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Fig. 1. Hlustration of the KAN architecture.
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Table 2.  Statistical information of input parameters in SE.

IBP Ip/A Iexl/A Iex2/A [EX3/A ch4/A

min 0.751 400002 1025.013 1035.112 4025.086 4065.236
max 0.849 599999 7084.806 7154.607 12204.761 12326.504

mean 0.8 500069.5241 4049.6743 4089.5725 8116.7203 8197.685
std 0.0283 57674.8662 1748.4576 1765.6838 2359.9229 2383.4633

IexS/A IexG/A Iex7/A IexS/A Iex‘)/A IexlO/A
min 1525.112 1525.112 5674.984 5674.984 8674.967 8674.967
max 5474.982 5474.982 -3655.04 —-3655.04 ~7525.019 ~7525.019
mean 3497.4696 3497.4696 —4666.8073 —4666.8073 —-8099.0251 —-8099.0251

std 1139.5596 1139.5596 582.6904 582.6904 332.1794 332.1794
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Fig. 2. Convergence curves of loss functions in KAN-1.
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Fig. 3. Prediction results in KAN-1: (a) Magnetic surface comparison; (b) absolute relative error distribution; (c¢) absolute PDE re-

sidual distribution.
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Fig. 4. Convergence curves of loss functions in KAN-2.

N T BRI R TUA 3, PRARAR AL Y 52
JE, A SO M B T HEAR B 6L 5 I T BTSSR
W, R 4510 R KAN-3. BRI F , 165 RCHT Y
NZRBBe, 51k T 51 B AL R BR B
L1 IE DU AL IFURIAR LE 30 A 151

L3 = AyLy + Ay, Ly, + NepeLpDE

—|—)\Ip£jp —|-/\(t) Ereg, (11)

‘creg = )\L1£L1 + )\entropyﬁentropy» (12)

Mz
Mz

L-1
L= Z (13)
1=0

()

n out

—
—

in
1=

Mz
Mz

pl]'Llngl]z y (14)

L—1 Nj
entropy §
=0 =

=
—

Jj=

Ny

1
A > el
b =1

Nin Nouw 1 Ny ’
A E : Cl,j,ib
Nb | 7 |
b=1

>

i=1 j=1
HF AL 5 Nenropy 23R B KRS IE bR AL R AU
L1 1 DU Ak 352 9 1 D) A6 300 4 A, AR SCH A gy =
Aentropy = 13 4, §, I NMEEHERRG], AR T IE
25 MZTT (3 Ny ) B 1+ 125 5 M
TG (F Now 1) MIESE 00 AIZESET IS 04>

Puji = (15)

B AL BRI GE N, 1), p1j0 BN IRERAE
R BV + 1= Z 6 B A 3% 1 P R sk L

Ly BRI AL B R, WORER L2 7 R 2876
H}If;ﬂc’ [fentropy EEfﬁﬁEW*ﬂﬁﬁﬁﬁﬁW$ﬁﬁ
o, FEAR R 5 SR S IR . o sk AR YRR, A EE

A () E N
0, 0<t<120
Alt) = 012?)1 (t—120), 120<t<240- (16)
0.001, 240 < t < 600

Mt =600 I, [0 245 AR T B (LAY 14 12 75
B MR HR KBRS (8) X, %% Lk Tif

150504-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 15 (2026) 150504

Relative error

(a) ) 1) comparison (b) ) (MRE = 1.058%) (c) PDE residual
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Fig. 5. Prediction results in KAN-2: (a) Magnetic surface comparison; (b) absolute relative error distribution; (c¢) absolute PDE re-
sidual distribution.
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Fig. 6. Convergence curves of loss functions in KAN-3.
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Fig. 7. Prediction results in KAN-3: (a) Magnetic surface comparison; (b) absolute relative error distribution; (c) absolute PDE

residual distribution.
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Fig. 8. Comparison of magnetic flux outputs among KAN-SR, KAN-3, and SE: (a) Magnetic surface comparison; (b) absolute relat-
ive error between KAN-SR and KAN-3; (c) absolute relative error between KAN-SR and SE.
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Error statistics comparison (relative error)
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Fig. 9. Statistical analysis of errors for different schemes: (a) Box plots of absolute relative errors for each scheme; (b) error distri-

bution and propagation analysis between KAN-SR and KAN-3, where the horizontal axis represents the absolute relative error of
KAN-3 (%), the vertical axis represents the additional absolute relative error of KAN-SR compared to KAN-3 (%), and the color of
the data points indicates the absolute relative error of KAN-SR (%).
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Table 4.

training information between KAN and MLP models.

Comparison of network parameters and

KAN-2  MLP-1  MLP-2
I NGEIY 3 14 14 14
e AL 1 3 5
By S 10 17 30
LHEREIEY e 2 2 2
AR L SR 960 903 4232
ﬁég;%;ﬁ&;i?;@ﬁ 1.027 5.151 4.589
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Fig. 10. Configuration classification results of the linear extrapolation strategy. (a) Classification metrics: setting the divertor as the

positive class, this panel evaluates the model’s accuracy, precision, recall (true positive rate for divertors), and specificity (true neg-

ative rate for limiters) on extrapolated samples; (b) sample distribution; (c) a typical example of a correctly identified limiter config-

uration via linear extrapolation.
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Fig. 11. Statistical distribution of extrapolation distances
from input parameters to parameter boundaries for the lim-
iter configuration. In the figure, ®jnpu and ®Tanchor Tepres-
ent the 11-dimensional normalized input parameter vector
and the nearest boundary point parameter vector, respect-
ively, comprising 10 coil currents and 1 plasma current;
Azxf™ denotes the normalized difference in the #-th dimen-

sion between these two sets of parameters.

B 12 FE 13 SRR T =R M4 7E I Zrad
T F 45 T3 2 (1R AT T 28 DA B i A S AR A AR )
T 25 ST L. FE AT Y25 R 2% S B Y 2%
T, MLP-1 fRR TR 2 (5.151%) & T KAN-2
(1.027%), H MLP-1 {22 8 i o0 1 78 55 55 A
T AN B AR 1) S5 2 e B 30 S5 i 3 o AR AR
(A X 38 P 4% B I A2 2 Y MILP-2 o< BiUAS BLA8 1)
T g AR, AP 5 22 2 4.589%. F R KAN
T 22 2] B FEARIIE RECEL MLP [ % B9 3%
T BRECE HLR G T, BT LA B2 6] g (B 22 R Ak
1) 52 2% W4 388 534 B 30 pR RO B E B Y 5 1A
3 KAN BEGZK 2 B 4f LA 8000, FE 3 B U T
FEOT T, KAN sl ZRkent K, H GPU &A7
d B & MLP Jrik. Bk KAN BARE0HR
RIS AR , (H R LA /INI N 45 45 4 S B B
EiopllEZ R

F 5% T SE, KAN-2 fil KAN-SR = fJ7
RITHEERE. SE 1B MR 24k ok i d, 23k
T CPU #EATIHE, MiASCOr 0 £ 20/ GPU
AL R I BT A B R 2R 5 5T B AR AN
(B EAERT S04 L E RS, RUEAR

150504-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 15 (2026) 150504

ISR B PERE DX, MAZE R 7R, AH LT SE 43
Bl FERT, KAN-2 5 KAN-SR fY 88 R i i ]
B B2 (5318 6.54 ms Fl 12.32 ms), H
WAES SAF Y TR IR FEAR. 25 b, =Fhor e s
Wi s R SE TR B IR HLUA S
Yyt oRe, B S KAN-2 7E)I 2800
AL I S0 N RS AL oA B A PR ; KAN-
SR IR E BN LA BT R R, (B TEI S5
[E) DS {3 7.

w

| —— KAN-2 —— MLP-1 — MLP-2

I"L \ || Training ---- Validation
W

Lroal /1071
- N

TR I R R TR YTy VTV

Ly

K“"l“'l’]h-ulh- S

) /l),"{',ﬁ“ﬂ:uﬂn-v »

A U

—1
10-1F
(Moentetmoib——— —

E A "I,‘|

Ly,
—_
o
&

ST T MY
“

DA bbb,
Iyoelis i th
.

LppE
AR
oo
M.

4

L =

f 3
g 5
F
tE
H
2

0 200 400 600 800 1000

P 12 KAN-2, MLP-1 il MLP2 41 5% B0 800830 28 4 HE
Fig. 12. Comparison of loss function convergence curves for
KAN-2, MLP-1, and MLP-2.

KAN-2 relative error
(MRE = 1.027%)

(a) ¥ comparison (b)
2

—— True LCFS

Z/m

R/m

(© , (MRE=5.151%) ()

05 1.0 1.5

%5 SE, KAN-2, KAN-SR HYHEREX b
Table 5.  Performance comparison among SE, semi-

supervised learning, and the analytical formula.
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Fig. 13. Comparison of prediction results between KAN and MLP models: (a) Comparison of magnetic flux (1)) contours and the
last closed flux surface (LCFS); (b)—(d) the absolute relative error distributions of the magnetic flux outputs for KAN-2, MLP-1,

and MLP-2, respectively.
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A solution method for the free-boundary Grad-Shafranov
equation based on Kolmogorov-Arnold Networks®
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Abstract

The computation of plasma equilibrium is essential for theoretical research, physical design, and real-time
control of magnetic confinement fusion devices. To overcome the significant computational burdens of
traditional iteration-based Grad-Shafranov (G-S) solvers and the inherent extrapolation limitations of existing
“black-box” data-driven models, this work proposes an explicit, highly efficient, and physics-consistent
numerical solver based on the Kolmogorov-Arnold Networks (KAN). Using the free-boundary module of Shape
Editor (SE), a high-quality dataset comprising 9292 valid divertor configurations is constructed in a seven-
dimensional parameter space via Latin Hypercube Sampling. To ensure physical consistency, a semi-supervised
learning framework is developed by embedding G-S equation residuals and plasma current conservation
constraints into the loss function. To address the spatial discontinuity of current density at coil boundaries,
poloidal field coil currents are superimposed as known source terms rather than being directly predicted.
Furthermore, a pruning method utilizing L1 regularization and entropy across all KAN layers is employed to
sparsify the network, enabling the transformation of the trained model into explicit analytical expressions via
symbolic regression. The symbolic model achieves a high determination coefficient ( R?) of 0.9953 for magnetic
flux prediction, and error correlation analysis confirms the numerical stability of the symbolic extraction. A
comparative analysis with traditional multilayer perceptrons further demonstrates the superiority of the KAN
architecture in terms of accuracy and interpretability. Based on a linear extrapolation method utilizing first-
order gradient continuity, the model’s input parameter range is extended beyond the training space. This
extrapolated magnetic flux distribution enables the identification of plasma configurations through its positional
relationship with the limiter. Validation on 1000 out-of-distribution test samples yields an overall classification
accuracy of 89.1% in distinguishing between divertor and limiter configurations, with a-divertor recall rate of
98.9%. A detailed analysis of the misclassified samples reveals the underlying factors affecting extrapolation
performance and further delineates the boundary of the model’s applicability: Finally, performance benchmarks
indicate that the proposed solver reduces single-step computation time from tens of seconds to the millisecond
level, with a memory footprint of approximately 10.25 MB. This work provides an efficient and interpretable
tool for rapid parameter scans and operational window analysis in tokamaks.

Keywords: Grad-Shafranov equation, Kolmogorov-Arnoeld Networks; physics-informed neural networks, linear

extrapolation
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