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Figure 1 Schematic diagram of pulse characteristic prediction and optimization for a NOLM
passively mode-locked fiber laser: (a) Structural diagram of the NOLM laser; (b) Selection of
input and output parameters for the dataset; (¢) Surrogate model used for the training dataset; (d)

Optimization approach: 1. Direct optimization, 2. SHAP-driven optimization.
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Figure 2 Pulse evolution process diagram. (a) Time-domain evolution process; (b) Spectral
evolution process; (¢) 3D diagram of soliton evolution; (d) Variation curves of pulse characteristic

parameters; (¢) Time-domain diagram of steady-state soliton evolution within the resonator cavity;



(f) Spectral diagram of steady-state soliton evolution.
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Figure 3 Relationships between various parameters and the peak power and energy of the output
pulse: (a) Second-order dispersion coefficient; (b) Nonlinear refractive index; (c) Small-signal
gain coefficient; (d) Saturation power of the gain fiber; (¢) Length of the gain fiber; (f) Bandwidth

of the gain fiber versus output pulse characteristics.
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Table 1. Results of the prediction performance evaluation metrics
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BPNN
M 09813 2515.6 1916.8  0.0527 7.310
YIZREE 09839 23762 18662 0.0614 7.934
1D CNN
MIREE 09823 24462 19645 0.0598 7.644
YL 09794  1.12 0.80  0.0500 6.975
RF
MRE 09097 2.49 1.92  0.0864 3.433
Y 09866  0.91 0.55  0.0401 8.638
XGB "
) K 0.8969  2.67 1.92  0.0862 3.142
Jok 1 5 £ (ps)
Y 09841  0.99 0.61  0.0496 7.942
BPNN
MR 09940  0.64 049  0.0251 13.36
Y% 09887  0.83 047  0.0416 9.440
1D CNN

MRE 09957 0.55 040  0.0216 15.94
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FLEP R SHA GRS RIS, ERREIRIZSHA G . &N
K RINAUA— T ki, FHorh i oy 5 kb st & oy IE A fa s, DO R4
PRI S I E RAE A BEAEREAT 3 — Ak kot 58 B2 D S AR A TR AR, DAKT R A BRI
G R BRAB A AT 5 — b b 3

XFT NOLM B BB OCLF MO 38 R G0, WREDhZ . ko RE & A ik o 2 2
=AU YRR, HBCE R E R G ST IRIX A R BUR R S
S LA R AR RE . Ho, WEDIR SRR E 04, &1F 0.8, —
A YU PO AR R AR SR L AN T BRIE . R S A O P
febr. EAXSHAMN, BEIIER (1.5~2.2kW) ShikrhbiE (20~140 n)) 3
DAIEHE R X RASEBURLE =, R IRTHBOCA SR G5 M Re Y 2 B
bro HIR, BRoROEFERIAE N 0.2, EAWF A NOLM BUL R4 AF T, ik ve vl i
XA A 10~65 ps, ZHUAT M B /N T Re 2K Tahr. [FIIF, AR 2 748 kBl A



B AT N, Bk oERE— 2 4 i) TARA BRI st AR, RS SE IRIE RS B th e
TV bR R K o AR B AR R E T R /S, SR
%% 2 frox. et REARBEERIE Y 0.819, RIZEAN S8 S5hth 2 02
FeARLRME G R IIHL G BE JIARXT AR s XGB BALFE RN 0.867, Ui BT A6
SETT LR SR [ 2 i o =) SRS RE S BE AT RO AT 4 2 20 18] rp (AR ZR PR R A 5K &R 5
BPNN HEA ()3 B LA 3 0.927, R L JRARLR MEASH 25 1) R 5k Afi 3t 21 i
B N2 50 i i N 2 TR AE S IR 1D CNN AR HUAS 17 e vy FR) 3 2 2
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Table 2. Global parameter combination optimization and corresponding output parameters

1o Peak Pulse Pulse
ﬁZ (X 10 16 ss Psat LAF Ak P E d t'
TN 25T - ower ner uration
BB (k) @B)  @Bm) (m) () &
cm?/W) (W) (nJ) (ps)
RF 17.6465 2.5421 38.4318 24.9365 1.284 80.4560 1928.35 100.2522 52.97

XGB 18.6472  2.8600  38.8298 249748 1.225 103.4815 1798.66  104.9051 61.99
BPNN 22.6461 2.8998  38.9982 249950 1.297 923847  2202.89  118.0970 40.90
IDCNN  26.7962  2.4569  38.9982 24.9950 1.297 100.6097 2143.77  117.5785 59.38

TG A SERRT AR TR | ik e SR i 5 R E T AL ASHIE UK B
X7 80% I IIZREEAT 20% )M 4E )5, PL RF. XGB. BPNN A2 1D CNN Jy
ARERAGEIY 73 53| R 38 4 0080 4T B0 H AR LA o B H AR ARAL 70 70 BT 0 A Th 2 L fik
MREE . ks B = AMSL B AR, B E ARG IS5 RN T S R 1K SHAP 4347,
DLAE 7~ AN [l H AR 1 T 2580 N S 250 B 2 5 DT iR 7 ) o DR R B R 4 S5 98 2R 23 )
AR YT R TH BN S, S8 B BHE SR % . oS HUE E N R 4E S
B NP A TR . TR R YRR MC. SHL T % . SR 0] 35 4
N, EFRABRGEER, FIRHREEN GA FLE: MR 30, &RIER
60 WS ZLE 1.0% TEENE H 15, me/PRSE 30, X, B, EHE. K
YEOR B HME 58— B A — B I B AR CRUEWCSIORS FE AT T, KRR —
PG ARA IV B ROAS , IR B2 5 20 1) P4, IR 3K 3 BRI B &,
P4 X L 240 4 385 NOLM B8O 38 IR i Y JEAT 300 PEITE3E, 7933
EEXEAR F M REFEAR BBk P B L5 SR o W ELFR 2 536 3 AT L, SRR FRAE AL 5 &
WAL BRI RCR A AE W] 2 22 57 o FEWEE DAL, 1D CNN BB IR,



B Th Ak 2148.43 W fEfkrREE AL, BPNN 5 1D CNN AI45 R —3,
ke B3Ik 137.3251 nJ. fERKME R, XGB A EIL, K13 11.07 ps
P 5 /I8 K 5 B o SRR IS SR AN E) AR B i 3R A5 1 AR S HOHEAT R B, T BRI
BPNN 5 1D CNN 7EX U DR Akt GER I S EFI0H, X T g Poa 2 Lar
ZHSBHT IR, B H BT B I M4, B4+
SRR SR N AL .

3 AFEACEAER R FE TR

Table 3. Global parameter combination optimization and corresponding output parameters

p ny o . L A Peak Pulse Puls'e
T vk (ps/km) (X107 (B) (dBm) () (am) Power Energy duration
cm?/W) (W) (nJ) (ps)

it RF 11.4092 23135 38.9908 249033 1.114 62.0781  2119.63 95.4847 46.03
& XGB 11.7623 2.3105 38.7356 249945 1.075 554216 2118.80 86.8059 41.87
U BPNN 11.2911 2.3028 38.9982 249950 1.297 50.0007 2133.29  118.9603 56.75
* IDCNN  11.2911 2.3028 38.9982 249950 1.297 785876  2148.43  119.0599 57.19
i RF 18.3389 2.5525 38.7533 249530 1285 80.4052  1923.70  109.6891 58.07
i XGB 20.5196 2.8754 38.8330  24.8686  1.244 102.355 1785.10  104.8742 61.90
B BPNN 26.2668 2.8998 38.9982 249950 1297 109.869 205435  137.3251 62.74
b IDCNN  26.1258 2.8998 38.9982 249950 1297 109.869 205435  137.3251 62.74
) RF 11.2911 2.7508 36.4811 229402 1.087 77.7171  1569.95 25.4391 16.46
fj: XGB 26.7948 2.4690 36.0745 221436 1.107 83.4286  1330.81 14.8872 11.07
% BPNN 28.4219 2.4080 363627  22.6153  1.177 105.775  1668.06 23.8087 14.38
" IDCNN 149268 2.8196 37.0751  22.8299 0.877 107.040  1571.23 21.3490 15.00

3.4 SHAP 43#7

A4 HILL RF. XGB BPNN & 1D CNN PO QHASE R A LA, @it SHAP
A AR 20 AT HE S0 B R R AT R AT A RV VP A 5 PR SEATLA (R T AL, PSS [
ANZHOF NOLM # s B BOBOG AR EAE T2 . ko e 52 Sk 5 B8 = Ko H ARk
FISZMR AR o 72 SHAP RIRREIE /X T AE SR IO JEA b, AR SOt AL SR AL B
G A (B Th 2 de AL ik i e R Ak 5 kb 58 FE e /M, AR KGEAT T =

)

AL T
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REAIE B L 5% T BRI TR 1] o 122 1 DAKCA o T QB W e Pt U i A 28 5 4 ) o ik
BU: By SHAP {H, o 1E SRR AR X T 45 S 1 HE) )7 A, I fE %
WK, SUEAE RN, AOGHE RN RAEDTRR IR . AR E 2 B2 T
HEF, 35 N E 9 HONZAFIE SHAP ZEXHE 18 5 4 3 4FE SHAP 265 {f & A1
L], T SR AL AR R B . B R U ORI R, BEEARR
AR, W EARERMCRHE(E . I FRHEZIGT 5 5 5 L, w] ) W RRAiE 28 22 1
oo MkHE SHAP AE M IE G404, AT FIWrRAE Xt I DTk 7 1o 255 B s A 5
SHAP {HAL &, w3 m/ARRIEE R . KHE SHAP 8 IR m) B e,
A A I Z R 0] A L 5 R A S

SHAP 73t 25 JEm %1, DU AR AR (V) REAF B M R pd k38— B, R i
TR RDECBE NS E S 0T 4 PG IhERR U, DRI AY ek
LANEAT I F o B i BRI 3R, BTk 0008 36.9 % (RF)  29.3 %
(XGB) + 26.2% (BPNN) . 24.0% (1D CNN) ; HIKZ/ME 5 /A% g
AN 23.8 % 222 %+ 23.1 %~ 22.4 %; MWAIITHE Pu. M EOECRES, 51
FCEF K Lar EMAECTS, HUTHREE(E RF 5 XGB SRR T 1M 25 647 7
TEAMI TR B AR, 205N 1.2 % (RF) + 1.6% (XGB)  2.8% (BPNN) .
2.3% (1D CNN) , XJUEAE D24 H g il AR 2% . B 4 (o) 5 (D 4051
79 1D CNN (R*=0.9651) X} o1k & =i [N S50 g 5 n2 BTz 1) SHAP HH K
H B T EIEESHU A N, go RTUEAE DR 5 OV IEARDG, ma ARG, L4,
RE5E3 (b)) « (o) FiEIHISELRIHEEES .
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Figure 4 SHAP feature importance bar charts and feature contribution plots for peak power
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Figure 5 SHAP feature importance bar charts and feature contribution plots for pulse energy
T 6 B iR ik 58 BE TR, it FRE B g, Lar, Poa X =N G HEF
TEBRZ), Hd g ITTERE 36.2 % (RF) . 33.1% (XGB) . 32.8% (BPNN) .
329% (IDCNN) , Lar 5 Pac BITTBRIEZIICE 25 %2 30 %2 18] no B TR EEAH
XESS, 4T 4.7% (RF) #8.6% (BPNN. 1D CNN) A4 : S 5AMATHERE
BYAG, AE VUSRS AT 2.5%, 38 B3 38 6 kv 6 A L 10 5 e )
KA. B6 (e) 5 (f) 73%9 1D CNN (R*=0.9921) X vk % = (B 3L gss
5 Lar 21 SHAP fOBUE], FIANESET BN, g 15 Lar XK 08 BE (1 52 00
BIRIEMSE, ERE5E 3 o .

(e) FriAIlIZHR ARG



Random Forest - SHAP ; XGBoost - SHAP

(a) Mean(SHAP]) (b) Mean(SHAP])
* 0.000 1.761 3521 5282 o 0.000 1.629 3259 4,888
£ | . 100.00 i 100.00
ga(362%) | S5 sl B (331%) | ==eempe—
Ly (30.1%) [Pest=diatie e ot 90.00 L (29:594) [ESSESTERE. 90.00
& o
: 2 " |
£ P, 21.2%) T e S L P (26.0%) e E}
B 8000 @« = 8000 »
= -
2 Mmi47%) e % E a (7.9%) 2t :—;
7000 = 7000 =
B (1.0%) & B, (1.8%) -
A (0.8%) = 60.00 AR (1.7%) =g 60.00
1010 337 337 10.10 050 327 327 T80
SHAP value SHAP value
(c) BP Neural Network - SHAP (d) ! r{f“}gﬂ?"
BeampELDh 0.000 AR 5,570
0.000 1,832 3,604 5.496 : 1 o5 e
: 26.00
. 26.00 , T YL YT
Bar (32.8%) [0 S e T 8,:(32.9%) [ESISESSSEE. "\"-'—.-------— Fomme 3
24.00 %l 24.00
L (28.7%) o midne mised L - L (278%) [ 8 ame= & ”5"{?‘.‘-‘"” s A
’ 2200 ¥ | 22.00 g
-_— LI T - - L—3
37.10 - oms o s imm sme = o 27.1%, B S s e e — = =
E P (27.1%) =i 2000 2 5 Pea ) : *" : 20,00 é
= il == e 1
& a(8.0%) = 18106 g g m(86%) == 18.00
= 1 =9}
AR (2.0%) 2= 16.00 AR (2.4%) e 16.00
£ (0.9%) 2 14.00 £, (1.2%) % 14.00
_ 12.00 | 12.00
=11.50 =3.83 383 11.50 1.4 18 18 1.4
S SHAP value
(e) (ﬂ ] HAP d
1D-CNN - SHAP Dependence Plot 1D-CNN - 8 Dependence Plot
0 L5 *
. 40000 i
10 1o
0.5 20000 4 05
-] @ % :
z = &
% oo E 2 ne 3
e Bt 0 = g
= £z 0s 8
z s EE s 8
10 2RI 10
-1.5 — (K0 1.5
2.0 1.5 1.0 0.5 i ns 1.0 1.5
Lyr

Kl 6 5% T kb 56 B2 () SHAP Ak B S 5% T8 181 MR AE sk I
Figure 6 SHAP feature importance bar charts and feature contribution plots for pulse width
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Table 4. Genetic algorithm optimization combining different surrogate models with SHAP

n Peak Pulse Pulse
ﬂZ (X 10-16 ss Psat LAF Ay\f P E D f
Ml y B ower nergy uration
PIMEHE o em) @)  (@Bm) (m) ()
cm?/W) W) (n)) (ps)
1.244
RF 223627 23124 384784 242531 . 2112.08 824549  39.96
i 1.242
XGB 223742 23478 384632  24.1805 2079.82  80.5657  39.64
D 0 80.0
Th 1.268 QEi=D)
% BPNN  28.7495 23028 389747  24.5556 . 2131.86  103.8569  49.75
1.294
ID CNN 122729 24871  38.1657 24.9338 . 1972.55 942799  48.81
1.289
RF 38.8136  24.6247 . 1886.93  103.6015  55.93
Jhk 1.274
XGB 38.7866  24.6803 1891.46 1052533 56.6
H 20.2 2.6 0 80.0
fie (Fz)  (FAE) 1297  (FE®E)
. BPNN 38.9982  24.9950 . 1969.66 118.7327  63.84
B
1.297
1D CNN 38.9982  24.9950 . 1969.66 118.7327  63.84
, RF 2.6213 373023 23.0546  0.900 1644.75  24.6034 15.7
k
W XGB 202 25642 374962 22.7155  0.839 £0.0 1570.58  21.2939 13.65
% BPNN ([E) 25801 363341 231390 1.073  (HE) 162124  23.8643 15.26
B

1D CNN 2.5876  36.2918  23.3446  1.062 1629.59  24.8626 15.5

MR 3 53K 4, KR 3 WS NS B S, &4 KE4ESH
FEWENE BT, 3R S WP B RxT b, ol BURBIZE S|\ SHAP
REE SR AT S R MR 4E 2 G, B R TR R 5 &S8R i 45 RIES
fl EARH BT . IS IR, RF 55 BPNN #0189 7E 99 % LA
b, SARATHE RS0 63 %Ll by TERKIMPRERAL R, SR 4 1 RE IR
FEZRITE 86 %L b, W [A]INIE A AT 60 % TERKh B B R, XGB 1Y
PEREORFFZ N 81.1 %, HAth =IILL E3EIL 94 %L k.

25 Wil BeFARI0EE B AL R

Table 5. Comparison of results and efficiency of two-stage optimization

BobrBe EIRrBC tERE BB BBrBC ik BB SBZBrB mEm
L1 RO =07 S 7S S 8 1/ G £ ' QR S 110 ) B 93] A TR

T
%
(W) (W) (%) R R (%) (s) (s) (%)




RF 2119.63 2112.08  99.64 50 30 40 154.86 56.16 63.7
XGB 2118.8 2079.82  98.16 50 30 40 5.19 1.68 67.7
BPNN  2133.29 2131.86  99.93 50.2 30 40.3 320.19 116.21 63.7
1D
NN 2148.43 197255 91.81 72.5 30 58.6 325.7 114.97 64.7
—_ BB BB AR BB BB hmE FRMB BB EEn
" QU e N @l oy € = S ey QR o2 1115 Q= <SS o[£ 1 R 2555 T R 2
(nd) (nJ) F(%) AL ¥ (%) () (s) (%)
RF 109.6891 103.602 9445 50 455 9 153.27 55.91 63.5
XGB 1048742 105253  99.64 50 33 34 4.96 1.93 61.1
BPNN 1373251 118733 86.46 94 60 36.2 322.33 116.05 64
CII\II)N 137.3251 118733  86.46 95.2 60 37 327.99 114.89 65
—_ BB BB MR BB BB mE BB BB mEn
" BkopseE  BkebSEE OREE O PRk CPIMkSt R PR CPIEE dEE
(ps) (ps) F(%) REL ¥ (%) () (s) (%)
RF 16.46 15.7 95.38 50 335 33 15433 56.05 63.7
XGB 11.07 13.65 81.1 50 30 40 5.17 1.6 69.1
BPNN 14.38 15.26 94.23 50 30 40 319.83 116.55 63.6
1D
.. 15 155 96.77 50 30 40 325.46 115.19 64.6

bR R, fEBIN SHAP /M b7 KBS MG, BRI RS IF R
LR R, 4 TR AR B AR K . T AR T SHAP R F 5 2 HE
(ISR WS, RERSFECHE RS L IR R, A R RS RO M4, o>
AL EE ISRV S TSRS, $RTHMRLCR . I, SHAP AT@REME TR
1 FE A5 1 800 58 PO P EEAE FH Lt T A R T 8 0 i A S R AL R it T
SRR . 25 b, 2 HARRAG R TR R e 15 S AT, 2 HARER AL T4
HLELARAS. SHAP SHUAR S G 8hEaiiie, —& HAFFE, MRGERem « i
TR B DAL T SRR
4 % #

A HIZE NOLM BB LSO B0 Be S 5 Ak, 456 RKAIP KB B
2 WUELNLAS 2 IR BRI . SHAP WIARREME 4T M aB 165005, RGTITIR T WA
B (KRR P T S5 AL 9, 3 rh 2 AR ) TP BB AR L5 5 A 55 v 1 26
Bils A BROR A6 T A RE A R A B B S LA, 8 T SHAP 204, P H
TR, BT URTERIZ ALRE J, J5 2 R T AT R /M . £ 3] N SHAP 3T
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YERFBLR K s V(TR A M RE ORI R 81.1 %3 99.64 %, ki B &V RE (R FF
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FESTFE AR . ik, SHAP IRV T thda R 1 % 2 Hon i AR R 22 54k
TTRRAL - SRR 5 26 5 /MBS 3 2 R FIRETh R ME 51 88 REL
A SR G A FE AN Dy 3 2 e ik i R 5 0 P IR AR TR 3R, TR 28 TR Y
RN ] 2B A TE 25 A5 R, RIS E A TR RE AT T
BERR T S YRR SRR . AR FUAT ST NOLM BB A0k 85 14 2
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Abstract
This paper presents an interpretable machine-learning framework integrating RK4IP simulation,
surrogate modeling, SHAP analysis, and genetic algorithm (GA) optimization to address the
challenge of optimizing nonlinear optical loop mirror (NOLM) based passively mode-locked fiber
lasers in their high-dimensional coupled parameter space. The Ginzburg-Landau equation is
solved via the fourth-order Runge-Kutta in the interaction picture (RK4IP) method to simulate
pulse evolution in the laser cavity. A comprehensive dataset of 500 samples is generated by
uniformly varying six key parameters: second-order dispersion (B2, 11.2-29.2 ps?/km), nonlinear
refractive index (n2, 2.3-2.9 X 107'® ¢cm?/W), small-signal gain (g, 36-39 dB), gain saturation
power (Psa, 22-25 dBm), gain fiber length (Lar, 0.7-1.3 m), and gain bandwidth (A4, 50~110 nm).
Four surrogate models—Random Forest (RF), XGBoost (XGB), backpropagation neural network
(BPNN), and one-dimensional convolutional neural network (1D CNN) — are systematically
compared. BPNN and 1D CNN demonstrate superior generalization, achieving test-set R? values
of 0.951 for peak power, 0.981 for pulse energy, and 0.996 for pulse duration, with ratio of
performance to deviation (RPD) reaching 4.56, 7.31, and 15.94, respectively. RF and XGB exhibit
certain overfitting tendencies in specific tasks. SHAP analysis quantifies feature contributions and
uncovers the physical mechanisms governing output characteristics. For peak power, ns and g are
the most influential parameters, with SHAP dependence plots revealing that 7, exerts a negative
effect while g¢ shows a strong positive correlation. For pulse energy and pulse duration, gss, Peat,
and Lar collectively dominate model predictions, while /2, n2, and AL play marginal roles. Based
on these interpretability results, a two-stage GA optimization is implemented. Baseline optima are
first established through full six-dimensional search for peak power, pulse energy, and pulse
duration. Subsequently, parameters with consistently low SHAP importance across models are
fixed at nominal values, and GA is re-executed in the reduced subspace. The optimized outputs
from the reduced search closely match full-space results: RF and BPNN retain over 99% of
baseline peak power performance; BPNN and 1D CNN preserve 86.5% of pulse energy; pulse



duration retention exceeds 94% for RF, BPNN, and 1D CNN. Meanwhile, computational time is
reduced by 60%-70% and convergence accelerates by 30%—60%, demonstrating substantial
efficiency gains without sacrificing solution quality. This work establishes an efficient,
interpretable framework for NOLM laser optimization, combining simulation, surrogate modeling,
SHAP interpretation, and GA search to enable accurate prediction, global optimization, and
physical insight.

Key words: nonlinear optical loop mirror; passively mode-locked fiber laser; RK4IP algorithm;
SHAP algorithm
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