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Table 1

Flow chart of TVALS3H algorithm

Input: coding matrix A, measurement matrix y, maximum iterations maxcnt;

Output: reconstruct data x;

Initialization:w,x,v,3,4,¢;

1) The problem to be solved is divided into two subproblems by method of the augmented I.agrange function;

2) Substitute & into subproblem 1, and solve w; using iterative shrinkage ;

3) Substitute w, into subproblem 2, and x is solved using Barzilai-Borwein gradient method ;

4) Update Lagrange multiplier v, A, and update penalty function factor 2, u;

5) Step 2) and step 3) alternate iteration, and stop iteration when accuracy meets the requirements or iterations reach maximum

number.
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Fig. 3 Fringe patterns reconstructed by TVAL3H algorithm. (a) 25 frame reconstruction 1X1; (b) 50 frame reconstruction 1X1;

(¢c) 100 frame reconstruction 1X1; (d) 150 frame reconstruction 1X1; (e) 25 frame reconstruction 7X7; (f) 50 frame

reconstruction 7 X 7; (g) 100 frame reconstruction 7 X 7; (h) 150 frame reconstruction 7 X7

32 JBIR T R FH AR SC M 4 AR Ay OF W) AR AR X
25.50.,100,150 frame 9 A [ 2 55 FL 42 £ 0 2 4 &5
BHERE AT . LX1 4 LA A& T, 25,50, 100,
150 frame ¥k &2 25 il 5% 20 0 W4 {H 15 e L (PSNR) 43 51 K
26.71.24.07.19.36.18. 39 dB, 45 #4 A L 1 (SSIM) 43
Sk 90.02% . 87.38% .79.63% .76.96% , Fifi % i %t
B, AR BE R R B 5] A MR Z 8 &0, 50,
100,150 frame I 55 #4) 5% 08008 AH LE 25 frame BF PSNR
Jy 9 FRET 2.64.7.35.8.32 dB, SSIM 4 %l F R T
2.64% .10.39% .13.06% . 77X 7B FLIEZMAT,
25.50,100,150 frame P& & 25 fh 2% 0 ) PSNR 43 51 A
17.14. 12.87. 11.61. 10.81 dB, SSIM 4 4% K
74.18% .58.66% .53.09% .49.91% , fH THLAAE KM
i, 25.50,100,150 frame (1 7 X 7 5 A4 55 808008 A L
1X1 B PSNR 4+ % & Bg T 9.57. 11.20, 7.75,
7.58 dB, SSIM 43 Gl F K& T 15.84% . 28.72% .
26.54% .27.05% . myULAT WL, R 38 i A B AL AR
7 R 2 fii A5 2% 230 B A o 2 PRI

XF T 50 frame 25 F 1 X 1 FL42 19 350X 780 4k i
2 W BCHE AR SCER R SR T AR () O 396 s, STk [ 18]
Xt 334X 789 Y 50 frame K4 EAT MK &, TWIST

F2 ARIWUESAETF 09 TVALSH 5k 55 12 W7 4 80 i
e
Table 2 Diagnosis of fringe reconstruction results using

TVAL3H reconstruction algorithm under different

frame number conditions
25 50 100 150
frame  frame  frame  frame
PSNR /dB  26.71 24.07 19.36 18.39
1X1 SSIM /% 90.02 87.38 79.63 76.96
Time /s 155 396 1321 2613

Aperture  Performance

PSNR /dB  17.14 12.87 11.61 10.81
7X7 SSIM /% 74.18 58.66 53.09 49.91
Time /s 158 395 1379 2490

FEMFIE] 2 1593 s, TWIST-DCT W #ERT 6] Ky 1176 s, 5
Z A H AR OB VR BRI RE A I BE AR 775, 14 %0 .
66.33% o EFXt 7X 7 iR FLAR S AR AN [ i Ek B4 S
a0 BB SR A RS R S0k E AT T B A, X 4y
Mr T AR SCRF#E R = 48 TVALSH & i 5 45 i
TVAL3H % . GAP 8 ¥  ADMM 8 ¥k 19 & 8 P fE .
WA 4 TR, R T SR = 292 W B0 16 504 388 e
FEA 2 RN T 5 4G T, SR FH 3 140 B 4 300 R 1Y) B
WETVAL3 B (H BT 8O0 B W He s iy o HLxF
T 7XT gL 2 Wi 51 R AR fE TVAL3 S A 55
6 AN [ TR 1 4% 08 i b 3L A R R AR B
ANPRAE AR SCRT R ST TVALSH 8 vk e T B30 19
SR, X T K 4 A L AR 19 4% BSO8R B A A 1 R R AR
Fo WA, NLBERCR K A RIS TVALSH
GAP . ADMM Wk & 8 R 8238, 9 H. 25 frame 5574 T
55 S 8040 T 150 frame 554 R AT 22,

ASCHT R TVALSH Bk e A fE b, 4%
fifi I R R AL 7 o0 TVALS B R o = 4
g 5 20, X e R 3 SR R BROHE R AT A AL
AN 7 A SR i A 2 rh R ) BB B RV K i 1 [R)
FE R IE T 5 A 0 (RN G S AR T R A . A
SR T & JFBE AY 5 4 Har i, 181 5(a) J2& 74X 7 G
AL 4R S R B 1 9 PSNR X LG, 8] 5(b) & 7 X 7
R FLAR 2 T AN SR 0 SSIM X B . 81 6 02 7 X7
Ui 15 LA 2 0 T AN [R) 53 A B X b . fh 1B 6 AT
AL, 5% TVAL3 E @R LM, TVAL3H & &5
B AE 25.50,100, 150 frame B 8 2@ i 6] 40 591 14 40
TVAL3 W /> T 92.15% .93.15% .76.45% .78.30%,
PSNR 435142 T+ T 6.86.3.06.1.83.1. 20 dB, SSIM 43
W T T 26.67% . 17.69% . 15.55% . 14.10%,
TVAL3H AH % T F5 #E TVALS3 T 2 i & Al 8 o o
A WH BT 5 GAPHE¥EM L, TVALSH &5
BEAE 25.50.100, 150 frame B 25 g B[] 43 5] e GAP &
Bl > T 76.76% . 76.13% .57.79% . 61.80% , A

1911003-5



100 frame

150 frame

43 3% 5 19 #1/2023 £ 10 B /¥ ¥R

P4 TR FE i ol 12 Wi R B2 AT 0 () TVALS 155 (b) TVALSH 51 5 (¢) GAP 7% 5 (d) ADMM 57 7%
Fig. 4 Velocity fringe restoration images of shock wave diagnosis by different algorithms. (a) TVAL3 algorithm; (b) TVAL3H
algorithm; (¢) GAP algorithm; (d) ADMM algorithm
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Fringe Reconstruction Technology of Two-Dimensional Shock Wave
Velocity Field Based on Total Variation Regularization Constraints
Li Miao, Yu Baishan, Wang Xi', Zhang Lei, Wang Chenyan, Liang Jiaxin
College of Opto-electronic Engineering, Chongqing University of Posts and Telecommunications, Chongqing
400065, China
Abstract
Objective In recent years, the development and utilization of nuclear energy have become an important field at the

frontier of the world's scientific and technological competitions. Inertial confinement fusion (ICF), as controlled fusion,
injects a large amount of energy into the target pellet containing fusion fuel in a very short period, and the fuel inside the
pellet undergoes compressional implosion under the action of extremely high temperature, pressure, and density to cause
thermonuclear fusion reactions. Throughout the fusion process, the fusion fails due to the uneven symmetry of
compressional implosion caused by various factors, which also limits the development of ICF research. Measuring the
velocity distribution of shock waves can predict the compression state reached by the target pellet and provide reliable
reference data for further optimization of ICF compressional implosion processes. CUP-VISAR is a significant diagnostic
instrument for shock wave velocity measurement in the late stage of ICF implosion by recording the interferometric fringes
formed by Doppler shift. The CUP-VISAR system provides a new way of thinking about the research on ultra-high
temporal resolution 2D imaging of ICF. Currently, the two-step iterative shrinkage thresholding (TWIST) algorithm is
mainly employed to solve the optimization problem, which has a large amount of matrix operation during the iterative
solution process and thus leads to the defect of long reconstruction time. In this study, a fast and better-quality data

reconstruction algorithm is adopted for CUP-VISAR measurement systems.

Methods

the total variational model to associate the sparse sampling matrix with its gradient domain to recover the edge and detail

The traditional reconstruction algorithm of total variational regular constraint compression sampling is based on

information of the sampled data during eliminating noise and artifacts. The traditional total variational regular constraint is
mainly utilized to reconstruct two-dimensional data based on one-dimensional sampled data, but the adopted compression
diagnosis process of CUP-VISAR systems is to collect three-dimensional data into two-dimensional data. The traditional
total variational regularization algorithm is leveraged to recover the 3D diagnostic data of CUP-VISAR systems. It is
necessary to expand the 3D linear observation matrix operators into a diagonal matrix for each frame and arrange them
successively to form a two-dimensional matrix. However, the sampled data of the fringe distribution of the shock wave
velocity field need to be arranged as a one-dimensional matrix, which is reconstructed into three-dimensional data after
employing the full variational regularization algorithm. The diagonal matrix expanded by the linear observation matrix

operator contains a large number of zero elements that do not contain effective information and expand the matrix
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computation amount. Thus, the requirements including memory and CPU are relatively high, and this traditional total

variation regularization reconstruction algorithm needs generally long reconstruction time. For diagnostic data with more
than 40 frame, the partitioning method should be adopted for the reconstruction. However, the partitioning method may
exert an obvious block effect on the data at the partitioning edge, which significantly reduces the reconstruction quality.
Therefore, as the total variation regularization algorithm cannot directly reconstruct the two-dimensional data, it needs to
be further extended and optimized to reconstruct the two-dimensional data collected by CUP-VISAR into three-
dimensional data and improve the algorithm reconstruction speed spontaneously. We propose an improved total variation
regularization reconstruction algorithm TVAL3H by combining the enhanced L.agrange function method and the alternate
minimization method. The convex optimization problem to be solved is divided into two sub-problems which are solved by
the iterative threshold shrinkage method and the Barzilai-Borwein gradient method respectively. In the reconstruction
process, the TVALS algorithm is directly extended to 3D reconstruction by the Hadamard product method, which can
effectively reconstruct the sampled data of the shock wave velocity field, significantly improve the reconstruction speed of

the algorithm, and guarantee the reconstruction quality.

Results and Discussions Simulation reconstruction analysis results of the bending stripes show that the proposed
TVALS3H algorithm improves peak signal to noise ratio (PSNR) by 6. 86 dB (25 frame)-1. 20 dB (150 frame) (Fig. 6) and
structure similarity (SSIM) by 26.67% (25 frame)-14.10% (150 frame) (Fig. 6), and reduces time consumption by
92.15% (25 frame) -78.30% (150 frame) (Fig. 6) compared with the conventional TVAL3 algorithm. The time
consumption is reduced by 57.79% (100 frame GAP)-77.20% (25 frame ADMM) while the PSNR and SSIM differences
are smaller compared with the GAP and ADMM algorithms (Fig. 6). At the same reconstruction time scale, the PSNR of
the proposed reconstruction algorithm improves by 1.92 dB (25 frame)-0. 84 dB (150 frame) and 1.85 dB (25 frame)-
0.80 dB (150 frame) compared with GAP and ADMM algorithms respectively in different frame conditions (Fig. 7).
SSIM improves 9. 23% (25 frame)-4. 48 % (150 frame) and 8. 85% (25 frame)-4. 46 % (150 frame) (Fig. 7) compared with
GAP and ADMM algorithms respectively.

Conclusions We propose and implement a three-dimensional extended reconstruction algorithm TVAL3H with total
variation regularization for CUP-VISAR compressed sampling of diagnostic data, which simulates the ultrafast
compression of shock wave fringe images in the CUP-VISAR diagnostic process. The reconstruction experiments on
simulation data of the shock wave velocity diagnostic interference {ringe based on the CUP-VISAR system are completed
by simulating the compressed ultrafast photography process in the CUP-VISAR diagnostic process and combining the
aperture problem during the actual compression coding in different coding aperture conditions of 1X1 and 7X7. The
proposed TVAL3H algorithm has advantages in reconstruction speed compared with TWIST and TWIST-DCT
algorithms. For the 350X 780 dimensional diagnostic data at 25 and 50 frame, the spent reconstruction time is within
400 s. TVALSH algorithm significantly improves the reconstruction PSNR and SSIM at 25, 50, 100, and 150 frame
compared with the conventional TVAL3 algorithm, with significantly reduced construction time. Compared with the GAP
and ADMM algorithms, the reconstruction speed is significantly improved with little difference in PSNR and SSIM. By
unifying the recovery time of the TVALS3H algorithm with GAP and ADMM to the same time scale, the PSNR and SSIM
of TVAL3H recovery fringes are better than those of GAP and ADMM at different frames. The reconstruction results are
better than those of GAP and ADMM.

Key words diffraction and grating; compressed ultrafast photography; total variational regularization constraint; shock

wave diagnosis; three-dimensional reconstruction; Hadamard product
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