢(304型)

缺陷: 2个预制的2mm直径小孔

实验信号分析



实验信号分析

发射脉冲波
形与频谱：

底面反射波
波形与频谱：



实验信号分析

实测信号：



实验信号分析

分析结果：

本方法 BP方法 OMP方法



The END.

问题? 建议?
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