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Abstract

Ultrasonic phased array all-focus imaging algorithm has the advantages of high accuracy and full range dynamic
focusing, but the existing imaging time-consuming problem limits its practical industrial application. In order to
meet the requirements of real-time imaging and clear and distinguishable image defects in all-focus array
ultrasound scanning. In this paper, a sparse optimization model of TFM phased array is established. Based on the
Fermat principle, the delay time of each element under two layers of media is calculated, and a two-layer media
phased array all-focus imaging algorithm is established, using minimal redundancy. The sparse design of the
MRLA is carried out, and the all-focus imaging and sparse all-focus imaging experiments of the two-layer medium
are carried out, and the influence of the sparse emission array on the defect quantitative accuracy and the
calculation efficiency of the all-focus algorithm is discussed. The final optimized sparse array is compared with the
sound field beam pattern of the full array, the smallest redundant array, and the genetic algorithm optimized
array, and an all-focus scanning environment is established based on the array. Scanning images can not only
obtain the maximum amount of information under minimum redundancy, but also have good sidelobe
characteristics. At the same time, the array is sparse, which greatly improves the efficiency of all-focus scanning,
and provides a certain reference value for the research of all-focus imaging technology.

Keywords: ultrasonic phased array; sparse matrix; all-focus algorithm.
I. Theories and basic concepts

Compared with single-probe ultrasonic detection, ultrasonic phased array detection has the advantages of fast
detection speed, high sensitivity, and adaptability to complex objects. It has been widely used in pressure-bearing
and other special equipment detection[1]. Compared with the conventional ultrasonic phased array detection, based
on the all-focus ultrasonic phased array imaging, by post-processing the full matrix data of the transducer array, it
can realize the convergence of any point in the measured area, which greatly improves the image resolution , Has a
very good application prospect[2 3].

HOLMES et al. proposed the concept of full matrix capture (Full matrix capture, FMC) and a full matrix data
model, and established a total focus method (TFM) imaging method based on full matrix data[5]. The full-matrix
TFM imaging method has been successfully applied to the defect detection of important components and materials
such as pressure pipeline welds, nuclear power plant welding components, carbon fiber composite materials, and
so on. This type of research focuses on the detection of single-layer media, and the transducer is directly coupled
with the workpiece. Therefore, it is of important application value to study this situation, that is, the all-focus
imaging characteristics of the medium[6 7 8].

In addition, due to the large amount of full-matrix imaging data and time-consuming calculations, it limits the use
of some industrial sites. To solve this problem, on the one hand, we can reduce the computing time by improving
the hardware structure, such as using GPU and multi-field programmable gate array parallel computing. On the
other hand, improving the calculation efficiency of the algorithm on the basis of ensuring the imaging quality has
also become an important research content[9]. Both wavenumber domain imaging and migration techniques can
significantly improve the post-processing speed of full matrix data. However, because the spatial sampling rate is
affected by the interpolation function, it is easy to cause artifacts, and the algorithm principle is complex and
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difficult to apply to more than two layers of media. Sparse array elements can improve the imaging efficiency of
phased arrays. PENG and others use sparse arrays to increase the effective aperture method to reduce computing
time, but they are only used in single-layer media, and the sound field changes after sparse arrays are not
considered, which affects the imaging quality[10] .

Based on the single-layer media full-focus algorithm, this paper calculates the delay time of each element in the
media full-focus imaging based on the Fermat principle, and realizes the full-focus imaging during wedge
detection. Based on the uniformity of the effective aperture of the array based on the equivalent point spread
function, the weight function of the receiving element in the sparse array is studied, the sparse matrix-based media
full-focus imaging algorithm is established, and the sparse matrix full-focus imaging and the full-matrix full-focus
imaging are quantitatively analyzed Imaging accuracy and algorithm calculation efficiency of imaging[11 12].

I1. Research status at home and abroad

2.1 FMC/TFM research status

Caroline Holmes of the University of Bristol, UK, first introduced the concept of ultrasonic phased array full
matrix capture (Full matrix capture, FMC) in 2005, established a theoretical model of array FMC data acquisition,
and discussed the total focus method based on FMC data (Total focus) [13]. TF city method, linear B-scan, focused
B-scan, fan-shaped B-scan mathematical model and array performance indicator, Array performance Indicator,
APD, and compared the detection performance of TFM method and conventional B-scan, and pointed out the
calculation efficiency of FMC/TFM Very low[14]. In 2008, Alan et al. reported that the frequency domain
wavenumber algorithm was used to improve the calculation efficiency of the FMCITFM detection method, and
further improved the MC data acquisition model. They pointed out that the calculation efficiency of the
wavenumber algorithm is theoretically N times that of the TFM algorithm, where N It is the number of elements in
the array. At the same time, the wavenumber algorithm has stricter mathematical limitations than TFM[15]. The
implementation process is very complicated, and the selected frequency domain interpolation function will greatly
affect the quality of imaging. Moreau et al. pointed out in 2009, because The ultrasonic propagation speed in the
specimen is limited, and there must be a minimum interval between two consecutive excitations, which limits the
problem of acquisition speed. Based on this problem, the sparse matrix based on the far-field approximate effective
aperture technology is discussed. LFM method and constant source Method (Common Source Method, CS1V) [16
17]. In 2010, Moreau et al. further discussed the wave number algorithm and the TFM imaging method using a
defined sparse transmission matrix. The article pointed out that limiting the transmission period can reduce the
acquisition and post-processing time, and demodulate the signal. The baseband can further reduce the post-
processing time. The use of a sparse transmission matrix can not only reduce the data acquisition and post-
processing time, but also the dynamic range of imaging accuracy[18]. The literature also points out that TFM
cannot reach the frame rate of 1FPS, but the wave number algorithm is The frame rate of 2.SFPS can be reached
under the fast post-processing method. Zhang et al. discussed and analyzed the influence of the inconsistency of
array element parameters, such as amplitude, phase, and delay, on TFM imaging in 2011[19]. Paul and Zhang et al.
respectively in 2008 And the introduction of the vector total focus method in 2010, ctor Total Focusing Method.
VTF is used to evaluate the direction and reflection characteristics of scatterers and TFM imaging detection in non-
uniform multilayer media. Caroline Holmes et al. proposed a Scanned Array-based post-processing method in
2008 to improve the effective aperture during static inspection and increase the angle range of the probe to improve
imaging and defect location performance. SutclifFe et al. reported in 2012 that for the all-focus imaging method
based on FMC data acquisition, the use of synthetic aperture technology can achieve higher resolution, but the
imaging detection efficiency will be lower, and the real-time performance will be worse. The virtual source
aperture is introduced. , VSA) synthetic aperture method, and tested and compared the processing speed
parameters of the FMC/TFM method, synthetic aperture focusing method, and virtual source aperture method. The
results show that the virtual source method not only doubles the processing speed, but also maintains a good
performance. The horizontal resolution and signal-to-noise ratio[19 20].

From the above analysis, it can be seen that the current key issues in the research and application of FMC-based
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imaging algorithms are in two aspects: First, the research on the key issues of actual detection applications based
on FMC real-time high-resolution imaging; Research on imaging algorithms[21].

2. 2. Research status of sparse array design

The all-focus algorithm needs to collect complete full-matrix data for offline post-processing[22]. Due to the large
amount of full-matrix data, it takes a long time for all-focus imaging, which cannot achieve real-time high-
resolution detection in industrial applications. Aalan J. uses synthesis in radar Aperture focusing imaging
technology and sonar's wavenumber ((wavenumber agorithm) algorithm, imaging through frequency domain
algorithm, theoretically the imaging speed can be increased by N (N is the number of elements) times. In addition,
the effective element in the array is reduced[24]. The number, using sparse array technology to optimize the
position and weighting coefficient of each effective element in the phased array transducer can also achieve the
purpose of improving imaging efficiency. Compared with the improved post-processing imaging algorithm, this
method has fewer interference factors, The principle is easy to understand, the cost can be reduced. And some
classic array optimization methods can be used for reference, such as the genetic algorithm (GA) in the biological
field, ant colony algorithm (ACA) and solid-based The simulated annealing algorithm (Simulated Annealing
Algorithm, SAA) based on the annealing principle, etc. Wooh S et al. discussed the influencing factors of the main
lobe, side lobe, and grating lobe in the ultrasonic phased array array pattern, combined with numerical analysis and
experimental analysis to determine the sparse array The design of uniform sparse array is relatively simple, but the
non-uniform sparse array and the uniform sparse array have their own characteristics. When designing the array, a
reasonable choice should be made according to the actual clearing conditions[25]. The simulated annealing
algorithm is used when designing the sparse array, The upper and lower limits of sidelobe values can be
determined by numerical analysis methods, and the array performance is predictable[26]. TrUCCO uses this
method to design a two-dimensional sparse array with expected sidelobe values, and has achieved good detection
results in underwater three-dimensional imaging , But it is impossible to design a sparse array with arbitrary
aperture and sparse rate. Compared with the randomly generated binary sequence, the one-dimensional sparse
array based on the almost difference set has a lower peak sidelobe value. Haupt et al. took the lead Bring the
biological genetic algorithm into the array design, through continuous crossover and mutation to find the optimal
solution within the preset number of iterations[27]. Pliveri proposed a combination of Almost Deffirent Sets (ADS)
and genetic algorithm The method designs a sparse array. This method can obtain a sparse array with better
performance in fewer iterations, but the designed array is not used for actual detection. Yang Kai et al. used fuzzy
particle swarm ptimizationagorithm (Fuzzy Particle swarm ptimizationagorithm, The FPSOA method optimizes
the sparse antenna array and obtains good results. Xiang Ling fully derives the directivity function of the array
sound beam, and analyzes the influencing factors of the main lobe, side lobe and grating lobe in the array
directivity diagram, And design a non-uniform sparse array of cross transmitting and receiving, which can better
suppress the side lobes of the array[28 29].

In recent research, as classic design methods are continuously improved and perfected, some more effective
methods are continuously proposed[30]. For example, for the excitation signal of each element in the synthetic
aperture technology

Specific modulation is performed, and the positions of the effective array elements used for transmission and
reception are arranged by simulated annealing algorithm and weighted, which can improve the signal-to-noise ratio
and detection speed of the detection result.Since the genetic algorithm is a random algorithm, the consistency is
poor and it provides a sub-optimal sparse matrix column[31]. In this regard, Yang et al. applied the minimum
redundancy method to the sparse array design, and the conjugator could design a sparse array with better
performance. Chen Gang uses the ADS method to optimize the layout of each element in the large radar sparse
array, which can achieve a higher array effect than the traditional method. The echo data received by the sparse
array of phase correlation coefficients is used for post-processing imaging, which not only greatly reduces the side
lobe and grating lobe levels of the array pattern, but also improves the lateral resolution and SNR of defects. At the
same time, the phase discretization principle is applied to the sparse array design. Compared with the traditional
wave forming method, the image spatial resolution and contrast resolution are improved[32].
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111. Principle of all-focus imaging

Ultrasonic phased array full matrix data uses the pulse repetition period of the exciting array element as the time
interval to excite individual array elements in turn. After each array element is excited, the received signals of all
the array elements are received and stored in the pulse repetition period. Thus, all array elements transmit-receive
pair signals are obtained. Taking a one-dimensional linear phased array as an example, the number of array
elements is N, and the echo signal that excites the i-th array element to be received by the j array element is defined
as eij (t), 1, j=1, 2, ..., N, sequentially excites N array elements, and each array element receives echo signals at the
same time. The data collected in this way is called full matrix data. All-focus imaging is to perform post-
processing and imaging on the full-matrix data. For the commonly used wedge-coupled phased array detection, a
coordinate system is established, the origin O is located at the center of the detection array, the x-axis is to the right
along the array direction, and the z-axis is perpendicular to the array direction and points to the area to be tested.
The number of phased array elements is N, the width of the elements is a, the distance between the elements is d,
the sound velocity of the ultrasonic wave in the wedge and the workpiece are c1 and c2, and the height of the
wedge is H. For the element i, the sound beam is at A certain incident point Si on the workpiece, F(X, z) is an
arbitrary imaging point in the workpiece[33 34].

According to the principle of Fermat, the sound beam always travels along the path with the shortest time required.
The sound beam propagation path from the i-th element to the refraction point Si and then to the imaging point F
can be determined, and the sound of the process can be obtained. The propagation time Ti is:

v (xi—xip) 2 +H? + \/(xit—x)2+(Z—H)2)(1)
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sin 6; cq
sino, — 5,2
From equations (1), (2) and known quantities, the propagation time Ti of the sound beam emitted by the i-th array
element to the imaging point F can be calculated. Similarly, the ultrasonic propagation time Tj of the sound beam
reflected by the imaging point F and received by the array element j can be obtained. Therefore, the propagation
time tij (X, z) of the sound beam from the element i through the imaging point F to the element j is:

2
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In the formula, xi and xj represent the abscissas of the transmitting and receiving array elezments, and xit and xjr are
the abscissas of the refraction point of the transmitting and receiving sound beams at the interface respectively.
According to the principle of reciprocity, the transmission and reception process is reversible. Using the law of
time-delay superposition, superimpose the ultrasonic echo signals of all transmitting-receiving elements in the
transducer passing through the F point, and the amplitude characterizing the imaging point can be obtained.

I(x,2) =%, Y)Y ey (tij(x: Z))(4)
V. Sparse total focus method
4.1 Related concepts of sparse total focus method

The sparse all-focus method is to sparse the transmitting or receiving array, and perform imaging through
incomplete sparse matrix data. The sparse array can be designed based on the effective aperture, so that the sparse
array and the full array have the same effective aperture. Arrays with the same effective aperture have the same
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point spread function (PSF) in the far-field area, and the point reflector is the imaging target. The imaging
performance of the algorithm can be evaluated by the point spread function of the array.
Suppose there is a point scatterer in the measured medium, and rO represents its position vector. In order to
describe the position of the array element in the transmitting aperture and the receiving aperture, the binary
functions u, v of the imaging point position vector r are defined. These functions are non-zero fixed values at the
transmitting and receiving elements, and O at other positions. Define wT and WR as the weight functions of the
transmitting and receiving arrays, and the value of the function is only related to the position of the array element.
The transmit aperture and receive aperture of the array can be obtained by performing spatial Fourier transform on
the product of the array binary function and the weight function:
Ar = [ u(rr)or(rr)expiikbry)dry -
Ag = [77 v(rp)wp (rp)expliikbrg)drg
In the formula, AT and AR are the transmitting aperture and receiving aperture of the array respectively, and k is
the wave number.
The point spread function includes the sound field distribution of all transmitting-receiving array elements at each
point. By approximating the Green's function in the far field and using the phase shift technique, the point spread
function of the far field area of the array can be obtained as:

AZexpEZQQik(lrol—lrl))A k(L_r_O)
[Tol [l Irol
r To
Ak (-T2

In the formula, A is a constant; rO and r respectively represent the position vector of the point scatterer and the
imaging point.

When correcting the sparse array, it is necessary to make the effective aperture consistent with the effective
aperture of the full matrix. Therefore, there are many ways to define the weight function. For the sake of
convenience, this article only considers the sparse transmitting array element. The receiving array element adopts
the full array, and the weight wm of the transmitting array element is set to 1. Only by adjusting the weight
function Rm of the receiving array element, the sparse array and the full array have Same effective aperture. When
the sparse transmitting array element is determined, the weight function R of the receiving array can be obtained
according to equations (5) and (6). Finally, the sparse total focusing algorithm modified by the weight function can
be obtained as:

i(rO' 7') =

(6)
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4.2 Sparse all-focus imaging based on virtual source technology

As shown in Figure 1, the one-dimensional linear phased array transducer is placed on the surface of the measured
medium to establish a rectangular coordinate system. The x-axis is parallel to the surface of the medium along the
actual array direction, and the axis is perpendicular to the actual array and points to the specimen. Inside, the origin
is at the center of the actual array. The focus delay law is used to excite the continuous m array elements in the
transducer. The excitation law is different, and the focus point position is also the same. As shown in Figure 2, the
central array element is excited first, and then the two side array elements are excited in turn. It can be equivalent
to a spherical wave emitted by a virtual source above the array, but the emitted energy is higher than the actual
single array element; similarly, with the corresponding excitation The law excites the array element and also forms
a virtual source below the actual array. The virtual source can emit spherical waves forward and backward as
shown in Figure 2. Multiple virtual sources form a virtual source array, and the position of each virtual source in
the virtual source array can be determined by the method introduced in section 3.
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Figure 1: Array pattern of sparse array
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Figure 2: Diagram of the optimal value of each generation

As mentioned earlier, the data used for imaging of a single virtual source is similar to the full-matrix data.
Therefore, sparse all-focus imaging based on the virtual source needs to collect complete full-matrix data first, and
select the corresponding array group data according to the location of the virtual source. Perform imaging.
Ultrasonic phased array full-matrix data acquisition means that the ultrasonic phased array transducer with the
number of array elements is N, each array element is excited in turn, the first element is excited first, and all
elements in the transducer receive echo signals. Then the second array element is excited, and all the array
elements still receive the signal, until the Nth array element is excited, and all the array elements receive the signal.
Place the one-dimensional linear phased array transducer on the surface of the measured medium to establish a
rectangular coordinate system. The x-axis is parallel to the surface of the medium along the actual array direction,
the axis is perpendicular to the actual array and points to the inside of the test piece, and the origin is at the center
of the actual array. The focus delay law is used to excite the continuous m array elements in the transducer. The
excitation law is different, and the focus point position is also the same. Excite the central array element first, and
then the two side array elements in turn, which can be equivalent to a spherical wave emitted by a virtual source
above the array, but the emission energy is higher than the actual single array element; similarly, the corresponding
excitation rules are used to excite the array elements. A virtual source will be formed below the actual array, and
the virtual source can emit spherical waves forward and backward. Multiple virtual sources form a virtual source
array, and the position of each virtual source in the virtual source array can be determined.

4.3 Optimize simulation results

Taking a transducer with a total number of elements of 64 and a sparse array with an effective number of elements
of 16 as an example, the genetic algorithm optimization of the sparse array layout is carried out. According to the
reasonable parameter selection range, after many attempts, set the initial population set number to 40, the iteration
number to 204, and the crossover probability and mutation probability to 0.8 and 0.05 respectively. Since the
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genetic algorithm is a random algorithm, in order to better compare After optimization, compared with the result
before optimization, three sparse arrays of 8 elements are generated through the three-time genetic algorithm
optimization, which are represented by Al, A2, and A3, respectively. Fig. 3 is a sparse array pattern of evenly
distributed 8-array elements, and Fig. 4 is a pattern of three sparse arrays optimized by genetic algorithm. The
performance indexes of their main lobe and side lobe are listed. It can be seen from the figure that, compared with
the sparse array with 8 elements evenly distributed, the sparse array optimized by the genetic algorithm has a
narrower main lobe width and a smaller peak value. Sidelobes, we can see that it has better imaging array
characteristics. In addition, due to the characteristics of the main lobe and side lobe of the array, the effect of Al is
better than that of A2 and A3. Therefore, the sparse array designed by the genetic algorithm is used for imaging in
the sparse array corresponding to Al.
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Figure 3.1: Uniform distribution Figure 3.2: Al
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Figure 3: Array directivity diagram of the rare earth array

The sparse all-focus method uses a designed sparse array to perform imaging by obtaining incomplete sparse
matrix data. In order to make the imaging effect of the sparse array optimized based on the genetic algorithm close
to the full array, the effective elements of the sparse array can be weighted to make the effective aperture of the
sparse array consistent with the full array.

V. Experimental results and discussion
5.1 Experimental results

Take the circular arc-shaped side holes on the standard phased array B-type test block as the test object. As shown
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in Figure 4, the test area is marked by a white rectangular frame in the figure. There are 18 sides in this area with a
diameter of 2mm. The holes are numbered 1-18 from top to bottom. The experiment uses the 5L.32-0.6x 10
ultrasonic phased array transducer produced by Guangzhou Dople Electronic Technology Co., Ltd. and the SB 72-
NOL type 00 wedge. The total number of array elements in the transducer is 32, and the distance between each
array element The width of the array element is 0.5 mm, the center frequency of the transducer is 5 MHz, the
thickness of the wedge is 20 mm, and the sound velocity of the ultrasonic wave in the wedge and the test block is
2730 m/s and 5900 m/s, respectively. With a sampling frequency of 100 MHz, the full matrix data is collected and
stored in accordance with the full matrix data collection method. The processor of the PC used for imaging is Core
i7, and the running memory is 4G. The imaging area is 75 mm*60 mm, and the horizontal and vertical imaging
point spacing is 0.2mm. The imaging area is divided into a 376 X301 pixel grid.

60

Detection
area

W ? 2o g° ° [0]
o :
4 ¢

| 75 |

(a) Test diagram (b) Dimensional drawing of the measured area of typé phased array test block
Figure 4. Ultrasonic phased array detection experiment

Perform imaging according to the established medium full-focus algorithm, and express the imaging amplitude in
decibels. The imaging result is shown in Figure 5. Figure 5a is a two-layer media full-focus imaging image of the
entire detection area. The top and bottom of the image are the primary and secondary echoes of the wedge. Figure
5b is an all-focus imaging image with the wedge echo removed. Since the two lowest defect holes coincide with
the wedge secondary echo, the two lowest defect holes are not shown in Figure 5b. It can be seen that in order to
avoid the influence of the wedge echo, it is necessary to select an appropriate wedge thickness according to the
detection depth and the sound velocity of the medium during actual inspection. According to the number of sparse
emission array elements set, the first element is the starting element of the sparse array, and the element with the
largest lateral size of the sparse array is selected to form the detection aperture, and the effective elements are
equally spaced and evenly distributed in the aperture. For example, when the number of sparse array elements is 8,
the number of effective elementsis 1, 5, 9, 13, 17, 21, 25, 29.

Set the number of transmitting elements of the sparse matrix to 2, and the number of receiving elements to the
number of full array elements of 32, and perform sparse all-focus imaging with 2 elements on the two layers of
media, as shown in Figure 6. Figure 6a and Figure 6b respectively show the uncorrected and corrected imaging
images. It can be seen that the sparse all-focus imaging after the weight function correction has reduced side lobes
and artifacts near the defect hole, and the imaging quality has been relatively improved. However, due to the small
number of array elements, the overall imaging signal-to-noise ratio and resolution are insufficient.
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( ¢) Genetic algorithm optimization ( d) Genetic algorithm optimization and modification
Figure 5: Sparse all-focus imaging

5.2 Discussion of results

It can be seen from Figure 5 that the error value e of the sparse all-focus algorithm after the effective aperture
correction is generally smaller than that of the uncorrected sparse all-focus algorithm, and the measurement result
is closer to the full-matrix all-focus detection. As the number of sparse array elements increases, the value of d
gradually decreases, and the change is obvious at the beginning. With the continuous increase of the number of
sparse array elements, the change tends to be gentle. When s elements are added, the error d value between the
modified full-focus algorithm and the full-matrix full-focus remains basically unchanged. In addition, using the full
matrix data to perform a full-focus imaging in the corresponding defect hole area No. 4-7 takes 16.6 min.
According to the data, when the number of sparse array elements reaches 8, the d value of the modified sparse full-
focus method is all It can be controlled within 5.2%. At this time, it only takes 4.2 minutes to perform a full-focus
imaging, and the algorithm efficiency is increased by nearly 4 times.
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Figure 6: Horizontal and vertical sound pressure distribution of all-focus imaging

In order to extend the all-focus algorithm to the detection model of two-layer media and realize the all-focus
imaging of the two-layer ultrasonic phased array, this chapter calculates the propagation path and propagation time
of ultrasound in the two-layer medium based on the principle of acoustic Fermat. Two-layer media all-focus
imaging model. On the other hand, in order to speed up the calculation efficiency of the all-focus algorithm, the
sparse array optimized by the genetic algorithm is used, and the echo signals of the transmitter-receive array
element are weighted through the concept of effective aperture, and a two-layer medium correction sparse all-focus
imaging is established. model. Finally, through experimental analysis, it is verified that the established model can
effectively improve the imaging efficiency of the all-focus method while ensuring the detection accuracy.

V1. Conclusion

(1) Based on the Fermat principle, the delay time of each element in the two-layer medium is calculated, and the
medium phased array all-focus imaging algorithm is established. In all-focus imaging, the area quantitative error is
within 7%, and the horizontal and vertical resolutions are both within one pixel interval. The effective imaging area
is affected by the secondary echo of the wedge, and the depth of the wedge should be reasonably selected
according to the detection depth and the sound velocity of the medium in actual inspection.

(2) Sparse the emission array of the medium full-focus algorithm, and establish a sparse full-focus algorithm based
on effective aperture correction. This algorithm greatly improves the imaging efficiency of the algorithm under the
premise of ensuring the imaging accuracy. For a 32-element transducer, when the sparse matrix data of 8 emission
elements is used, the error value of the sparse matrix relative to the full matrix can be controlled within 5.2%, and
the algorithm efficiency is increased by nearly 4 times.
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