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Figure 1 Missile-target relative motion model.
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Figure 2 (Color online) General framework of the proposed guidance algorithm.
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Figure 4 Visualized KAN structure for PNG commands in yaw plane.

_ VA4, —siny)
Yoo R )

R, RER8)HRe)HAEE—, FEXHET

a (28)

302

Ay, A MLLBIREN. RAEKANTTIEARBE™ %
KA =MRR, BT 7 IO, BIAREA
R AL BRI, T DA 5 2 2 Bk, o 5 (28) i
AT, LR IEIER(26). FIL, AAMEKANIZRL
f T BN, 5INS Kk AT TR
ayozksz(){yI;siny).

(R E, FE AT T A 346 2, a4 PR, 3
PR — IZ R I RIE A BRIEZ S, w NS, 2, 7k
. BRI UYL, 15 B T E
PNGHil| 5454 H gz

_VZxosy,
@, = T V1) (30)

(29)

FFE, G0V EHQNEy, A MG REN T HAEE
R NAMERZE, IS Sk,

@2, = K Foagt W2 (31)

28 ERTIR, KANE/RFIBLG ¢ R &), B
PR e 2 Kk Mk FIFRTE. DRI, 57T RoKs A28 o A

EREL KANZEAT AR L. KANBESEIU AT
REHH R LML MR R LB M
2K, 4% E AL (multilayer perceptron, MLP)Z
i bRz XM R, HAe iR R RS A
FEHR RN, REMLP BT U 3 5 ¥
IR, AE TGV 2% o B B REHE 5 2 X B b
FisA. Dk, FEARHELE T S EE SR B0 I 4 A
BT AT R R0 H bR, KANAS ] B,

HERE2  fLGuu B 5 AL AT AMA R iR %
{8 B sl H 2RI 5 K A PEREIR A, AR ST LA
KANZEAT SO R AT, AL DU R 28 Ak 12D
HEFIE S Hk, M AR I 28 15 22 () BURK B2 4 ) 1
ZETRORBE, 1T sl e /1 S5l ieuede. Bl fEk
G THAAAE R 22, BT S5 AT 3R (20 R 5 8 € TR AR IE.
J& A A5 R R Z RIS AE AR W R 5t B IR R L)
SR RE.

3.3 T RE R S B E
MKANFP ] SRR L TR s, TPEfE



PEBE: FARRYE 2026 4 56 % 2

R S8k, AR/ IR U] M FH T GATL I U 3ok
IR MSH. AL, GAILK &L b
RANS EA S I PSR AL B, i A 22 BT S 14
WRE-BE AT 5 T ZORTEA TR R EEAT 22 5.

330 3 AEE
B ist © WK ANZR 1) S A ) Al s 2
ay = k- fxan(s), (32)

X, sRRFHMIRELE; £, JEKANFEIREI#E
Pria = A T RIS HL

PG ANRLAESE, 58 LR FIATIREME IR
SRS, RASEUAE B E A, BIBA YR i
SR BRGNS (4 | S), %ISR AR
SSIEFENEA, ONFNIE 2% KIS HL

332 A HUHE A

FEABLERLIN SR b, SRRl Bl o G,
T T RE T RIS ELAR NS, S5 R B T E R
AR AT, FEREWR. R Em=16) M
Sl b, SRR T 2 A AT TR 2 5, 3 45 4 il R 4
At R T KRR, SRR T, Kim) R S8
AR BEAIRR G RIS A ok 132 J5h, 1M & Re A AE o
AR R IR A R E . X 20E R AR R 2R
RCRFART, H 5 T3R5 FAR SR nK.

BEXTIX — )8, ASCRA T GAILI 7%, GAIL¥
AT AT 55 T A il (W e o) 5 0 43 D, 2 TRV —
NN IEGZE. HER I B bR 2 X 53 45 € RS -2
TEXH(S, AR E L FEFERIL R R, HHI%, SRB T
H W5 2 A i T RFEAHE LAIX 7 PR AS - B R X Bk
BRI REE. SPIT=(S,4,,804,, ..., Ap) RN
AT WS 7 2B R . GATLIY B AR s 0N

Ininﬂ()maXDmETNA'(}[log(l _Da)(‘[))] +

E,_p,[logD,(2)],

K, 7~ 7 TR WIS, R, ©~ Dyl
BHPIE; D, () € (0, 1) HH 88X Fte KI5 (F K EL
R Al T

GAILM A R R IR ARHEAT Y. & R 5 PR B2
HoetR)a, BRI SREAT IR BIEE0, ol

(33)

B KA T 73 28 1 S 5 SR A Fl L o Bl SR ot .
HUGEAE BT W, [ €0, EH0LLR/MEI(33)
(¥ H b bR K, $RTH A R (017 A S ey O
GAIL, Jof NABcihRahea e F155) 4% B 225 o
BRAPIL S L AT NILECRE R R 5. &%, R
FIZ BUNCS B A RE R AT 9 5 B Rl 4R L B
{E, M5 21 56 2 f 1 1O A A i) 5.

3.4 FETKANK =4I H] A B 20 S 5%

Pl A vl 75 T KANR T RIE
AT SGAIL, PARAE fl SR RS 5L A
TE LS O QR A e B ] 5 5] ) S EE A A
PR A @ dn ] M K ANZE 2] 5F s 38 i B 4
Lay, Ma, FFHTIGE, © @A GATLHELLH 2
febr Rk N R E 24

341 B FEE

N BT, Sl B 3 51 ] S B
PRI, AT d A (i 01 T 14 1) 9248 2 0 AR

ay = aby + ayO’ (34)

a,=a, ta,, (35)

z

HKha, Fla_ 53 3 A (26)F1(27) 4 H IPNGHEHT R ik
X, TSR L R, KL, (B Tla, Ma,, 5 B3R
ATV LA 2 A 3 28 28 i £ R

B SR AR (14), (15), (36)F1(37), 153 B Mo M
T8 #1850 B a,, Ma,, 2 R REEHE R

a,, =—4—-NVi,, (36)
b .
a,, = %—Nmzcosy. 37

Z i CASR i B L ) 5 51 AR D ) 3 A R B JR &5
Hy, JRIAE T 2o s A B fee/ ML A2 RPNG T R
IE, TR I 18] 5 9% A1 55 2 0 2 RS b 21 i B 0T b AR EE,
i fm I 2 ) I L T L 0 BB IO R A O S 25 L. KAN
RG22 AT IRZS 2 i BN L S, R 0 18]
SRAIZIA, NI SE By St e A B R . TR X
T T AR A AT A =X

ST 2 (16) i B L4 il i) FURT 1) P i 2L LK 51 <3 51
i A EA R A T R T

303



DI SCAE: He T KAN S M2 IK 2 = 4 (8] A0 47 B 20 ) 34

min -V
Ay pz S/

s.t.  Egs. (1) ~ (15),
x{ty) = xrley) = vroz(ty) = 21
’ty) = 7 (38)

=1,

o] < [0t

B1 < |B -

>

342 3FKAN 3 a, Fa, ) A7 &% &

NI a, Ma, FIFEHTRIE, BKANN AT 5
ATRE S M EINE IR R AN EIEE. EIERTE
Jrik, ERMEEESE: WA HIEER. Sy,
RV, SRIEWU Ay ATy IR Ay, MUY R
AT 8]e,; Dy BN 1 2 a, Ma,,. A HIZAL
PEEVIZRKANJE, TRAFH 15 a0 18] ) P B S o6 2,
WSROI, 5, X EIS A6 o B i kAT & BT
L (IS5 — 2, y, (AR HGE RN SRR I B p ¥ A2 i BB
AEbRAE L2 R, 5N IE52 AR k.

RIS, 5 5658 — 2 AR HAl AN A R 2, T
BEIAFa, Ma, ZIEX. AEOLISEER, B
Y R SE = R G R E SN

Vygsiny 4

ay, = kethou R, (39)
i

a,, = ke Ry, (40)

bk ik, s €S 4

AR R ARG MO S B S (i), WA
FFRIA AL

o Py siny -1

aby kl (*R*y)td + R ]s (41)
.V

. = Ky =g (42)

Ak ik, N E S

SEBRM R, UIZRK AN B vT e SR A =
(3 da il i) BRERAT. AT B 2R A% FH 7 oLk 5 oK At
Z#%(UnGauss pseudospectral optimization software-II,
GPOPS-IN{EA[F] ©AT 26 T AL B . 3 2% Lt
AN X, A RRKANRIIZR B4, %
R EARLNE R R I A la,, Ma,, BT L

304

Vygsiny -1 ke Vygsiny -1
apy = kyeCR=ta” K Wy = M\ (TR =), tR

i -1 -1 Vygsiny Vyasiny i
: eRrR s e(CR=Y)ta (“R—y)t, l
e fromeeemeee)
-1 —Vygsiny
/ (=R = y)ta
= %\1
R -R -y -V siny Ya a
NNNG /N
T ' T >
. ° i ° ° l l
R y vV y P Ya tq

Bl 5 a, ATAALKANG K FA D REOE 0L, Fia
G

Figure 5 Visualized KAN structure for a, : Expression I represents an
exponential approximation, while Expression II represents a linear

approximation.
Rt 1 RiEA 1

_RV_ =k; ’
ap, = kze_ +y Apz = K3 —-R+y

Bl 6 q MAIACKANS . FRiIXAXDyREOEM, Rk
NENEITAL
Figure 6 Visualized KAN structure for ¢, : Expression I represents an
exponential approximation, while Expression II represents a linear
approximation.



PEBE: FARRYE 2026 4 56 % 2

3 EISH6E I, KAN SIS S i ¢ R 7]
SRR RIER. BR39)~42)5, HAbE A
W 26 R A AN s B R B R AT RERRAL. ASCHE
KAN S AT U AE R s ). © ek S — 5
PE: RATRE IR RE S BRI B T8 7 (B ¢ RAETEAS
R85 @ iR BRI R YRR, K
5 ARGt LLTEAR S 44 FE IR T 2 s B0 L. DRI, 7R
TRER B R — BRI RT3 T, 2Rk IR FH 2tk A
DK 56 /2 3 R g it — D PRAR SR R 0 . AR S
W 7C LA AR R B et . 5 SO BBk
FIR R X 34T TE4H 317 5 LL R

343 HFGAIL#H & kB

Ptda, Ma, FILCENTRIER)E, T2 RME
RENSHU Mk, UL Sk kS, ik, RAIGAILHEZE, i
I 24 I SR WS RPIRZS -3 AE 73 A 5 & SR T AL AT >k
WX e S TIER, £ =4k S5, Bieih®
[l A B AR, HARAS AR DR — i et BA
SCHLH R TR, X EAF I SR AR S AT Bk
PE. ASCREUING TR © fHfm@EEilg. £
A 2 ST S0 P Ao 20 R 2% 3 a8 1 A A T v ) 45
SE S Kk, (Beky). o2 ] i~ T ) ) 48 2,
PRFECOCHRI 1] 45 2 a8 R A4 75 i Hh AR
v e KR E S 5k, (3 kD). @ fWATIEE 2%
SERATAMEE NI ZRS, BERREET I B 5 T & I 2%
B R A GR S S AT T R A T S 8k, (Bliky). E
okt Ao i U SR, TR IR 2] S8k F kA Bk
Hilkey, W & = 4 5 755K

LIRS 5 DA ik 1 =X 2 80 = 3
W, Ji FRILE T = k] 3 R A 5 e e S A . 2 [ B
FOIWAMEIE R E SR, K EGAILIPIRE -3
SAULAS H Ax 23R PRtk SHEEE TR, A S
Wesh. 1%k SR PR T B AL AL L S 24
T MERE, B T IR I DR UE HEmE M B

4 FENMFAFE M

FEHHATHAEOT AT, AT iR B 1 TRk
NAEHCEZ T ERR s, B A O &iE
KIS ZE ST @ RIEAT AT RIS

4.1 FRIARIGI 2R

AT 5 5 B R FLRE 17 4
B, VR 7 FE LB FE SO . R IR i
OB, FATIRES 5 BT B B % 3R
N RS B BT 2 R B M
ST TR T, TR A MR, i
FICHE PP A O S 46 4, 40 T
FIFURT SR TSI, HEZ T, ik IR e
EF RIS, TR R S RIS
FLBARHIBIN. JEXTY S 5 R LT R AGH ST
. LT HOAC S 5 RSB BB PE L1 4 BRI
). SRR £ FEUR 4 SR,
TR IR,

S, MHCH AR, AT L ik
A, B HRUE S S LA AR . V2 1
SR BB 95 VR, AR T kst
RSO T B IR, S8, Fik AT
HSOY SRS & T HATRBATAUS, i) S HR e
ST SR L T, TG 7 R AL, T
ARIGRZ SO HRVE, 4 5 R SO R 05 B
IO 5 SOR B,

i, AR L6 A St
SRR AT AERAIT, RN E B
JE FERBS, (B IE T o, PUEE(FARES:
SR, TS TR TR, ) s
AIE I YLBIHEIN  VBE, FER BUE WIS L
5, BRI H B UL A1, AR PETRA 02
AT IUHIR R R/ LI 480K, E FI AR
I BORBUBE IE. R, ik SRR B S
(IR, TR S BRI RS HBLA 022 00 R
. SO H S T RIS (W R ) 54kt
I (AN )R 257

HERE4 (UNSCH TG I s TR
Ak R AR M (E R 16 TR 5e 2 T, 8T
HHAE IR SCOT LA BN F5 VAT

4.2 TR

RIEAMESH SR EEAA LT HELS.
O LBtk 5 Ak BRIEEOE USSR 4L,
B S BOAE RIS GRFAME R 2, A3 2P 1ER

305



DI SCAE: He T KAN S M2 IK 2 = 4 (8] A0 47 B 20 ) 34

B m iR % 514, Ris IR a5 L v
TERIE . @ AL HUE Sk
BT A AR LM 38 3 3 T He B B0 b B R A ARE
S, ZRak AT A AR, HOEE R A X
IITER — O HH B 1) B 22 XU

5 HEME

AT E e iE A B AT SCHE S 1R A TR,
GERFFARIAAIM T I FLRVPAS Fri i S r v ge.
SRIG, KT IR SR S B = i [A) R i 440 3R 1) S 5
RIATRT . R, VS TETEAN E T BT R
G RUNMTEZE RIS HE, R2NEZ
Rk, RINTAEEEBERSEE, RINKANES
¥, £SNGAILKIFESEL IIZKANLGAILK, %1
0 4 3 370 B 24 R R TR ST SRR AE R L E IR 5%
PR DX TR A EE AL ER, I B R RS R g, b, KAN
FIVEREEA KN N12964%, GAILIF) % KL N100%%.

HERES BT HENLRFERAEN: B HLANAF
A, WEAR R PUETEE N0 3 RMA BEA
HEMX; HUCKELAANRAS & 1 X 8 3T BEALEC XS,
3 X )38 B R 52 . 1Rk 7 R T —

F 1 iEAIFN

Table 1 Initial conditions for simulation

ZH Wi
SO E(x,0,,2,) (0, 10000 m, 0)
VIO FRIE Ay, [0°,10°]
YA fhy, 0°
IR E Y, 300 m/s
HARX 5 AL B, [6000 m, 6500 m]
HARY b By, 0
BArZI7 A z, [6000 m, 6500 m]
i Em 200 kg
FHE TS 0.06
BKid#Ha, 100 m/s’
%kﬁﬁ@ 100 m/s’
ERUES v 3
LBt LRy, [-80°,-60°]
TRATI A 495K, [50 5,70 s]
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Table 2 Aerodynamic coefficient

% c, CXJ c c’
0.1 0.54155 26.449 29.446 29.446
0.2 0.50526 26.909 29.395 29.395
0.3 0.49997 27.276 29.487 29.487
0.4 0.50576 27.667 29.461 29.461
0.5 0.50602 27.828 29.613 29.613
0.6 0.51673 28.311 29.993 29.993
0.7 0.53285 28.988 30.316 30.316

3RS R LR

Table 3 Atmospheric density and sound speed variations with altitude

[ KA PR
0 1.2250 340.30
2000 1.0070 332.50
4000 0.8193 324.60
6000 0.6601 316.50
8000 0.5258 308.10
10000 0.4135 299.50
12000 0.3119 295.10

% 4 KANMHESH
Table 4 Hyperparameters of KAN
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Figure 7 (Color online) Monte Carlo simulation of Expression 1. (a) Missile’s trajectories; (b) velocity curves; (c) pitch acceleration curves;
(d) yaw acceleration curves; (e) flight path angle curves; (f) miss distance; (g) impact angle error; (h) impact time error.
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Figure 8 Monte Carlo simulation of Expression II. (a) Missile’s trajectories; (b) velocity curves; (c) pitch acceleration curves; (d) yaw acceleration

curves; (e) flight path angle curves; (f) miss distance; (g) impact angle error; (h) impact time error.

I
10

8 'A
‘g 6
=

> 4

a, (m/s?)

0 10 20 30 40 50 60
t(s)

@

&9
i £ R 28

340
320
300

= 280

&

= 260
240
220

200
0

60

FHFRE U

(€3]

— —60°
—-T70°
—80°

t(s)
(b)

——60°
— 0
—80°

150

ay (m/s?)

a, (m/s?)

60

t (s)
@

0 5 100 150 200
FRRE RS
(h)

FIEANIZER R PO, (a) FREPIL; (b) WL, (o) IR EERIZR; (d) MMTIEEE fh2k; (e) SRTEAF Hh2e;

10 20 30 40 50 60

A ELR AR LE. (a) FRIEE; (b) 3L HIZE; (o) IRFAMINEEE #h£8; (d) MmN L Hh 28 (o) FUE M M2k, (f) #iE

Figure 9 Comparison of different angle constraints. (a) Missile’s trajectories; (b) velocity curves; (c) pitch acceleration curves; (d) yaw acceleration
curves; (e) flight path angle curves; (f) yaw angle curves.
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Figure 10 Comparison of different time constraints. (a) Missile’s trajectories; (b) velocity curves; (c) pitch acceleration curves; (d) yaw acceleration
curves; (e) flight path angle curves; (f) yaw angle curves.
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Figure 11 Comparison of different time and angle constraints. (a) Missile’s trajectories; (b) velocity curves; (c) pitch acceleration curves; (d) yaw
acceleration curves; (e) flight path angle curves; (f) yaw angle curves.
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Figure 12 Comparison of different three-dimensional time and angle constrained guidance laws. (a) Missile’s trajectories; (b) velocity curves;
(c) pitch acceleration curves; (d) yaw acceleration curves; (e) flight path angle curves; (f) yaw angle curves.

310



HE R HARE: 2026 4 5B S6 5 AR 2 M

T FEAN T S G b 2ok I R 2 5 NS Bh ) R B A,
Fay 2 5 AR 1) S 30 1 R ER F T 92 b B Bk
M NRAEIX P, AR 2B 51 <3 24505
BB T B T IAE10%, £20%F1£30% 1 KEAL IR 2=,
UG AE BT SR TR R 4 3R Tl X RERl T,

FAIPAT 75 R DB, DAPPAG P 3 SE &
PRIE. OEMTO B, BRATERENLYIME R TR T %
TR ZE TOL N BRI AR B3 FR). AT, fEAS
IR ZEIAGT T, RAT R th e S A e Ay, HOOH R
kiR ZE I ORAF U, X825 R W], <3 REBUNA

6 RREMAREEST
Table 6 Terminal error statistics for different methods
R Ji# & (m) FAFERE (°) IR ZE (s) R (m/s)
AL 0.1819 0.0521 0.016 322.42
SCHR[20] 0.6848 1.3952 1.410 302.83
SCHR[28] 0.4555 3.9459 0.722 251.01
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Table 7 Conditions with different aerodynamic coefficient errors
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Figure 13 Comparison of different conditions. (a) Missile’s trajectories; (b) velocity curves; (c) pitch acceleration curves; (d) yaw acceleration

curves; (e) flight path angle curves; (f) yaw angle curves.
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KAN-based analytic expression inversion for three-dimensional
impact angle and time control guidance
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This paper addresses the problem of missile intercepting a stationary target in three-dimensional space with desired impact time and
angle constraints. A novel guidance law based on the Kolmogorov-Arnold network (KAN) is proposed. First, a variable-speed
nonlinear guidance model incorporating aerodynamic effects is established according to the relative motion dynamics between the
missile and target, eliminating the need for the constant velocity assumption. Second, the guidance command is decomposed into
pitch and yaw channels. Bias term commands for each channel are designed based on the biased proportional navigation guidance
law, thereby simplifying the guidance law design. Subsequently, KAN is employed to perform supervised learning on flight data,
innovatively deriving the analytical expressions of the guidance law in a data-driven manner. Finally, a generative adversarial
imitation learning (GAIL)-based method is used to fine-tune the unknown parameters within the derived analytical expressions. This
approach eliminates the need for manual reward function design and avoids the sparse reward problem inherent in traditional
reinforcement learning. Additionally, the interpretability of the KAN-derived analytical guidance law expressions is analyzed and
validated through relevant simulations. Numerical simulation results demonstrate that the proposed guidance law not only
simultaneously satisfies the time and angle constraints but also maintains high guidance accuracy in untrained scenarios.
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