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Fig. 4 Schematics of UNROLL. (a) Before optimization; (b) after optimization
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Fig. 10 Results obtained using laser ultrasonic TFM. (a) TFM image without generation direction coefficients; (b) TFM image with

generation direction coefficients; (c¢) side view of TFM image without generation direction coefficients; (d) side view of TFM

image with generation direction coefficients
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Table 1 Usage of on-board resources
Resource Utilization Available Utilization
; number number rate /%
LUT 42969 53200 80.77
LUTRAM 2621 17400 15.06
FF 41335 106400 38.85
BRAM 3 140 2.14
DSP 90 220 40.91
BUFG 1 32 3.13

#ir , BRAM RSBl MLAE it 4% , DSP KR U715 5 b
AR BUFG £7n 4 5 S8 v 5 Ui

B 2401 411 00 K e 43 Sk RS 43, 4 ZYNQ B
A ARM # [RI B 3155 B — 4> ARM #1915 B[] 2
136.9 s, f I WU B 11 550 B 18] /2 82.6 s, A ] 4 45 T
40% o TR E] S5 R B O B RN B R
LT LAy e 208 22 0 A N HEAT T O IR AT R R L
PR B B R i . 1R 12 8 ZYNQ I 5 10 0ot
R ERRAE

K 12 (a) HpoBk f5 T0 5m o7 T 2=3.46 mm &b , 1% %
J1.76% , FE 12(b) R ER B {5 M Lol 21.2 dB. 5
E 10(b) A s i 22 1.18% A, ZYNQ (1) 31 5% 22

@ Signal amplitude /V
B
§
=]
172}
<)
fow
0 2 4 6 8 10
Position « /mm
(b) 15 Signal amplitude /V
025} 0.25
2
g o) | 020
=
g 0.15} 0.15
=)
.§ O‘ 10 | 0- 10
N
0.05 0.05
0 0
8 6 4 2 0

Position 2 /mm

K12 T ZYNQH TEM SR IE o (a) IERLIE 5 (b) il 4L 151
Fig. 12 TFM images based on ZYNQ. (a) Front view;

(b) side view

1804002-8



2505 F 18 H1/2023 £ 9 B/ EH*t

H PC K 0.58% , M & 75 0 B fa v & L7 — 8 5
[ 10(d) rh B A 15 e 1 20.81 B A FE , ZYNQ 35 1Y
AR E 5 e b PC 55 0.39 dB, 1 g 18]l i A5 20 08 3 A
AR o B0 3 22 S S DR R - POl V2 A B AT 1
LM ZYNQ BT RO T sl A AR 2%
TEARFE TR 25 SRR T, A SO i ZYNQ T &
Wb 45 2 808 UM 16 S0 /NELI 32 47 1 5 Kk
FS A7 /INE Y 16 137 5 A B S AL RE A o 2
A28 AEAE AR 22 1 H S B0 /N T i AR B R B
0TI, I 23 ZYNQ I 45 B 5 PC & 4%
AT AN TR o (H B9 245 SR R BT, ZYNQ [6) B 1 6% 28 1 1
ARG 00 ) R ) PN S R

FRGERIE TR T ZYNQ M 8O 4 R 4
AR B0 I e, R 1 %3 F PCLIntel (R) Core
(TM) i5-8250U 4-core CPU ] #l % T ZYNQ W F °F-
B AT IR W FE R AR A AT T IR L A Rk 2
B, ZYNQ 7E B (8] Fl AR 1 ¥ o5 D03, 8 B 46 5
PC # 82.6/602.6 = 137/1000, & A ¥ /b %] PC #Y
1500/5000=3/10, X % B} ZYNQ H A ¥ & 19 ¥
#rib .

2 FETPCH ZYNQEH) 4 R AEFIE A THFL T ] AT L
Table 2 Comparison of running time and cost between ZYNQ-
based TFM and PC-based TFM

TFIM calculation tool Time /s Cost /yuan
PC-based TFM 602.6 5000
ZYNQ-based TFM 82.6 1500

HE— 2 AR SO TP S8 I 4 A AL AR A T P2
TRINBE , F BEAT 1 OGBS Y 4 TR MR BB AR . 4
HE IR G TT 10 R B AR BB F K
X [ AR, EL 2 A 8 L A5 2 W] 2 003 5 TR i 6 T ZYNQ
TN A 8O P A B A B R R S R AR SUAR B A, HLAE
Ap A5 3 Y 0 45 0, Bk 1 R T ZYNQ RGO 7 42 R
P AR Bk 0 AT A A 3 3 1

5 4 w

T T 4T ZYNQ RO #4255k
IFFE, S BT XA i PR 0 Bl k5 96 A 30 RS A7
— 75T, 38 2o 73 A A [ A 38 A 4 R AR B T A i R
i, o SO 7 T 1) AR S RS AR 5 — T
X — LA N T TR A IR AR I RO M
BEXF 3 — a1, A ZYNQ PL 35 5 I 47 P4 00 42 5 4%
S AT A6 B0 8 T AR K AL Ak R T ZYNQ XX
vt it — A Bk . SEH A SRR W] 5l AR Ty
) Pk R B, 4 AR PR AR W LU A B e 3% o X ke
SAFT 58 4 AR T 1Y AR 45 2R R B - A R AR
B BRZE /N AR MR L m o i el B A AR
AR S 1 B AT B 8 1Y BB R AR RE ), LR AR AT

B A5 M B, SR T IO 7 4 A R Bk T
ko BeAh il ZYNQ X 3O A 4 3R A2 AR B vk
AT AL BR)S & B, ZYNQ iHE 5 PC 355 1y i &
AR RO R A — 3, H 2 ZYNQ R A a) 45 T
86 %, LA IE > T 68.5% , i —HHESL T #F ZYNQ
PR 7R 4 R A R SR AT AT

& £ X W

(1] #ede . KRBz 22T ARE G 1F A 31k S o348 I iF 52
(D1 HLIH: #FVLR, 2005.

Yang C L. Research of automated ultrasonic non-destructive test of
large complex geometry composite structures in aeronautic industry
[D]. Hangzhou: Zhejiang University, 2005.

(2] . 4 A I B 5 R A9 P00 I 1T 6 A% 187 3 A PO R P I G

iFgE[D]. Jbot: JERTAi k%, 2016.
Wang J. Research on nondestructive testing for metal surface
defect detection and rail tread residual stress determination using a
laser ultrasonic technique[D]. Beijing: Beijing Jiaotong University,
2016.

(3] VEZKHE, XA, XUWT, 2 7 {8 38 A R B D0 454 0 AR i BT 5
ORI JE ik S5 B, 2014, 35(9): 929-934.

Wang Y K, LiuJ, Liu M, et al. NDT technology research status
of internal defect detection for oil and gas pipelines[J]. Corrosion &.
Protection, 2014, 35(9): 929-934.

(4] WK, W as e, Tm . R P R A D[] AR Tl 2 B
SAR(E SRFLF IR, 2007, 21(2): 67-69, 73.

Yao L F, Feng Y H, Wang L. Ultrasonic and ultrasonic measuring
[J]. Journal of Shandong Institute of Light Industry (Natural
Science Edition), 2007, 21(2): 67-69, 73.

(6] BAEEAE, W, WCHEE RN AR I R R RN [T, JE AR
K, 2004, 26(5): 235-238.

Shan B H, Yu Y, Ou J P. Ultrasonic phased array inspection
technology and its applications[J]. Nondestructive Testing, 2004,
26(5): 235-238.

(6] MHWREL, M, Wil A, 45 . R4 % R e B S AR5 B A I R e
M 8L FAFFELT]. L I 5 R Al 2015, 29(9): 1286-1294.
Yang X X, Xue B, Jin S J, et al. Application study on compressed
sensing in ultrasonic phased array detection system[J]. Journal of
Electronic Measurement and Instrumentation, 2015, 29(9): 1286-
1294.

(7] sk, BXEH, MG, A OB AR A I R T E R LR AR [T].
e IR, 2022, 59(2): 0200003.

Zhang P H, Zhao Y, Li P, et al. Research progress in ultrasonic
imaging detection technology[J]. Laser &
Progress, 2022, 59(2): 0200003.

(8] MM A AL AR AR W 5 H B e (7], B A 27, 2018, 37(5):
787-793.

Sun B S. Applications and development of synthetic aperture
imaging[J]. Journal of Applied Acoustics, 2018, 37(5): 787-793.

(97 L Wb BT HUAS DR IM]. PY 22 P4 2 5238 R ih R AL
2012: 12-67.

Shen Y D. Modern nondestructive testing technology[M]. Xi’an:
Xi’an Jiaotong University Press, 2012: 12-67.

[10]  Ah3te & R ALAR B A S SR AR WFSE[D] K R,
2010.
Du Y H. Research on synthetic aperture focusing technology for

Optoelectronics

ultrasonic imaging[D]. Tianjin: Tianjin University, 2010.

(1) BRAE, a7, X&, . M E B R AROLEN & IR RE
AR PRI T EEOE, 2021, 48(3): 0304001.
Chen C, Ying K N, Liu N, et al. Application of phase shift
migration method in laser ultrasonic SAFT[J]. Chinese Journal of
Lasers, 2021, 48(3): 0304001.

[12) 5, ®OEE, FEN, % 5T 2R ERR0IREE -8
TR AG T L] AR, 2021, 40(4): 482-489.

1804002-9



[15]

[16]

[17]

(18]

[21]

(22]

[23]

[24]

Rt

Wang G, Huang L X, Wang Z G, et al. A TFM based ultrasonic
array detection and imaging method for concretes[J]. Technical
Acoustics, 2021, 40(4): 482-489.

Holmes C, Drinkwater B W, Wilcox P D. Post-processing of the
full matrix of ultrasonic transmit-receive array data for non-
destructive evaluation[J]. NDT & E International, 2005, 38(8):
701-711.

Hunter A J, Drinkwater B W, Wilcox P D. The wavenumber
algorithm for full-matrix imaging using an ultrasonic array[J]. IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, 2008, 55(11): 2450-2462.

Velichko A, Wilcox P D. Reversible back-propagation imaging
algorithm for post-processing of ultrasonic array datalJ]. TEEE
Transaction on Ultrasonics, Ferroelectrics,
Control, 2009, 56(11): 2492-2503.

Hunter A J, Drinkwater B W, Wilcox P D. Autofocusing
ultrasonic imagery for non-destructive testing and evaluation of
geometries[J]. NDT & E

and Frequency

specimens ~ with  complicated
International, 2010, 43(2): 78-85.
Li C, Pain D, Wilcox P D, et al. Imaging composite material
using ultrasonic arrays[J]. NDT &. E International, 2013, 53: 8-17.
JAIET, 20, FSCHE . M G P i A BRI AR BIE 5 A
RRELT] MLB T AR =40, 2016, 52(6): 1-11.

Zhou Z G, Li Y, Zhou W B. Ultrasonic phased array post-
processing imaging techniques: a review[J]. Journal of Mechanical
Engineering, 2016, 52(6): 1-11.

Drinkwater B W, Bowler A 1. Ultrasonic array inspection of the
Clifton Suspension Bridge chain-links[J]. Insight, 2009, 51(9): 491-
498.

T BT FPGA By YU 7 42 2R 8 iR B 5T (D] #s: 7R 22
KA, 2017: 13-24.

Ran C. Fast ultrasonic total focus imaging based on FPGA[D].
Chengdu: Southwest Jiaotong University, 2017: 13-24.

BURM, BRHEA], e, 8 87 45 8 R 1E R AL K Jin
SRR AR 2, 2017, 38(7): 1589-1596.

Jia. L C, Chen S L, Bai Z L, et al. Correction model and
accelerating algorithm for ultrasonic total focusing method[J].
Chinese Journal of Scientific Instrument, 2017, 38(7): 1589-1596.
e Ae, R, SRE . TR R RO S IML JERG AR
L, 2015: 2-3.

Shen Z H, Yuan L, Zhang H C. Laser ultrasound in solids[M].
Beijing: Posts & Telecom Press, 2015: 2-3.

Gao H D, Lopez B. Development of single-channel and phased
array electromagnetic acoustic transducers for austenitic weld
testing[J]. Materials Evaluation, 2010, 68: 821-827.

JAgE, A= KT 2 NG IR AT WA Lamb i 55 8R4 AT
FELT) HOL SOt F 2= 8k, 2021, 58(23): 2319001.

Zhou Y, Li S X. Study of lamb wave dispersion characterization
using multiplexed two-wave mixing interferometer[J]. Laser &.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

2505 F 18 H1/2023 £ 9 B/ EH*¢

Optoelectronics Progress, 2021, 58(23): 2319001.

Stratoudaki T, Clark M, Wilcox P D. Laser induced ultrasonic
phased array using full matrix capture data acquisition and total
focusing method[J]. Optics Express, 2016, 24(19): 21921-21938.
Stratoudaki T, Clark M, Wilcox P. Adapting the full matrix
capture and the Total Focusing Method to laser ultrasonics for
remote non destructive testing[C] /2017 TEEE International
Ultrasonics Symposium, September 6-9, 2017,
DC, USA. New York: IEEE Press, 2017.

JAIET, ANTIF, 2 Sk JC AR e I 4 R AR S A BRI e T
TR R L], s il 4R 2016, 59(4): 30-35.

ZhouZ G, Sun G K, LiY. Application of advanced nondestructive

Washington,

testing technologies for the detection of defects in composites[J].
Aeronautical Manufacturing Technology, 2016, 59(4): 30-35.
Velichko A, Wilcox P D. An analytical comparison of ultrasonic
array imaging algorithms[J]. The Journal of the Acoustical Society
of America, 2010, 127(4): 2377-2384.

Nikolov S T,
beamformer for synthetic aperture imaging[J]. IEEE Transactions

Jensen J A, Tomov B G. Fast parametric

on Ultrasonics, Ferroelectrics, and Frequency Control, 2008, 55
(8): 1755-1767.

S RAE WA B, JE T EDE A PR EE (GPU) Y 38 35 [T]. 354
i BB S EE A2, 2004, 16(5): 601-612.

Wu E H, Liu Y Q. General purpose computation on GPU[J].
Journal of Computer Aided Design & Computer Graphics, 2004,
16(5): 601-612.

Amaro J, Falcao G, Yiu B Y S, et al. Portable parallel kernels for
high-speed beamforming in synthetic aperture ultrasound imaging
[C]//2013 TEEE International Conference on Acoustics, Speech
and Signal Processing, May 26-31, 2013, Vancouver, BC,
Canada. New York: IEEE Press, 2013: 2688-2692.

Huang H J, Yu Y Y, Wang J J, et al. Parallel design for
ultrasound synthetic aperture imaging FPGA[C]/ TENCON 2015~
2015 IEEE Region 10 Conference, November 1-4, 2015, Macao,
China. New York: IEEE Press, 2015.

IncXilinx. Zynq-7000 all programmable SoC technical reference
manual[EB/OL]. (2017-12-06) [2022-08-01]. htips: //usermanual.
wiki/Document/Zynq7000TechRefManual 1945247997/ view.
PN SR T O 2R AR R = R TR B B T] B T
1997(3): 38-39.

Sun X W. Properties of the focus triangle of hyperbolalJ].
Mathematics Teaching Research, 1997(3): 38-39.

Bernstein J R, Spicer J B. Line source representation for laser-
generated ultrasound in aluminum[J]. The Journal of the Acoustical
Society of America, 2000, 107(3): 1352-1357.

IncXilinx. Vivado design suite user guide high-level synthesis
[EB/OL]. (2012-12-18) [2022-08-01]. http: /www. xilinx. com/
support/documentation/sw_manuals/xilinx2012_4/ug902-vivado-
high-level-synthesis.pdf.

Research on Laser Ultrasonic Total Focusing Imaging Method Based on

ZYNQ Acceleration

Wu Chanjuan', Ying Kaining®, Dai Lunan®, Tan Junfu’, Shen Zhonghua®, Ni Chenyin"

'School of Electronic Engineering and Optoelectronic Technology, Nanjing University of Science and Technology,

Nangjing 210094, Jiangsu, China;

*College of Science, Nanjing University of Science and Technology, Nanjing 210094, Jiangsu, China;

‘College of Computer Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094,

Jiangsu, China

Abstract

Objective

1804002-10

With the continuous emergence of various materials and the improvement of the quality requirements of modern industry


https://usermanual.wiki/Document/Zynq7000TechRefManual.1945247997/view
https://usermanual.wiki/Document/Zynq7000TechRefManual.1945247997/view
http://www.xilinx.com/support/documentation/sw_manuals/xilinx2012_4/ug902-vivado-high-level-synthesis.pdf
http://www.xilinx.com/support/documentation/sw_manuals/xilinx2012_4/ug902-vivado-high-level-synthesis.pdf
http://www.xilinx.com/support/documentation/sw_manuals/xilinx2012_4/ug902-vivado-high-level-synthesis.pdf

2505 F 18 H1/2023 £ 9 B/ EH*t

for mechanical parts, non-destructive testing technology has been rapidly developed. Ultrasonic non-destructive testing has been
widely used because of its high sensitivity, penetrability and other advantages; it has become an indispensable tool in aerospace,
railway, oil pipeline, and other industrial testing. As a hot spot in the field of industrial non-destructive testing in recent years, phased
array testing technology exhibits the characteristic of flexibility in focusing. However, all ultrasonic sub beams are focused at a
constant depth, and reflectors outside the focus area cannot be detected sensitively. Synthetic aperture focusing technology (SAFT)
can synthesize multiple small numerical aperture transducers into large numerical aperture transducers, which can obtain higher
resolution reconstructed images and provide a more reliable basis for the qualitative analysis of defects. The total focusing method
(TFM) is developed by combining phased array detection technology and synthetic aperture focusing technology. The total focusing
method uses all the transceiver combinations in the phased array elements to detect defects and performs image post-processing on the
obtained full matrix data. It uses all the information of the data to recover the detection signal to the maximum extent, and obtains
imaging results with a stronger defect characterization ability and higher resolution. However, it has many limitations such as a large
data demand, complex calculations, and the need for a substantial amount of time. To address these issues, the laser ultrasonic total

focusing imaging method based on ZYNQ acceleration is studied in conjunction with laser ultrasonic testing technology.

Methods First, the total focusing imaging method based on laser ultrasound is established, and the laser ultrasound directivity
coefficient is then introduced to optimize the algorithm by analyzing the imaging principle. Furthermore, a laser ultrasonic scanning
detection device is built for experimental verification. The ultrasonic signal is excited by a linear laser source and the echo signal is
detected by a Doppler vibrometer. The laser ultrasonic total focusing imaging method is then used to detect and locate the internal
defects, and the results are compared with those obtained by synthetic aperture focusing technology. Finally, the personal computer
(PC) is connected to the ZYNQ-7000 development board to test the data received by the PC. The total focusing imaging method is
accelerated based on the loop expansion and pipeline principles of the ZYNQ programmable logic (PL) part and the dual core design
principle of the processing system (PS) part, and the results are analyzed.

Results and Discussions Before and after the introduction of the laser ultrasonic directivity coefficient, the imaging results reflect
the defect location (Fig. 10). In contrast, in the results obtained by the original total focusing method, the high amplitude signals are
scattered around the defects. In the results obtained by introducing the laser ultrasonic directivity coefficient, the high amplitude
signals are mainly concentrated at the defects, and the image signal-to-noise ratio is higher. Therefore, the introduction of the
excitation directivity coefficient can effectively suppress noise and improve the image signal-to-noise ratio. Moreover, compared with
the SAFT image (Fig. 11), the laser ultrasonic total focusing imaging method has a smaller defect position error, a higher signal-to-
noise ratio of the defect image, and a stronger defect characterization ability. The algorithm is then transplanted to the ZYNQ platform
for acceleration. Compared with the PC based imaging results, the imaging effects of the two are essentially the same (Fig. 12);
however, ZYNQ has the advantages of time and cost (Table 2). The time consumption is reduced to 317/1000 that of the PC, and the
cost is reduced to 3/10 that of the PC. This shows that ZYNQ has a higher cost performance ratio.

Conclusions An algorithm of the laser ultrasonic total focusing imaging method based on ZYNQ is investigated in this study. The
results indicate that the signal-to-noise ratio of the full focus image is improved significantly after the introduction of the laser
ultrasonic directivity coefficient. Upon comparing the imaging results of synthetic aperture focusing technology and the total focusing
imaging method, it is noted that the total focusing imaging method image has a smaller error and higher signal-to-noise ratio. The laser
ultrasonic total focusing imaging method has a stronger defect characterization ability and higher signal-to-noise ratio, which further
verifies the feasibility of the laser ultrasonic total focusing imaging method. After using ZYNQ to optimize the laser ultrasonic total
focusing imaging method, it is deduced that the final imaging effect based on the ZYNQ calculation is essentially the same as that
based on the PC calculation. However, the calculation time of ZYNQ is reduced by 86% , and the cost is reduced by 68.5%; this
further confirms the feasibility of the laser ultrasonic total focusing imaging method based on ZYNQ.

Key words measurement; laser ultrasonic; total focusing imaging method; ZYNQ platform; nondestructive testing
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