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Knowledge Distillation Based on Fractional-Ordered Mixed Geometric Features
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Abstract At present, there is a misclassification problem in hyperspectral images caused by spectral variation at the
center point. The hyperspectral image classification model that solves this problem has high computational cost, complex
structure, and is difficult to deploy. Although lightweight networks have high computational efficiency, they fail to
effectively handle spectral variations, which affects classification accuracy. This paper proposes an innovative knowledge
distillation algorithm based on fractional ordered mixed geometric features (KDFMGF ) to address the aforementioned
issues. This paper proposes a batch processing fractional order differential geometric feature calculation module, which
innovatively uses fractional order Gaussian curvature and fractional order average curvature to locate variant pixels. A
fractional order differential geometric feature distillation loss calculation module is proposed to enable student models to
accurately learn classification knowledge about variant pixels in teacher models. A direct loss calculation module for
fractional order geometric features is designed to enable student models to learn classification knowledge about variant
pixels from labels. At the same time, two modes for different teacher models are proposed for the first time: cumulative

mode and elimination mode; The cumulative mode is used for teacher models that have resolved misclassifications, while
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the elimination mode is suitable for teacher models that have unresolved misclassification problems. KDFMGF

significantly reduces the computational cost of the model. KDFMGF is different from other distillation algorithms, as the

classification performance of the student model obtained through KDFMGF distillation can surpass that of the teacher

model. The experimental results show that in both cumulative and elimination modes, the KDFMGF algorithm

outperforms current advanced knowledge distillation algorithms. The student model distilled by KDFMGF not only

significantly reduces computational costs, but also outperforms the teacher model in classification performance. Especially

in cumulative mode, its classification performance surpasses ten advanced hyperspectral image classification algorithms.

Key words hyperspectral image classification; knowledge distillation; fractional-order derivative; differential geometry
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R

JE B R BT SR L A SOk e B, B
PR 1, 1 B R s B i 2(20) i
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K
lmhard - 72 In(ym - k )log (S)m(ik ) ) (20 )
k=1

Her, oy, REBUGERHE m D EIEEEBEER 1, %R
Mbr%s, In(y,=k) RaxFy, BN NE, N
In(y, =k)WHERN 1, BWN 0; 3,3G,) Kngik
Soft max EREEF 2NN 1, J& T k KHIREE.
BEBURIEFE LM, € R b MPEB 1, 133
BB K Im,,,, PHES R AR TR EER
RAERE LM, 55 3.3 479 BEDGFC B it B
B TR 1) B MP € R M1, 133150 %
B4 TUARTREAE BB R R B LMy 00 ER” 100
ENEADY TP
M, . =MP®LM,,, (21)

Hob, @ FoRBEAERE. BT OB E Pk
AR B 2 SR BN T U B T RO K,
75 MP T, e bR AT BESR IR A
53 JURTIE B Mgm, i, FEULM,,, ., TEF2E Ok
HEAR AR 2 A ITTE IR HAL RO K R (R K,
B0 RR AR 2 ST BN i A AR 2 0 T S A
SEPEALE , AT N T R 8 5 (5 25 2

SIS B
WS, LM, ., TR R )
JURTHFE BB Ly, 0 o HHEELRINRQ2)HF
SUM(LM(}M_hard) (22 )

GM_hard b
FERFERREERK L, T REme3)
FiR e

L..= —SUM([fMIWd )
3.5 S EM D LA HFIE R IR R 2K 1T B (SLFDGF)
R
AR KL BUE T kit B ARk, e
FOMRTY 5 22 A Ry 1 45 R AT = 5. B
ANPEBR T 1 ERRZR IR IR Imy VRS RE Q20
FR.

(23)

N pl
Imy, = Zp?log[#j (24)
i=1 q;
Hrr, NARERFEARLIEE, p) 0 o DIFEFRE
DA 2 AR R TR () 58 AN BEBR ) T &8 SR iR B T
NG FINER A, THE=R25) f26) Fias.

pfzzsoﬁlnax(liﬁﬂlj (25)
T
qgsoﬁjnax(ligﬂlj (26)

Hep,  fr MBS, s s R R
AT AR LM € R" D NSRRI TH5EAS
BUE) Im e, PHEAS B RFEAR TR R AR BUR R
LM, 5% 3.3 5 BFDGFC 8 (¥) 53 B ik oy )1
ARHIE ) MP € R M3, 7587 Bb i) J LTS
MEAABBURIERE LM, o, ER”, WRQCT) FT7RS
LM, . —MP®LM,, 27
LM, ., WS LM, . AATF, R R
R RITAE R BESRAE A ZR R BUR FREAR R, AT T LA
A SE AL ZUM AN e AR AR R AR AL, %
PERERS AT DUBE P AL A AL
BiJE, Xt LM, o BCFBIE TR S B00

G JURRHEZ IR Ly, oy > A03(28) 7R
_ SUM(LMGM?KL )

LGM?KL - b (28)
FEARF SRR B IK L, P n29) .
L, — SUM(bLMKL) 29)

3.6 AR THUR SRR

2B o G s A N (I (1 =R 22 7 -
(DLEDGF ) #5885 PL K2 43 BB 373 JLART A A1 28 T A 2
THE(SLFDGF) B 5, #BEAI5RAG 7 VYA 2k iR 4L
R EEAR L, ~ 77BN 00 T AT RHIE B R
Ly e ~ JRZEVBIR L, « 50BN 505 T UARTRFAE 25
VIR Ly o o ASCRE T PRI FOTR A AR
BRI R, 0 R AR AR B RS vE
PO R 22 SRR B 40 K08, [EIIE, AR E0m
BRI AL T AR S v LG AN [ A X R TR S
BT TR AN BT AR (AL, A AT 5 A A
R 73 M RE
3.6.1 R

B O @il 7 i R #OM LAY, dn
ANFMGF, ASCEIHPEBTT T R iR &8
Bro NPT CREOMRERL, 2R AR R B G M th 2
>IN RY ool S 18 A8 S AR R R I IR 2 R AR,
AT S L 2 R4 2R 5 23 B T 00 ) LA R AAE 2 1R 40 2K
AR ENR G RBIRAR L, » TESENRG)
i

Ly =a L, + B Loy r (30)

o M1 B ¥R SE, BRNMER 0.5,

B TS A AT BEAFAE 1 2 )R AN 2 ) AN 2
L, AR AR ST, R
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SIRRZE AR AR 2R AU RN, R i AR
KA BN o TUATRFAE BB R A 13 2R &
AR L, . WG PR,

Lyiyia =Ly,q+ ﬂZLGM_/mrd 31)

Hrh, B, ¥NHESE, BRMMEBRCN 05,
WE, MERABEMAK L, MIRA 78180
KLy, o BRRAERK L, @R n=32) iR
L=alL,,, , TOXT"XL, .. (32)

Hrp, T RAWEREZ RS R8T WAEHE TR
VIR R B A AL, WAREFIR & 28R R AR
A BRI B ABURI ST . o, BB, B
2, BROMEBINOS.

RN, SRR RS e KRR 4 IR 0T
it SR i e S R A il R B U netoste = 7
PR RY R RRE, DA T A O 2R P e
3.6.2 VKRR

FETHBRIECS B RO AR 57 S B 1%
I3 B BOMRAY, AT DAAE 28 P R v i ok 7y
KRR RAR IR 73 S 1) R B FOMRE R 7 A2
WA R R S RENRR 2 AR, BRI T VH IR
MG ch 2R AU S AR (R AR I R, AR S
FERG TR AR TRA0R 5 70 B oy ) LT A A 28 T 40 G A
A& 13 2Rl G 28 IR, RSO AT R IR
B, DBEER, HEERENG3) PR

Ly =aLy + ﬂ4LGM7KL (33)
Hrr, o, M1 8, YIS, o BOMERN 15, B,
RIERE BN 0.5,

T/ BOTASETRY o e AR 5 AR 3R RO 20 SRR
AR U R, AR R R TR A 20Ot
WARBRARIES T REIR, FRE L, 5
Ly g IR GDHEAT B G 15 2R & B 6K
Lytiara - BEJE, FHRG BEARANR S IR R 1L
HER32) BEAT Rl & 15 BT R U S &K L

FEVEBRAEECT S 1 I AU s A ARORY 5
We, ST ARAS b5 ) IR AT

i Pk, AR T B SRR AN [ Y
FOMR R Fre i, SR RAEDR 728 il R BT
B, EREH BRI, IR HUR R e T AR R R R
R R FI N A AR R R, kSR AR R MO T
A AR 2 AR R S IR B AR . X TR TR
Gy ) FOMAAYL, i T 6T AR AR R
MR KA BRI, BRI, W] RLE s R iRE
W71k, AEIER R 7> R AR m Sk b 45 7 AR

4 SEWEERPARSTHh

4.1 BIEE

N T BE KDFMGF 53245 0 SR R
BRAs QR A R, SRR AE TSmO S g 2R3
PE4E FiEATIGUE: Indian Pines(IP) #(#E4E . Pavia
University (UP) #(#&#4E . Kennedy Space Center(KSC)
H 48 4E . University of Houston(UH) % #& £E Fl
WHU-Hi-LongKou(LK) ¥4 4E .

T HAR RN G, ARSCHE R PIR T 2
BE LA 53 A0 23 (AL AS A ZZ K1 45

BEALRI 73 e TR R AR, BELAAEESR SR
B R P —E IR AR NI GREE RIS ISR,
FIRARFRAENIMIALE . A STEENLYIZREE LSRR (1)
e 10% A0 1%, FlRAMAsE . EREHLRI S ik
P IPEIRSE . UPHUE4E . KSC #¥E4AM UH HiifR
o BENLRI 22 2 R A AN T A 2 (8] 1) 75 TR 4K
oS Y 8 N A= Cr O M o 00 o L R Y E Y
5772 B IREE R R .

T [BIAFERZ K57, 1 # UPL LK A1 UH #dE4E .
UP #5458 48 1 2 18] AN AH 22 1 I 20 A0 00 kA A W] 72
GRSSDASE Mt Eial, 1 LK AT UH $edE 5 1
SRMAREA B 7 1R .

42 ZHRE

SIGIEFEE T Intel Corei9-10920X CPU. 64 GB
RAM. Nvidia GeForce RTX 3090 GPU(24 GB &A7)
I TAEEL Fig47, f#/ Ubuntu 20.04.4 LTS 64 h7 5
Go fENZIFEF, KA Adam itk 2%, HEK/ANb
WEN 32, FARNYNGRIR I B E Ty 0.001 A
100 UMbk, AR RSER AN 2B A0 T4 N R FH %
W HNg, Rt EGRUGER -1/ 21MF K
7, HPENI.

7£ 1P, KSC. UP. UH ##E4E b4 Pl 433 o iy
HEENO0.8. 0.2, 0.9, 0.5,

ERBAT, KRR o B s B,
a~ B ERN 05, EHBREAT, o £, a-
B, MEEN0S5, o B, WHEN15M-05,

SCIG R =M WA PR AR bR SRR 2R
(Overall Accuracy, OA) . “F ¥J #E #f % (Average
Accuracy, AA ) kappa Z£(Kappa) » X THIAIA L,
i B A 2 24 R (Parameters, Params) F1VF s B0 5
2 (Floating Point Operations, FLLOPs ) g R & I
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4.3 EFEN T KDFMGF RISLIG4ER
431 SO 45 A s 1 4

WE 6 froR, FOMBALER: CA M T
i L) ANFMGF o A SCBEL 5 2 2, kO
FRAEFR BN 4% (Feature Extraction Network, FEN),
TAE ANFMGF U (3R | 334 FGFSVS BB A
ED-FVSS#HiH, (] F SSIF#E . CSS-Conv # |
SIC-Conv #EHLFI 432K )2 .

IR L8 B4 ANFMC S5 R A2HFEN
] i
B’ sV

Eﬁ'ﬁi‘f Eig Ej'é"Ii‘*Ef&
SSIF SSIF
;(.‘ onv
0 =

P 6 0T R &5 A 27 A kR 4 A %ef L T

4.3.2 BEMLIZEBEFEA FIN HLSLEE:
BT, NIIF KDEMGE B8 (r R,

TEAAT S R BEHLR 2 1 J51%, % 1P KSC.
UP. UH £ EER 2 NI GERNNRE, BT
AT R, X E R SVE A R 4 B R 7R
KD®50k, BFEZ NS AT 8L, RTa
FALENR ) RKD 80, CCKD™ 3%, ICKD™ 8
. DISTBE. Sun 258 N5 B AOFE T8y BRI
SRR, fEASCH I LSRR, LU Miles 25 A\
PR T R R AR SRS, fEASCHRH PIAE.
[ IR 2% 0 ) 22 A AR FEN 5 #0MR R ANFMGF
AN ECE RIS REERE T SYMPY,
DSNet™, CNC™, RSSAN"", SSTN"", SSAN"*,
SSSAN™, SSA ", A"S"K-ResNet "l CVSSN'™,
IR, A 10 K5 948 RAREICEME .

1 RIR T ARV AL T 0TS 20 R 25 A A
ISERF S B T EE. WUUE BRI R e
TR FEN FI 20k A ANFMGF A EL#, FLOPs Al
Params A& it F .

F1 TEHBIBEETHITER ANFMGF fMZF4£ &8 FEN

R E R A EE R
MR s ANFMGF ] FEN /I ANFMGF ] FEN1
FLOPs(M) FLOPs(M) Params(M) Params(M)
1P 674.92 546.97(1) 0.26 0.21(Y)
KSC 666.63 538.74(}) 0.26 0.21(Y)
up 641.11 513.41(}) 0.25 0.20(4)
UH 655.26 527.46(1) 0.25 0.20(Y)

* 2 JE/x THE 1IP. KSC. UP. UHHUIRE&ET,
238 KDFMGF 8372808 5 22 AR R FEN 5 200
FETN D K 22 b i e G o BT R oy 2R s B

®2 TRBEETEA ANFMGF ZRIBEEINFEEE FEN MBUTRE RN EE AR 5 KE R /%

’S? ; 1 7t S

HaEgs K9 SVM™ DSNet™ CNC™ RSSAN™' SSTN™' SSAN™ SSSAN™' SSAt™ ASNEIF&“ CVSSN'™ ( Aﬁﬂ’?}%) Fﬁéfﬁs)
OA 80.31 93.88 87.71 87.54 94.46 91.25 95.51 95.81 97.89 98.11 98.23 98.80
P AA 7943  89.71  89.65 8790 9240  90.81  95.11 95.91 96.25 97.36 97.65 99,09
Kappa 77.40 92.99 85.93 85.74 93.68 90.00 94.87 95.22 97.59 97.85 97.99 98.63
OA 88.20 95.83 92.48 94.18 96.07 92.63 96.38 97.09 97.14 98.62 99.00 99.01
KSC AA 83.24 90.08 88.08 90.80 93.60 88.40 94.12 95.23 95.56 97.82 98.48 98.64
Kappa 86.84 9533  91.62 9352 9563  91.79 9597  96.77  96.81 98.47 98.89 98.90
OA 93.28 99.27 99.15 99.06 98.90 99.53 99.74 99.63 99.85 99.84 99.90 99.94
UP AA 93.01 98.42 98.88 98.68 98.49 99.40 99.70 99.56 99.80 99.79 99.86 99.93
Kappa 91.02  99.02  98.87  98.75 9855  99.37  99.66 99.51 99.80 99.78 99.87 99,92
OA 86.15 95.24 94.40 93.02 94.98 95.07 95.26 95.35 97.94 98.22 98.64 98.65
UH AA 88.17 93.56 95.09 93.85 95.45 95.65 95.77 95.95 98.21 98.28 98.61 98.83
Kappa 85.01  94.85 9395  92.45 9457  94.67 9488 9497  97.77 98.07 98.53 98.54

gEER 1 MK 2, ATLLERIE IP. KSC. UP,
UHHIEET, 4 KDFMGF 78418 5 (R R 2 505
F AT E R RTRRE, BAACRT 1P EdEE S,

TEVT AOBOF BRI SR 4 5 T I T 18.96% 19.23%

PIE LS, 280G 22 AR B 3 Rk gk B T
98.80% ) OA. 99.09% 11 AA. 98.63% ] Kappa, A~

PGEERE T 2T AGEAR TR e b s e vl g o 28
ks KSC #idlsserh, Z&MBE 5 ERA FLOPs M
Params 705 R & 7 19.18% 19.23%, {HAZKMEREAE
OAAA M Kappa FIEF] T 99.01%.98.64%.98.90%,
[FAF B 1 38T ASE B A A - b S i 1 e 1 B
yRE, £ UP B4 b, ZABE AR
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FLOPs fil Params 431 FF% 1 19.92% \ 20.00%, {H4>
KRG T ANFMGF FH AR e mobis &
B REE, fE UHBIREE b, FARBEE FLOPs
M1 Params 73 % FFE T 19.50% . 20.00%, {HE M40
PEREILF T 98.65% ) OA. 98.83% ) AA Fl1 98.54%
i) Kappa, 88 7 2Uf % ANFMGE f1H 4 +Fk

K 3JE/RTAE IP. KSC. UPM UHHUELE T,
DL ANFMGF 1B NBUMEERL, RAA 7808 A%
Wk R 2B FEN (U4 2R88 1. mLUE S,
KDFMGF ZE TR EELE T B4R |, 5 HoAh e
ARIBEEAEL, KA, KDFMGF 258515 2111
S B Ay R AR T UM AR

ek EE R

*3 AEBIEETET ANFMGF HUTiRE A E IR R BE AW R XTIt /%

e %% KDFMGF(Ours) #2248 KD” AT? RKD™ CCKD”™ ICKD™ DIST"  LS” P

OA 98.80 98.23 97.90 97.02 95.94 98.27 97.34 97.29 97.78 98.51 97.75

P AA 99.09 97.65 96.40 98.08 97.39 98.50 97.65 97.87 97.38 98.87 95.57

Kappa 98.63 97.99 97.60 96.60 95.39 98.03 96.97 96.91 97.47 98.30 97.44

OA 99.01 99.00 83.84 84.83 89.28 90.23 90.62 89.93 84.29 96.66 97.44

KSC AA 98.64 98.48 92.39 93.10 93.21 93.27 93.50 87.95 92.81 95.21 96.06

Kappa 98.90 98.89 82.25 83.33 88.16 89.20 89.63 88.76 82.75 96.29 97.15

OA 99.94 99.90 98.81 99.26 97.85 98.63 97.80 96.39 98.88 99.36 99.62

uP AA 99.93 99.86 99.08 98.61 96.67 97.63 96.77 95.31 98.02 98.91 99.45

Kappa 99.92 99.87 98.41 99.02 97.16 98.18 97.08 95.23 98.52 99.15 99.50

OA 98.65 98.64 96.17 96.37 96.94 98.19 93.91 96.24 97.12 97.71 95.07

UH AA 98.83 98.61 96.57 97.07 97.67 98.08 95.68 96.83 97.55 97.37 96.53

Kappa 98.54 98.53 95.86 96.08 96.69 98.04 93.41 95.93 96.88 97.52 94.67

7 IP BT, KDEMGF 2848 80240 H HoA
RIS, RWEAE. SRIRZEMAEE LS ML,
KDFMGF HE 5 B3R TE T 0.29% 11 OAL0.22% () AA
F10.33% ) Kappa o

1 KSCHHE4E T, i KDFMGF Skt 47 7%
TRAS B R A B AR T ZUMBAL, e SR
AT R R T EMFER, OA. AA il Kappa 7
SIFETET 0.01% . 0.16%F11 0.01% ; [7] s F11 B4 i B 2%
AERERIARLE, ZRIRE RIS ARRE OAL AA I
Kappa E23 4R TF T 15.17%« 6.25%F11 16.65% o X fi
0 FR T 32 B DR R 28T ) e AR B AR KSC
ERGE  FRIER ORI, IRTE SRR, RIS
F ANFMGF 1E R Z0mi A o5 J 46 2 A A S 41 1
KEA AR 78135 (15 A B 5y 51 B IR
Tt

76 UP ¥4 I, 1§ KDFMGF Hi%:45 3 i) 2
AR RIR Z8 R A AR B RUAR L, 78 OA L AA il Kappa
PERETEAS FHRE T 1.13%. 0.85%. 1.51%; fERiAI%
BORTH S8 5535 PRAR I R , LR SBOMAR B AE OA
AA. Kappa FFET 0.04%. 0.07%. 0.05%; 5k
HIRZEM )5 P EL, KDFMGF #8I7E OA. AA
 Kappa F3&FF T 0.32% 0.48% K1 0.42% .

76 UH 445 |, KDEMGF Z£15115 31 2 4 4
RO ARZE TR AL, 78 OAL AAFI Kappa |
PRE T 2.48% . 2.26% . 2.68%; fERETIBEATHIT
B0 2 PRI R, L BUMBLRAE OAL AA. Kappa
FIRET 0.01%. 0.22%. 0.01%; HRACEIRZEE T
% RKD A, KDFMGE #7547 OA. AA F1 Kappa

FEETFT 0.46%. 0.75% F10.50% . B 7. B 10, B 11
M 14 435I ER T4 IP. KSC. UP. UH %
b ¥ ANFMGF ERZOMR R, SR FHAS A 1 i 7%
TSRS B S A BT 1 SRR RIUR

e, W9, W12 f1 13 37l R T1E 1P

()KDFMGF(Ours) (j)ANFMGFEIfi  (k)AE 18Tk [OXEREERE
tEivl

B

B 7 1P EdRSE T 3T ANFMGE BUMAL AR [F 28 18 5k
R SRR

I ——

(FRAEEAY  (D)AREHIFEN  ()ANFMGF4IY ()85
G A

K 8 1P R4 FHT ANFMGFE UM KDFMGF 5211
SRR RGN
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T T T T (aFrZEEaT (b ’mlm EN  (c)ANFMGFHYY  (d)ZE1E FFFEN
(@) (b)2ENH T (c)ANFMGF (AR i Cihg
FENSH 17 i FEN4I1S K12 UP¥E4E T #T ANFMGE it KDFMGF #1%

E9I%Lﬁ%%TﬁFANMMEﬁWRiKDMﬂ£§
SRR JE 40T e

E'I}KD !b}]’l ELMI (d)CCED

e)DIST HIL K. |

g)LS ‘h|RKI)

(HrefarE

()KDFMGF(Ours)  (DANFMGF £
ifi L 75

10 KSC#E 4R F 3T ANFMGF ZUmis 8 A [A) i 28
PRS2 KRR

(d) CCKD

(DICKD

(e)DIST

() KDFMGF(Ours) ~ (j) o (QOEMWITHE 1
I Y

Kl 11 UPHdE&E NHT ANFMGF ZUMBER 1A 7] R1IR 78
TREIEI 7> SRR

KSC. UP. UH #i#i4E I, 1/ KDFMGF 28185 7%

RN 2E A B ) 43 2R OR A . M 7. B 10,
Kl 11 AT 14 Haf LLAE 2, AfH KDFMGE 25585 1

SRR 7R R R B

(bR (D)AWATFEN (0 ANFMGFAIFT ()7 EFEN
EiiR) LR
K 13 UH#HdES N T ANFMGF Ui % KDFMGF 7%
TR ZE IR 5 4H T 0T B

() KDFMGF(Ours)

(k) ANFMGF ZJififi 71y

(J)Efﬁlﬁq

(lmié? I (19 2% AR AR Y

B 14 UHEEETET ANFMGF SR #)AS [F 51iH 25
TSR 3 2R R A

AR FEN - RO el . W 8L &9, &
12 FIE 13 AT LAE H, fEDYAN AR b, 28085 1
AR R R T MR R B IR o R A, [
3 o) TR Y H (A R AT T Y IE

R BERTiA, fENA RS, KDFMGFE Z& 185
EAR T IE e R R 2R RV, 9 H KDFMGEF
ZENR 5 IR 22 A Ay R PR R AL T IR Sl m o i 1]
@ PR 5 . KDFMGE 7818 5 1) 2% AE AR A A
PO 2 ST IR 0 R AR, B RE Y IR BT A
R AE R

AR NI T3 B s 3 T LA R A B 2R
(DLEDGF ) # 43 B 5 43 JL AR %5 4E 78 18 B2 2%
(SLFDGF ) 5 #: 1 Tiik -
4.3.3  FEHLEEERE AT Al L

AL R BRI 2 7770 1P. KSC. UP #
UH $d 8809 A 2RSS TIHBhsLEe .
TEARSZIGH, W A SCHE H 1 KDFMGE 5 H 4 1L/
AT . R 4 R T EAEEE S N A
B Rl sL IR 25 R .

PLIP 54 B, 5 KDFMGF MiEL, 284k 2
£ OAVAA R Kappa PEREFEFR L4070 FFE 7 0.21%
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F 4 PUNEIEETET ANFMGF ZUMiE R p930 L = 5 Hph Seid /%
Bt A Ak KDFMGF Ak 1 A5k 2 A3 Ak 4 A5
DLFDGF J J v
SLFDGF v J
¥ TS v J v J
FEEEESIPN J J J J J v
OA 98.80 98,51 98.59 98.60 97.90 97.02
IP AA 99.09 97.18 98.58 98.38 96.40 98.08
Kappa 98.63 98.30 98.39 98.40 97.60 96.60
OA 99.01 89.09 98.56 98.77 83.84 84.83
KSC AA 98.64 93.33 97.96 98.35 92.39 93.10
Kappa 98.90 87.96 98.39 98.63 82.25 83.33
OA 99.94 99.64 99.92 99.92 98.81 99.26
UP AA 99.93 99.26 99.89 99.88 99.08 98.61
Kappa 99.92 99.52 99.90 99.90 98.41 99.02
OA 98.65 96.53 98.48 98.31 96.17 96.37
UH AA 98.83 97.25 98.59 98.56 96.57 97.07
Kappa 98.54 96.25 98.36 98.18 95.86 96.08

0.51%+ 0.24%; XFEbARfA 3 FAR4A 5 AT LR B, ARk
5 OA. AA. Kappa N T 1.58%. 0.30%. 1.8%.
IX 7 B 43 B Bk 2 DL AT R I 2 TR 45 R R AT A
ANFMGF Ziifs 8 v 2% 3] 55 1548 AR 3R o0 28
A RIA, T & o 2R B e

5 KDFMGF 1, 224k 3 ) OA . AA il Kappa
TBET 0.2%.0.71%F1 0.23% ; 2844 2 F1AS 4 5 A EE,
AR 5 1) OAVAA FI Kappa 20705 R T 1.57%
0.50%F1 1.79% . TEHAM =AML L, HRETIE
A TP A

IX 2% B 53 BB sk 43 TUART SRR AIE B 422 4 O A 22 AR
BZY FEN 24 1E BOM AR 7E G 1S A8 A5 3 AU G 1)
B AN, MIERRFR 2 o 2] AR, i — 2P 4k
FEFTAE Y 2 STAS SR B30 43, W B8 v A 2 43 2%
PERE .

g ERR, BN TR IR 28 TR S A 2
AR BI85 ST M A Y oG T e il AR AR R Ay
K IER AR, T 2 B 5 o JURTRRAE B0 S A
AR MFRBE AT 5 ), A IR UM AL i A
WA R, AN FEBUTRERL 2 S A JE S ), T
BRI KRR Ik, BN o JLRTRRE 25
N U ol T s A R G S 1A= R 7 S e
KDFMGF 83k d A EH, AR, P& 3L FEAE
F, BB EAS () 73 R R A

4.3.4  AIAM R FEA IR L SR

AT BRI MR AR 23 (WA BB BT,
I0UFE KDFMGF SR QA Rt - AR 5286 5% F 2% [
ARHZERI 7734 LK. UP. UH a5 4572 Nl 2
SERMARSE, 5 IAT B ENR 28T A AT X
KD* . AT*".RKD"", CCKD**, ICKD"*, DIST"",
LS™ PI™Y. HAEAS (A AR B 4 b, 4% 25085 1Y
AR FEN H5HR A mobl B 5 R E
TR SVMPYL DSNet™. CNC™™. RSSAN™,
SSTN"", SSAN"*, SSSAN"™. SSAtt". A’S'K-
ResNet ™Al CVSSN-",

# 5 BT UP. LK. UH &£ T,
ANFMGF Ry BOMHEAY , SR A [R] ) 28 0 S0 45 21 1
SRR KRR . NRPTLLE R, SRR
Y ITIEARLG, SR S M ASAEAS R 43 75 1 ) 2 A A A
AR RV RESI G BT R B X2 RN BRI 2 A5
R T YN SRR 2 1] () =5 (Ao bE, M 3
oy R R A

% 6 J&r 714 FH KDFMGF 718 /51531 FEN
FZITREA ANFMGE LR Hopth+Fh =61 S 4
KEM D 2BBUR . Hrp A’S'K-ResNet /7VE7E LK
BAREE X A7 SR T SR, AEAR SRR B
TIESEIL, FEEK 6 PEk D HHE . WTkFR R A, ]
EIEAM R EARAE BB R B N B, (EfEE

=5 AEETETHEHIZHIBETET ANFMGF ZHiEE AR E SRR BB AR T /%
BARE  MEASIEEE  KDEMGFE  #UmgiR 24 kD™ AT™  RkD® CCKD™ ICKD™ DIST® — 1LS” P
OA 96.53 91.93 89.58 91.83 93.48 93.00 94.17 92.22 91.05 93.62 94.50
UP AA 96.30 92.42 93.22 94.21 94.35 92.78 94.92 94.16 93.15 94.03 95.01
Kappa 95.29 89.01 85.49 88.77 91.10 90.47 92.04 89.29 87.71 91.36 92.47
OA 99.52 99.36 98.49 98.71 98.66 98.78 98.32 98.04 98.88 98.99 98.15
LK AA 98.37 97.75 93.61 94.97 94.68 94.56 93.84 93.21 95.36 95.61 93.54
Kappa 99.37 99.16 98.03 98.31 98.24 98.40 97.80 97.44 98.53 98.67 97.59
OA 85.99 82.81 81.38 83.98 82.27 85.06 80.63 83.56 82.52 84.13 84.99
UH AA 89.30 85.98 82.36 84.78 85.43 84.74 83.90 86.98 85.08 88.10 84.99
Kappa 84.86 81.43 79.90 82.67 80.84 83.86 79.03 82.23 81.13 82.84 83.78




548 T G

L 2026 4F

KDFMGF Z&18 G 5 AR FEN it R i E 8 T
H 17 se i @ik R 4 R %, (R KDEMGE [ 2%
TREER T BULE St B R 28 T AR

7 IR T HUMRER ANFMGF FZEE 5 )2
AR FEN 2 (8] R S 8 8 A E T8 TR
3|, £ LK¥UESE E, KDFMGF J7iE208 )5 254
R D) 81.48% HI 2 Hi i 1 81.68% HIVF A Bt 5 /Y

27T ANFMGE #8415 2K M G . 75 UP 3 42
b, KDFMGF 773 2508 5 (1) 5 A B DL 80.00% 1 2
HEA 80.08% HIIFE MEUTHEDUS T T ANFMGE
REAL (R 5r 5P RE . #E UH 54 B ] KDEMGF
TIEZE RS B 2 AR AR DL 80.00% 1 2 £l & R
80.50% BT mAUH H &S 7T ANFMGF #i4Y
()5 PR o

& 6 ERTETERBIEE TER ANFMGF RIBEEIMFERE FEN FMBUDREUR FEREEN D KR /%

A'S’K HUMER  KDFMGF 78

B MEReiEsE SVMYY DSNet™ CNC™ RSSAN™ SSTN'™ SSAN™ SSSAN™ SSAtt" ResNet{.;,; CVSSN'™ (ANFMGF™) 185 FEN
OA 75.86  87.80  85.49 85.91 87.64  88.17  87.61 89.47  85.49 91.07 91.93 96.53
uP AA 76,58  86.92  83.35 83.28 87.70  86.44 88.15 89.72  88.36 91.89 92.42 96.30
Kappa  69.76  83.59  80.54 80.97 83.62  84.00 83.34 85.66  81.26 87.85 89.01 95.29
OA 9123 9654  96.35 96.98 98.09 9727 9837  97.95 99.30 99.36 99.52
LK AA 78.08  97.28  88.48 89.70 93.51 90.45 93.97 9242 97.61 97.75 98.37
Kappa  88.72 9549  95.24 96.06 9750  96.43 97.86 97.32 99.08 99.16 99,37
OA 76.76 7840  74.70 76.11 79.25 77.24 81.07  80.28 8258 82.22 82.81 85.99
UH AA 78.49 7960  77.07 77.60 80.68  79.93 83.67  82.75 85.90 85.15 85.98 89.30
Kappa 7498  76.66 72.65 74.19 77.61 75.39 79.55 76.88  81.22 80.78 81.43 84.86

® 7 EEZTETHEZHEATEITEE ANFMGF FZE4 R M, EERRAT, RAS AR,

B FEN HE AT EE ; s " . 5 s
I Y AY & D BB N
e R FLOPs(M) Params(M) [f[?Fl\f(’F/ﬁ/iTgHbﬂz Mb‘/ﬁﬁiﬁﬁ‘ﬁ%iﬁ &
K TR ANFMGF 699.37 0.27 BE UL 78 TR A 2 1) 2 AR AR R 7 S 1 R Bk A AR L

: REGFEN s o) 00 F I Je R e R A
HIMB ANFMGF 641.11 0.25 . N S S TIA

o e R 135 BRAMLHAREIS
- HTHA ANFMGF 655.26 0.25 AT BT PRI 2R 5 AR EE = (B Sh S T A $2
RRETEN __omaed)  030) F RN KDFMGF 35 AL 5 43 505

53 JUARTREAE B E2 45 R AN 43 B 3 57 ) L AR R AE ZE 1R 453
KX EIFNERERI DTk o AR SR F 2 (B ANAHAZ I 53
JiiEK LK UPUH 8 52 015 I 2R B A4k

E=ANEE R Bk AT Rl sL s, BART 54
KDFMGF 5 HAth 5 MR AT UL, 3% 8 JBoR
T B AR REAR T 0 40 R A T R S e 45 2R

H%E 8 74N, 5 KDFMGF ML, Z8fk 278 LK

£ UP ¥4 I, KDFMGF 2818 J5 ) 22 A s A
FEN M T #Um A ANFMGF $#27F 5%, HERK
ET UP FEARRDEH LY, AT RAMH
KR I Gr e b il & 508 B TR R,
ANFMGF ZUmE AL o ot 1 2 BA 2 15 A% 55
B & B A AT 1] KDEMGE il i AR 25 2 )
SRANBOMASIRL 2 5] A & 1 Il /i, 2 25 48 T4 Rtk .

#* 8 BRI HERZHAT KDFMGF HIERISII SR /%
A | 2 A KDFMGF Ak 1 Ak 2 A4k 3 Ak 4 A5
DLFDGF v v v
SLFDGF v
EF TS v J
JR AR R v v v v J
OA/% 99.52 98.75 99.50 99.36 98.49 98.71
LK AA/Y 98.37 94.48 97.92 97.57 93.61 94.97
Kappa /% 99.37 98.36 99.35 99.16 98.03 98.31
OA/% 96.53 92.55 94.83 95.65 89.58 91.83
UP AA/% 96.30 94.13 95.43 95.75 93.22 94.21
Kappa /% 95.29 89.74 92.95 94.07 85.49 88.77
OA/% 85.99 83.68 85.82 85.41 81.38 83.98
UH AA/Y 89.30 89.11 88.03 86.05 82.36 84.78

Kappa/% 84.86 82.36 84.63 84.25 79.90 82.67
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B b, HOAAA M Kappa T T 0.02%.0.45%
0.02%, fE UPH¥adE I, T T 1.7%0A. 0.87%AA
A1 2.43%Kappa, /£ UH £ L, T T 0.17%0A
1.27% AAF10.23% Kappa; 2844 3 FIARA 5 3H47 PR,
AR 5 4 LK #i¥54 F OA L AA. Kappa EREFR kR 7>
WRBET 0.65%.2.6%.0.85%, 7£ UP¥#i4E | OA.
AA . Kappa P REFRR 7> ) T P& 1 3.82%1.54%.5.3%,
7E UH 44 | OA. AA. Kappa YEREFERR I T
&7 1.43% 1.27% 1.58% o X 56 BH 50 B vk 20 S LAR]
REAE ZE TR R Re b AR A N ZBOMAR Y | 7843 2% 3]
FEREAR AR 2R A RAAH RN, g 2 2R 1E
M.

[F#f, % 8 WA, fEFT A EE4E T, 5 KDEMGF
FHEEG, B0 3 M REFRFRISA BT T s ARk 2 F AR A
5AHLE, AR 5 7E F 45 2 B i o3 ) LRI REAE B O
Ji, OA. AA R Kappa ¥JH AT N XK E
oy JUART R AE B B Pk, RE %5 4 IE 2 R Y
ANFMGF & T 61528 5 2 f0or R AR A, [H])
i 3 s R 25 2 S R AN BB B AT BEAFAE 1 22 ST A 2
i, AR R R . L, 7E BT,
KA IAMZFEAR, 53 HN o ) LA REE B 45
RAGT BN TUATRFAE R 13357 2 /F KDFMGF &
EHREAER, thiRsE R bERe.

4.4 EF#ER T KDFMGF RUSEIOZER
AR 3 B I O £ DL S R 43 T R SE B W B

SRR N ZREEAIAREE, 5 IUAT 5 21 A
PHHATEHEL, B3E: KD™ L. AT 5% RKD™"
Bk CCKD™ 4y, ICKD™ 4y, DIST ™4k,
LS PJ™,

9 BN T AFEHESE T EITHAE CVSSN M
SRR FEN PR S50 AT S B0 H o, Bl
BIR, SRR Params A1 FLOPs #3484 1% .

% 10 7R T1E IP. KSC. UP. UH##E4F,
¥ CVSSNAE NN, KA KDFMGF Z& 185 1%
DA S FAth ZE MR SRS B () 2 AR AR FEN 18 23 51
. $d Bon, KDFMGF 208 5AE AN S 4 -
PR T HoAth 28185005 . 4 KDEMGF 7818 () 2 A A
PSR 2 AR B AL ) e SO, (RIS A T 2 AsE A
CVSSN.,

iR IME 10T LLE R, £ IPEIET, ¥
AR FEN 7 Params 1 FLOPs _F 4351 T F# 18.89%
A 19.23% BRI, Z&TRJE AR OAL AA I
Kappa 77 #I°8 98.73% . 98.21% 1 98.55%, EtLAZ&1H
2EAEREAIAE OA CAA R Kappa B4 #2581 0.83% <
1.81% A1 0.95%, LLZUNHAYAE OA. AAFI Kappa I
RET 0.62% 0.85% A1 0.70% o 5 FIIRZEAE 7 v
RKD #H t, KDEMGF #8E— 28 F 17 0.24% 1)
#z9 FMEHEETHUTER CVSSN MELEEE FEN £

TES AL RIEE A2 PRI 0, KR TR el —— .
_OPs

4.4.1 FTPR 28 R 22 A X 245 114 1 TR CVSSN 674.39 0
TEM Rt R, AR 78 SL R 1 P CVSSN' . 1 U8 FEN 546.97(1) 0
RERME N UMY, PR 6 i FENBLIRAE & KSC BUTEAL CVSSN 666.17 0
A T ER FEN 538.74(}) 0
- HUTRH CVSSN 640.83 0
4.4.2 EWLIE R AT 0T bl 9200485 B P SN FEN s13.41()) 0
AT EEHEBRET, SR BEYLR 5 7 VA Ul ?ﬂm*ﬁ? ICVSSN 654.89 0
KDFMGF 5354 21, 1P, KSC. UP. UH %4 RS 27460 -
#z 10 AEHIFEETET CVSSN HUNER AR IR R BE AR Tt /%

Kk HA  KDEMGF  #Umgim zpmn KD AT RKD"™  CCKD™ ICKD®™ DIST®™ LS pJ

OA 98.73 98.11 97.90 98.08 98.26 98.49 97.82 97.35 97.74 98.17 97.97

1P AA 98.21 97.36 96.40 96.54 97.18 97.93 96.10 97.14 96.34 96.85 96.55

Kappa 98.55 97.85 97.60 97.82 98.02 98.28 97.52 96.98 97.43 97.91 97.69

OA 98.69 98.62 83.84 87.91 89.07 88.34 84.38 90.08 92.94 94.77 97.42

KSC AA 98.17 97.82 92.39 94.06 92.76 93.08 92.82 86.05 94.60 94.14 94.92

Kappa 98.54 98.47 82.25 86.67 87.92 87.11 82.83 88.93 92.17 94.19 97.13

OA 99.89 99.84 98.81 99.12 97.87 98.12 97.64 98.32 99.28 99.67 99.48

UP AA 99.89 99.79 99.08 98.35 96.74 98.47 96.65 97.25 98.66 99.43 99.10

Kappa 99.85 99.78 98.41 98.84 97.18 97.53 96.87 97.78 99.05 99.57 99.31

OA 98.46 98.22 96.17 97.19 96.43 97.77 93.58 96.16 97.50 97.45 94.60

UH AA 98.56 98.28 96.57 97.11 97.30 97.53 94.74 97.06 97.17 98.02 96.27

Kappa 98.34 98.07 95.86 96.96 96.14 97.59 93.06 95.85 97.30 97.25 94.16
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OA. 0.28% 11 AAFI 0.27%¥] Kappa

76 KSCHIEE T, MHET#ZUiifEA, KDEMGF
RG2S AR, #E Params A1 FLOPs _E 43 571 B
T 19.13%#119.23%, OA. AA. Kappa 4542
7 0.07% 0.35%F1 0.07%; AHER T AR ZEIHF# A AL,

PEE T 14.85% I OAL5.78% i AAF116.29% i) Kappa o

ARG AR AR T R 28 AR A AE KSCH s
R EE, REFERETRBMEAEEUE
KSC #4E bR aa 70 R EReK, 28 EER
T TR A [FR, A O A
CVSSN #2fit 7 Bl Ar AR 3= ml 0 K45 BAME
B H RS 28500, R 2808 5 A R R o) 25
BE S F T, S WAL AR AW ik Pl ML,
KDFMGF BE3TF T 1.27% 0 OA. 3.25% ) AA F
1.41% 1 Kappa

76 UP ¥4 T, KDFMGF 2808 )5 A i (e
Params fl FLOPs 43 B4 T 20% 0 19.88% (1115
LT, PEREARL T ZUMA AL, 23732 &1 T 0.05% B OA
0.1% 1 AAFI1 0.07% ) Kappa; HIE T R 7R
A, 7E OA. AA. Kappa E3FFT 1.08% . 0.81%F
1.44% s HUARARAME L LS, 2737t T
0.22% ) OA. 0.46% ) AA F1 0.28% ] Kappa

78 UH #di4E |, KDEMGF 7818 J5 2 AR A R )
80.00% F¢) Params 1 80.54% ft] FLOPs B3 7 98.46% «
98.56% 1 98.34% ] OA. AA 1 Kappa, HH T #
R, 3T 0.24% 1 OAL 0.28% K AA T 0.27% ]
Kappa, 5 A& 28185 A BAAH L, 75 OA AA T Kappa
FIRE T 2.29% . 1.99%F1 2.48% .

Kl 15, Bl 18 B 19 A1 21 3l JEos 148 1P,
KSC. UP. UHHHEE T, HT CVSSN ZUhisisy,
K AR Z8 MRS 2 I 2B FEN 1728
R AT LA Y KDFMGF 2808 5 2 A2 A 1) 49 25 5%
Rilr. B 16+ B 17, K 20 fIE 22 kg oR T 18
IP. KSC. UP. UH##5% I, i1 KDFMGF &%

BEAT ZE AT 5 S AR 7 S VE E I T ALAL 2019 B 005

A LA B 2485 1) FEN 22 A ROR 32 2 AR RS 27
2GR AR ER R IERA 73 2R AR, #] CVSSN o
B B AL, IR AR
4.4.3  BEMLIZFEREA (17 il S0 45 R

AN B DR R, ARk
o 7 BB s o) J LT R AE 2R AR R AN 2 B i

JURTE AR FIE I ok, BRI Ah, R R M
AT R AR B STk AEATT R, SR A REAL R
5y J71E¥% 1P KSC. UP #1 UH £ 545 40 il e
ARAE,  FFEAT PN RS

% wilh il ST

()KDEMGF(Ours) ~()CySSNEI (k)

i)
B 15 1P BHREAE T 3T CVSSN MR R i) AN 6] 26 1 4

IR E

OEMAFEN  (CVSSNAI (A& de

(a)brss: R4
IR IRt
Bl 16 P H#R4E F T CVSSN iifif KDEMGF Z& e
VE B 2R ATy
. 1 R ¥
(@AY (WAEIFEN  (oCvssNaly (&S

IRt iR
B 17 KSC %4 FHT CVSSN #UiikiA KDEMGF 473
HE R R R AN

(b)PJ (0)AT (d)CCKD

AN B

(DKDFMGF  (j)CVSSN #Jfifs Rl (k)Z& AT IY

(Ours) S R
B 18 KSCHdi8 T 3T CVSSN # i Y (1’ A [7) 28 18 5 1
Ve
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(i)KDFMGF(Ours) N i () FEAe 13
Y] i

4 IR
B 19 UPHIEE TFET CVSSN ZTHE R i AR [7) 2 5

EIRCRIE

(c)CVSSNAH T

()b Ay

(b)FEHRIFEN (d)ZERISF
AT M
B 20 UP#RAE FE T CVSSN Ziifi#l KDFMGF &/
R AR R
F 11 ER THEAREIEET, T CVSSN#
I ) KDEMGF S92y BRiR 0T 1 24 3 R i b

FRI%F 73 R EREII S . il ‘27, KDEMGE 54844
2 MG, ARk 2 (7 R RETE AT A B4 LR T
B, A8fk 3 5284k 5 ML, ARk 5 7E BT A B 4 11
S RVEREARAA AT T %, IX R BB Ty LA ARAE
IR BB INE] CVSSN 2R Y ih 56 Tl A
BB R AR IR, B E 0 I HE R

Xt bt KDFMGF AR {4 3 7] LUK BILSG, A8k 3 7
BT HR 5 R4 M RE#A BT R BE, X LhAR A 2
AR 5 ATLLR IR, 4K 5 TEATA BE S T2k
PEREIIA BT R, U BH 2 B 1809y T U ART R AE B 44
R AEE MBRRE 2 21 IE A R R S I IR 70 R AT,

M B e SR e

(a)KD

(OAT (d)CCKD

(e)DIST (HICKD

(g)L

(h)RKD

(i) KDFMGF(Ours) () FLAE &

(k)CVSSN Fififs 5 (D)7 TR AT 125 A A Y

B 21 UHHIESE TIET CVSSN UM AL ) A 5 2818551

RERIE

(B)ZETRATFENAD  (c)CVSSNEHTHT
"

(a)hr 2 E Ay

(s
a4y
B 22 UH#HR4AE R & T CVSSN it A KDFMGF 2548
SR () AR R R

F 11 EFTEHIBETET CVSSN HUFER MR KR P ERL SIS /%
el | 2 AR KDFMGF Ak 1 Ak 2 A3 Ak 4 A4k 5
DLFDGF v J J
SLFDGF J v
RS v v v
JR B AR R v v v v J
OAU) 98.73 98.55 98.62 98.51 97.90 98.08
P AAUD 98.21 98.20 97.18 98.16 96.40 96.54
Kappa(%) 98.55 98.35 98.43 98.30 97.60 97.82
OAU) 98.69 93.61 98.52 98.54 83.84 87.91
KSC AAUD 98.17 95.05 97.80 98.13 92.39 94.06
Kappa(%) 98.54 92.92 98.35 98.37 82.25 86.67
OAU) 99.89 99.77 99.87 99.86 98.81 99.12
UP AAUD 99.89 99.60 99.84 99.82 99.08 98.35
Kappa(%) 99.85 99.69 99.83 99.82 98.41 98.84
OA%) 98.46 98.16 98.28 98.19 96.17 97.19
UH AAUD 98.56 98.19 98.36 98.53 96.57 97.11
Kappa (%) 98.34 98.01 98.14 98.05 95.86 96.96
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ERERUL, 7B Ry J LR BB R
AR REAS AARZE T 27 3] IR B HOE IR AR R R R
Ir2RFNR, KB Bl J LA R Ik 2 TR 45 K BE s 4 )
AR TR CVSSN 2 2 56 T il AR 57t
B SRR SRR, b AR B SGTE HUm

T RN BN 53 T AT RFAE 2 VR0 R AR A e, 3%
[F/EH T KDEMGF HiEHd, $misiil o ae.
F 12 R TENFEEIEET, FT CVSSN#
JTASE B (AN [ VR A A A 3 v il S 36 . CVSSN
PO B I R R e B TR AR T SR IR 2 R

i RN IR Ny ST R A (A e AR T S N =k ER

= 12 FREHIEE TR T CVSSN HUPiERIAE SRR Rl SLIe /%
DLFDGF iﬁﬁfﬁﬁ%?ﬁfﬁ,’%ﬂé%ﬂ%?i*ﬁ P KSC up UH

L [y OA AA Kappa OA AA Kappa OA AA Kappa OA AA Kappa
T BRAR v J 98.73 98.21 98.55 98.69 98.17 98.54 99.89 99.89 99.85 98.46 98.56 98.34
RRE v v 98.67 97.94 9849 98.00 96.42 97.77 99.63 99.32 99.51 98.09 98.21 97.93
Atk 1 v 9851 98.16 98.30 9854 98.13 98.37 99.86 99.82 99.82 98.19 9853 98.05
A A 2 J 98.40 97.75 98.18 85.65 92.27 84.20 98.60 97.67 98.15 98.08 9751 97.93

5 KDFMGF JH Bt AH L, KDFMGF SR
N ATA B BRI R RE B BT R %, X R,
X T ARG 5 2 ) ) AR, 752 B AR
P2 3] AR AR 2 T R IE R A R AR I RTHE R
B BB E R, R AR50
TSR R AR R . ABR 1 ARk 2 A1
P nl LR B, ZB1R 2 (15 2R M RELE A R S 42
BRI N, XRW, EA%EMRZEH
2 5] 6T AR AR R A IE W A R AR AT IR N,
R ABE 2T T A AR R R 158 43 288 Il fE 1) T ABE 7R

g5 LATR, E AR AR PR AT T BUR
FIn I ZOTA R, R E S, HRRE R
75 5O ok BT B AL 56 F i A8 AR K A AR R S
W, AR R AT IER A 2R A0, AT
IERDEREAR 53 S EUR 2R S et RE .

BT E: KD AT™. RKD™., CCKD™,
ICKD™., DIST". LS*. PJ*",

RS EIR T 1R 2 M A HE 5 Ui g
CVSSN Fp A FEN 22 8] i i 50 A i 22 51
K U4ER TS T AZEIRE T, 5T CVSSN
FOMASERY, s FH S ) S R 28 U BV 19 3 11 2 A AR Y
153 KR .

R 14 AT, TEVH BT , SBELRI A AE L,
TEZE A A B, SFh 2 07 A1 2 124
B o RVERE A BT N R, ATl e, R
FEAE ST RIE BRI B A R %, 2 KDEMGF 2818 52473
SRELIAT 28187 VA RE AL, Al KDEMGF 251815
FI P 2 AR AR L i 2 A B AR O ASE R T e 7t o

#z 13 AZRZETFHEXZHIFEETHIHER CVSSN F1F
158 FEN HHE AR
HHE e [ FLOPs(M)

Params(M)

4.4.4 ?I‘Eﬂxi‘ﬁﬁﬁf—ﬁiﬁ’ﬁﬁ bb s as K HUMiE R CVSSN 698.66 0.27
LERANLAN A0 T7 VR, AR RS 52 Y11 R BRI i - BWEFEN  snasd) 02
P,
2 IR T S KM R R . (R, 7E o RN
A, AR S BIAFAZ R 9 777, K LK. UP, - FUTHR CVSSN 654.89 025
UH ¥icfi 0045 9 0 6B Rk B, 5 B4 1R 21 Ly Sraeh 000
R 14 SR EFHEAZHIRETET CVSSN HITEE A A B FIR K (B E LRI /%
Himse febr  KDFMGF  #oiifes s kD™ AT™  RKD™  CCKD™  ICKD®™  DIST® 18" pJ
OA 94.58 91.07 89.58 93.02 93.93 91.53 93.35 90.13 91.15 93.32 92.64
UP AA 95.52 91.89 93.22 93.82 93.24 92.93 94.59 91.39 92.00 93.77 93.44
Kappa 92.60 87.85 85.49 90.40 91.78 88.43 90.83 86.80 87.89 90.97 89.83
OA 99.51 99.30 98.49 98.77 98.50 98.86 98.63 97.26 98.62 98.35 98.15
LK AA 97.76 97.61 93.61 94.86 94.53 95.37 94.67 91.52 94.28 94.60 93.44
Kappa 99.35 99.08 98.03 98.39 98.03 98.51 98.20 96.43 98.20 97.85 97.57
OA 85.39 82.22 81.38 82.03 82.38 84.94 82.46 82.48 83.73 83.93 82.32
UH AA 88.25 85.15 82.36 83.14 82.65 86.39 83.64 85.88 85.08 87.72 86.81
Kappa 84.24 80.78 79.90 80.60 80.99 83.72 81.06 81.06 82.43 82.63 80.89

FER 14, £E UP. UH¥HEAE T, ZAMEHY
A ST A AT TR 28 R A 25 1 2 A R ) e e A

THEROR, X2HT UP. UHIFEARERD, JIZE
ARG 2 AL ARSI, SRR 7= AR i AR
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FETF o B IR A LTI 1 R A8 TR A 1%

ol
l
w

G2 AU, 0T ORISR A8 R s AR 2S5 2 AN
£ 1 KDFMGF 1) DLFDGF # 5 id bR i
WA SRR AT 2 5], R, 7E UP A1 UH
B4 F245t KDFMGF 25408 Jm i 2 AR R 1 R 42
CARTE

i thaR 13 v, fEEBRBIET, SRS
FHEE, FEZ A EAR S, &M ITES 3]
(25 LR AR 1) Ay SR VR RE A BT R %, AT SIARIAE,
RIS AEAE 73 M RE R SR R %, (H KDEMGF 28187
ATSR L IAT 280 77 I M RE SR AR, I KDEMGF 7%
TR 1) 1) 2 A AR R LU JiR 2 2R AR N S50 A 2R 25 ol
Tt

SEAR 13, TEHBET, 7E& 2 MAMH
REA, ZEMRJE B FEN AT 208 CVSSN
(177 R B B AR SRR A A A FIFE B T B
{HZE V5 AR 7 R RE R T B, HZETER
A FHZFEAR AT T e BUmE A CVSSN B
TP 5y 25 PERE

4.4.5 73 [EASHH AL AR I ¥ Fih S 56 485

AT AE NN R AN AR 2 [ A A S T RT3 T
IRANIRZ 5 B 3053 TUARTRFALE B4 2 A 43 B
43 JUTRFAE 260845 2 78 KDFEMGF 24 i 5Tk, ]
WEARF MR SR AE KDFMGE ) BTHR A< S8
K2 BAAA K5y J5ik, K UP. UH A LK $4%
BRI RN GRAEFIREE, BEAT PIANTH AR SESE

RIS JRR T HBRBT, S A A,
¥ CVSSNAE R ZUMAERL, 73 B ik 73 ) AT AR AE B 4
10 3 BN 1073 TUARTREAE Z8 TR0 2 %) 43 2 1k R
S, BARS U R KDEMGF 5 EANR R 34T b
o MW 15 W H, ¥ KDFMGF 5484k 2 #E47 L
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Background

In the field of hyperspectral image classification, CNN based
classification models have achieved excellent classification
results while optimizing the misclassification problem caused by
spectral variations. However, while the hyperspectral image
classification model achieves excellent classification results, the
parameter count and computational cost of the model continue
to increase, limiting its deployment on resource constrained
devices. Therefore, the knowledge distillation method is chosen
to lightweight the model. At present, the model that solves the
problem of misclassification caused by spectral variation has
high computational complexity, and the model after knowledge
distillation has not solved the misclassification problem. To
address this problem, we explore a knowledge distillation
algorithm that can solve the misclassification problem during
the distillation process.

This paper proposes KDFMGF, a knowledge distillation
algorithm tailored for hyperspectral image classification. It
introduces the BEDGFC module to locate spectral variation
pixels and identify those responsible for misclassification. The
SLFDGF module captures teacher knowledge related to spectral

variation classification, enabling targeted knowledge transfer.

Meanwhile, the DLFDGF module guides label learning using
spectral variation features for more accurate model training.
Additionally, the method incorporates a dual-mode fusion
strategy: cumulative mode is designed for well-performing
teacher models, allowing students to fully absorb error-
correction knowledge, while elimination mode is used when
teachers underperform, preventing students from learning
incorrect knowledge and helping them focus on accurate
classification of spectral variation pixels based on labels.

The experimental results show that the distillation algorithm
proposed in this paper has the best performance compared to the
other 8 advanced knowledge distillation algorithms. At the same
time, in cumulative mode, the student model distilled by the
teacher model (based on fractional order mixed geometric
features attention network) using this method not only
outperforms the teacher model, but also surpasses 10 advanced
hyperspectral image classification algorithms.
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