APt IEEmMP RS imARIEL T ERIERE
EobsE Y IER Y EMY das e B A
D Abst BB S FEECER T, dE5 100094)

2) (P E IR PR 7 et 72 4R B, dbat 100088)

#E

HIEN G ARG Z N T RSOWIM . H H 22 TG IE (5 5 ik, Az
AR R AL ORI B 2 —, i AR G i BRI A5 2= (1 3L P A o7 S
DU AR A% o SRTHT,  AEROCK TR n s, 2R Rm it AR iRy
P i S AT RN RS AR, PRI R pERE AR AL AT R, S EUE St
RRAETT IR RS B 2 1B LR R it AR H S T AL a2 S B g
RAETE, BAE SR T B IL B S MR, RTHBOE RS
PRI IR ROR . B e, A SCRGHINTRENLIFAT 6L F B (SPGD)
FOEBIRLIENUE], B HRARIL . WS e aa, R RS B i& M
W R SRS S AT SRS T S T HERR Y, it
. SPGD FLiAAE R Imi AL A RERTHBOCRE RS L . 2D,
R T B SIEARBLOCAC PRI, 120 45 SR g6 e HL L A P23 UKL
AEARBL AP 770 ASBIFCUESKE 1 7K-P 1 i b A7 A 0 T B AERS IR AR 7 (¥ 8¢ T
AR R I B 1R R R e S 0 S

KHIE: HIENOGLY, BOGRLHE, i), LSRR
PACS: 42.68.Bz, 42.30.-d

T JEfE{E#. E-mail: su_hua@iapcm.ac.cn

% —{F#. E-mail: 2352085250@qq. com

/%

5l

TR ERI, SR, LT AR AL A 2 P AR, S EOE

YT NARAUR PR R REN, EE RS2 (AO) BRI S I il 5 iy A2 iy
BEATARALALIE, TGO BRI R AR 258 AO HIAZ LM SR B AR L
SRR, RV AR T4 A5 35 A DG B L S SE AR o DAKMEE RS AR R, 42 R ST

R AN RSO A 4 U2 Rl

SR, AEROLAKBOE I B A b, 5 T E R ARD AN,

PRV AR S BR T DRV B 3 S AR R e 20 12 H oA R A AR AT

1



b, SRR AR, X R R eIl 3 AR 7 e AR IR AR
ST RAR RN K T BT . PRI, %48 AO RIETT IR B £ BAR LR 25 A

a}

Tm%%&%%ﬁﬁ%,E%@%ﬁ(mzﬁ)ﬁ$ﬁ,ﬁm%%%ﬁﬁﬂ%ﬁ
TR Rt DA

FEST T E b A EDGIE(E . WO TR IA RIS S bR TAR R IO, OB 7
S /KT SO T K KR AR A . £EIX ey Serh, AR GELHERRIE Ty ik
e ELIRAE, DR, RERE A T AR i S A B 4T AR P IR A g i B
TR 2

FAIHE T EasyLaser! P& EUE 07 5, RGRTT 1T AALILHE B BLAE K A%

b RIS, AR, MNe < 125), MAAAMZIESHES A0 BTIEAR
B RGE : AR PR I A R A X — SR U A T oA 2 i 0 3 i A 5 22

P, EARIEEEAME AT L. (CSNRIE Sl (Ve > 12) i, R IERE T
A BHRE -

XL IR, FEARILHUI 2% AF T 7% EEARME T A A LS A 1E 5K
W% o AR, TR B S LA 2] U OE B R TR IEAT %5 20 R B
B 77, 2009 4, ERHEBE 2 BOG SR B AU 7T TR BE L AT B R
(SPGD) Hik HEARA A TG 45 f R, HO AK ST i it U 28R 5 2 e g
ARG IR — AR, 2021 5 A AHE TSR SPGD Bk K AU 5
B R BRI AT AR HEAT RS IR 2022 4F, RS NKGUREE 2] B AdaBelief fR:
WLES (0 — B s BN sh 4R R SPGD Sk, i 7 BRI Sl R,
SR, £FXF SPGD HVETEIm AR IE A 1 R A 3 070 AR, (A% R 5
M H AL R IE B L IR S LSS, R T A SO AP KRR A i ) R A A
R

sRfb2E 3] (RL) HEZE4N Soft Actor-Critic- (SAC), MM T i@ L 5w A
1548 2 ) Fe U BE IE SR m& A T ek o 2020 4F FL TRV IR M MAL S AO %
HTE S A S R BIEE G SO ARRVERE 7T, AL T H A ) B AR R AL R,
H A5 A 5 SIE R IE T R O T — @ kR, RS E0f JE 35T IE )
R T o

BT 2 TAE, ARSCHRE — R THLEE = I M5, BIEFIRIE KK

2



FEAL S AL T B AR L0 IR AR IE AR A . FRATE 260 7 i SPGD HyE7E S
G R IREE, FESINT EE RS TR BB R AT R 1 o s,
PASETHUSC S o R i e ft o it —20, BRATERZR 1 Al ST H AR M AL LA
I 5 IE A A e B0 B I A B0 ARE 1 A 7 T ) B RTEE ) o AT 5 i 7 L RALE
TE K P A3 e AR AR ge 0 T ERAE AR AL IE IO BT R FE AL s iZ R IIAM 5
AR, BB AR I RS IE A TR AL 7 4 BEIAHE SR, B A S A ) S 56
R B T RSt
2 #TF SPGD ¥t ARIE Fik
2.1 JriklE
2.1.1 FRUERENLFRATEREE T BRI

EHIENE PRI A, BENLIRATERRE T B2 — M B AL D AT AR IE 23
P AR KA RGP RS RS b (e 5 R LLERBR FEL A ) IR A 7 i,

120 FEAE B R 0 ] [ W GBI SRS HU B Zernike 2510 Jiti N
PUEN, FFRIEERE TR AR AR AL THER B T7 17 2, BB RN R I s

i—”l ﬁﬁ’%%ﬁwk

l‘iﬁ_miﬁﬁék

th—Wk+5k ’ Wi = Wi = 8 ’

ﬁb?E*T
]k Tk

25 1 mt

|

I =Jx
[gkz £ > 8

HEHE

l

EHEH

Ck+ 1

Fl1 Ar#ESPGD A AL K
Fig.1. Standard SPGD Algorithm Flowchart.
Pt SPGD Bk Sh by fiif 51, %ﬁ%%&i BAAFENSIOE TS S AR



PR DL LA S o7 ) R P P PR M S [ B o AEIOGAE Rk AR . ARSLHE
AL IEX KA E IR 2SI A i, AR TERE MR T EARAR AR IE
HEIN TP
2.1.2 BFRHEESE SRR IE A @ A SPGDFE 2

NESHRE SPGD FEME A IR, ABFFAR T — TP i 2 ot S
(R38R % SPGD 5k, B 7EIRTH AR KA S SLHEIR R IEAT 55 b e st
BV SRIETERE.

(1) AL RAE S PR ) ik

bt SPGD SVELEALFR/K-TAE R Iy, % 2 R TP Zernike 2 T
XTI bR B AR B RAL R I AL o ARG AR SR AR IL AR R S5 4, A
TAEHE Zernike 5220 R FERIRAE AT 15 B AARBYAH LA™ 2 Sy B8 B0 SE Bt it
FARLI) 65 Y20l [k, PsblZH0n BW gt RIS E 65, BIWER®, xff
SRV R A B NE TR I 5 vy 2% (R AR PR SR W A8, T BE 4 [T 7 o e i T 51
(Fr. 8 AR G A LA T B R s AR A 2 &, SRR R IR i it 1
B R PR i~ ) o

BbAh, BB 0 e i 2 (Bl b, BRI I AR R R B4 B
FAME . EXBTABYIRIG Zernike FREUHENIARFRIEEE HLE), 225 HSL KR
FEASE T 22 5l i 2 (R AT 38 I 29 G TR AN TF, R AT B S U A I FR A
FrEbrm) gy B R R, R

A, A A RIS S SRS O S, 51N —ANMERCE I R o 3
AT A

6= 6 On (1)

n; =exp(—A4-i),i=0,1,...,.N (2)

He, ORRETLERE, DN Zernike MMM AL, 4= OsEml 2%,
T FRECE A T )E, B, BHOX SRR Z P shiE EE AR ROR, 1
B 1 e 45 22 A L e FE AR Rt . 250t ) i) SPGD kA IS AT A2 1Y
REJT M 55 Kolmogorov Jiiit 18, a2 S brimiit Hh AR $0 50 e e 3 224
AR, =BT R ZE AR o NI 515 0 A R B BRI [ A 35 0 1 [X skl
S, BARLERPY. DNRERYEE ERERIRG, BRI TR BU AR e Tk

4



AR A RIS SACHE

(2) LR it

B, KEENAEMTT (Adam) RALEEIA SPGD HEEATEHHEZE,
Adam AL SR AFE A E 213, e BEN BN S %, A
BOIER —BE MR Mfr CRepob 7 2 Attt BRI T 12
AT ST R AN A 1

TSR L AR IR BE T Al 19, 5, Adam HRAL 2SI BB IR0 R

my = ymy_; + (1— 1) gs (3)
Vi = oy + (1 - B2) gk (4)
M= g (5)
Vo= iy (6)

(7)

Hrp, Bie0L)) B€[01)) sy, MBI N 0.9 F10.999; %4
R, W& SPGD FHiEHWIWIME2E 1%, SR NIRIESUE R E M i I E Ve

¥, 5@ 1075 MUY R A A B ZE RIS TR . I T Adam {4k 52
) SPGD 1= 26 FEMRE K [ B 307 1A bR BUE i A T35 1, T ER T
G771 E ISR, TR B THISIORR

T AP AR T I A LS, B G e A WA 6 T2 T B 50V i
R B RS B AR A S . X R, 3 TR LR A bR
SPGD 7, HANALIRIE R BRI AN, BARE SPGD &k rh 7 2 LAY
J (W) < TOWZE A 20 h R AR D6 SR T, o 05 T R R B0 R B 8 37 T 06 188 224 T I
IR, SR IERCRELE, BET S R e M S R AP R

S IR AR, OIS BN T A S MR LRl . SPGD ST
R A S ARA7 T S R S M 5 Woost . 7 5 B 10 P S 15 ot RIS 560 7 1

REIEE, AR UGERUS, 255400 28 Wer i BTk SR B i bese, T S7H15 5

5



MR T Woest, Ko IE T AL UA LR FETEREAC TP R HOART . S — BB R T He A
o R ARG, RO T R SR BB R R s e

AN, 75 SPGD ik Tk LTS M e IF 0 47 (0 S A e TE TR0 EOR 0, ¢
I SR N T EE R S BB S T NS . 25 e Neeag 2 H R B

YT bese, MAPERAIENT- G o BUBT, 42JR 5 o1 SR OKARYE TR M AT 250
A ) R SRR B TR ME R PERE U TE s, LRI RE B Zh 2% 1k S SRk eieE e
ARCTHT 7 SR E SRR iR, SR KON 20, /b RBE
0.0001, XA FHEAARYE TSI 7€ , W] AEMCHICER 5 14 R IR 2 (8] iR T4

(3) HURME 22 1 S A% Jak 55 T M

P AEIL R Z R R, O T BREURME 2 (Tip-Tilo) XLk Hix
HIT-3, SRR S S AT AR A2 o 8 A i — IS AUB @ L R O
(ks B PoPy), G5 HRREN Zernike WANNN REL, ST HH T AOBUR N

PEARNL Prate. AGURLAE 22 OAMEAR AL S TR = 2E, R 5 SR/ 21 i 2
IEARGZEANE BN, AT B DR BLIEAZ 0o T IR B SR 2% (R AL HE = B i A e A2
MR 3 AR T SPGD SR IARALAERE , I IRk 1 AR GUxt iR Pesh 1 P 40 i g
J1e

e bikdult, AEREEIEHAALRAL ISR X SPGD Bt 5%
3840 B 3 FH s AU L B A 20 2% A DA S ABURHE Z2 L T e B HEAT AR AN 1) =
TS, HE T —ANE M T ARE R AU I R TPk SPGD SARES,
BRRAEIE R



FHEER

[ ﬁ%ﬁ%ﬁﬁmwwt}«——————

PR T pest [ER s AL HR 1L

EBa=0a (Eian s o
EHHREE REE S AR

a=a— 0.001
(#a>0.001)

BT AN

P2 [ r) FE LB R AR IE R e R SPGD ALV AE 42
Fig.2. An Improved SPGD Algorithm Framework for Non-Conjugate Turbulence

255 2 B o 0 B 2 5 Y Ik S

REFHATE X

Correction.

22 BEMEARG S SHE

NRERES 2.1 FTPTA Ut SPGD SVALE /KT & 4 AR 3L e dmii 15 1 A R
P, R TTICT BEAEAR A ICHE A AMEE BT B AA AR, AWM T B EE
PIAE ARG, 1%A250L EasyLaser K THOGAEH U7 HIhRE % L, 8K 2 AT
B4 & F it AL S O BUE AT, RS A DD AR it 4 ERIAT I AR, 2
FEARSRHAR AL ) ) ] S A 15 kAt

AL R AKAR A 5 R 22 AL B AR S I i A2 2T, H AT
[ 2 e R P 15 SR BEALARDY 5E, A RAH 5L T Kolmogorov i 4E i,

LTI R PO T K B o s, Sl S e CaPS A A K I TE AT
I (1 1 2 O A R P A i TR, R Y DO SR i ) 9 S 2
I, e WA s 4 HRUIZE 37 06 B () BF B R e AE VP AN FE b . 0 BT VE AT
EasyLaser V- & 3£ % 41 5206 i 36 ArU® 291,
22.1 iR RGN 55t

KA B RGN E PR, TERCT “BAZ A BRI IE AT |

7




AL I SE B A, AR DU DA R

BAERATE R MRS KR @

e FZIEFE{I LR AR £ I i
R AL . WEFE IR
RiEfERhAR l
HATEE Doy

\ | RS
HRBHIRE _ T
s <
‘ ' — SEARHHERL AL
AR A Y Wz () ]' "
Amzlﬁlw&ﬁﬂ ﬁ' %
5 T AL 2

K3 Bob KL Imii B L7 R Gu 4
Fig.3. Architecture of a Laser Long-Range Transmission Turbulence Correction

Simulation System.

(1) KA 18 {17 AR

HMH EasyLaser JGHUAL4ea %, AHUMOE A oin B Eom i 5. BT
AWEFURY H B T T BRAEAR AL ICHE R AME i A A, DR IRy XU [ 7 ¢
B0, AR AN [F Bl A T A I A i AR O W A ey

(2) HIENG I B

WERTAR AR 7 A BRARA A 3 T AR B A5 Al 37 v 5 e 4R B vt 5
AL B AT AL Poeacon, RN FLHEAT ARG 500, 19 3B ARMIAL LAETH .

"‘ﬁconj = _Unwap{qbbgacm) (8)

PRI IE 3 R — MBS A B FOHEIN RS (EAB AL Feor i = 35325
P B ALY R

N
Feor = Peonj + Zwizi(r) +(ancZs + 25, Z0) (9
- \—1—#’
#@ER = TRFEEME
SPGD {fik3bE

Hrt, Zernike RELAIEW RN G RPME R B re, F2ARAERPEN
3L 1 6 B S S S T

(3) Mtk SPGD Ak 2 il 25 ik

R A EER R, RS 2.1.2 WA AR S, RSP,

8



R0 8% 15 S A AN AR B R A TR ST S R IS AL B0 R, IR B
B EARHRSE R E . S N B IR e B AR e AE TR, AR B e FR AR G
0. EHERE iGN IR Adam CAL SN, HE N Zernike
AEEWHRE . FE, RS R IO AL PUZE R B B B
D) fd g 2 2 AR s B R SRR R R L, WBATSEIE, KRS0k
SWE 2 .

(4) MREiZM 5 PE R

FRERD LR G, A RT3 6373047 8, SRECCLOGBERT L o At
TE T VAN 218 Tbucker (A SO B A FRARAT AR PR 248 airr ) AR X 450N 1734
hZeam e, XY HMEEBERM T 2RI SEATRIEE, G R
KRR AE S BT S T AR B2, 2 2 R B B E Ak B AR S Bk, Pt iy
LR, GETTESR, RARELME T Hkmi.

P (k)
Je=1- pideal
C

(10)

Hoop, PEUUURRT . TR KA T I IRAR AT R IR AL . %0 2k R
Ji € Ol 9cint [ 5k SPGD HRbdasl 38, (Rl vhPE AR 5 5 3T IE 241
We— R4 . et B RS AMUTe, BT ICARE P

A, A RS SR B R AR (POPY), P S AR 2 4
£,

Jynt B IETE BEHEAT 20 BRMECLROBE I b, 5250 T AN S8 FH T /KT
A SEHE T RS IE (M BEIRTH I T el A O AP N

Pcor‘rected
c

ac = Pgncor’rectgd (11)

Horp 4y PET I SR SRR TR RSPl SRR )
HRIRD I 4% 1 T AT AT A e LR R HOPe At DR s AT 7 45 5 2 IE S A
ot TR IE S P R PR R (58, KT 1 IR EA AL

TE N FOAE B 1, 585K B8 Ko 5 VP 8 DR J6 2  R  (ELAR FA

9



fith: ArERMASEIRUTIE FWER. SIS, REWZMTHRAER D
By EANFEI SRS FR AT 2T U AR A . AniEAL &
222 RESHE I H BT

BT 0 A2 B 5 T SR (3 KO R N 3w BOE . RGEITHCR
KA = 1064m, RIFFLREED = 0-32m. 9 R Gubk 78 A3 R0 )35 55 % A2

TEJ7 BRI, SEVR R BONERE 1 R O AR B 2 —, i I Y A i i B L S BN
1E—E Ja I N AR AL
TR R A TR AE . AW 7T HUEE 55 0.03m £ 0.16m,

FARLFD/ToLUAE A 2 25 10 208, TG 1 A5 3AT BI SR AL 10 S K S A% 1

[33],

3.0
._‘l.u;‘ F 2.5
- 2.0
- 15 Oc¢
T 10

I 0.5

" 0.0

20 14
rO/Cm ® 3 12 Ne

K4 AFKF s T EARA A LR R 45 1
Fig.4. Results of Ideal Phase-Conjugate Correction at Different Scene Levels.
23 K05 B 10 07 FCARHE 5% 2R AR A7 SRS I E B MEE RE (K LS o T . G
4 FioR, Mimii e, AFRNEARR AR IESUR ZERA K. FEEIAR
FREE T ILHE JF B R R PR e 5, SRR ME T 45 R, J52E 1) SPGD 5
IEPEBE VRN MR B ENAEEN, B ERUNMISEIX IR, XX E A S
LR IEERESZ IR« ARSLHERR PR L B T, AT S8 UE et 2 SPGD VA LEAH
A7 LA 5 B R X R AR LR I 1) B 0 B A T B AR e TR bR e LR
3 SR

10



NRGVGEGE SPGD BETE AR AT TR IETERE, AWFFict T
LT s AibE L = 10km (Np=24) HL=20yym (Ne=12), jigufp
ATAT RS ARG SR 37 5, R S AT 0N . AR HEAR M S B T
Blo RN LU SEIR 5 R, AT LR NSRRI SRR 0T HEILHERL
IS5 55 S SRR ARE TE RO B 5 M R AR

2.3.1 g el = 10km (Ve =24) N IEERE
B 5 JEoR T ke g e AL = 10km (Ve = 2.4) 1, PERESETHR 7% B

AR TR AL A . AFE VIR /R BRI XS U AL, 375t AT OB A
XSS, RS T ARIRHE RN (I s it 1 AR E S

1 L
0.01 0.02 0.03 0.04

ry(m)

&5 L= 10 kmitf 5 [ SPGD 5L A AR IR AR Az A% IE S5 A
Fig.5. Results of Improved SPGD Algorithm and Ideal Phase-Conjugate Correction at

L=10ym,

LI L], SR EWRX o), HAMALEAG AR
TFHRIERCR,, BT AR ISR . FEBRIX A, oiuik SPGD ik BAT R FF —
SEHITEREIR S, (HIRTHIEFEEAIN AR, ZH AR

B i R R o, PRAEA A IRBERIA IEROR A — %€ TR, ikt SPGD
R AR FF SO0 T BAEE L . X~ S5 RAIPISAE | 20t SPGD SikAEL St )7
IR I A -

2.3.2 fEfE gL = 20km (Ve = 1.2) "Fi¥ks EMERE 5 HIA AR

11



R BIRTENE N CERARSLHE ORI 58D WAL IEMEREISE IR, K A PR

EgnEL =20km (Ve =1.2), spao sk RinpE 6 fiis. AHETL = 0km 755,
AR AL R #h 26 A A T SR 7 Rk A T R Gethmts, HEAEAM AL
0 ) R BRI B O 2

55F —m— AR IE
5.0k —&— SPGD
45|
4.0 |
35
s30f
25
20
15|

1.0 |

0.5 |

0.I[|3 0.I06 O.I(I‘) D.Il 2 D.I] 5 0.18
ry(m)
6 L =20 kmitf 25 R SPGD AN FE AL ILHUA AL (¥ IE 45 R
Fig.6. Results of Improved SPGD Algorithm and Ideal Phase-Conjugate Correction at

L=20km,

K 7(a)-(c)ikit 7 L =20km (Ne=12) fErhf =k T, LIEWE
NN E) IR N R IE SR 2 5

() . (b i)
- | TSR 11 IR
SPGD 15 v R SPGD

SPGDY

£ =0.031(m) £, =0.052(m) £y =0.103(m)

Bl7 AR AR T B TR 20 R SPGD LA AR B AR SLHUAR AL (R4 1E 45
(a) To = 0.031,, (b) o= 0.052,. (c) To = 0.103,
Fig.7. Results of Improved SPGD and Ideal Phase-Conjugate Correction at Different
To.

(a) To = 0.031, (b) To = 0.052,., (c) To = 0.103,,
12



270 = 0.031p fif, BAHARAL PO A LA A 0.71468, X B R TN 4 AR
A5 1 BE B AR B SIS T AR IE 0L, R AE BRI IR 45 A T, BRARAR A7 L
B R LS AT R BN AL BEA AT B E SN T B AT AR . SR, 2odt SPGD
BEUSEHEARA AR, A Re SEIURES ST, TESE T HAEAT A JLHE S5 B R X ATy
H & — BT R e

It 5 it B U 55 & e = 0052 I}, il SPGD FIL MR AR WK . H

VEF IR IE PR AL Y eih B 4.6, ARECT FEARARALAZ IE (1% = 348, MEgedeTtiE
i 20%. X & o EOW AR BRI 7 e B R e, SPGD KB JR I
PERE EAE P R T AR AL, R FE IR R B 7R g TR R At fid
AR IR S

AR — bR 2 = 0103 m iy p S5 GAL X, SFURIAR I — 2 AR

IEROR (%= 24736 i 8 AR Ay A0 1E 7 0t X8 LW S A O IE M, RT3
bz I AR .

XHEEIE 5 51 6 AT LR s — DB BRI HARER BN (e
I, ATHPRONIE D I, Sodt SPGD SEAR AL T AR AL ILHE A 48 0 1 RE DL 5 B

2K FEL=20km (Nr=12) {ysRIEILHEX, SPGD 7E70 = 0-052m PIT sl

THET 20% M B AR T TEL = 10km (Ne =24 {355 F, &KIEFIE
JEW R . KR, MRS A S9ATE X, UG fhi iy Rtk 19
SPGD HiAR 2 A LR A = [F] B S LRI R 0 T e 2 BUBR 1, Syl T 5 3 AR AR AL
SEHEAHIT 1 )= 0 e A e o
2.3.3 Pk /g

IR sz gk B R G IGAIE T 2 SPGD SLIAAE AT AR ST AL I
IR O E A% GoAR 7 40 S5 30 A Bl 1 52 PR P i AL /D FE VR R B X 8,
ZEER A A TR E AR AR IR, RE R R X — KIIESE T TE
FEILHESEAE T, B SAEAEA T B AR AT SR A AR IR T, HL R 98 & Re Al A 7
%T3K

SR, SEEG S R /R T SPGD HIEMEAG KPR . FLEE T BRI BTG A
TR, RIES . SRR SRS 5 BN R A, WS B2 7]

13



RRSEAF MR o R AR R RN AL SEA A/ R0 s, Hik
PR REER T2 R USOE « IXONJE 4R 51 N B % SE SR A RAR R A8 1 R0 7 i3 41t
T BRI SE AR AR A S T L.
3 ETRAFE X WEOLE i dE R0 L AR IE

SR —H o HE H 0 e SPGD SVATE ARG AR IE R R IL Tk T4 4t
ML IEHE TR /7, AE A B AT A — P 3 T B i BEATLE B il i B SR B AR AL 7 i o 7E
BRI TR R A, IR E, SPGD A KM WA & . BN R
T RN ER R RIS B = RGTPERIBRIE, T Re 2 PHAS 42 J) S0 AR RS IE D T R R B

N FEX— I, A5y 5] N—FhEE T B KM B4k % 2] (Maximum Entropy
Reinforcement Learning) MEZE M) Jedi A, HARTM &, KM Soft Actor-Critic
Bk, IR A BRAR I 5 HE M (R IBUR, S R e AATE A AR F 24 i R
S5 E AR B R AR Z B BCPAET, R s H TG AR AR IE XA B
7% ZUERACKETER RS R R, sRAig e GBS ARILHEAR G AL 1n] A
N ipprS7N
3.1 W A-TRHR R AL

Soft Actor-Critic (SAC) & — Pk T f KR HE 22 [ UR 8 o A 2 ) S025, il
Haarnoja % AT 2018 EHE B, 5500 S BEE JVEA R, SAC fERAL B b
2SI NSRBI, S B B AR R 18 5K i S AR A i 1 [R] ) (R Rr s A R BE AL
T S IR 2 G0 1 B R 2 5 R P 4 B9

SRk STHGR T — DB BEK (Agent) 53£8% (Environment) 3 id %2 H ok
7, H O B R .

e (Policy): itfE 11(als), 5 S 7 8 REAALEIRAS Rk B ah 1 MR o
Al o MR BEARAT N A IEAHE N, AT DL AR MCIRZS SN 1) Ik 55 R 4

R (State): 1AFESES, Hid 7 RLE M AT ZIH AL EAEE . EARPIRL
IEAR 5, IR 5 837 ' TR 1 A0 280 F) i A e A8 A O o

ZhfE (Action): iCAEAEA, &R EEAKIIA BTN T 1. EAAAL EAES
1, RS BT AL 2 7 E AN AR E A A 2 5

$J (Reward): BfE7(S, @) ER, R HAEALIRAS FHAT Z1EA IS WIS
ARAF I RIS S S = o 2l ek B Yot BB v e 1R REAR DAL HL B o

14




SREER (Return): i4ER: = Zimo¥ “1eawe, Horhy €[0, 143040 H . 38

% 21 %0 H b R PR B R R SR T, {43 3158 AR mI iR KAk
SAC KM Actor-Critic &4, K M 22 >) 554 5 VP Ak A R 19 A L 4 1Y)
FB

. . ?Tcp(ar | s¢) . . o
Actor (CGRREENZ%): 104E , Hrh@ Mgk SE. Actor HEIE 4R

RS Seay 21 P (MR A, 34 B3] i A0 388 5 Y v 34 A (1 25 4 A s
HEZE . FEAHAEIEAT S5, Actor B 5T AL SRS TEAH A2 0] B 428 i 2 4
Critic (MM {EF%%): i Qe (se.ar), H b y%e 4. Critic PEALEIRA

St FPATSIEC (IR SN EER, A Actor [YSKREHURIERALIE S . Wi —ANah{E
# Critic VPl ENME, Actor W38 INE P ZANERIMER . R NI BEARFERE
SAC JHH A HPIA™ Critic 2% G Q M%) REE# Q fHidflitnl @, EREIHE
IS, HUH A P s e B MEAVE S H b Q {H, R AR TH AN AR i PE AT A 28
PEfE.

SAC [IRZ O AIHIE T H B Hbr . 5 0RAS SIURKA BRI
[, SAC [IRAk H ] 0 [ I S5 il S5 W44 vt 11 -

HM=%%WWI?%@ﬂJWﬂMHM) (12)

sorp, HC o)k amsehasse R ;. @ > O R0, % B 45K
B R e TR R R, R TT BRI A A, AT T 2%
{1 SPGD Siskiok BTSN N R A 52 2 M 25 ) ot R G R T 1
DR ARRALE T BRI 2.

B R BE X VA TERE E R B SAC K HFA N — DM AWK
Ak I R, TR IR 1 I R AR AE A E A {E Feargee ST o iZHLA B8 BH AP
RREAH AR BRI T G N KRG PUINSRIR R s 25K
TAEE A e R X I N A B A A

15



3.2 BT SACHEERARIHEA L AL IE

3.2 1 FEAARHE 2L

AHt TR 3 T SAC SRR ARILHUAR G AL B IEHE 2R AN I 8 P o %A
SRt i P AL A EUE AN — A Dy R AL R R FGEAE, B iR (4% ) 538
5 (RAmHEIE S50 RS0 FFEEACH .

B oG, PR 4 AT I 2 5 e A i A A7 8 37 0t DA S RS I e
SAC FIBEA. B HEU Py A0 SR R 28 AR P 12 IR, — 2 ] - SRS AR TR B )
Zernike FEIZNE . IZBIEAR G H#IN PG R 50T, WOLLRIE & £E K i
i . AR BRI AR, ESOBT I m e, A AR E S,
RS HAL 2 T — I 2. B REAR AU WY 2% ) 0 53 VP4l 72 24 BIDIRAS T R EURE E 3
PRI EE (Bl o P A7 X B A0 1 22 06 S e 4FAF N 2230 R 1 [X . SAC S35
1o G X BEATLR A g S AT 2 5], IR R P B T H bm I 2%, DLASSE
R . I IXA AR A B 23] A RS, SAC B REVRBENE A AMK A
ARG G DL T, 8 R AR S A, S ) A AT Dl A%
G A7 3L B0 AR A I SRS

RS
et | mmaxm || (1-m

EasylLaser

7S EE

7813
K18 SACHEAEAR AL 1L o i B HI AL A

Fig.8. Application Mechanism of the SAC Algorithm in Phase Correction.
3.2.2 SRS P 4 MBI 45 S5 4
NI i 4 D't 2 R B e 4 B A 1 19 B oo >, A TAE IR 7% 1]

16




(1 S [N 2 AT (B X 2%, L2548 9] 4 ] 9(a) AT 9(b)T s o

Input Input Action
2x257x257 2x257x257 Zernike
(a) ! (b) !

® 5 x Conv + RelLU #r 5 x Conv + RelLU
Bt Ax4x512 18 4x4x512
¥ ' T l
. FCL 1 %
Siyger FC Layer
FCL 2
aver Concat
FC Layer FC Layer l
Action Mean Action Std FC Layer 1
Sampling FC Layer 2
ltanh i
Action
Zernike Q-value

K9 SFemg N2 SANME M4 544 . (a) ActorPi4E; (b) Critick 4%
Figure.9. Policy and value network architectures. (a) Actor network; (b) Critic network
SR 0 25 1 ] 9(a) BT, LA IR R AR, By — 4 O H e
FLHE 2 R G AR AR 7 B Rz 7 b B S, 4EJEON 2 X257 X257, AR 2

St — A BRME Mg gmidgs Nevw), Z4mhd s HAANERZ D EERZ
A F T IR 4 (B AE . 2B — AN EAUEM A 8 X8 B, SR N4, I
NS AR 5 2 64 X 64, I 32 ANMFEIEIE . BEJE I BRUZER 4
X4 KB, BN 2, FHEEEBIKXIEINE 64, 128, 256 #1512, &A%
FUZJE# FH T ReLU B3G5 LA S| NAELRVERFAE, IR SR AR B 2 1) . G
2R IHH Y — AN 512X 4X 4 HFAEIE, 2R gilid — AN 4 R My 512 4k
(RIRFAE A B SZRRAIE ) B S 3 SO AN MOE (N e e 2, 40 ) 4 e S AR S5 AN
ANVEbRHEZE, AEREYS XTI Zernike 2 I EE 4 25 104 T AN {E 2 B 4L 101,
B2, BT IEAS A B S AR I8 B tanh oA 0K 2 E (8 R 1l E[-0.6, 0.6]155 ]
N, REIRZN Zernike REENME. W, WL IZAERTHR, HT
R SR S AR 68 1 DU AR T

I P 48 R IR Q P48 S A L2 it Q A i vt A1, i 9(b)rs . A

17



Q ML A NS RS RIS E I & . Horh, IRZS IR b2 75 2015 SEms Iod 26 4 [+,
HRAN A G BN B ID SRR DURHE . BEJS, K gmAD e RS RHAE
SYEE Ty 101 BIshE I ST HEFE . PS4 1A AR UG I PRAS A BB U,
R MR E Q 8. fE SAC FAE R, His Q HdE T HEHA Q M
284 HH X /MBS B, T R T AR P R A e it

323 NHESHBLE

Wk RE T, A8 I 20 56 [P 2 o X A i 8 e A S5 MR A2 1™ AR 1) T e ZH 3K
i K& FfE. R, T RE . ZabbRid. S IX AR BN 10000 SEFEA,
LAORIE K5 (1 2 A 1 o IR BE B A A 2 o X A A A KGR o e /N BRUAEL 1000 I ITF45
FERM PR LRAT 64 S50 A 1065 508, AT R (] (A R T I E SR A A
A,

AYNZEILHEAT 10000 ANl E, FEAFIEOE R BIFDHEIRE . %

RS HAEE R SN IS (N 4 A R A 2 SR H o3 X 107, |

bR 4 B S g tan = 0.005, Fpry RYEAL0 W E A-101, LAHSNAREH
e (VIR AL o i2ist B ORAIE 1 SR VI ZRp U] B2 e 8 IO PR R BE /0, IEAE ST B
B ARSI AT E T . IS HAH G 4SS SAC FiEN i, (E13 mYEisis)
A4t 1) it 5 0 43 28OS

] 10 JEo5 T 7 BSR4 AE (G = 0.035) R, JigiidAtdids 100 4 [H]
L TS A 28 . B BT %, 7220 0-2000 14 (IR0, p T3 s fr b
HUER R, PSS B AR LB . BB DI ZREAT . 8 RS MO 2 56 [ A
WTER AL I, P32 R Rl b TS, JEAEZ 6000 (B &5 B HT HE IR
SUIRZS, ERA (e By . X R AR DR S Bl AR . E T RERIRE
M . YIZRSE RS SRATMRAE T AESAIEAE T 35 IR 1 S s A A T J5 85 010 4
EUISE

18



10 5 it At 2 AT B (1) 2R3 ) i 28
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Fig.11. Correction results of reinforcement learning algorithm and SPGD algorithm in
horizontal transmission scenarios.
(a) Initial spot; (b) Spot after reinforcement learning correction; (c¢) Reinforcement

learning correction phase; (d) Spot after SPGD correction; (¢) SPGD correction phase
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Fig.12. L =20km, Nr=1.2 Tyrbulence Effects Under Different Conditions.
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Abstract
Adaptive optics (AO) systems are indispensable for mitigating
atmospheric turbulence-induced wavefront distortions in applications such
as astronomical observation and free-space optical communication. The
phase conjugation principle, which applies the conjugate of the measured
aberration via a deformable mirror, serves as the foundational correction
mechanism. However, in horizontal long-range laser propagation, the
distributed and intense nature of atmospheric turbulence, coupled with
diffraction effects, gives rise to strong non-conjugate characteristics.
Under these conditions, the measured wavefront often contains phase
singularities, causing conventional phase conjugation to degrade severely
or even exacerbate beam distortion when the Fresnel number is small,
thus fundamentally limiting its effectiveness. To transcend this bottleneck,
this paper proposes a machine learning-driven intelligent correction
framework designed to identify an optimal compensation wavefront that
outperforms the ideal phase-conjugate solution. Firstly, we systematically
deconstruct the standard stochastic parallel gradient descent (SPGD)
algorithm, identifying its inherent limitations, comprising susceptibility to
local optima, slow convergence, and sensitivity to initial conditions, in the
context of non-convex, multi-peaked optimization landscapes induced by
strong turbulence. To address these, we introduce a suite of enhancements:
high-order Zernike polynomial representation (up to 65 orders) to expand
the solution space, a Kolmogorov-spectrum-based exponential decay
perturbation model to align exploration with physical priors, integration of
the Adam optimizer for adaptive moment estimation and learning rate
adjustment, an optimal parameter rollback mechanism for ensuring
monotonic performance non-degradation, and an early stopping strategy
with adaptive learning rate decay for computational efficiency. Our
comprehensive simulations, based on a multi-phase screen wave-optics
propagation model on the EasyLaser platform, systematically evaluate the
improved SPGD algorithm across varying turbulence strengths and
Fresnel numbers. The results demonstrate that the improved SPGD
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achieves a performance enhancement factor of over 20% compared to
ideal phase conjugation at a Fresnel number of 1.2 in moderate-to-strong
turbulence, conclusively verifying the existence of superior non-conjugate
correction wavefronts. However, its performance improvement margin
narrows significantly in weaker diffraction regimes, exposing the inherent
local-search limitations of the gradient-based SPGD framework. To
achieve more robust global optimization, we further pioneer the
application of a deep reinforcement learning (RL) approach based on the
Soft Actor-Critic (SAC) algorithm. By formulating the phase correction
task as a Markov decision process and integrating convolutional neural
network-based policy and value networks, the RL agent learns a direct
mapping from high-dimensional wavefront and far-field intensity images
to optimal Zernike correction coefficients. The maximum entropy
framework of SAC enables systematic global exploration, effectively
escaping local optima that trap gradient-based methods. Remarkably,
under strong turbulence conditions where both ideal phase conjugation
and the improved SPGD algorithm fail (e.g., demonstrating a performance
factor of only 1.04 by SPGD), the RL-driven controller achieves a
performance  enhancement  factor of  4.53, restoring a
near-diffraction-limited far-field spot. This study establishes a
transformative paradigm for turbulence correction by fundamentally
moving beyond the phase conjugation principle, confirming the practical
feasibility and profound potential of reinforcement learning for complex,

high-dimensional, continuous wavefront control in adaptive optics.

Keywords: Adaptive optics, Laser atmospheric propagation, Reinforcement learning,

Non-conjugate correction
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