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A Spike-Driven Framework with Spectral-Spatial-Temporal Modeling
for Multispectral UAV Single Object Tracking

LAI Pujian' ZHANG Xuejiao' CHENG Gong'

1 School of Automation, Northwestern Polytechnical University, Xi'an 710072, China

Abstract: Objectives: Multispectral unmanned aerial vehicle (UAV) single-object tracking leverages com-
plementary spectral cues from different bands to enhance target representation in complex scenes. How-
ever, most existing trackers rely on artificial neural networks with high energy consumption, making them
unsuitable for low—energy visual perception on UAV platforms. This paper aims to achieve accurate and ro-
bust multispectral tracking while maintaining low energy consumption. Methods: A spike-driven frame-
work with spectral-spatial-temporal modeling is developed for multispectral UAV single object tracking.
The proposed method comprises a memory perturbation-enhanced spectral-spatial-temporal retrieval
module and a spike—driven spectral gated fusion module. The former constructs a compact memory cache of
target representations from historical frames and recursively guides the search features to interact with the
stored memory, progressively retrieving target—relevant cues. To address noise accumulation and represen-
tation drift in the historical memory cache, a memory perturbation mechanism is introduced to simulate po-

tential memory biases, thereby improving the tracker’s robustness to unreliable historical information and
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background interference. The retrieved cues are then integrated through temporal aggregation to generate
compact search representations. Spike—driven self—attention is subsequently applied along the spectral-
group dimension to facilitate information exchange among different spectral groups. The spike—driven spec-
tral gated fusion module further estimates the importance of individual spectral-group features and performs
weighted aggregation, enhancing informative spectral responses while suppressing redundant responses.
Results: On the multispectral UAV single object tracking dataset, the proposed method achieves a preci-
sion of 83.5% and a normalized precision of 82.2% , with an energy consumption of only 32.4 mJ. Con-
clusions: The proposed method improves tracking accuracy and robustness in complex scenes while main-
taining extremely low energy consumption, demonstrating its effectiveness for energy—efficient multispec-
tral UAV single-object tracking.

Key words: unmanned aerial vehicle (UAV); single object tracking; spectral-spatial-temporal modeling;

spike—driven framework; low—energy visual perception; memory perturbation-enhanced

JC AL (unmanned aerial vehicle, UAV ) £
G511 K e 5= r R g | DU A /- Y
N T RS ATER A W R E R sl
ARG S S L R S T A HILA B SR R G 1
AR 55 2 — , BAR IR ER B 7E AR 18 90 1 i v 45 5 1Y
H bR AR, 76 5 B2 0T 51 w4 2248 31 B bs 907
B REE . SR, JC ALY 8 5 1 i R 2040 A
AL RSB AR B iz B 55 0] TR B B bR ik 5 2 2
WP AR S AR PE AR N R S, X S R R
N T AR e B bR SRAE B O IO ™
2 F2 BAROR TT UL O A0 LA B B R A T RR
VAR R, 220638 B GG 1o 1A R HTAS T35 Bl H
P bF BT 45 B R i R v Y 25 S Ak e D, o A2
Y5t T W JC ANHLH b BR R SR T 5 0w A A
BiE RS, SCERLIO 4 T R 2ok g 6 A
ML B H A5 BR & (multispectral UAV single object
tracking, MUST) 8 4s 4 , If it 1 48— 6 i -=
[&] - 7 R 2 AE 2R (unified spectral-spatial-tempo-
ral tracker, UNTrack) . SCHA[11]42 H T —FF 1
] Jo AL 22 3% H bR R B 0 R SO IE 12 HE
IR A O i - () R AR B B BAME R
JF R R ZS 25 (8] 12 A2 ML i 2l A4 300 B 5 A, DA
M T2 25 5 TRk Ge . SCHR[ 1248 1
TR IE - R A5 I 4% R B AR RRE RN
ST AR N IE RN RSSO (R] -
I V8 2 42 48 5 4 s A AL B e B AR S
SCZ A FME . SR, A ) £ D0 AL
H 5 8RR 7 vk K 2 5 T N T 48 W 2% (artificial
neural network, ANN) 5% # i 4 48 # £8 (vision
Transformer, ViT) #1731 o S 483X 26 5 16 HL
157 B a0 B B P B 1E HC A s 109 B FE B M LA
it 2 T8 AL 65 0K BE #E Y i 0] 358 2 75 oK o

Jok i 25 W 2% (spiking neural network, SNN)

TEAR A 28 50 8l 7 2 4 1 R 3K Bl 19 T S AL
il 2 B Tz SevE . SNN G 2 %) i AE ) 4
28U I K i R ki R K T AR B 5 O B UK
i B B AT I 2 AR S A o B EE T ANN B
VAT e 25 B (0 66 e 3fe 1k 45 A, SNIN A8 7 i o
B8 UE B AR 5 TR, 7E IR IE R K R T 1Y
[l oy 2 RO S A FReRE . BT, © A
220K SNN 51 ARG H AR BRERAT 55, JF IS T
—E HERE . SCHRT16 148 s —Ff ik ol 3K 20 9 H 5
R 157 HE 42 (spike-driven framework for efficient vi-
sual tracking, Spike Track) , 3 £ JF XF FK B[] 20 4™
Ji& B AF B DL AR As ks R AL AE B o IR R
K B [ o & 35 BT BB A o SCmR (17 )42 i
B ANk Transformer 3K 2fy (1) 55 44 BREFAE 42 , 38 1o
4 Jey B0 i 7R 1 0 R I 25 R IF R A ik o
BT 0 45 S B v B v S 00 BR B o SCER[ 18 )42 i
TR g ko G H AR R ERHESR @ 2R A
R I 25 3 W 184 5 B[] 40080 A 485 158 g, O ) it
T -BU93 - i i 22 9T (leaky integrate-and-fire neu-
ron, LIF ) [ i& W 8 75 Bk oh 8400 , 76 PR F5 11 508 51
PR 0 [ B 52 20 e 80 BR B o SCR [ 1942 th 4 ik o
M- il R R AR 45 S B R B R
Transformer 4> Jay 155 52 90 85 B2 {7 B Rl G, I F
JH Bt BIL 15 B d 41 K if 23 0 U] A 5 g B2 T R
BT SREERCE ., R, A Kb B AR R EE 7
¥ T () T DO B R B AR R R AT S5 L T
22 63 JC AN ML H s BRI b 8 ik o o 1% -2 a) -
Frak A AT B = R

S A SCHRE T — bk v B Bl O 3 -4 ] -
B AL Y 2203 e A HLA H A IR R B Bk
W5 F Spike Track "™ i fit) 3 i £ 42 |, {H Spike Track
F T ) A] WOt H AR ER R HEE R A Y R =
2 6T BCE |, ME LLA Sk By s R AR R AR B 3



-

2458

DR 2R (F R

2026 11 H

HAME BRI AN 5843 DL K S5 R A 77 AR T AR TR
IO A5 [B) A, R b AR SRy PR AR SCT ) 22 061 i A
87 IR TRR VAR i I U i el [ Y  N A 7
(memory perturbation-enhanced spectral-spatial-
temporal retrieval, MPSSTR) 5% £t Fil Jjk o 5K 2y (1)
i ) ¥ fill & (spike-driven spectral gated fusion,
SDSG) B He . 1if # 38 i Iy 521012 A 85 5 4 3l 4
SR, % kS P N SR 2R T | RS Y P S AR R R AR T
¥, JF 4 F 85 0 5AME B AS L 5 IS A AR R A [ 3
BORFAE 1 0 157 [ 38 N3 I RS AR 0 S5 A
BRI IURMN . BRI, MPSSTR B Ht#
b Al BB S WS AZ A T S R R R
501 e G A AT i A S B B AR FE 4R H bR AR
KELR . NT G LW H bR c L A7 b g s
R ECE RIE W F 5 B 12 1Btk )&, 51 AGE
ACHE B AL, 388 S AR AP T T B 10 A2 i 22 1 5 A5 A
PO NI I R S = = o N UR X
Z 5 a0 A R SRS A B R R IR
T 4 B HEAT WK b B T AR, SR AN IR I
Wz B M5 B3 H . SDSG BLHL 3 WAl 1A 7]
GG AR AIE 1Y E A AR B 5 H AR F DG E B
F18y ] P 30 1 T A AR B 5 15 SR N
1 AXTE

1.1 BiE A& AP HETER

AR SCH ok i 28 T A R SR I — {1k 2 R
U -FL 43 - & A 48 96 (normalized integer leaky in-

tegrate-and-fire, NI-LIF )™ iZ # 2 56 DL LIF )
FEail, RN Be gl A — 4k B B, I 7E
B BEKE B RO O 0/1 Bk 7R o NI-LIF Y
SIS EH R KRR

U(t)=pH((—1)+Y(1) (1)
S()=f,([U(1)],0,D)/D (2)
H(t)=U(t)— S(t)X D (3)

o BRI RIS U (¢) FoR & i a5 B A 5
JEEHLAV 5 Y () 7R ST ) 20 i =5 (el g A s H (1)
PR Y HTE B2 R B A 8, H (1 — 1) F R
b B ) A R A7 R ek A B Y B R BN B, o T
LR, AR SCIBE A SCiik [ 16 8% o, BT Al 22 2 1Y
SRS (1) FR7R YT ] 25 £ Bt koo 5[] 2 B
PN 5 s, (o, min, max ) 2 7 K B A # BT & X [A]
[ min, max J; D by 45 i e K bk b i o B0 9 8
1.2 FHkHEZS

AR SCHT PR R HEZR AN 1 TR o Bk
D8 QUINE o W TR ST S e B2 A S R Y DS WA DA
5 Z ik Rk ml G, % i T MPSSTR 3 il
SDSG fide 2T+ Z i 5 5t N i HARRIE 5 &
PERE 1o HLAR M, SR B X5y 32 28 A ik v R 4%
53 S HR R 22 R A A48 R R A FR#IE . MPSSTR
W Z WIBT AR (5 B R 46 B D s HbRid 1, o
SCIRUNTRR vAE o) Bl 2 D O e 1 4
YR R 2R ]S A R R AR OB 2 R A

"2

FrdE LA RIS E Y HARZe R o TR BL Al b, XS )

Bz iy TX%X%XM TX%X%XIZS Tx%x%x256 TX%X%X%O
N , ; , ; ) ;
G BEk || BE o Sk o 2 Ik
z PoF BE o BE oo gl n o g
B D> £ Gh >@> £ GE >O> £ E > £ I
i I e g e e PR g
z | i el PRl | el |
7 [ e 0 SR () SN ¥ 1) SO LS 10) S S E O
__________________ jﬁ =1 327 v B2 v Es v Wi Bea B I
> i YTy ——— AR R x5
) = Ll R Silh- LB P - - A
’ - e A | N S 7T 0
P P 5 2,
A NSRS AWNE R AWNE I NN
B FR i L FEL Y i L 1 i 1L { i 177
& mx U # mz?’@i’?g Ealz"@"f; S T B
L ks R &k B g9 0 B &% | @
B - e A% B & 5
BREBX 50 ; E oL, E Hh oF. E Hh <L, |
H W 6 B s H W 256 H W 360
4 4 8§ 8 16 16 16 16
BB L o B B Transformer e
J_, B _,é)J, - ,é o L Bk _,é)L B ‘,é)L i ;é);
B & LT EER BHER S LRI ;
L BE Tk o 0K 8l e 3 -2 ] - o A A A 22 335 0 AN AL 5 e R B B V6 HE A2 1

Fig.1 Spike-Driven Framework with Spectral-Spatial-Temporal Modeling for Multispectral UAV Single Object Tracking
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Table 1  Accuracy Comparison of Different Methods
on the MUST Dataset/ %

ik AUC SRy 5 SRy 75 P NP
SiamRPN! 38.9 49.5 223 56.7 50.1
SiamMask"! 39.1 51.0 253  56.1 52.8
DiMP!! 47.3 60.7 31,6 69.8 57.1
TaMOs*" 20.4 24.5 120 31.0 238
ToMP! 30.3 39.1 14.5  46.1 405
SGDViT 38.1 50.2 22.8 544 521
OSTrackys;”! 39.9 50.5 274 559 51.2
OSTrack,g,” 44.5 56.7 27.1 63.9 56.8
ODTrack™! 46.3 58.4 28.1  67.6 60.4
ZoomTrack®™!  44.0 56.2 25.2 635 559
OSTrack,,; ™™ 52.3 64.8 36.3 675 65.2
OSTracky, ™ 55.1 69.6 44.1 733 688
ODTrack ™ 52.7 67.3 388 713 66.2
ZoomTrack ™  53.3 67.7 40.4 723 66.7
UNTrack™ 59.7 75.8 46.2  79.2 748
HEATTrack®™  66.0 82.7 58.5 854 823
SpecTrack™! 65.2 79.8 61.0 826 795
SpikeTrack™™ 624 77.0 58.3  79.3 77.2
KSR 66.6 81.7 63.9 835 822
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Fig. 4 AUC and Precision Under Different Challenge Attributes
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Table 2 Parameters and Power of Different Methods
X H 35 SpikeTrack!®! CSWinTTF OSTrackys;”’ STARK! Trans T UNTrack"” A3k
AEFE/mJ 27.3 75.4 98.9 50.1 75.2 588.9 32.4
SR /MB 36.8 25.1 92.1 23.5 17.9 112.6 48.6
2.4 HBLRIE
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LA e 2l 2 B ok AR b aT B R B TR SR
FFRAE A |, (1455 8 BB 65 AN AT g Iy sz 3042 v i
VERRUE I H AR Z R, DT 3G 58 4 3 5 TP A Dy s
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A SDSG #8k J5 , AUC Fl P 23 542 7+ 3.0 #1 3.5
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T 2H RRAE 1 R E AT R0 08 56 3% e R 5 0
TOAGEMY =T ()X Atk 3 548k 7,
SIANRE A S B A2 H 5, AUC Fl P 4y 5l 7+ 1.3
164 4 A, 2 W 8 = A AS [7] D 3 41 2 [
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SR AR B ) AR A 4, AUC TP 5 ik 2 B 8L 4y 51 48 1=
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AE % D38 Dy S0 {5 S0 e e R, O 4 AR R R &
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P 3.3 32N E M. XU 4L H
RE 8 42 HE N W] 63 R AE 22 18] 7Y B AN B AL 3%, 2%
fiff B — G AF R 2 B Y A IR 2 . (6) X 5]
A SDSG B (78 4K 6, AUC Fll P 458 i 26 455 71 43
SR 2.7 A 2.4 4 a5, BEEH A AE R T 4R LG
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filf s, 2 B e 8% 0F — 25 R AR RIAE L (7) 58
LAY AR R 7 A OR H E A P Bh B R i
A7 B 53¢ 5O SDSG Bk, AUC Fl P 43 3l 3k 2|
66.6%0 1 83.5% , AL B AN m 420 H 7
R A BLHC BB ] B XY AT A R AR E Y AR L KA
i 5 AR A AR 45 2R, B =3 AE D s
B85 1% 20 52 BRI il T T B A BAME
FH o 58 B AST R ) il JH VR JE Ol 18.51 Wi /s, B Ak £k
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Table 3 Ablation Results of the Proposed Components on the MUST Dataset

MPSSTR

G — —— SDSG AUC/% P/%  BEE/MB  fEFE/m] HEHEE/(bies )
e sh s OBIE4LE S E
FELR AT 62.4 79.3 36.8 27.3 20.39
1 N N, 64.5 81.3 48.6 32.4 18.77
2 J N 63.6 80.0 48.4 32.4 18.56
3 N, N, 65.3 81.9 46.9 31.6 18.67
4 N 63.7 79.9 36.8 27.3 20.20
5 N 65.7 82.5 48.4 32.4 19.17
6 N, 65.1 81.7 46.9 31.6 19.73
7 NG NG N 66.6 83.5 48.6 32.4 18.51
2.4.2 REERA Rk P o3 54T 2 66.6 % M183.5% . S HERERILH

AT AN F DG 4 Rl A R g 7 MUST
B b rERe . SRARLG 5 BCYE LG R
F AR 2R A & 615 4R AE B0 FP 3R g 1Y
AUC/P 43y 3 ik #] 65.0%/81.9% Ml 65.0%/
81.7% o T F 3 W o X 43 K [ ol 33 21 19 45 34
P AR i B TC A O e 2 UM AL 2 5
A, T3 B bR R AE . FHELZ T, SDSG # #5
25 6 AL e RN IE R AR B Rl A ACE il AUC

SKAES A, AUC FIP 35 1.6 40 L 55
B M BE Y 25 3 R ORI AR (Y 1 3E B 4 B
17 A 7 B AR AR MR R . SDSG REE 58 1k H bR A
I 11 O HE O £ . ) s 0 a4 5 = AN T 4
7, DT TV BRI AR e 0 500 1 B i 1 B R ATE

AL, SDSG B ZEUIE M2 0.2 MB, BB #E 2
17T A T S5 ANl 45 SR %, 8 D K o K B ) A e
R 1S3 RE A5 R 35 0 145 B 4 ok 1 AN T8



2464 DR 22 A (R BB 2 D 2026 411 H
SR 5 AAUH W LA, SDSG 1R 42 Tt il BREEPERE T B (ML, I 8h o 8 5 B AE e A2 nT &
TR BRI PR T B SRR REFE AR P58 0 P 2 AU 4, y = 0.001 fE 5 1 3

R4 ANRNIEMEREHERITEL
Table 4 Comparison Results of Different Spectral

Fusion Strategies

filf s AUC/% P/%  ZHE/MB  fEFE/m]
SR 65.0 81.9 48.4 32.44
B 65.0 81.7 48.4 32.44
SDSG 66.6 83.5 48.6 32.41

2.4.3 W RN YA

55T TR Bl 2R By R R AL P BE 1Y 5
W, M R E y = ORF, I LicIZ B A7 R A
gl B Eh R B 03K 2 0.001, B 7Y P 78 &
AR TE IFAE y = 0.001 B35 B & 4k, AUC Fil P 4
H R 66.6 %6 F183.5%6 , A A E A B i 42 15y 2.1
2.2 E G R TRB REE SN BOE A 82
IC TG R AT (o W 7 58 B | AT 7E DI 2 I BB 22 1%
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Table 5 Comparison Results of Different

Perturbation Coefficients

7 AUC/% P/%  B¥E/MB  figFE/m]

0 64.5 81.3 48.6 32.41

0.1 65.0 81.5 48.6 32.42

0.01 65.9 82.6 48.6 32.40

0.001 66.6 83.5 48.6 32.41
0.000 1 65.5 82.4 48.6 32.21

M3 R B K % 0.01 88 0.1 0, i 38 3
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Table 6 Comparison Results of Different

Recursive Iterations

N AUC/% P/% ZH/MB  BEFE/m]
0 59.1 75.4 48.6 27.93
1 66.6 83.5 48.6 32.41
2 63.4 80.8 48.6 34.47
3 60.3 77.1 48.6 34.29
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