¥R FRA KRS
20 & = (VA Y4

ETHERF AR EMUE

- -

R

EEfER: XTAE

EleduE: ERBOCE. PLEFF
SingE®R: B ¥ PR EeW
SERRETIE]: 2024 3 H 16 H



University of Science and Technology of China
A dissertation for master’s degree

Research on Laser Stability
Optimization Based on
Machine Learning

Author: Liu Zhesheng

Speciality: Ultrafast laser physics, Machine learning
Supervisors: Rsr. Tian Ye, Prof. Cui Jinming

Finished time: 2024/ 3/ 16



PERFRARAZZ MR IEERA

ANFH P 222 AR S, A NAE T 46 T N BEATHIE 7 L AF B U (14
JRAR o B CARF N ARRIE AN I3 7 8, 8 SR A S AR T Al N CL A R i3
G RBF AR . 53— R AR B [R50 A0 58 pr i sk AR SO AR T
B ) L B

R4 &7 H I

PERFERARKZEZ MO RE R EPA

VENHIE EALII SR 2, AR SCEVRBUNA B AU E R 22 B K
AR SCRIF o AE IR, R : AR BUEAT SSRLE [ [ 5T AR T B LIS
ARSI BRI TR, SCVRIR SO BRI AAE [], m] DA A1 SO (P
FARLR S A SR ) AT R AT AR R, ATLCR BN Ze BNt =
il T BURAF  VE G 22 A8 o AR NSRAZ I L SORS 1 P B AN AR5 18 SCIK Y AT —
.

B B 22 98 SCIE MR i AT BEAIE

O OFR 5

(R FIMZEA

&7 H - &7 H




I

wm B

WOk, A PESRERE, ST, SSERDE, BT B BRI,
FE TP A = ML 2 ARG TR T A TR AL . BEE BOGEOR 3 — 0 3,
PLBOE AR RGAERYT . 18E. Tl A= SE808S 2] 7 MR H. 2810,
B8 5 OGRS BE AT =1, RO AR E 1 B R ik sy o 1 dnAE 4 R AREOG
FARERE S, LAEFERIEOCUIAIALE SRR, 5 RT5ea0t B A 7iE
B A AT o PR, R RO G AE SIEBR R A R T 52 40 B8N DR 2R R e T A 1
JERFR A S DA E KA, AEWAEZERE L.

AL E LTI EE TS 7 S B0 EN RS, KRR FEH AN
e Al A AL 28 5 23X — TH AL KR AR TR A1 B E 5 438 B0 A Fe g 1
. ABHFE ST T —EHE I ST EN AR BORE N RS, B0k
52 BRI, AL A A S B PR A 2 AT R AR I B T DG R R R R AT TR0
T2 2] e At 15 BRI o IO AR I AR B BB Bg idEAT 1 AH OGS B BT
T FIULE, FR45 T RGISAT I RARRAEE . 4T T L85 S BIE I 7R i
JGHR IR HHE I e SR AR 5 A0 PR s A5 FH s 3 R [e] 5 5 BE AR AR R 7 il L T
A5 AL E MO GRS E UL R G0N N IHLAS 7 IR, FRAETHE AL O P
Fh RGEHAT 107 A . ZBIARAL 5 O E R Gida B B IRIE L) K
Ll 23 urad , WE ML 3.3 urad o AELMEEOCRRE L RGN IE TR R
BLERIE L K5 R L 7.6 urad , BB 719 L 6.4 purad o A% ELARAL T 2R PR
KRG8 R B S RIEL /KI5 R L 65 urad , B E J7 R I 85 urad , 48 K &
T 729 30 £ EEAMBEOL R GEIR RESIIRIEL /K J7 1A | 36 prad , R E
JrmL 45 urad , FRIAFEEIR AL 6 5. [FIRTAHLLILA CPEOE RGN E
HEE RS LT prad B8 AR E RS BEA BORIRTE, fRIFREIRTT 1749 10 fi5.
ZARG]) 2 NA TR RO R RO R G, FUH R RO R
GErOGIRAR R ANEEE 1 0] R
K|l HLERT ), WHBOLRSE, et mnd R, BELARK



#
It

ABSTRACT

Laser is a type of light with high focus, strong coherence, and high brightness. Due
to its unique advantages, it plays an irreplaceable role in industrial production and social
life. With the further innovation of laser technology, laser based systems have been
widely used in medical, communication, industrial production and other fields.
However, with the continuous improvement of laser accuracy, the demand for laser
stability is also increasing. For example, in the process of full femtosecond laser surgery,
it is necessary to precisely control the position and depth of laser cutting, otherwise it
may cause permanent damage to the patient's vision. Therefore, solving the problem of
unstable beam direction and power caused by external or internal factors in practical
applications of lasers is of great significance.

This article mainly studies laser stabilization optimization systems based on
machine learning, which mainly focus on how to use machine learning as a computer
technology to solve the problem of laser instability caused by external or self
interference. This study designed a laser stabilization optimization system consisting of
optical components and a computer. When the laser is disturbed, machine learning is
used to organize and summarize previously collected data to predict the direction of the
beam, thereby achieving feedback adjustment effect. From the perspective of optical
engineering, the relevant principles and design aspects of the optical path were analyzed
and explained, and an overall flowchart of the system operation was provided. Collected
and processed a dataset of laser pointing data required for machine learning algorithms;
We established machine learning models corresponding to linear and nonlinear laser
stability optimization systems using Gaussian process regression and random forest
algorithm, and simulated these two systems in a computer. After simulation
optimization, the linear laser stabilization system pointed to a jitter amplitude of about
2.3 in the horizontal direction prad, 3.3 in the vertical direction prad. After optimizing
the nonlinear laser stability optimization system, the pointing jitter amplitude is
approximately 7.6 in the horizontal direction prad, 6.4 in the vertical direction prad.
Compared to before optimization, the pointing jitter amplitude of the linear laser system
is about 65 in the horizontal direction prad, 85 vertically prad, the pointing accuracy
has been improved by about 30 times; The pointing jitter amplitude of the nonlinear

laser system is approximately 36 in the horizontal direction prad, 45 vertically prad
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improves pointing accuracy by about 6 times. Compared to the existing femtosecond
laser systems that use dozens of self collimation systems the pointing stability accuracy
of urad has been greatly improved, with a pointing accuracy increase of about 10 times.
This system can be widely applied in optical systems using femtosecond lasers and can
effectively solve the problem of unstable beam pointing in femtosecond laser systems.

Key Words: machine learning, femtosecond laser system, stability, gaussian

process regression, random forest
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Fig 1.1 Schematic diagram of SMILE !

H8) 719715891 (Photodynamic Therapy, [&#% “PDT”) s& 0t R B T 40
s N FH ) — RS %R, BT 1976 4E 1 Kelly JF F1 Snell ME &, HAlH %
BBURGRI AR 18 I SO GG YT IR, B SRR ANE L s FR e E R AR i |
YEF . FTULH T2 Fm iieyT, AT EARENHIME. §%, BE%2
JCHUBGH, XA —PRFIRI 250, — BB i i S B B SR e 24, AR et
DA B 24 1 HAR A BT, 85 GEUBGRIA X M A KOG 51 5 2 BE AR N ) B AR
X3, DGRBS BITOK J5 A USRS, P AR — A USRS SR B oL, XM
AT LS MHE AV R 1 R AE S RON, BN H PRG035 B bRt
ZARBAET . BN T T IR B AR A ] 1.2 P



b
It

substrates Type 1

Singlet intersystem Tiol reaction
ingie crossin riplet Free
excited % excited radicals Cell Death
PS PS Type 1I
| - 3 reaction N
., scence l
Ground
state PDD Singlet
P3 oxygen

B 1.2 630 5367 ML E

Fig 1.2 The mechanism of photodynamic therapy
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B 58 B 3 T HILAS 7 > RSO AR E A AE 2 63X — [l T 4 tH B B 7 52

1.3 AXHEERASTRETZH

AL EFEW TN GONFE T AL 2 I o e T R 48, FERIT UK
R R RS AN A A M 1 PR O b S R R R 2B A% B DL T 5 A THSEAL
LA 2 S FAIE I S A5 5 R O AR E DR Z I DG R K18 A &, (675
oA TRE

FmARER G F EN, EENERR R TR 5 B SO
I H PR AU O O R S 51 51 HE R SRR S R T A RO AR E
2R G 00 [ A AR R EDDR AT A S A ) 357 2

R ONLER A I SRR, R T B g 51 AR i PR AR ) A
RS Al 7 I AR R . SORp R AU . SRR R 45
A FIEIX  URENLES 27 >0 P F B DA SR R B R F 37 552

BRI B e o E UL RGUHEAT 1 HER )
B> AOGEE TRE A Ay BERT LR AR e HOG G BEAT 1A QiR BATBE T 5 T F) 7 A A i
s FE RN T AMEROURS E UL R G ) Z AT 5 e EEASH. IHE
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FINLAS 2 S THER R BOC R AT T RGEM S0, ERNH T HHRIRE
SRFAEAEG FARTE BE b R L MR B, IR T LA SRR s Sy
2 BAE VAL pRBUE 5 AR B BRI A £ e m #EAT AR A ) 2R
G EAR, gz ikt a, fRAEENERKTJr 1A 2.3 prad, BEITA
3.3 urad, MR/ “SRFLEMACE IR ENE, /F T 1 DMEHU L. &%
b JE i R DA DA 5 K38 R RSN ZR R B AR SR 20 %, X 4R 55
SRR TR ZEEAT 1 0, AR PO fe /) — SR SEE LA I AAD vt R 75 1k 32 A1 1
LA, RN S R L PR R 72 45 %02,

BIEAE T ET LA A I MARZ RO E UL R S8, AZ TR E—=
TR REIE R, FELMEROE R G RO 1 —H 2 EO0E, BotEad s
JGET I H T 52 3 B AR AL A X — AR 2t R BT R AR TR R RS A T FR
2o MIGEE TREI A1 BERT LA R GEAIDO GG BEAT 1 AR Qi AT LT 7 T8 F) 7 A A 3
s R T AR ROCR E UL R G 1 EE A 5 eI ERARSH. IF
EFHMLES 2 2 A R B BOC R ST T RS EM S 015, BN 17 AR R
S SRHERIEL, ISR B AR R @ R 5 N T LA SRR S 7
%, WAEVEG R EUE SCE RN SRR — BRI e £, ) BEAT R (0 &
il HARL, @ik )s, fRRPSIERKTJr i 7.6 urad, BEIT T
6.4 prad, JF5 DUM-EEAL )G ROERBEAT XL, BE 1 BENLARAR SR A Dot

REARRASCR TARR S S MR, 284l AR EE TR, fail
TR, 8 TARKREIIT .
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F28 HNSBFIERAANSE

Hl#%2%>] (Machine Learning, f&F8 “ML”) &—Fh N L% 8 (Artificial
Intelligence AD 173 38, SO TETHENL RSl 7 ) BRI &5, A
I AR, SRoGE HAERE . 11T 5 2, HLas 5 I TR NLRE B R H Hds ok “ 7
217 A PSRBT, 170 T 7 B U AT g AR R, MR AR ST R LB A 2R
e 2.1 fioR:

Fhva= UL -
L)
S A AL

o142 A 2%

_— AR

e FUBES <
Ei;:i::%&ﬁﬁ%%
LA
ez

% b
ﬁsi\ii::%%f%ﬁ&
H k]

2.1 HLEEH BN R

Fig 2.1 Classification of Common Machine Learning Algorithms

2.1 HlEsxJJEKFIE

WS 5 21 A A T B T UL 9 MBS o 2 SRR ORI, DU S e ik
AT B S . HLES 5 214207 3Rl 70 T LAy v B o 50 L BB 22 3] otk s
> =Fp

A WA ) SR fR L AR I I O R AN H B DI SRk S ST, AT RES
T R N s L A T A R A S R B H WL g 2 ST U i, AR
NHFINE] o AR B2, AR 7 > 4 AR 4t 2 TR 9 2 R 3EAT T
TANGY 2 1 ST 4 ANl HH S 26 AR BN 2R Bicdie s e R NI ZRAE AR
BLE R N AFAEANRE NL H Ar e o A B 2 SIE TR 2RSS, B 2R [,
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FPOURRESS . B RN LA o ST AU B TR 2, T2 N A R,
I EARE F AR TRREALALSE . BEIT S . RATINAEDECL, LA R
JHEARNR DU, SCRFIAENL. R BEHLARMSE

FESEBRATE T, KA DL N VE 2 1Ak = e 30 R, eIk AT X HE RN
TRMESN SR A R R T E S S IR LA 5 S ik NIs I A . 5 B
YRR, el BF 5 >, AR AR I GRIRE AR AL B AFEAS SR (XS DL
PR e, AT B K rh A LR A 8« Sl R 0, T M o SO i
RIUTEEZOR RS, BB S Ba e e s T4 (75D, 15
— N IFEAS AR, T AN (R 2 TR AR A 22 S K LR T B A &
I3 T R TR AR A O e 2 14

s EE S N A G952 o), R EINE R GEIR (agent) ML SIAEIHIACH.
S 2 RRAF TR R (5 5 S GiLas A I 0T, st SIAVE
IR EAEATINSR, TEsm R R A S B AZ ., EE AL B S5, &
LA B ] RB ) B O A s 5 5 ) ST DAEAS 58 S BR AR T A MR Y IR 00
NLAEEDR AR ) B AT, AEAL BRI ) BRI B MR AR B L Ak
S S BEA SRERR L A SR RIS BRI B4

PR RS 2 SRR [ LA AR S B AN S -

(D Hgm:  Hlassz Iz R e . Fk R D7 R A 2] AR AR A
RAEADR R AR (Bp28) . IXEEHHls ] DL S5 AL, thnkak S, dnT LA
FEARGERALE), LEanEHR . SOREE ¥

(2) FFE: Bl RS R A\ R VE B R Rk n] DL B E A
Y B AM SR (Bl o AEHLER A ST, R e AN SR IO T R 1 1k g
KEE,

(3bp%E: bR AEAE M E 7 21 b 5 4 NP AR QIR (0 fan H B, AR H A
W& 3T 0 H AR 1 2 08 I 27 1 e A\ S5 H B 5% &%, (AR BE A 00 T )
NEAT I o

(4) BRI VAR RN, T Bl poii. A
RIS FEEOR TAESS BOTE B, T AR S PR | RS L SCHF AL AP 455

(5) IIZk:  IGREFRHLER 2 2T I SR AR 21 1 Bt K sl 5 T AR A (1 2
K, WU >l S P e, e B Sl RO e I I D B AR T
Hn SN GREREHE 2 R R 22, AL RES 22 RIME T AU .

(6) $RPRAL: UK R BT B A2 BT AE U 2R 8 O TR 22 . HLAER
AHUIZRE A B2 R R EE e/, ORIBRAR Rz ALRE J1, ZALRE T,
Xof TR ) IO A 2 — R B =y
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(7> MBCAIVEAL . NZRSERUR, B 20T IS A SR s AT vRAl
A5 FH N 3 R Rt I B O AE A EAT 00, PO 5 205 BRI S —
Bl WHRIPHE SRR AR HER R . K. AR, F1 2855

(&) PRtk AL BRI, AT B RO ATRR, XA
AR RS, R, AR TR AR, WA S B
QRN E A TTE

(9) FRARSE:  SE AR GRAPEAL e, ] DURFAR RSN A T8 R I
s, HEAT TR B R

JEARTTE , HLAS 2 ] A S P R G T B X i 5 30, kTN R SeRE s
NGB 27 31 3 SO LA RE M S BT AR R0 B R T A e 5 o 3 iy =) e A
iR RS AR Xt M mh R A AR 2 R A AN A

2.2  DIRHERL1CHETIAR

DU LA — FIREASAT R ELTCRR B A T ik, T FAT M A A 1) S A PR 2
4 R AL, DUt —MoE I T id, Bl 45 & e il f vk S A s A D gR
SRR R HTI EAE A UMEL, DU ST A ) 2 A Ji 2 DL Hir i

DUmt-J7 e B O R R ARAE 1S B A T S e TR, AR REd AR I
AT SR S A S SR SR, R K5 B0 X 7 R S ) 2Kl 4L
NPRIEE R DI 22 50 s s

P(A,B) _ P(A|B)P(B)
P(A) P

Horp PBIA) NIEFHF A KRR THM4 B KAERME CGRHE#ZE),
P(A|B) NTEFF B RAEMZMTEMH A KAEMME GRHBZE), PA,B) &
i A MFEM B HAERMR GREGME), PB) M PA) 720294 B M
A RAERKME (AGME) . NI AR DU s E 0 A R,
HM4 B WMEERE B I A A MR, @ iHEREE A BT
M B RARIME,

e TSl Nl R

P(Y =c)k=1,2,..,K
P(X =x) =P(XW =xW, .., xMW = x™)

PX =x|Y =¢)=P(X® =x®,  x®W =xW|y =¢,),k=12,..,K

FERTL I SERR I ZRid AR o, A2 DU 3 22 30— SOR AR IR AE — M58 B
TEALE N AR A BN o FIMEZE, KON B a3 AR TIE SERR R

P(BlA) =
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M — MR REAE AR 2 BUE, AR P(X = x) RABCER A0, AR
i SN A ARAE AR UE A — NS TR IR R, X AE LT SRR
AP AR EE N SRR MSLITE LT, JRUERI SRR AT e o £

AIRST AR AT K 3R«
PX =x|V =¢) = P(XD =x®,  x®W =xW|y = ¢,)

_ ﬂn P(xD = x|y = ¢,)
j—-1

B T, A% DU B e B S A
PX=xY =cy) B PX =x|Y =c;) P(Y =c¢)

P(Y =¢lX =x) = P(X = x) - l‘[jp(X(j) =x()

P(Y = c) [I; P(XD = xD|Y = ¢;)
- ij(x(j) = x)

Bt — AR
y = argmax., P(Y = ¢;) 1_[ P(XD = xDy = ¢;)
J

DU e A S 32 S P o 2 MR AR R AR AL R 2. DL AL
[R5 — R @A — A0 H bR R B AR B A, 38R S g R B 7 .
I 5] U S — A RS X0 AR R B AT R B ) TR, 107 AT A4S 3 H AR R A
TERRAS i BRI o0 A, AR IE AN 7 245 B AP MR B A4 it 1
— P H bR R AT E M AT 3 e R AN IR AR A, A AT BT
PAGE AR RS BRI B SR AR R U DUl v () G A i 40, e AR AR
PR R LA b ST AETR R FERT I S AT VRS . IE ] “IT R SIRER”
o, R i R Y AT B A Y TONME,  BPAE A AR X IR SR —
ASRIERG T “RR Y RO KA S AT (AN E 1, BIZEASEA E P S
(R DX SR — AN SRR e DU B AR A d i B2 T SR B bR BB A 117 T R AR
%=, BEERERRNM. EIFRHB, BRI T30 L AE 2 7l A A 2
X35k P e R AN AR BRSO R, TR R B B, B ) T e 138 0 S8 AE AN o 1 2
e PR DX 33PN 1) R o DL ) SR R 0B 475 J8/R 3 {5 PRI (Upper condence bound,
faifx “UCB™):

UCB(x) = u(x) + ﬂt% a(x)

B—Tlu() NME, EETIK, %:Iﬁﬁé o QOMEEFRZR, BBK, Uil
TERR. AR NMMIER UCB f&, @80 N T 5K UCB BxfEN T —A~ %
MR ZHH G, K, BFRRBREAENIRXE N, B kA2, @
AR FIL, J7ZX UCB BIoTeRt3gin 1, FRXTIRZ B E AR BT iRk ik =
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AR RerE, ERBRRXIRIITRERE, 7T ARSI 4 &
MEZ 2T R %L (Probability of Improvement, &i#% “PI”):

u(x) — f(x*) - E)

PI(x) = P(f(x) 2 f(x*) + ) = q’( o(x)

Hro()REMZRIRSMEE, O R AHT A SIS s,
xTREZNMRILSE, MEN—NSH, RERERMERBE . BRI R =
THELATRARA R GEE RENES FREA P R RES R K& E, HirmE
R SA A RERTT. BT EAASATRINE R T, BirR B A BRE GRS
YRR RN E—E &R THED) B RS,

HAEEEE R %0 (Expected Improvement, &K “EI1”):

(W) = fxT) = HP(Z) + o(x)p(Z) a(x) >0
ElG) = { 0 o(x)=0
L {”(x) ‘U’Egﬂ ~% ) >0
0 o(x)=0

Hho(O)REMZ RS, ¢(ORERRMABE R, iR AXh
RIS — TR T, B U MR, 12 8RR s B UE M I TR,
R PR BE O IE TIT % . SR SETT s B L, TSR T R 25 8 13K
TR A R . AR ST R B NS — IUAT LA B skbr B
fEAeLLIZ R K T iR R BIBER, RIS AR SETH R 4

KRB BEIL, 4ie TR IR A E L, 18 EAHT SRR A
RO FF o I A DU Hr LA BAT PR R AT R RE T, XA HL o AL A 1 75 B
AHE AR ERARE R . P Sl . B BER IR SR S e R W] LS m LA R,
FEARH R R IR BIAEARAE e HOIRAS T o DUt Ak Ce B A T S50 TR 1 R 4
flhn, BRIREDIR. sRibsA ST BB RIS R . MBS AR LIRS,
RIURFA SRR AT A vy &3 » i AR H P 2 AN E  OF AT VRARA D B EEE |
AU 2 (Bl R SCHF s PITAT I 48 ot S A 45 2 % O A B S 36 3 J i DL
Wt ARt AT $2

2.3 ZFEFEENHELA

SCFEFIAIEAML (Support Vector Machine, f&j#K “SVM™) J&— i H i I &
SINLER 5 ) B, AE 1995 E R W4t 5K Vapnik $2 P2, H 3 EH T4
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ANEA T, FEREA/N . e S AR R I €, R R e 1 I LA AT
RAVE IR BRI H bS] BT, GEYE KA R S0 10 Bl =R AT et
It I HARSF 0 RID FHTRIRE e KAk o FLmAT ] TR 2R dr el i, L 2K
WA, AR EBHRIRA EWME . e isss: 2>
RN Z R,

SCHF IV RALAIAZ O AR 22— 2 8 T A% R HORE S 4 Kt I A 1 vy 4 2 1] 3K
e A 2 B (R 4R PEE B RUR R L S 8] =5 2, B2 TE 55 4E . IXFP L Al LLEAS
T v 247 18] B B0 S G At O3 . AE 4R Ao, SCRRIa Bl 43—
AT T R SIS (1 3l 2 o I AT 14 348 % A2 i fe KA AN [RI R a2
[ PR BB R 58 I o X AN RE R foe K B 1R R o AE R el T i (i A rh, A
A BT I B ) S AR R, BN IRON SCRF A B . IR SRR A&
GO 1P I AL ELAN T ) o SCRF IRV EALEY H AR R — AN, (815 5085 17
BRI S (BRI R SR . I AR K TR B 8 3 Bl T 32 i A 1)
ZACRE ST, AEILAERTEE RIS A o BRI 2R R 2 8 B B o SRR P 11 1) e
P IEEES o I R KA R BRI, SO ) B L RE 08 B 5 Mt A BRI 7 A2 AL 21
AR FIHE

s € — NI IBFEEED (o1, y1), (%20 ¥2), s Oy ) WKL 22
P

>

B 2.2 SVM B FEREE

Fig 2.2 Schematic diagram of SVM optimal plane
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Hrp 2 AN 0 57 /0 AR A I BHEEAEA RF, x 0 +b = 0N
RN RO, BEOLBOE T, T8 T i S e S S AR T
PBR B iR, T I BIRE A RUBEN IREN, WOZGET T iz AL B R G
rRGRE R R, RNZE Py i -V 0 BT, AT, % 1 Dy A1 D, R A
Hh PR 2R R B A ) R EL P AT TR T, K 2% LR T R R D 2 2K MR R .
A TR S ) LA 70 27 R A 8 B0 b A A K (1 15

vi-((w-x)+b)=120, i=12,..,n

0y B A BB IA KL, e DA T T 52 L3R SR A S 2 S R

llwll

EAEE SR R RIESTT A AL, SR BN R n] B R ik
AT e F) [T, S I8 A — A 5 R JRURS: i N HE U R e e A (e T T XA 8%
S5 [ BALREVS L DR IF R EFZ AL RE TR RIS, X I R8s AT 2 2K

SCHRF AL 2 AT OB Ay — AN ORI T R . XA ()RR Y H bR 2 i
KA HIRIRE, R MEBUE R R, JF AR IR R RTHR N, SR L]
B o IXFE— ANt regd, mreoE RS (o SMO ik, BRE T RE
S8 ORORAE, AR, SCRFIAEMLTR 2 2 SRR, DU ORI 25
Ha 0 56 2 IR0 70 2 o XA SRR W B A5 A AR R A i B T 1 (R 2 K
T 1 O TR R BE SCRFIA AL, B FCVE— AR s A 1B B iy N T O 1
BRIRI B SCRFIAI AL o O T B ST 2 AR R TR, ) A A B H 3
TR N T LR L S A R B H R, IR SR S AR5 2
SHOVE, WLER A5G R LRSI, IS 252

J =@+c;L(yi.f(xbw))

EXFRCREET A T, RorFHR D ROEIREE, CEINSEITREEM
FRALYIZRIN R A AR L IR A O, ClEBOR, BABeR il ilG ;s kz, CEBU),
RAETRE X MR G IR, FEMT I ZRRCR . 1R pR AL () T PP AL R AL 000 25
RE RS 0220, UK BRI () R FR I T AR B iR A A £, 652
Fr ENLPH IR R ECE 0-1 BURME TR, SVM 2 — ik T/ MEdi
KRB 2 2 S5, e SRR B e DL AT 1T - it SIS Hicdis 14 73
K.

SVM f&—Fh LR 73 254, IX MRS n] A ELECR L B Y Bodle 20 R AN 5
AT RZEHP. EREAE A OS2 s, Rt RA BRI
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[T o IF HILAEVF 24500 T BES IRIGBUR K 0 SRA R E EUNE TR IR B RENS
B KA 73 S 8] B (A8 T 1T, AT A 73 S0 SN &4, ez 1 0 SRR A T ek
S ) R ALAE AL B A o At SR I 38 & BAT B R Tz A BE 77, RIS cdfs ) 0 g
AR TR T IR SR S A HH SCRF IR E (14, X8 SHF [ B e i vk
SN G 1 A RENS AR EAE I RFAE, SCRF R BN DO I ZREE B EK
PERPLR LS, 10 BT U ZRER 2 AM R Bdle sl BB HEAT A3 R 70 2RISR, 1K
PRy Lt 5320 57 e fe KA 8] B 1 A 2 ELERA & B R s 1, A A —
Btk o T SCRFIAENL AR D TR R, BIROs “HL7. X EK
Hen TR, AR BATEER A 1. SRR, SCRF R ERLZ —
s KT R G RINLAS 2 > 5%, A V200, A B s 8 e 70 2R 6e 7
BRI AL RE 77 LS A AL P vy 4 500 AT /N PR AR S5 I PR S8OR R 25

2.4 REWEREEA

7

RS 2] (Deep Learning, faifx “DL”) @Ml2s2E I H—ANT4, HEEE
Ik B0 R BB H N SR (1) 428 P 2% 235 R SR HEAT 2 S RN BB . S AR S bL 28
S OYEEAR L, TREESE S B T 2 (B R A S BRI . PR EE A ) i
Do N A& M4 (Artificial Neural Networks, [#% “ANNs”), X &—MH KE
P2 TOLH R 28 558, B PR o El 5 HAb P& ToiE s, I H R A AR5
H, HT% AR FRIER R,

IREEMZ M2 (Deep Neural Network, fij#k “DNN”) J&—FhaiH A LA
W2%, ol Z e msmEiemk, BRAZMERE. S58REME MBI
BU, IR R 28 ) 28 3 5 ] LA S 4 S B BRURRAGE I 3047 B8 A Ry 2 23 100, ] 2.3 iy
AN, IREAMEM % T E AR FRGEZE M Z AR AR T R SR
B, BeysU= RV SE S, e o= 0 g B R T R A5 IR, R R R A
LZE T R R, BN EREEE M.
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X = Ale] Al1] Al2] Al3] Al2]

B 2.3 —FRFEAREEENESERREMENE

Fig 2.3 A fully connected deep neural network with three hidden layers

PREE IO R IR BE P22 N 28 IR BE AR AH RGER 47, TR BE P2 I 2% Th g IR AR 2 &
TG, MEE 28 IRA BT N A1 B B R —Fhig Al RES N AR R B £ i8R
FARMI R A 30 B A 2R 18T RE ) 5 S E AN 4 ZHOEA DG, (A
5S¢ EH R BT BEAECE B PP AR AR BR ], 28 2O RE TGRS, 4R s
AL, ATRE IS A IS, 5 2% 1 ) 2%t AT e 75 22 5 i o ST LG B
BRI RIS 8]

M TCRIRE M A MK EEABA, B— EhEa RERNMET, BME
JCIEEFI NI 2.4 AT

@)

o —— iy

B 24 BEAMETEHE

Fig 2.4 Single neuron structure diagram

19



B2

BH KL, BAMZITIHGE A BESWE . Bn R s
e

WN: BAPZ TGN AR R Ax = (g, %, )7 Hf (T AU
L o ) P

BESME: #ETHEN w= (W, wy, .., w)Ts REND , XHIA x
IMBCRA, A

n
Z = Zwixi +b
i=1

BOG KA AFLMERE o RAMATTIEGE R A, AR R IACR A S
Wz {8, XLREGINARLANENE, Mg a] DLy S BRI R R &
FHH UM G s 8O L R An & 2.5 B

Sigmoid PRI%L:

1

1+e™™*
AT IRE 0 B 1 2 [AEFME, fEidE R LT 2K m

S EY] (tanh) 3803 2R 5

Sigmoid(x) =

e* —e”
e*+e™*

AT Sigmoid, (EXHABYGSRNERE (-1, 1). 5 Sigmoid #HEL, tanh %
HTE ), AR LS L N AR

BRALM R IC (Relu) S R%L:

Relu(x) = max(0, x)

Relu & — g 8177 )32 45 FH B0 _R 8, ek DOBiGT 70 AU 9 )RR B I
Bor. ERANNT 0 BHH N 0, KT 0 W5 N ANE, HSBERMAKRT
O N1, /NT Ol 0, G 1 BAREW KA el . HAT B TR 2 3] SR 2R MR AL,
R AR BN R AL SR, ARERR 9 “Relu FETH )@, R FEL84 28 o0 n) g
FENGRId FE KO A 2B -

Leaky-Relu J7% pR %L :

X

tanh(x) =

ax, x <0
x, x=0

He o =218 0.01, SIAXANSEIH R Sx > 0Ffx < 0281 2%
S M. Leaky-Relu ¥ B EUH LA S Relu pREL RPN T ERIH A

Leaky — Relu(x) = {
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ANHIBEIE o IXAT B FAE YNGR ARE b DR L L Bl . AT EE 43t >, ik 1 “Relu

FET ] /i

Output

Output
w

=

Sigmoid

tanh

Output

05

-05

Input

RelU

0
Input

Leaky RelLU

Output
- T T T

0
Input

Input

2.5 JUME RBGE RS

Fig 2.5 Several common activation functions

Wi Z2BFGEREBER R, &I -
Y =0(z) = (wlix+b)
FEIRFEMZ N2, 2838 5 AT LS R

n
(ﬂ@h=§}wa+@i=Lka
i=1

¢ =(poeogofp_io..000°f)(x)
Hrpdg x YERIGEE, fit ¢ = {pi}e,, Hh D RREHL

FESEBR I R, P02 I 2% IR I G0k A0 SR H Ak s Ak, B ik
LR g AR SE, AE B AR REE s ME, X — AR R e
RIEM A A8 HT, 5 568 BR K Hodm N e th o R AL

fiR* >R

2% PR B2 S0 5 0 B T A A SRR I B R SRR R X = (xq, %, o, xg)THE
NEN, PP SHE S BE N, AT I . AELES I, R
HH AT DA AR N SRR/ SORE R 8 SCHRFREAN R BRI B . SR, a2 2
B TREANBUE, BT 2R, J& 15 KT R A2 2 ) Ho A oR E ) e
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G T B RS R

HL b, HATERZ 5, LB EMAE M Ca Rk 2% Eis
RE IR AR AT TR 55, IRFERRZ I 2% o 24 T TS AL, gm) e
MBRN—RINZHIE S

fG) = fro o fi(x)

HAfERE— Z N T 22, RGBT Rm AT IR LA . TR R 4%
B REREA GRS R B A B i ae

EARIR A L IX — IR AE BB AL EE . AHLAC T 1B IR B A HETE R A5
PSR B FH IEAE AN WA JR AR AL, (B H FI IR BE A 20 I 28 ) BE Al BRI A FE AT 4k T
IR B, AEIRPE S 10k,  AFAEAE L/ B D) /R B R B IR 1) IR PER A
256 R P 8 DRI A ) 830 - 2 8 0 228 X 28 0 5 Al MR g ;R A ARy, IRl A N AT THE DAL e
R A AR B A T S B AN RSN, 25 AAT 3ok 1 B AR ANE AE_E ARG,
JEHRAEW I EER WM A5 b 20 IREEME P25 B U 2RO A0 92 18 i) el -
IR R A 22 I 48 75 B KR TH SR BT IR AT B, 5 1) 2 2 N 48 S5 M L 52 2k B
HlR i Ko AU RES, HH 2 R AR BT K bR BE RIS 1, 20l 25
RSB H B R . 3) WWIER AWMz ARe /I BRI M4 N 4%
NS BRI O, (BAER N 8EE B2 ACRE I EERE . X EWRE R
S TGRS, oI AR Had SE BN, AT PR S AR SEBR I S
JS2H] o

2.5 REMHEIE

5 Fl U8 7 ) BESEL, BEHLARMR (Random Forest, f&#% “RF”) [A]
FELEIIAT HCH () JE A B AT 0 T AEAR, TR 2R Hh B0 A A7 40 2R ) 01
BEHLARAARIE TR SRR A I al, Bl IR 2 N Ui, R eI g Ratird
ERBEAT KB BH, BT 2R A R 2 R S L R R SR e, BRI Sk Ry 2R
ROR B BT HoAh 20 2888, JCHAEAC AR LR M I 1) e 5 e i R R . A
TRREALARMRI R BE, 2008 26 ] N RS RS

R (Decision Tree) & — P THIE A BT R, E¥hEE
23 )3 YA A 4 A 3 TE], RS 23 (AL 2 AN [R] T oR 25 ) Bt o R SRR B i
T SR RO 4y 2R 1) H bR R PR RERE AR R E CRHE B E AT
BITUE XSG R HZ AT A B, WEAN BRI, R X
N5 — IR EAE R, X RN BB AL Z T R AN FI AR . B S T R
LN EAR AT IHE— 2 005, BEARE R AN, XN -ERS T A,
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HBIFLC AR, AR Bk SER], BFE AR TR0 T R A XA
{5 1R 2 AT DL AR R AR B B IR B — A, B A IR FE Ak B — g PR 55
71 AR SR I B 2 X BT o RS 1) o B FR LG R, B G TR
W53 BE B A 775 1 XN RO B ) R % TR R AR () 3 S A
Ro AT SRR N IEAEE — DN E R . R RRAEEAL. N
A (R 25D IEA — 2 NI 282 4 il . A4 P 31 A5 0
FOREIN FNATR A IR o BN 23 3 (D SRR S5 3. 770 i (e
PRV D) WA, AR B AR A o PR ST 45 A I A e dn 1]
2.6 FiR:

K 2.6 WRIRWEHE

Fig 2.6 Decision tree structure diagram

No AR NEEH 0, HEE 0 B 2, P& IR RIS BT AL Ny v Ny
AT RN 1, HBEON 2, HYAR RS 1o

PRAP HRE R L S, AERE— 2 I 3 A e R AR EAT 5 ikl o
ELEIH LA R AR A IR0, P AR T /T4, 383X Fd SR ) 7 TR i
WRait, WREZ DY AR 7250, BRIERIE IR F. AR IOENH,
SRR TR BRI, DMER BRI 745, TR 5
Hmeo s s, BRSPS MEARMNE S ML (), A2
RFAIE, PR DR /5 ZEAE R Rl BRI BB 1, DOk Bl S )
DAARFERITE. &2 SR E B Ak e fad. — Bafg 1 {3 HIWk
e BUARHE, P 2 ARYEZ bR e N SR PR DU B SR N 2 AT X
By RHHR R, R 22— &l KR PEREUE 2 PN X TE], B
N TR RAMEAR T IAME, KRG R 7 A T4, W LT Y
sy e BT AFAEVEZ ATRER 70 B Rt DRl o SRR 2 16 B A 150K 8 73 3 4 DU A e
KA (B ME, RAEA R RIEARTE ) #7203 R A AR B, DL IR
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FERFER R, XSRS RO F79 AN I ZE PR s o, DR SR rh b I
By 42K B )AH (Classification and Regression Trees, f&i#% “CART”) ¥, ‘Bl
b H A B I A B HEAT I PR SR A I . Ai(e) BIARORAE R B L2
WACET R AT s BT WRNE « ¢« t,; CART BiE i iz W5 &7
ENEERTREGE, HAGE i(t) -

]
i® =1- ) pGloy
j=1

B )RR MR, p(ilt) Ron s ¢ T j RAFAMER, AP ROR
N jRFEATT SR LEB, WA AN A 2R AL () -

] ] J
8i(®) = = ) p2(1e) + B ) p2(lty) +Pe ) p2(iley)
j=1 j=1 j=1
B JRREE M B Ao
] J ]
arg max (= > p*(jle) + B ) p2(ile) +Pe ) 2(]t,))
j=1 j=1 j=1

) R ;_
Xj<xfj=12,..M

KRR LM B LT~ AR By ITE, B = i I AdE S R AL R
P, e — Rk BER AR RIERE B AT 2%, REMEL BA Rtz
(R PR AT o R SO i 2 B T B 5 1, (LA AR5 P s R (1) PRI AL
H“ a2 SRR . WERFEA A SR A A DR BE AR, BRI 70 2R3
RAEBHRAR; ez, B )@ PRI AR Ry, RS ROR B ZE » (2) XI5
ANAH R Jog 11 AR S 7 OO R et P BB A8 R SRR 5 Tl SR E « SRR — >3 ST
AR A T T B T I ZREE R /N AT RE S BN R A 0 1, AT 5 28
AFRRAER, MR 73 IRER

2.6 AREING

AEESANE T R RS M, IR g 7 il
SCREAIEAL IRBEMRZE R 4% SRR FRIX LA & IRINLE: 2 21 k. W T
FEMARR, AR ATEA DA 7R B TAELS], EIRAR 1 EATE S 5 O
skrb B N S s AL S B A B S G b R K SRR ) R R Y
NI 2y 52 B i 8 10 e e B (A 25 g 3 A L o Sl A B g Ui ], R i RE g B
IR T LGS 7 S WS AR S AT IR PR, LKW ILAIC A S RS F) A AL ) 2 175
Bl N PR EAE D) B RE P NI LA 5 S R B8 T eSS A
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FI3IF ETHSEFINRURAARENUREHWESH
"

R RENE WO B AR 2 In) L, A E R T AR LA
LR E A R G, FFdEAT T OT R SES . 07 FSLI 2 F A THEWLRE P Xt
PR R GBI RE, b R G BAR TAF R PN S b i S, I
WL FE 28 58 I B &SRR

3.1 BRBERURGEST

AR EEW T T YL I MBO R E M R G L BN SN E
N, ONSIETT 58 AT VE R EEAE EAE B SR AT BT AU R, EASESZ
WBHEOL T, B PSR S AR, R RRFRE . AWM Ie A Mg Bt
AT 7T BATAT I, B9 5 15 B i BRI S Al

3. 1.1 BMRF RGBT

FEGBOC IR AR E 6] RGN T ER U2 ERHBOG I B B & N T R4,
EASE A B - S S T 5, R Se i e A B AL AR & B AR )
AR, SRR BN A BAS S AR AR ARG T, 20 Bl PR AL T8 R 11 R4t
& R G k% S 5 IRB)PRIE 4 7] 8% (Fast Steering Mirror, f&j#K “FSM”) %3],
FAFAMESN R B S 22, TR0 A R RS E -

A Z 40K F 177 28 9 FSM O IRERE R G100, Z RS H — MHA R E
IO GUR 2 SR 2 PR 1m) B 2 A7 B BBURR DI 2% (Position Sensitive
Detector, f&#K “PSD”). 2 MW 2 NRER. HiA . tFEHL. BEihldsd
Bo RGFEIEWE 3.1 for. SR MOt 5 200 SR B RO i B PR
8 1 R, SRR R B 1 RO JE BIAPRE A M) B8 2 o, B ORE 3R
1 R JE KER 6 St th BAE N 6, 55— 8B i i th 2 40 S8 S5
e RERREIR SRR 2, KW~ 2 50 WG — 85870 6RO BiE AL E HU%
RNES PSDI, ESCA S 2 S Ja BE A7 B BURHR I 4% PSD2. PSD1 AT
RGE 7658, SPodimeE 1| AR5 1 PSD2 H TR 6B, 5Pk
B2 X RGIGATH, 1@ i B BUBIR I REZDCRTR M A B, 47
BESENRBREASAR LM AR BT, THEAE LS 7 S BRI R AR
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B, W HBOCRIAL B IR M, KIEES BIEEHIEE, IS PR R B R T EOG A
FERALE, TR EE. ARG H )y 1 3 PSD1 5 PSD2 [ B B 1% AH
%, HBE/NTAERE f, X2l TR SEbRis T A S B A R AR KIS, #hr
B BURIRI S S TBCE TR . PR S B R S K T & 457 Ry, Bt
B TR0 A B R AR BRI 2, P R a1 ORI B
i 22, PR A B 2 T LRI A A 2

S 52 / 1
i)
Ffkbi2 PSD2

R ! PSDI

—

TEP Y :12

S8

Yo

2

PR L B

3.1 Mo RGIREE

Fig 3.1 Schematic diagram of linear laser stabilization system

3.1.2 MAFERGEMEIT

AMEBOCR R A RGEA BT RS T — M B8 H R 48, 2l
TGRS ARIRES . Pl PUs L 1) B DY H . He B R SR RN 2 M B
BURERIES, & FEH T LN RN R R hHOCEAF NS B, &
KAEBIHE BB LN R G ARG POy T FALNE T I AT g2 1)
[%%1 (field programmable gate array, fijFX“FPGA”) HIFEH|2s. (LA KERI
GRBATFEAS, THEVEELE S BRI SR N AR, Bt b
I A% B Jo R FRAS S AL I g T 4%, 128 2R 42 (5 5% 3 45 DROBRE n) 455 50 B S
T BRI A RGO, BRCR AL REENE R, I Pudi 5
IR R XIUASE AL E AR, ARk 7 &MEBos AR e Ik R g o i,
FARMEE U 3.2 R
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& 3.2 Lot et RGHE R

Fig 3.2 Flowchart of Linear Laser Stability Optimization System

NI RGEFERUHREH

(1) ¥R
ARSI BT R F 3O 28 A 2E [E Coherent /A 7] 4277 1) Legend Elite Duo HE+Z2
HWAREABOCBORE, HOUK 800 nm, HiHIhER > 16W, SR/, A
SEMERGE, SEY R 3.3 Fok:

& 3.3 shEABOLS

Fig 3.3 Titanium Sapphire Laser
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(2) PrEBURBRNZE
A B UBIRIN 28K F 25 [B) Thorlab A 7] (1) PDQSOA DY % [RA7 B #RMI#S, A 2K
PRIMP AN 400 nm ~ 1050 nm, A RN X 8] 3.9%x3.9 mm, JEHEH 5> YA
RS T X 56 A4 [R5 BRE 6 H AR A G, IX DUAN Y F AR R OGS 5 3 ik
G, GBS HRNMRE HRRALEE R, SR 3.4 Fios:

PDQSOA

B 3.4 fir B BURERI AR

Fig 3.4 Position Sensitive Detector

(3) REHEFH

PRI 5 )45 R 7 508 POLARIS-K1S3P, H13E[E Thorlab 2 & 477, 5 HAAE
N 25.4 mm, A =R IR, W SR N A R G K IHR HERR E 1 .
B R AT SR AR 0.1V 2Bk 0.5 TR EE I M B R, se kN K 3.5 it
TN:

3.5 PuEBE NS CRESD
Fig 3.5 Quick Steering Mirror (with frame)

(4) ZHIE

A SIS R FH B FH VR 1 s 4 1) A % 1) 25 (R A B 3 [ Thorlab 2 &) )
i, 5N K-Cube KPZ101, ‘EHHA WA W fit vt FH T se B ak s il 758 %
%, ATLLEE R USB SR N, A IIREMR, AN S, 5K
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& 3.6 [k FEE 2%

Fig 3.6 Piezoelectric Controller

3.2 HIERESAIE

i FHBL &7 2] IR DAL R SUEEAT Bdle R R S A B, I REEBOGAE B
AN BRI BB O, Rl HSEOL £ R DAL B AR KT 5 B E A 1IR3 7 7]
Er B LB RS D, WS HE S R v R i b R AR,
B B B AT BAE AT P AR B, 2 N ORK VR AR IR B R AR 5 AR TR
U

3.2.1 HIERE

N AR PR BBOCAE B B RN B AR R RS, AR R SEE e iTE 1O
R EH W T CofamEREESD N2 f = 2m PR R AR AL E /K
77 [ E G AN R B T RGO, ME A T Ophir SP932U high resolution
CCD HIHL (30 18 Z, 2048 x 1536), LA 24 MWi/FSHIREEARRICE T 5 min N TE
BOGEET E Bz 65T O 73 A A2 Ak, W] 3.7 B, He 4l O AR B IR
HHERA T, FEBEAE 100 pm JEFE N £13h, 6N R R 26 B DN K7 1 65
wrad, W EJ7IA) 85 prad. X —HB) FERH T RG0S FFEHLM: S, XT38 M %
BURPIBOCY BN A, 75 E 8 48 A E 1 R g hn DA s ] .
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B 3.7 AR RO E SAHEE GEED

Fig 3.7 Scatter diagram of light spot distribution and light spot image (illustration)

BN R BAE F A B BURAL B %s PDQSOA LAEEFD 150 YR I RAEAIZ X R 4h
FEABRGEIAT RS, HRE 2 /MG, BEBOLRITE B E R 2 108 755
AR NI 375 R I8 377 6 B 1) 50 FRD RF 8] 7 51 5080

Kl 3.8 7 allid sk 1 H BRES N EMEROE R G HOGHTR A £ 3 KPR B B 7 1)
FRYBSS TR) 3 H AT, o B8 (B S 2R Rk 7 el 22, R RURAE 5000 ms Y0 5%
JHIA )38 bty s AL NIR IR S 2% [ — S A B R BT R 22 . Hr
FEBE ) AR O B A R SRS RS T R ANG R O 22 22 ) () % R A
AT TR UE

KA (e ED 100 B HTTR CEHER)

100

W2 /urad
2%/ prad

1 L 1 1 -100 1 1 1 1
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

B [H] /ms B ] /ms

& 3.8 HHEBITRET, KF (B 58E ) HHEBHEERSIREHL
Fig 3.8 Time domain curve of horizontal(left) and vertical(right) directional jitter in free

running state
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3. 2. 2 IR IE 545 AR EY

of AL AL A8 5 ST HEAT I SR B8t 48, 8 P ARP A RS ) s 2R HEATARPAIE
A oA DLER, BRI TREERMERAZ AR T RHIE TR S e
e M A R E SR DO BIL AR 7 SRR Y R i N8, DA B8 4 b4 7= 28040 1)
BN GE ) o FEATEBOR B & i RAS AT RHE S DU B3 T I %%, 2K
RIG AR R 2R TR oA, FRAIR I R0

XTI [] e 51 (R B SR it e 2 S IR B 2 & Bl & RE I ST HRFE, A RSt
WOGAEE SO AE IR TA]_E IR 7K 5 8 B 7 1) (R B0 0 AT 2y — 3L 7Y F i 1] e 31
Bl BOKFIT I P EIEEN X = (21, X, s Xn) 5 FEAINFTRIER ¢, 0 N A
N xps XNTEFEIENS, ¥ME(mean). J7 % (variance). i/ (skewness). U
(kurtosis) 4t it 2= M JARFRTIHT 0] ME RS IHRRIE, AR RN:

n
1
mean(X) = - X

=1

n
1
varirance(X) = ;Z (x; — n)?
i=1

—_— It ;- 3
skewness(X) = E(()%f) = %Z (XLG3H)

J— It g —_ 4
kurtosis(X) = E(()(G—M)4) = %Z (Xla4ll)

ERCL T HER S X = (xq, Xp on 5 xp) BEATIH—4L:
~ _ XiTH
X; =
o

2x; — max(X) — min(X) ,
: ,1<i<n
max(X) — min(X)

,1<i<n

A

Vi =

, _ x —min(X) ci<
4= max(X) — min(X)' = b=
Horb w NN FIRIAE, o IR RIbREZ , SME SrdEZE R TR AR
fE B3 Egth.

3.3 HlRFIIRRZEN

3.3. 1 EXBH =R ST R

31



H3E

e e HBEMMNIS LR RS, X FHOs R TR AR e e i, wRE
W ABRBFOCRME . AESESH . AP S E AL B AL R R
R e M B 4L D W EdE, B HE/KSF 7 1A R B 7 ) BSOS AR ) F 1A 1
B B P51 ARG HARTE O, v LA e S8RV R P BdR g i)
KR B 1) A 22 BUE VS BB A (=100 prad ~ + 100 prad) 8 H 95 [ 1K)
BN A, N BT A EBUBERINZE FERAEAIZN 150 Hz, #UPKHA
1/150 b,

T AR T EEAS [RIAR RS (R A 28R, AT U B DY S PEAS FE AR A 9 VA AN )
R SRR 25 (R A A

(1 HH7iRZE MSE: R R FHTR:

1
MSE(x,z) = EZ (x; — z)?

i=1

(2) T2 RMSE: RO R AW R s

RMSE(x, z) = \/%Z (x; — z;)?
i=1

(3) FHILaHHEIRZE MAE: PREEEANW T FiR:
1 n
MAE(x,z) = ;;I xX; — z; |
(4) FIANHE E 5 iR 2 MAPE: %o 200 F s

[ xi ‘|x100%)

n
1
MAPE(x, 7) = —z
n 4 4 X;
£

BB A x MRERESHE, 1M 2, AR 5 I FE, n RxZTit
FOPE R BREAR R, 1 BR3P . _EIR DU UPAS T AR B 9 AR T2
HBE RN ST 2 ARG — R B/, B R PR B e . 2
PLER=2 2, TR ZE TR IR R, A AR R OR B T 25 AR
REAERUE LY RERIT T, B ESEREARONERIL; AR 2=
FHEE T2 07 AR 2200 0 AR ZE MU R 3R = TPPAG F A 2 TR X iR
Z, MR AEXHE 70 LEiR Z M B TR XR 2, AW SO LR iR 2= 08
b7 A A, ARG LU A PP AG 00 S 9 At 2

3.3.2 eI iERYATE
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i #£[5])9 (Gaussian Process Regression, fijFR “GPR™) &4t FHL 3%
AU A e TR, TR R, R A AR AT R R, 3
S AR A TS TH A SR S5 RS R . a0 — 4D, AT DU
S0y R YU ) A SR 0T L PR AR, FETRAAE R ANE E Al T o i AR
[ B A B TR, Rl AR AL RO IS I AR SN R . | T
TR SR AR TT DL I HE B SR IEAT DRI AT LUK 46 B i S ) v R, AR
TF AL B R e . R, s R AR AT LT (AT B R ), RIEE A
i FEA b 8 P S N T ) B AT AR, XSS v S A [ U AE SN N FH AN B) A FR
53 b B T R AN ST o

AT S A EEOCR G TR AR E M, EHMLESY 217, BEERER
EIWOCR PR A B ALER, SR I AR [l U SRR T X S 14T 43 pr A 2
>, RBBOCHR B A AN, s a5 i S g 45 o RO S HON OB
SETERIAT IS AHLUAR ST, LA 5 ) J7 V20 SN ) BE L o) s R B oA
AifaE, A A SRR R R, SRS HAREAT SR A A, S
i 2 B8 TR A€ T PRI B 0t

FEmE I AR R A, B AUA BRER f () PTRASRIR A

fG) = g(m@), K (x, )

Srf xRN I, 7 FR {1 9 L B R RN 2 R B SR 1 ) 2
RAE R m o) WAL E RS K Cx x') e SR PR x, x' 5 24
I 77 22 B B

ERR TR A A eh, SR P A% B BUK () 33T R P A 7 25 %
P B R KA 46 80— U 7 22 M 8

2

J— it 24
Kir)=>1+ ZaZZ)
RBF 1% pR#:
lI71?
K(r) = o%exp(— T )

Periodic 1% PR %Y :
K(r) = azexp(—%sin(g)r)
A r RN E P x, 1 ARSI o, [ a, p BRI RIE S
1B FE R BUE N T T ZR e —:

lx — x'|
212 )

K(x,x") = a’exp(—
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T AR S S A T A I R B R, SRR m(x) =0, W N
A A bR s BRI o Al 5 Oy
p(flx) = 2m)CN/D|K|~1/2 exp (_%fTqu)’K = K(x,x")

BB x FOMLIME y 322175 % o oM HARE AL, SR R H0 -

51 i — Ui (x))?
pOlf ) = [ [ exp (- L)

_1Voro? 20°
ok, FRATTAT ASE A DU B RS B AT
_pWIf,x)p(f,x)
pIf,x) = >0
X AR T

log p(ylx) = f p(yIf, Dp(f, x)du

= —%yT(K(x,x’) +0%ly) ly — %loglK + o?ly| — glog 21

X Iy R KN N X N BIHFERE,  F e SCON IR TR ) Hcls o B0,
Hor N R AR

WA o AR AR B £ = f (") BT AT R

E(f) =K@ x)(K+0?ly)™ty
Var(f*) = K(x*,x*) — K(x*, x)(K + ¢2Iy) 71K (x, x*)

A E NRREL f(x) RIS REAE : Var YR30 f (x) BRIIEAl s %

il v T R [ A Y, AT DAAS 8 e DL G 52 5 T AR ) 2 f8) 7 22 A ]
B W THEARFEA ST, AT A S5 2 4R A o ey B A (o] A R AR 5 it
FEanEl 3.9 fror:
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Fig 3.9 GPR model construction and prediction model

3.4 RGIAESLKWEHER

AR A s v T R IR AR e A 2R PR OE R Sk fa 1 A e 1 R G
Fe 5 AR, TRREOUAC 5 (I skt SR I e B A i e AR O B e i3 47 0
[l IR DA 82 R LA 7 S Sk R s, A A% Gee ik [ml A 7 ik A s 5 v i e 1ol
VASEREAT X LU DA, DAE EDOL R BN #5221 TR B 2 R G0 1S He ik
A3 FH A

3.4.1 LWL E

THE LIRS

REFEZS: 13th Gen Intel(R) Core(TM) i5-13600K  3.50 GHz
WA7:  16.00 GB

BAERS: Linux B1ERS R

FEiES: Matlab, Python3.8

YaFEIRBE: VS Code + tensorFlow + scikit-learn + Juypter Notebook

3.4.2 LWERS SR
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gl i R RE TR, BENLESMEL 5 ZARAE, WOLAEK R By
[] 4R ) 34 Sl s 2R 21 3,10 P

100 IKEJ7 1A) e #2 10 40D 100 B T 7 1) (e Bk 2 |1 U3 A48
50 F B 50
o =
2 2
< =
I AN AAAAN A e A AN Ay A M +
b i
E &
50 1 o
-100 ! L L L -100 I | 1 L
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B 1] /ms i 18] /ms

&l 3.10 GPR AL KT () 5RE (F) FHFEHEs)

Fig 3.10 Horizontal(left) and vertical(right) directional jitter after GPR optimization

9 7 AE TR B v 3 I R (el R A R MR O AR SR TR AR MR LA T T
P ekt , AT F A B /)N —3fey% [5] )5 (Partial least squares regression, fi #“PLS”)
TP M (=] YA TT VA N EE o i /> — e [l )X Fh e v J7 vk d i 5 s i Az &=
FOYLIN AL B 31— AN 2 (A R T4 — NG Atk Rl A, AR R B b 1 iy
38T, BORAH SO A R [ 23 B 7 VR R A

fERZeMERNAPEAL S, FEALIESEHEL 5 ZF0RAE, WOLIE/K- PRI B 7 M 1)

TR a2 311 Fos

100 AETT ) (B E ) 100 BB 7R (AR
50 B S50+ B

=] =

g g
=0 =0
i Hd
i i

-50 |- - 50 |

-100 1 1 1 1 -100 1 1 ! 1
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B 3.1 EEERME KT (B 5BE B) FHERBE)

Fig 3.11 Horizontal(left) and vertical(right) directional jitter after linear regression

HIFE 3.8 WIKA, M ECHTRE AR B S EE K7 A B 65 prad , EEHTS
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7] I 85 prad 5 A HHARAMEARAL J7VE B GG 7133058 Bl /KF 7 1) E 30.8 prad
RE 7 F 454 prad 5 A TR AR [DAARAK S B 6 SRR 190U S D K F
Ji b 23 urad , WE 5 L33 prad. FTLLEH, R A AR G L
fef, femAE RS T 1 AN EEL L b, R 3 B i R m] ) — R
SHOTE, ERTEAR A TR RS R ], GRS G RIS RO AR [ S R
AN R B 5 R EOE AR M R ML R, SRR T 1A AL B A 24 1
DG HRUTE 1)U BN AR B I R R 52 2120 1 A1 5 1) R 1 i 2 25 s PR AN B e

N T HE— 25 o T R TR R E M 0 R SRR, AR AR R AR g3,
o M (d B AR 4 (fast Fourier transform, (688 “FFT”) 28 MG HS A0 5h 1 4
oA, A9 BDE AR M AR, ] 3.12 ~ & 3.14 FiR:

ACTHr SR CREED)

3

B ek ED

0.8+ 0.8
= ,
= 06 1206
= B
= 3
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| O
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100 200 300 100 500 100 200 300 400 500
B2 /Hz B /e

B 3.2 HHBTRE AT () ERE CA) JFhEnEimsE

Fig 3.12 Frequency domain diagram of horizontal(left) and vertical(right) directional
fluctuations in free running state
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Fig 3.13 Frequency domain diagram of horizontal(left) and vertical(right) directional
fluctuations after GPR optimization
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Fig 3.14 Frequency domain diagram of horizontal(left) and vertical(right) directional

fluctuations after linear regression optimization

H 1] 3.12 7] UG HTE R G ot B, 7K-FJ7 ) FAAAE S B B I s (AR 5 «
B AT U HHTE R GCHEELRT, "B 7 1A 36 Hz FI4R 5 F 5, R HEW Z
FHRIF S 6 B A IR A%, 5 AT R UER 2h 45 2 56 [ A W)
B o M MAEA AT RESR B THOGBORS P H) R 48, Kl 3.10, B 3.11, B 3.13
A 314 bR, A SRR EDE A B R E R TR G A T R,
AMAEARSF 73 (100 Hz LA BERS A R0 BRI A 520, 7 = R Gt Hh i e s AR
AR A o BEAARR UL, i T AR IR VSO0 A e v AT P M P FRAIS 1 1 AN R4
H ARSI 75 I FE PR T4 45 %, AR T T i B2 R A AL 88 2 2] O SR AE
SUSHIEATNI~p = Red i e a7/ s

3. 4.3 1BAIXFEE K1 L
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Fig 3.15 Loss function curve after GPR optimization (left) and linear regression
optimization (right)
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Tab 3.1 Evaluation indicators after GPR optimization and linear regression optimization

GPR fltfk 2tk m A fiAe
MSE 65.35 928.33
RMSE 8.084 30.468
MAE 4.2699 26.3156
MAPE 0.0492% 0.9793%
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Fig 4.1 Principle diagram of nonlinear laser stabilization system
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Fig 4.2 Flowchart of Nonlinear Laser Stability Optimization System
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Tab 4.1 Evaluation indicators after Random Forest optimization and Bayesian Optimization
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MSE 224.85 1248.33
RMSE 14.99 35.33
MAE 9.2537 34.7581
MAPE 0.2324% 1.3262%
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