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3D Trajectory Planning for Unmanned Aerial Vehicle Formation Based on SPER-TD3

PENG Bo', WANG Xiao-Bo’, WEI Xiang-Lin>, CHENG Jie’, QIN Hua-Wang', FAN Jian-Hua’

'(School of Electronic and Information Engineering, Nanjing University of Information Science & Technology, Nanjing 210044,
ggiiiz-third Research Institute, National University of Defense Technology, Nanjing 210Qp7, China)

Abstract: In complex terrain conditions, UAV formation path planning based on deep reinforcement learning can
optimize the path of UAV formation, with better path length and énvironmental adaptability than traditional heuristic
algorithms. However, it still has problems such as insufficient training stability and poor real-time planning. For UAV
clusters with a leader-follower mode, this study proposes a real-time 3D path planning method for UAV formation based
on the SPER-TD3 algorithm. Firstly, the prioritized experience replay mechanism based on SumTree is integrated into the
TD3 algorithm, and the SPE‘R—:I"DS algorithm is designed to determine the path of the UAV formation. Then, an angle
formation control method is used to optimize the path of the followers, and a dynamic path smoothing algorithm is applied
to optimize the steering angle. To accelerate the training convergence speed and stability of the SPER-TD3 algorithm, and
solve the long-term dependence problem, a network model structure combining LSTM, self-attention mechanism, and
multiple perceptrons is designed. Simulation experiments are conducted in environments with various obstacles. Results
show that the method mentioned above is superior to eight mainstream deep reinforcement learning algorithms in terms of
path safety coverage rate, flight path smoothness, success rate, and reward size. Its comprehensive evaluation value of

importance is 8.5% to 72.9% higher than existing methods, and it has the best training stability.
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Y Mﬂ)m

Rayne = — +
me (wmax Ymax

Forb, | AW R Ay 73 53l FE FL3ZE £ A AL R TE T A1 AR A 1 4
KB, rmax Ay max 23X L8 1 R AN (0 550K SO VFAEL. ATIZE
fis TCTH AR RIS, 45 T a2 i, H (2 b f
FEARA, P TE AN L.

SR 2Rl R B Ryotar 2E U2

Riotal = Reol + Ren + Rang (25)

(24)
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i H AR SN A

3.2 ETFREREE I X
3.2.1 4T SumTree A5G L5 R
A I, A TD iR 22 K SRR FE A 2
FEEE, TD 5 72 (B 8K DU 58 B A2 AR 1) B S . 7
TG PIREALRAE R, BT A 450 0 S5 Hh 5 2R, 1X
AIRESFEOY T — A KREZE (K TD 1 %) WA KITE
222 AR A6 IR (prioritized experience replay, PER)
T U R FERE R gD TR F TR, W IR RE i AR
B R R B AR b R A SR X PR

S ERFEA N E M, e IR B TD %
258, IITINPR 2% STk B2, i my e AR H 2%, 5 Bl
o ANNUSE PR 7 > fer BT FRRas . A B2 5.

N T EIEE TR S R PR, TR SRR,
5INT SumTree A FRAELE . SumTree A& —FhiFzk
) XB, B A B AT e A R 15 R AR
T AR TR O SUE AN, Wi 3 s, iR A
AREBERRB SRS RAE, & T HPrE 7 s e R A
Z A BEAS I ERS A E"Jﬁ%ﬁ-ﬁﬁﬁfqﬁﬁ ik

AW EUEAE TD3 Bk &, ik ANLREE X i ﬂf?*ﬁ)ﬁﬁ%ﬁﬁ%E‘Jéé%ﬁ&ﬁﬁ&ﬁ‘]%#ﬁé&ﬁ
v
soORE
R a: B
AT A2 A i 20
st Rk
“ b done: &4 R
A 3

%
' P P
T A A A
it it it ot
A A A AR A A T AR
‘ .
s s s - sk

'
s,a,r,s',done

'
s,a,r,s', done

'
s,a,r,s', done

Lot
s,a, rs', done

.\ VE3 LT SumTree BIM S FILEHy

TD3 Hik B MHERE 1 8] 4 F7 . & 6 22 00 22 b
IX SRR — U0, IFH & BN FERSEIG % SA,
6T — VB e, FARA -3 (E (s, @) BB AR
Q F%. TEREIFA H AR QIE(Q: (57 - a ) FI(Qa (5" -a)
I UM — AR E R ARy, BT, %
() M NE] Q W%, I FKAF A QI (01(s,0) A
(Qa(s,a)). A5, A ENTRKITFE Yy MSE, H = M A& 4%
MSE I3 AR B4 Q ML HI B4, Be TR, Ko
1A Q W44 375 1 O (L N B0 42 W [ 25 o, 3 76 O 11
K67 VL T A T S8 (8 2 VO 1 7).

5, R BT I8 Brfr H bR 28 HEAT 508, TD3
N T SIS 2 56 R TROM LR, 28 5 TR TS 2% e X S
E/— AR ICH, XL HE 572 SumTree
i, BANGIHAE — A5 HACIR R HIE. MEIERR
AT GRS, ‘B2 M SumTree W RFE— LA L, KR
MR TS0 Mg, RAEBRRNAKH TSGR
B2 240, B Q I 4 RIS I 2% (Actor) IS HL. 78
T W 4 4T R T, TD3 Sk 4 T HIX B 256 (1)
B TD R Z. e, FR X i 5 1 TD 5 2 ) bt
% SumTree, DASEHTAH N 256 A S 2, 1% SumTree
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I S RAR 2 fE ORI

SPER-TD3 #AFILMAR U HIL 1 fios. 36 1-7 25

EENHFFSN

|
|
|
L

2598 (s, a, r, s', done)

o4 IR X

SumTree

]

ZI e tiAr

]

]

BETE

]

TD iRz s

w

— A =
[}

WA N2 25 811 25 WIS B AL FIALRAS; 5 12-16
WABTEA; 55 17-29 25 5 M 4.

Critic P25 58
| [0 r% 1 Critio)]
1 Actor W4 H 3 ‘ 0,(s, @) ‘
FEME N 45 (Actor) ‘ ‘
7(s) \
N | [0 Mz 2 (Critio)| | 5
L oea ] : *
i 23X ==
E % \ E - 1— . ' ' ||
W \ : %‘3» y=rty(1=d)min(Q",, 0")
T B 0 W% 1 (Critic)
0'y(s', a’)
7 2 .
E*T%Wj?/)ff(Actor') min(0",0%) —]
Hx O M4 2 (Critic’)
0'(s', a’)

4 SPER-TD3 HiEH{RHELL K

%35 1. SPER-TD3 B4R

11 IR

1. Actor M %% ac, it i Zh1E a=n(6,s)

2. Critic %% q1=n(s.a), go=n(s,a), fir B E value

3. WIRIL B AR S0 0, ¢ —¢
4. WG S R A R0 MR XA SE P di B o, EEER AR 148

5. WEINESE: y (zamma), T (polyak), 2= Ky, I,

6. WEMEASH SR A o, BRI o, B BT Y] e.

7. BB HNE BB T H S 4 policy_delay

1 INZRFFoh:

8. XN ZP IR

9. WLIMIRAS

10. MRIE AT SR 7(0,s) EFENEa, #DD)\”ST‘%#&, £~N(O,a'2)
11, BATENE o, WINAF B EL N5 - RS 7
12. 15 TD i %: . "

Y y
13. 6=|r+ymin(Q, (¢',s',7r~(€',§')),ta(¢’,s’,n(e’,s’)))

14, —min(Q;(4,5.),05(.5.a))
15 W EAE R Fe 2 p=(61+)Y
16. fPA#5 4% (s.a,r,s",p) F| SumTree

17. W3R SumTree HEL B %, IRIEF LI RAER L
18 P HAE AL w=(

Yo wws

19. f§i F Actor HARMIZETHE " X R B0 E
20. a’:n’(s’)+s’, 8’~C]ip(N(O,O',2),*8,8)
21. f#H Critic HFRM 455

22. y=r+ymin(Q;(¢',s".a’),02(¢'.s".a"))

23, FHTE Critic PI%%, Fe/MEIRK:

24. Loss_Q=w - (MSE(Q1(p,5.a)=y)+MSE(Q2(¢.5,0)-y))

B

25. 4 policy delay & # Actor FI%%, e KAk 01(4,5,a(6,5))
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26. HOEHT B AR S 4

27. 0 —10+(1-1)¢’

28. ¢’ —1p+(1-1)¢

29. EHHH Critic WL IFTHEFNM TD &7, B SumTree 11

et W B AL F A 5e i E AR, ST ZE, 75 04k 45
322 MRS \ \

"

YA TD3 5%k EIR/E DDPG (deep deterministic
policy gradient) Bk Hal E 5N TBOREGE, (155
e YEAE BASORFERS. LSTM AL FRIN (R g,
I £ (S B OB e IZ 8T, R
HAACAZIX LA HAMCAS, AT 5 Bl oe AL HE BE 4 P RS
AR, LSTM AT LA B BE -~ ISR 21, kb 1 AN b 2L
I ERLS), A e e AR, BiE R INURIE Y
ARSI G B O E B 2E B AT B A E
Z EEANGNTH, TR IR S R HOoC &, A
BAELE ) RNN JRHE 5 BRI Q00T i B[] 25, S A A9 Y
RES S0 2 MBI AR R A N B, 3 1 PERe. fEm 4t
RESFNBNIE ] HH, MLP Refi8 AbBE 2 Fhia NFFAE, 44
LWL B2 A], TSRS RN SR ) 7 21 PR AS
G LSTM. HE R IbLHI J 2 2 AL 451, 1%
T TR Actor IZEA Critic IMZ&4514, tnl& 5 Fis.

Actor WK WM PR sTENTIN. 51 EN
LSTM 2, #4040 128, i % 3] faf i1 43 5L
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i H AR G N H

“RICTRLE R, AEE T b A PEAC IR A AR R A 1)
A5 2 R MLP (2 Z AN 2, 2 A EERR
R, B2 AR AT B BGEAT S A B, MLP 55 1 )2

I TR B AR AE. 5 2 A 3 B AR, fE
TEANECH 256, fi ] ReLU Wis B %L, F T ahEhik. &
Ja— E R R, AN BN 1, BEE R 2L tanh

EREE LSTM J7, fha o MOy 128, #21 LSTM JZ i FRAE S 45 Bz HH B4

|
|
e
%
|
|

|
Q'O O O
|
@ O O O :
R s : i; : > : » : ; HHE a
@ O O O v
Q' 0 @\@
| ~
LSTM]128 | ECIf128+ FC2P256|ReLU FC3[256[ReLU
WM 2 oremman
“
WO
O rT T T T T T T 0
MLP
o @@ @ [@
@ o o o,
O AR _ = | | O
EERAIZ _ [T 1 - o R
Q@ O OO =
| T |
@ O o 'O
| s |

LSTM|

128 “Il_ FC1\128

" (b) Critic M% 4K

ZfE a

\

._ "
L3

. \ » K 5  Actor Al Critic &% 45 H
Critic W% (ﬁi%f?Q W &8) [N R ARES s M Gen Intel(R) Core(TM) i7-12700H, GPU /& GeForce

a REsEH BT BERIE, HETLNECN 6, Wik GTX3060, BAF 5L A #:/E 2502 Windows 11, A
IR 28 5 PR B BN e 77, S THER AR LRI 805 ARG KR fit B~ CUDA 11.8. PyTorch 2.0.1. Python 3.10.

A sMENMEa EATHERE, B LSTM EH MLP 2, #i£
TEAN RIS R3S Actor 2% AR TR i fE % —A
Ofi, TPk 45 e RS R sV A A

Matlab 2022b. 28 4.1 T/ 48 T SLIOHEE . S8 E
Xof Ll L AE AN LRI 26 4.2 TR T g PAZE P i 1
5 R R 1 B4 R A
4.1 XWEMSHEE
ARATAE R IYBERGY) . /N BG4 1 s b AT
ERRISLLG, o SEI0 45 AT b 4. K. /NEEAGY)
WEREEWE 6 .

4 SEIGE
N T X TR SR AT Y REVEAE, 25T Python it
TATERES. [ E LIS B N CPU & 12th
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() K464

K6 K. /INEhsysh s s \ !

KAV RGP ABEALT 10x10%6 km® [ = 4E 2= [0,

B 3 AN 2 km MEIEEERRY) . 1 AR 1R |

992 km, #5242 km {9 HE Y BERSAD 1 NI 42
91 km, B9 6 km () FRT BRI /N 5 7 4 57
BEfr T 15x15x3 km’ B =4 A, 05 4 ASF400
1 km [ BRI 3 AT L4 1 km, A
1 km F (R4 TR RS AD 2 DR A2 1 km, &N
3 km B K FERSY). SPER-TD3 iR I Zk () - H 5
B 2 .
%2 ERBHRE

SRR =94 ZHE

Y PrinH-¥ 0.99

I Actor’¥: > % 0.001

I Critic® 2] & 0.001

T W R 0.005
@ S gh 25 0.6
B VR R 0.4
Max capacity 2 Al SIS S 10°
Batch size KRR 512
Adam optimizer Ak 3 > 2
Max step R EL g ¥ 500
Max Episode R R 500

42 xfEERME
42,1 X
TD3 = 2§ —Jo AHLE YLk in) @, 17 %) 122
TENML, 8 A 56 4 o O AR 58 4 25 oA 79 o 55925
HEZE. 56 4 O AU AE B2 48 FH — A rho A 1A 428 1 38 4220
B EANLPIRES(E B, 54 L d O iEZE T 42
o 2 2 IR R E P ALE RV, AN T AHLIEA S v
TR AR RO PR 1) SR ST AR PR
TEPMAS[F] HESE T, ASCSEH T TD3. DDPG.
SAC. PPO %=t DRL J7¥Z. b4k, 528 T MADDPG
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(b) /NLERIY)

HVR, R, AT LI 1 O R R, A
72 TS i A S SR e ) T b
422 XFELmEE

o e T WU 1 % 4 e 5 i (M B,
TR . KRN IR, PR A
SRITHE & B AT S AR, 5 U 3 R

B K T AU R 1380 KT 4 TS B RS

SR /N TE N HLLE PR R ik AR I R 8
EE AR,

RN T NHLENIA BRR 00 U80S 5 Tt U8
(I 43 b

L A T T VR S WA — X A Y £
B g A 1, BT e A T T e B A B 5 M
BEHE A o b -

B B SRy B BRI S5 R, 4
SR (o0, 0), BT 0 I K, 77 56 L 1E ]
eI XL o T TS AG R EL AR R Bk [ M e,
SO 2 ARG SERR A IR — AN B B, W T &
SN L5 VP A JE R A TR AR AT 10— b, 4500
TR0, 171X 1H).

I'=1-— |L — Lsafe|
Lmax - Lmln
’ _ R _anin
B Rmax — Rmin (26)
§'=S
c’'=C

Horb, LEBARKEE, REZIME, S RRINFE, CRPIL
LAEFHR. Lnin S BRE K BR/ME, Lna 2B K
FERI R, Laae 72 R A BRARK L, Riin A2 22 JilE 1 552
ME, Rinax 2R ERRKRE. L' R S' C' 9N
L. R. S~ CA—MLJEBIME. P2 47 o S )
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i H AR SN A

RARGLE[, 1]IX[A]PY, H AT DA BB A — A
AT E A SR A VA .

I=wp L' +wr-R +ws-S" +wc-C’ 27
b, PREZEMZGEVEGE, oy o ws we 7
AR RE . RIhE. Pl A AR
. o BRI SR B8 AT (10 505 TE SR, T ek A7 3
N TB) RN BE VR Y FE; cop BRI 150 22 il B A2 1 SRV L B R
K, Sl T R SR AT 555 ws BRI R 28 5
e PR B AR TAEL B R, AT 930/ A 55 2R IR IRV . o 0K
I8 22 42 78 7 20 = I B A TE K, A Bh T3t i fE 55
()22 Ak BT AR SRR RN L A R B s Ak 2 ) Bk
177K 2 . T AN 22 42 78 7 4

FRIE L, 5 SRR RAR St (3R A AL 0 TR
BV R LG 4 T P 4, 39 R gt —

AT B, BRI S . SRR AL
i T 4 R, AT 2 A 1, DR
BARERE 174. 8

A

» (km)

x (km)

() NLBIZE=FHE

B
®

13 (FEERDHH
43.1  ZmEAELI I T

5 = T A BRI, BB 0 £ 285 A
SR A LT B N I A I TEA DL
Bt 7 B,

R R, LR A 0012 2 4] B 36
SVH DAt — A R BB R R, ST 7
ST BINERBEE 1. 2. I 7 T L, iR
I O A B
SBT3, 36 5 500 s

o T X H A DT 5T B T 4
%ﬁ@@ﬁﬂ%ﬁ3%kl7¢ﬁ%?%wF%m%
126 3 RN R HOROK . 202 BT BV A
W 0 R T 40 7 2 5 5 0T, 6 S T
SRR, TEFEIZE (0°, 180°) A, 4 7 ph I B4 1
T35 A5 5 B, 345052 s B 145 A A
R

15 2L

» (km)

(b) NL# k-1 fE

VU BT T A A

2 #3 MR ()

. BB 1 BRBEE2
Bk 1 2 3 S Ty
59.89 158.95 50.00 177.75 76 26 88.08
N L3833 il @ 89.61 @ @ O 114.03
44.63 53.65 56.72 5808 52.35 53.62
N TLRIGE-FB G O O 51.67 @ 54.68
| o cawl
432 FEVEREML B Sk R AR bR TP AR KRG, fRIE T 2 Ak
BOEMERE IR AN 4 Fros, AT WA S iR A AR RN Ul e B SR IR BWEA TR0,
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H5ULERAT Y MADDPG B0} b, B Sk e oh % F 4 RBERALSE SI SRR
WEAR, T At 4 BEFE AR 3 T- MADDPG, BMUFHE T & ik fﬁfﬁ/‘ i’fﬁ REUES }gf‘j% RS
2 A b Bl A s FN . e € (km) KA (%) BEE (%) PHAE
ZRertEREMLT MADDPG. X LR AR e 4 & b LT SPER-TD3 13.26 29.96 98.80  33.33 0.650
%, ITE 1R BRI P i It A SO S BRI LR G L3, MADDPG 13.17 29.92 99.00  19.40 0.596
St 4 RS FR T R 0 T O VA A, T SE4x kb TD3 1333 3092 98.40  24.84 0.585
AT OHTD3  13.60 30.70 98.00  31.43 0.642
= 2y ST A A G
1&{$}§§§1{%1}ﬁ%, HEAERILITE. B ) 550t DDPG 12.84 28.54 97.40 2272 0.599
Wk 8 fiow, 1EF 3 Bl & 32 b fabr 4, A SCHTE 5e4 b DDPG 1378 32.01 94.00  31.22 0.477
B3 [l & R AE BT A B AL T 5 1 BRRA, H se4 Al SAC 1274 29.86 9220 30.43 0478
TE /N R RS ER 5 o e . of He LA B2 Sk, RN ER sedfuib SAC 1377 31.47 90.60‘ \2(6).57 0.498
. . . . SEAFOMHPPO 1392 31.91 72.20 .57 0.376
53 N W SIE B 35 IA B e bk, - HAR e M B e W T
« ! ‘ -
= -
N e f— v e SR SRS
-30 | A4 Y 'zlgiﬁ/f
_32 L
_34 L
o 36
5 v
Ko |
-40 N,\
—42 V\f
—44
0 100 200 300 400 500
Il 45 %
—— SPER-TD3 — AL PPO —— SE4ulk TD3 — SE4x ik SAC —— MADDPG
—— EAXRPOTD3  —— 5E4ME DDPG —— 584 F b DDPG —— S5E4xHMb SAC .
(a) KBRS B + \ \
L -
-25
_30 -
-35
-
b
® —40
—45
_50 L
0 100 200 300 400 500
Il 45 %
—— SPER-TD3 —— AR TDY —— EAdETDY  —— AL SAC — AL SAC

—— 5e4=% ik DDPG —— MADDPG
(b) /NEYFERG IR

B8 15y lml e 2 il iy £ 5]

—— 54k DDPG —— 54 h 0k PPO
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5 45

BEXE AR B G )A S, A 30T SPER-TD3 Bk
HBEAT TC L4 BA RS FE I 72, 1 53 6 N B BA 4
il SRR AT SO R AR T T A B R R L A R
iR, T IR BE 5 1 T S A PUE T FIE, fEARIE
PRI 224 BT I8 0 [R] B R 457 4 A PRI A 48—,
HAETE T R B, K, fE3E Y SPER-TD3 &
B, SR T & T SumTree FOHLSE BIBHL 1l % 22 36 12F
ATRFE, INAR T 2 ) BE, S FE AR AR 1R T
454 LSTM. EE R SIS LA K 2 BRIATL I ) 25 A
RAGERE, INPRICSOE BE, SR T RE I G e 1. 5250 25
RRW, FERBESY) . N RRAG Y SIS IR B, 4RBA
(R I8~ i B 1 380 B R AR T, AT OR$E R 47, SE M RE
E, iR AEE SR . w4at, REESETT
PRI ROAIE. AEE— 8 BIRIE T AR R, ATBLRE A ST
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S0k
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2 Tang J, Duan HB, Lao SY. Swarm intelligence algorithms
for multiple unmanned aerial vehicles collaboration: A
comprehensive review. Artificial Intelligence Review, 2023,
56(5): 4295-4327. [doi: 10.1007/s10462-022-10281-7]
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