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Abstract: In the actual adaptive optics control system, the time delay causes the mismatch between the correction
profile generated by the corrector and the actual wavefront distortion, which leads to correction lag error. Under the
atmospheric frozen flow turbulence assumption, a wavefront distortion prediction method based on motion estima-
tion is proposed to compensate for the time delay. The template matching algorithm is used to estimate the atmos-
pheric turbulence motion direction, according to the wavefront restored images of the reference frame and the
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current frame, and then the current frame is moved to predict the next frame. The prediction method applicability is

evaluated, and the influence of backtracking frames on the prediction effect is discussed by comparing the simula-

tion data of different sampling frequencies and different transverse wind speeds. The residual error is calculated with

the template matching algorithm and the least recursive squares (RLS) algorithm. The simulation results show that

the method performs better when the variation tendency of wavefront restored images is obvious. Therefore, the

prediction effect can be maintained better in severe conditions. Finally, the prediction method is verified by using the

actual observation data of Sirius, and the algorithm still keeps the prediction effect.

Keywords: adaptive optics; turbulence prediction; motion estimation; wavefront correction
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Fig. 2 Comparison of different algorithms prediction effects.
(a) Ideal correction residuals RMS; (b) Ideal correction; (c) Probability density function of the promotion effect
A2 ARk T HETRm 2R
Table 2 Comparison of the algorithm prediction effects under different wind speeds
1 2 3 4 5 6 7 8
Erms-origlA 0.7181 0.7208 0.7233 0.7257 0.7280 0.7302 0.7322 0.7341
Erms-deilA 0.0614 0.1185 0.1707 0.2172 0.2585 0.2951 0.3278 0.3573
Erms-prelA 0.0343 0.0806 0.1315 0.1781 0.2216 0.2612 0.2986 0.3322
B 0.0478 0.1118 0.1818 0.2454 0.3044 0.3577 0.4078 0.4525
N2 0.4414 0.3198 0.2296 0.1800 0.1427 0.1149 0.0891 0.0702
Acc 0.9980 0.9960 0.9796 0.9672 0.9443 0.9129 0.8956 0.8529
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Fig. 3 Comparison of motion estimation and RLS model prediction effects under different wind speeds

A3 AREWLMEH

Table 3 Conditions of Sirius observations

Data1 Data2
Temperature/°C 8.50 8.50
Velocity/(m/s) 3.30~3.80 2.90~3.20
Degree/(°) 306~314 311~303
Visibility/km 50.78~50.95 50.77~50.78
Elevation 33°08'30.2" 32°59'04.4"
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Fig. 4 The first four frames of Hartmann sensor detection images
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Fig. 5 Comparison of different algorithms prediction effects.
(a) Ideal correction residuals RMS; (b) Ideal correction; (c) Probability density function of promotion effect

210288-7



StE TR, 2021, 48(10): 210288

https://doi.org/10.12086/0ee.2021.210288

FARIERCRARIK N 22.88% ., 17.61%., 12.21%. TN
AR RCR A 25 B2 pR BN & 5(e) i, HerhoPy
PETFRRAR KN 15.97% . 24.25%

SH I UESS KRR, BARICEL IS Sl A TR
FE—E R AR m T e, B —E S
Ho HICIEEER— PS5 el ity AR A7 A ™
) S 1] TR 50, LIRS I J5 (5% 25 RMS 328 KT
TMAG IE7% 22 RMS, {HARZNTAAL IE R RMS,
BOEIR AO FEH RG] AR .

N T 4 B2 D T A 2 6 B 1) T A8 2R = 1
Wi o AR T35 — TG 7 X AN R B2 R A5 T 2
MR 22 RMS #EA 5, BARGIR ISR 4 PR 45
IR, B AT AR T AR, (HS
RIFs A A ERARRIEL
4.3 5RLS HERTEE

K —RkE 7 5 RLS ST 75 125 % A [
G AR IESSCR A TS L, RLS B H 75 v
X} 65 1~ Zernike BEZCHEA TN , J-42 T EEAR RS

1EFRZE RMS, [Pk 3 T, BEAARZRANIE 6 s,
GURS ORI OURRL,  BORIC TS s Sk e T
Wi 728 PG AR A W I B RCR B, A B
P AR ZEA K

5 &

ARSI 7 2R PSR DE BE 303 X R i iz 31
D7 AT, JRET X BARA IE SR 2R T —E R
ReER, D7 R, BRI, (i
SRR, AR P HAL A ARG R A I A 15 L
T, RIEE 1) O Rt A2 AR ey £ Sz, J7
RIS, e RTBE L RGO T IS RERSS
AR TINSCR .

ERIE AR A FRE R R, BRI
TSP I 1 ) D A T R i U 1B P D i
FERE. UL, TR S AT AS P50 B R
SRR, S8 WD ML R AR,
— DA 7 I TR A R

K4 RELRENT HETRRZRAT L
Table 4 Comparison of the algorithm prediction
effects under different recovery conditions

Erms-orig/A Erwvs-delA Erwms-prelA m N2 Acc
Data1 (200%200) 45776 0.8594 0.6778 0.1481 0.2113 0.8029
Data2 (200%200) 6.0947 0.6618 0.5236 0.0859 0.2088 0.7386
Data1 (465x465) 4.5945 0.8626 0.6757 0.1471 0.2167 0.8183
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Fig. 6 Comparison of motion estimation and RLS model
prediction effects under different wind speeds
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The first 3 frames of wavefront recovery phase simulation data

Overview: In the actual adaptive optics control system, the time delay causes the mismatch between the correction
profile generated by the corrector and the actual wavefront distortion, which leads to correction lag error. The longer
the time delay, the worse the overall system control performance. Under the atmospheric frozen flow turbulence as-
sumption, the atmospheric turbulence spatial characteristics will not change significantly in a certain time scale, and the
atmospheric frozen flow turbulence is driven by the atmospheric transverse wind. According to the turbulence temporal
aberration characteristics, a wavefront distortion prediction method based on motion estimation is proposed. Through
the wavefront restored images of the reference frame and the current frame, the template matching algorithm can esti-
mate the atmospheric turbulence motion direction, and then the current frame is moved to predict the next frame. Un-
der the simulation conditions of the sampling frequency of 500 Hz, the wavelength of 550 nm, the telescope aperture of
1.8 m, and the phase screen numbers of 10, the overall ideal correction error of the 65 orders Zernike wavefront image
can be reduced from 0.0614A to 0.0508\ by predictive compensation, and the relative correction residual is 7.62%. Fur-
thermore, the residual error is calculated with the template matching algorithm and the least recursive squares (RLS)
algorithm to evaluate the prediction effect. By comparing different sampling frequencies and different transverse wind
speeds, the method performs better when the variation tendency of wavefront restored images is obvious. Therefore, the
prediction effect can be maintained better in severe conditions. Since the actual wavefront distortion deviates from the
frozen flow turbulence assumption, two improved methods are proposed. The first one calculates the ideal prediction
correction residuals, and the second one directly predicts the ideal correction residuals, which can further reduce the
overall ideal correction error to 0.03431 and 0.0242). Correspondingly, the prediction method is verified by using the
actual observation data of Sirius, Hartmann sensor microlens array numbers of 156, the sub-aperture resolution of
16x16, the sampling frequency of 500 Hz, and backtracking frame numbers of 3. The overall ideal correction error
promotion effects of the 65 orders Zernike wavefront image are 15.97% and 24.85% using two improved methods. In-
creasing the recovery area can slightly improve the prediction effect, but it is not proportional to the calculation cost.
The experimental results fit the theoretical analysis well, which suggests that the algorithm has certain practical value
and is helpful in actual adaptive optics control systems.
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