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Abstract: To address the challenges in tracking complex maneuvering extended targets, an effective
maneuvering extended target tracking method was proposed for irregularly shaped star-convex using a
Transformer network. Initially, the alpha-shape algorithm was used to model the variations in the star-convex
shape. In addition, a recursive approach was proposed to estimate the irregular shape of an extended target by
detailed derivation in the Bayesian filtering framework. This approach accurately estimated the shape of a
static star convex extended target. Moreover, through the structural redesign of the target state transition

matrix and the real-time estimation of the maneuvering extended target’s state transition matrix using a
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transformer network, the accurate tracking of complex maneuvering targets was achieved. Furthermore, the

real-time tracking of star convex maneuvering extended targets was achieved by fusing the estimated shape

contours with motion states. This study focused on constructing certain complex maneuvering extended target

tracking scenarios to assess the performance of the proposed method and the comprehensive estimation

capabilities of the algorithm considering both shapes and motion states using multiple performance indicators.

Key words: Extended target tracking; Maneuvering target; Transformer; Star-convex shape; Frechet distance-

area error

1 3|F

e Gt Ik HARIR BRI T “ 5 HAn el /N H
PR BB, SRIMTBEE T BRI AR R, & B
g nl LUE N B AR B2 EUN RERE 2 A B
{6, ZVENE S RSRDUERS B br 255 E B HA
FICLBCNTTRE, SRR T RS JRIGE, BEIH

@, BP9 R HARERER (Extended Target Tracking,
ETT) @0, migt sz, C&f —SiiRst
XHERIETTEAR R I, b —3807% 2% B
RO BRAZR PR EFAG T AR 2% 1 e ¢ H BB BB A LA T
WK, P Ane R e AR TR AR, KT TR
FEHFRFN 7328 H AR A 175 20 a5 4 B = Sk i)
HbRFe R S S, 4 H AR AR 58 ek Bt 2l &
B Z AT IRPHE R AT S ER, B
R EFFTLEITEREMAEA BTG 58, 2 HARHIIZ 3N IE
SR A RAR T A DL AR FRE Y 2 m i, H AR
PEPEREE 2 TR NI 2B E bRk ZHIREE, BARZ
FHEEESL T LB HARRIAR 24T A RN ERER T
{H S ERERNLEN Y H AR, XL EAE TR &
JREXF & TEARAE EAE A ) 2 RS B A Rfitiit
ZIRTEHIAWMEEILEE, B, K 3Rk
AP e oAy A 150 B R T 6 T DA A2 K 2 B oK
Koch!"FIFeldmann & A M2 Bl B AR R Sk 4 28 AR
% BRRFAE, JEEUR T AR IR, Zhang®5 A
BT OCHER[I3) TR Y B AR IR, K g
R RFR NFE T, AR A TR iR 7
ECI RN IR S R BN E R AN PTE F: AR EI (N E P - 3
Ab, SCHR[14] B R FEH H bRAe R ik T . (H
ST, AERTAIREE B il TH RS B2 K B v i B 3 3¢
N, TR LR BR AN Rel 2R, RIHAR 2 2
FIFFURTR R TN A 0 & MR R A5 7 V2 ok I i
N4 v g S SR I i H AR A R TR AR I 2
Lan% A 211 T AL 4 1 77 VR ) 22 A A6 50 R
T HARAKNTEAR, A7 kI 2 52 [ TA R
TR N6 B 4 5 BB AE 7T . Baum &5 A BOG15H
feth 7T E MR R HARERERI T, BIREHLIE
i L (Random Hypersurface Model, RHM),

2T A AR R R ECSE I TR TS H AR AR
AR, SR A PR 8 B R T (1 77 S IR
TEMEY R B ARG . Wahlstrom& A7
TEBEATLR il T AR Y () Bt b3 T v ek AR el A A
H(Gaussian Process Regression, GPR), #t—D#¢
T BB B AR ERRAE R H d ST AR . (H
s R HAR A @A R, X TR A
ReAEAERA Al TH H AR TR 1 [ i AER il H 47 e H AR
N LR REHAR B P R R ANLEhY e H AR ER
BRSBTS, R R ks R R O I K A e
22 4 ] DLt v SEIAL BN 3R B AR SRS AT
IRIVEEA AT H AT HLE) B AR ERER LT B
T AH LR P AR AN 71, AT AR Gt DU s
HEMh TE 7RIS 22, ) FH o 48 ) 4% 14) 7 925 R DA B B
XIHLED B bR g SRS AT Al TE . Lings A2
AR FEHA 1212 M 4% (Long and Short Term Memory
networks, LSTM), Xf BB T BR A 74 78 56 PRk
A7 SEmAlTE, SEL T HLE) B AR s s R A Al T
Song%5 N2 [E]FE R FH LS T MR 25 X R 245 1 £ i B Al
AN E M R EAT T SERIAl TR, RIAESEEL T HLEh H
PRIJERER . Gao%s NPIRTY use NN H AR fE 3k
AUNME AL BN Z A R3], o AHETE A 22 Y
ZEPFEA BT TR R P AR, AT SEI T AR
HbrISem BRER, I HIUE T AESERR . Adix
L 2 A5 AL H AR s SRS #EAT 1 SER
flith, ARext HAREREAT AP0 BTk, A
FHEIFMEF AR B ARdE T LR
A ARl 1. NezhadaryaZs NPV S T —444
J9BoxNet [ 28 [/ 2 51, 1% AR Y DUIAAE [B] )3 Ay
e, I I R 1) g S S R R R O R
JE, SEEL 76 H bR E G Al . Steuernagel
S NP Kb e H A 0 S 00 4% Ak D XU E B
DL 2 28R 2R, Wit 1Rl BAs T H bR
TERMIZ BRI ZE BT . H2, XEAAEH T
VEANRE S 2 AR U AR B HE AR A5 1F B2, R i
SE—ANREIR EE R B AR AN S1 05 8 5 e 2
NN H AR IR ER 75 RAF ROy 2.



31

Wk #4E: T Transformer 82 2518 ZhHHRKINLAN R WL R B ARERERT7VA 631

ARSI BRI AR B ALY R H AR
BREFIRH T H 7% . Al alpha-shape B iLTE I
T IE AR R (P AEZE R NI S B USSR
9 e B AR T vk . SR )G, @il x) B brigsh
REHERFEREE WA E R &, 4546 Trans-
former W £ A5 TR SEIL 1 6P IR S 6 7 50 B S B0 R T
i, FERHERRR/RSIEP AR LI T X H AR
I ERER . B, @ T TH B AR RS FIE BIR
AFAT LA S 7 X BT R H AR R i PR
Ero N 7B RMASCIREIEN R, il
WA AR G B3 s R 1 5L 006 20 5 vl 4T
P, HS5HAMAEME, AR SCHTHREER I i
I RE -
> FeEm

EY R EAFREES, Hizp@shREs ] £ox
N xp = [mmin), m,m,nKIKERESECNN
B EERINESE, Kb HARE s AR N
xp = (Fr @ Ij)xp—1 + qx (1)
Hr, FOIREERERE, I, T R4, qn 2
W ZERNQ MR T S, @ NP N,
Ao B AR AR R E N & HEC R e
Hbr R = A2 n, X ge e g s 2
Wy, FHRE bR AR EN 2,
2k, = Yk, + Uk, (2)
Hrb, ypy = hi () BB ISSPIRSE, vk
VI TT 229 Ry 1) v i L
K 1) ) 2 £
Z, = {2 by 3)
1E R R T, B S HILE B ARE)
K1 S F, wmELR.
3 ETalpha-shapef) BFr3CERE1T 504
AATEE RN Y B FRFCERE T, K alpha-
shape B LX) HARFCER 4792 L. alpha-shape
FEH e e TR B N A IE KD RAE RS
FRHE I LA A, B IR B AW RS, SR Y
BB ZI1 B AR BR AR,

++*

.
y

Y al &
;
.
x

HITEAR + A

1 P A AR A

Fig. 1 Generated target measurements

BN T AN ZIM RN L, (HREELENE:

l
Zr = % Z 2.l (4)
i—1
BER, AT AR bR S A
Zy, = {21} (5)

H, zZp =210 — Zko
Z J5 ] Halpha-shape 5% 153 2] 24 7 I %1 H Ax

KRB N C
Cy = as(a, Zy) (6)
Hrdr, as(-)FIrnalpha-shapef ik, aRNE LT FT

126 ) 5 [ 242
B T ) of A2 BV R AR AU RE ) S, AR
AR AR NBIRGHE TS, AT DR A SF B KO 4 PR S
(Average K-Nearest Neighbor, AKNN){E Jy4hH[H
1R, (HRFZRIEY & AR, £
AN R 2 AR R, R AR RN I 2 R B
HAKNNK 2= H P FE AT Wz, Wik, R
FEAF BS54 ZI R B 2 5 T S L AKNNAE/E
af, WIATAGRIETHEDEEE, A AKNNREUE LT

11 &
a:AKNszzE 1di7j (7)

i=1" j=

Horbr, KNP EERAER P A2, ST

K= mmax(zk) - min(Zk)u (8)

WER2FR, HE G IE R SR AR &
RN FCSTAR AR

FERPREAEC )5, & EXBAREATIE
Bl MERRAREMRT & HITR. I AT
YR B SR AT A P AL B

ZF =s(Cy) (9)

Foof, ZF SRR ARG B s() AR S I
HEA,

3R ERRIRER A, AR TR — s e 6] 2
SEEAE, B, 7B R B
VAR, TERRSE B B, e
FOWYH, FEEE S BRI
I, B AR L AR 5 £
B T BB A S AR F -«

B 2 F AR B E TR N X, BLSETARSY
R X, B EEER AT

Xi — Xi
= Ap(Xp—o — Xp) + A1( X1 — Xi) +wy, (10)



632 A AR (R0 F13%
. pt o smR| el SR
*j to. ElE 5.0 EIME — JREER
2 i'if} 2.5 2
_._M-#-o-ﬁx_.__._ .:-:""' i
0 Pt }} & 4*‘*;:1 &*}::::4& 0 0
-2 Vel 2.5 -2
+ +
4 o rd 5.0 4
+ wh
50 25 0 25 5.0 5 5 5.0 25 0 25 5.0
(a) 7= A= AR T (b) 4Bl 3 3t [ (c) $EHUK) H brfe B
(a) The measurement points generated  (b) Peripheral circle traversal measurements (c) Extracted contours
2 F|Falpha-shape B LR H FRIEAR
Fig. 2 Target shape extraction using alpha-shape algorithm
SEHE—2, R E P(Xea|Z87) = p(X| 257 (16)
) {Xkﬂ . A 0 B 5 B
L =
Xk p(Xk|Zk—1)
X (10)FTAE SN k- k=
(10) = /p(Xk|Xk717 Z' " Yp(X | 2 A (Xg-a)
Xy — X = A(Xp—1 — X)) + wie (12) (17)
s FEE, AR DL AT D 5 7T LA
0 I . X1k-1 _ = _ _
= = X, — X, = AX - & 18
P, = AP A" + W, W} (19)

0t HARTARIIE, Ao ATAL 2 B B AL
B, wps R XERGE B TS, A
YA N0, 77 2R W), I i s
TELCEEARL N, kB 2R RS B ZF B v] & AF
wr:
ZF = H(X), — X) + uy (13)
Hr, H =01 AWMHEE, w, NHEMERH0, P
J7 2R U e i g
FESERRIL I, p, B T RN 20 Z 1T A
BER, HRXHFAFFELIREMN, BT LT EXS sk
PR g, WEIEAD . R (T) TSRS R
ReAF REAE K Ite:
Ite = (eAKNN] (14)
TESRAF RIS 20 B bR B A5 B Ja, R ERE
BATIERARAG, RIE B AN, FRMEE
JEE AT PRI A — A 56 B0k 23 585 PR AU U A8 2% %85 52 1)
Fel, AP
P(Xk|Z%) oc p(Z¥| X )p(Xr) (15)
¥R HTRMGT, RIEATH R E MR %
FEp( Xy | ZF), 38 p PO A0 R0 B E D SR S
3.1 TP

FEEHOARAE BT, 8 d s S xR
fE BT T, B

3.2 EFE

2R ZI NG B 2 5, 456 T g
WRAF B 2T ZI AR AT LA, RDRERD

p(X|Z") — p(X| Z") (20)
EH MR FEE IR T
p(Xe| Z")
B p(Zk‘Zl:kfl,Xk)p(XHZl:kfl) (21)
- p(Zk|Z1:k-1)

[FIRE, 72 DU e S T

Ky,=P H'(S;HP_ H" +1I)™* (22)

X, =X, + K, Z" (23)

P, = (I — KkSkH)P]; (24)
Hr,

Sy = HP, + U, (25)

3.3 BRSIEIE

FESE LN HARERERIT L2 /T, fERSIHST
TR R SRS T4 e BRI ARG T B aE I

KIBTERF & 5 T IE T N =M TE BB B 4%
WA IERAR M o, AR TR Y BEE N IETT



ERE Bk M%: BT TransformerE RISFNFHRMHIANE MY Fe B AR IRER /712 633
Step: 1 Step: 5 Step: 1

5.0 Y 5.0 5.0 5.0 |
+
+

2.5 : t’;" 2.5 2.5 & 2.5

+ +*4“"'f * t e I ++I+‘1‘|-+
0 a 0 0 ¥ +++++ 0

+ tp o+t & +

25 &t oed |25 25 o 25 1

++*|-+++++++ L7 % 4 N
-5.0 - - 5.0 -5.0 1, , 501
-5 0 5 -5 -5 0 5

5.0 5.0

2.5 2.5

0 0

-2.5 -2.5

-5.0 5.0
-5 0 5 -5 0 5

(a) =MIEH IR

(a) The measurement points generated

HIAR -

I

5.0 5.0
2.5 2.5 1
0 0 1
2.5 2.5 1
-5.0 1, . — 5.0 1

-5 0 5 -5 0 5

(b) B HAR
(b) Peripheral circle traversal measurements
— iR

K 3 st MR R At T

Fig. 3 Contour estimation in static scenes

2o MK, 3SR T ] A AT DL v ffy A v
FEARIR. BRR, BB B ARRiE sk kAT
ERIER, 2 LLSE e B IEALENY e H AR ERER .
4 Wl ERFRRERREE T

HArfE iz sl FE A A & BRI B R Pl RF
P, TR WA s A TH i iE s A L 8 s
B AR DL 1 T B 2 i AR AB B T

FEZYE P A, 1HHIE 3B (Constant Velo-
city Model, CV) N

10 At 0
01 0 At
Fov=10 0 1 o0 (26)
00 0 1
T
c=[p: Dy Va vy | (27)

TEINIEIZ 318 (Constant Acceleration Model,
CA) N

] , _
10 At 0 ATt 0
A2
01 0 At 0 Tt
Fox=1090 1 0 At 0 (28)
00 0 1 0 At
00 0 0 1 0
00 0 0 0 1 |

T=[Dpe Py Vo Uy Gz ay ]T (29)

18 5% 25 B (Constant Turning Model,
CT)HN

1 sinf2; At B 1 — cosf2; At
02, 2,

1 — cosf2; At sinf2; At
Fer=1]10 1 ! ! 30
oT o, 0 (30)

0 0 cosf2; At —sinf2; At

0 0 sinf2; At cosf2; At

T

T=[p: py v vy ] (31)

MUL L R 3R A L se b AN HE A L, CT
B AT DAL WA A, i i x5 (30) Hh 55 347
B804 3R AT B B A AR RV RT S I AT L I AU
Fo FERE AT H AR B B B AE R B H
REBEATATE, BRI, RAELindE NIRRT, W]
PURHIRZS H R AR U

1 0 L —-M
01 M L
F=190 N~ -0 (32)
00 O N
BB, HFRE M ZI 8 3RS A
Tp = [ Px,ks Py,ks Va, ks Vy,k ]T (33)

Hit, M 2RSSR 2 =W R



(P ) $13%

634 L
Px,k = Px,k—1 + va,k—l - ny,k—l (34)
Dyk = Pyk—1+ Mvg 1+ Loy p_1 (35)
Vg, k = NUm,k,1 - O'Uy,lcfl (36>
Uy, k = O’Uz’k,1 + N’Uy_’kfl (37)

HRLXT L, M, N, O Z i)l 1 7T LASE LR &
POBRG, BARTE, £ 4PN JrE b
ML A I B b L, M PSS HURE, IS5 A L
BN, O DS HRGE -

BN RB VR A T BT R 2, T
K45 G TR ARG TR 7 Se i BB H
PRERER o

4.1 HEMEREIRT

e, AR 4 AL T AR R o

MBS RN S B E 2., — 2
HI R AR RR R Y, PRI S i — 4R AR S
EIE S RFLIRI, 25 N a4z Sl
XTHTE A5 B BRI FEIEIR MU (5 B A 44 IR 4
FEBEAT I, RISl Xk AN [ 4 BE AR A5 8 BEAT S B,
RATEAGRI R T ARGEERRHEEE LA, NTHE
of (A FIGE AR AR R T S AT S 2, xRS
FIHARHIES BT WIS . 2 FHEd 2EEE
KBRS FE R AR AR A Th o 45 T ORI 245
BRAEAT VR )34

(1) FFAEfE B R

FEYJE HbrERER T, BEIESHE&ERERN
HAriEsh{E B, (HR% B0 I 5 Bk A7 4 2i
T RE AL EE B, A X L B AR R MR
G B, XY H AR E AT A B R
T BIE B AT R AR, A2 AR I A2 N 45
MR, RRAESR AU A K AR B E, PrbL
X E R A AR AR F O L Ao B 5 B AT R AR
T%EX[%,S?] R

XPFERALE, JEEA T E X

+o00

Y h(r)gn—7) (38)

1M S — D B P R T LU O
E(i,j)= (Ker - In)(4, )

=> > In(i+m,j+n)Ker(m,n) (39

h-g(n)

Hr, B, ) BB EREH G HMERIITER, In
A Ker 43 il A NAE FE RV HL RS, AZ A6 B TR A

m X No

[ )\
- = \\
- = \\
4 N\
Decoder
V
//
|V
o J

%

l

4 N\
conv2d
k-n+1 coc 3 k2 k1 &k
d | d | o 4 4 4,
d/ d!/ d/ dU dﬂ/ d/
onv kernel
_ J
s N\
convld
\ J
Vs O
/£ \\\
y
4 \\
Encoder
%
//
o ))

N
[ Flatten

J

N
[ Full connect

J

}
ORORONO

B 4 Mg AR B AR S

Fig. 4 Overall structure of the neural network model



31

Wk #4E: T Transformer 82 2518 ZhHHRKINLAN R WL R B ARERERT7VA 635

B IE S BRI SR DR 7 il i — 45
A — B, Hoh S4B 42 IE B
EBEATRAAESR I, RV [R] AR AA R A) R AT A5 A AL B
—YEEPURTE R AL EEAT AL, B PRI
[F] — 4k B 2 [ PR 00 2R 158 1 b 4 AR A LI 7 (5
FEI6HT7R o

(2) 15 B abr

TE 58 N & 4L FE IRHIE S BRI 5, T2
BE— D TR YEE AR, B, W R
HEAT B AT A B b LS 37 5 4 P 2 TR 98 R 10400

PESEIUAL B G DI, KB LR BRI

1) R REE 2, S I01E BN 2 e
#E@?ﬁﬁg:

2) A HE N Z A AR, B FEHEK ) &
IS 2 A A [R5 L ) 2 R o

B, xRN ZEARENER, M

%

l

4 )
conv2d
k-ntl - k3 k2 k1 k&
d, d, d, . d, d, d,
d./ dJ dJ d?/ d./ d./
conv kernel

- )
l

Encoder

Bl 5 —4ERHIE(E SR H

Fig. 5 1-D feature information extraction

ﬁn—n—&-l

CHCRCH-- N HCNC N C

conv kernel

C C © @ C C

v Yy Y Y Y Y

K conv kernel j

Kl 6 FHIE(S BRI

Fig. 6 Feature information extraction structure

ANYHENE BT ALE, p R E oo
NI, f, 2 I Ep, PR,
pi) = (1)
sin (w; - t), =2k

- {cos(wi~t), i=2k+1 (40)
e B AR PIEAE BT AL B A A R f5,  LEi
(VNI P B R 2 A6 A BAE B AR R, I HHRE
f— MM BEL I PUE Y 2 G 215 BIA F I S50,
Sk, AT S ) A B AR R AT A R
S IS, TR SR AL B PR T AL AL R . AR A
[ fftS J2 42 Transformer 25 #4 1 ) Decoder J2 41741,
AR JLZ MR AN b B 2 5, &
AREXN B ST EG, EEHAERE,
BERBENEMMETR, AE3EEEEZ, &

KA L, M, N, O3:4/MA.
EREREZET, B ENHmEadiT— 2R

B A B R, R

zte = Wiege + by (41)

Hr, Wi IBUE, b AmEE.

(3) MZ&INZ

ERARN G #E b, BT fdt A B0 2% iR s 7 i
ZEW KA (Mean Square Error, MSE) &

1< A2
MSE = ﬁ;m—m (42)

Horb, YioONBHESERME, v MRS THE . I
SR AR T R A A AE B an I8 s

22 ) 28 ABE TR ) e 28 R0 R AE — e FE B E BT
BN ZR. EARRBIES I Zad #2 Bl A )l
SREE A 12 810 km X 35N BT s 90 O £ HE o
WE9FTR, BRI RI N B AR B2 30

4.2 BN BFRIRERIEIK AR
FEA. 1 30 I A P Ao 22 DR 2 S B T IR S 72

4 )

Full connect

ANAAAACAAAODAAAAO AN
OO NONONONONONOUOFOFOFOFONeF Vg

SRS
[Ouogog¢

7 EERRE
Fig. 7 Full connect layer



636 WL (P H13%H
o Trainloss ERR ST
0.6 Xi\k—l = FkXi_1 (46)
2o FI IR 5 T
0.2 1 &
Thk-1= Z X1 (47)
0 200 400 600 800 1000 i ) =t
Step ﬁi Uﬂ“ WJ‘ 7:7% :
8 IR e o (A IRV,
peap - = 7 _ B
Fig. 8 Changes in loss values during training klk=1 " ;(X’C‘k_l Thlk 1)
SR SR, BIK(28) T R 1 S AT, e me) @ (49
ZJ5 0 75 AR AR A A T (R IR AR e A% B X LB (2)
LRI R B 175 D PR s
B I Ao AR TR 2R S A
HEE B, DU AR R A 2, 28 BEFRAS ST T B S =/ Prk (49)
715 N2 T Transformer FIALBN T R B brER ER 77 7% p cap
. X = Tk|k—1 + Sk|k_1§j (50)
(Transformer For Maneuvering Extended Target
Tracking, TFMETT), . AR R T T -
F, = TFMETT(%;,) (43) Zy o = H () (51)
T ORI 45 A AR R B Rk SCHLIR & 5 T 500
fhiit LS
(1) B Zhie-1 = — > Bl (52)
HEEA A o - e "
V[‘ﬁ/e'*/ Xk—1 E‘Jﬂﬂﬁ]‘ﬁ?:
Slccafl =\ Pﬁipl (44) cap 1 " j
. . - S :EZ(ZW@A — Zpjk-1)
Xio1 = ®k-1 + 5,700 (45) =1
Hrp, j=1,2,-,m. : (leqk—l - zklkfl)T + Ry (53)
— 3.5 1
é 3.0 1
> 925 4
250 225 -2.00 25
= (km)
0 z (km)
Sl
=
=
73 T T T T
-4 -3 -2 2.4
z (km)

9 M ZE LI ZR BT RO B 4

Fig. 9 Dataset used for network model training
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