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Multi-UAV collaborative mission planning for aircraft skin coverage
detection

PIAO Min-nan, LI Hao-long, LI Hai-feng', FAN Long-fei
(College of Computer Science and Technology, Civil Aviation University of China, Tianjin 300300, China)

Abstract: In view of the bottlenecks of traditional manual detection in the scenario of aircraft skin cover detection,
such as low operation efficiency and strict detection timeliness constraints, the existing research mostly focuses on the
technical solutions of multi-UAV collaborative operation, among which multi-UAV cooperative mission planning
(MCMP) for aircraft skin cover detection is the problem model describing the collaborative detection of multiple
UAVs, and the current algorithms mostly use heuristic algorithms. However, the speed of the solution and the quality of
the solution cannot meet the actual requirements. To solve this problem, the MCMP problem is modeled as a
capacitated vehicle routing problem (CVRP) with capacity constraints, and a two-stage deep reinforcement learning
(TSDRL) solution model is proposed. In the first stage, the optimal number of UAVs is solved using a strategy network
based on attention mechanism according to the number of nodes. In the second stage, a new encoder-decoder structure
strategy network is designed to construct the path of each UAV. Trained with policy gradient methods, this model
efficiently computes high-quality paths for each unmanned aerial vehicle. In order to solve the collision problem of the
3D environment, the RRT* algorithm is used to optimize the path to meet the collision constraints. Simulation results
show that the proposed model is superior to the existing deep reinforcement learning methods and heuristic algorithms
in terms of computational efficiency and solution quality, and the model has good generalization and can be applied to
different models.

Keywords: aircraft skin inspection; mission planning; deep reinforcement learning; attention aggregation
mechanism; policy gradient
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. i [BT T5T Trun]~Tnun] !
e alo LA o /Vi
i | |
TNBLIE
2% B BAHR
AT 512
Project \
I
enﬂde
|mask,‘ Project
i
KR A i

E3 %2 MrEimiges- R s



E3H A @) RALE R B Z AN S AN R AE S LX) 815
WG, NI AN E —NFRE Loy N TEU7 ] R IS FE el iy Se i #5082 A

= [Birs 00 1), (B, o)), LI ATEA
HLAIR S fﬁlﬂ?*tﬁﬁ%ﬂéf“ v 512 4E 1) FF

4% )2 358 NS AE RN HY . B Fon i
MHUER St — LTRSS (G — AT g =
Uerbkr, i, = (Q' — O, — RRT"(z,2°)) R/

PZRTE ANALTERT (B 2P ¢ — 10] DL AT 45 A 4 A 1 361
RATEEE.

B XCEREETE AN WL ? FE B 8]0 ¢ 1 BR AR R AE =T
X G = [E,8, ..., &, K& AT E S
t — 1B Z 977 1] 05 SRS B K BT T A WL
éﬁﬁL?IlﬁﬁBﬁjﬁ/m%ﬁ@i‘%, FEEANTEN
MBI 2 E R SCCR = [CF, ..., CUn], FEXT 12
E RS OR AT RS RA 512 é’ﬁE’J FF W24 2 PA3R
PRI (]2 ¢ B AR R AE RN H ¥ B3R T AWLEE
TEMRN HY 5B RIE RN HR R, ﬁﬂ%lﬂ?ﬁ
AR S E W Fb, & ER 347 b3, FFd
softmax R MR M &Ep) , B

H, = WIIH, HF] + by, (27)

p, = softmax(H,).

3) B AR
FEHETVE R WL DRL R e R i
AN H BRI 3— AR G — MR #0759 RO
3 HB LR, Horb RN I8 I I AT Y SR T
TEVHEAS 2. SR, 3R F 77 925 o i — it I () 22 44 1) il
gy B Ja — IR BT A ERN, ToiE B A R IR
R, BRE T To ANUAE G £ SO 2 A o 3R
RE 77, A58 FE DLk 33 B 0799 . D A R I — ) L, 7
FEE R 28 50 70 Vo B SR A B i B i o ) A TR
Bl RN, 3858 B R S et 1y sh A5, {5 H R i 1k
Tff b e WOIR A 5 A% 0 B2 b i A8 4k, 35 B e ABLd #¢

AR A

BIZR AR (a1 4 From) B e SRR 25
4, B U5 1) FH A 7 I BT R AR AR AN [ A P ik
N, AT B (8] 25 ¢ DL erede FIHE RS (151 40 15 ) 5 5
mask;, HH &V sbrid o 1, HRN 0)1ER

(28)

THHE B JITBCE, 2R 5 5 75 M #E1S mask; Fl e 4
3P, BEINBLE BTG U5 [ 55 A R et 5 AM!
FT R A EAE A BN A, A T DRk B 4
JE PR AE Ry 350 2 25 KR, g ereder [P B A 5 i KB
TR, TR R N HY 4

¢" " = softmax(W,,e"") ® mask; ® ", (29)

Anode v,
= Concat( E ;

EEIJWWET%ZE‘J%%%Z.

595 B R AR, B S BW,
masky™ IRV i 45 5 B RN DU R AL A . =%
J& BV 1) R AN 1904 5 BAT AN TR 3G, AR SR
S AN (7] 1) J SR MRy T AL B, 3491 D g B 5%
M B SO A, BRI AR )22 ¢ R, BRSO
0 85 U I BTN H s R i BN L AT N
BLER 1 AR A 1 R5 1A 75 N AL, Rom oA
Hunv node 6110(1(‘) (31)

t?t’tl

¥ B SCHRN ent = FIFT A 5 RURN et ik A
MHA JZ, 3K FI 2R ICHR [23] ) BER P 5
HANF 52, AR et (O 1 ] B 0, 4 W I 1)
W) MN fo, f i fy 822, X FE5 N0 € [1,n]/
T, FE T Eya ST RN e i R A
B, A

maX énode 'u)7 (30)

et = concat(H v

€A =
MHA(fQ — econtext’ fK — enOde, v = enOde).
(32)
- tant (Ve (Wicer))
_ Vi ’
He = mask; = 1;
— 00, otherwise.
(33)

B a8 BN softmax H, #5326 T8 AL v, Fr
A RERAE D, N SRS IR BN 27, P RHT
V7 A mask , AR D7 i) 8 Y mask”), ,, 58T 0
T

o i e Fi A i 1a] & AV v ]
[ ] [ ] [ ] [ ] [ ) [ ) [ ] () ® (]
R [ ) [ ) > . [ ) ° [ ] M oo () ° ) 4 Y o ] - ] RGN " () ® [ ]
[ ] [ ] o
[ ] [ ] [) ° ] [ ] [ ] 9 [ ] °
A RN i A% it 2% i
B4 ER&GFEE



816 = % 5

xR E41%

K 1,i= A2 15 (34)
mask],,, = .
bt mask!,, otherwise.
unv v
mask;; , = 1 —mask;, . (35)

2.3 SREEPISIZ TR

PR B IR i A o ) B A8 AT TRl R A U
REINFORCE 53k JEAT Yl . Il 5 s A i 3 2
EH P> P 28 R AIE: — 2 SRS N 2% 0 = (6,,0,), Hrh
0, M0, 73 AL 1 B BoNES 2 B B o mg i 2%, —
FE IR LR 4 0% = (0%, 051), Horp gb R 0y 4y AR R
BB BUAEE 2 [ B AR A W 4% . 45 E — A MCMP
RS9 B, SN 2% 0 8 S A — B S ERE R 1)
pe(m,|B), W5 LLBEALRAE (1) 77 20 H I SR i
7, = sample(py (7| B)), T2 W) 26 IR 55 Ho 4 Hi 3
VERE 2 18] £ poi (| B) LA 0 25 106 45 1) 07 = tH 6 &
FWE b = greedy (pou (7| B)). R85 R RIEHIEVE
il FEmE I R L(0|B) = E,, ) [R(7)],
i R(m) ARG T = {0, Ty - ., T PR FEIR. R
HI REINFORCE 59 7+ 5 S W A BE, A 66 52 1 o
()77 BT S Y 2 224, )

V,L(0|B) =

— By [(R(m) — R(7")) Vo log po(m| B)], (36)

6 = Adam(6, VL(0|B)). (37)

FELE I 25 60 F T PEAl S5 B AE 5 72 B2, AT
A Rk U o B Hh SR X 28 56 B (1) 8 B . BRI
28 1 SRR FH LR AL, FERFEC IR G, IR, o SR
WX 4 0 5 Bk 2 X 4% 0P R 1 B 3R AT R L. BLAA T &, J8
B EEIKE o = 0.05 [R5, 5 5 IS 1) 265 11 A
BT AL 48, T F S I 2% 1) 2 506 B R Ak 2k
W28 1) 2 H 071X P B 7 T RE {5 2 I 2% A T
P, 3B SR X 4% (1) M RE.

3 PHEST
3.1 EHFERFERE

15 BR F B A ARR M3 737-300 FE 8, 5
2 B S B A R T SCHR [19] FO 7 05 A2 B ¥, 8
1% 5 A AR N 30-1 (30 N A, 1 AMESS RIS
R, BANLRK AT EE BN 400 m). 50-1 (50 15 4,
1 AMES L 4A 5, T ALK ©AT FE B 9 400 m)
90-1 (90 AN75 ki, 1 MES LA &, T AWLE K KAT
PRGN 400 m) FOAS[E] 75 s 504 4R, 5 PR ) B4t
% 20 000 &, FEHIE AR SHME L E AR
PAKAE FRRT v 55 pd 2 ) (1) o Rl 2% 12 X
BRI B A A B, I T B BB AL I 2k, b Ah,
f#i Fi] pytorch 523 TSDRL 5i4: [ B AR HE 28, 78 #LaK

GPU (1080ti, & 77 64 G) Ll %, fEiB 4T ¥ 8 N
Intel-Core i9-CPU/2.50 GHz ] win10 #:1F & 4t L it
A7 EA K. A A A A A2 B 100 271 A 08
T, B3 s A 2 AT 5 A 4R AR bR A TE
P = A AR ) B /IMEL R B K AR YO R 2 AN BERLAE X
32 BEEUEBHRRE

TERERI YN ZRBr B, B — U (30-1. 50-1. 90-1)
AR, IR RBEE N 100, B — AN RIIZE 1000

100, F£48 A Adam {1k 28 A0 A0 1S S 50, W) 462 )
RENT x 1074 XFF A [F B RS (7] 851, 73 0 7E
XL R 100 545, 44 B A I 45 A A
TN ERE (H#UAVs R, DAY AL, 45
R EFY A B AN B I K AT EE B (FH obj &
N, BLm ALY BV 3 SR AR I 1] () time %
7N, BLs AT AT Gap (55 36 HE S VR I 22 B 4
L) VB A Y M BE VEAL FE AR, BRARIE LR, 7R U8
IS AT I E] P SEIR BRI B bR B R BB A AR R
R,
3.3 EHAMEER RN L

XFF MCMP i) #, A% S0 22 Fhsodh 1 3 o xC
J7 A AR R A4 1) SISRs™Y, —FhiE T
VRP J¢ HARR [ Je it B R AR 2) SA, — ot
REALIR K 51k, 5 T Al ¥ CVRP S AR A i 8
3) AMYY, %77 vkl i 2 5] T S B SR IE O CVRP
Jo JLAS A ] BEHR AL AR vk 7 565 4) GATE, — R Ik 22
120 B 2 45 SR AR CVRP B JL AR 44 i 1) 7
hORSCREEE T BT A S LR B AR, RS
TSDRL 532 A ~F LL AL, ¥ SISRs £l SA # & £ 5 x}
ST HRORAF — B, IEARFE IR Y SRR £k 30-1 #)
BEIEAR BN 1000; 50-1 KL IE AR ECA 10000,
90-1 FHLIE AL R E N 100000. X T AM 1 GAT &
%, ¥ XT L HAE Greedy TR B& Al Sample1000 g T
f) 45 3, Hodr Sample1000 5 M 3 i 5K A% A4 % 1000
AN, R EMEER, B SRR R . A SO R
1) TSDRL J5 i % 4 & 28 3o & 2k ) 25 15 2 1,
TSDRL(Greedy) 1 TSDRL(Samplel1000)%) %l % 7~
TSDRL K F 7 25 S i A Bl AL R A S i 340, N T
N TR AR 22 B, LL SISRs (1) 3R fif 45 SR
N EWE, tEHMEEERREELS
SISRs H xR EE Ly, < IR 28R, H

Lsns — L
Gap = —2 % 100%. (38)
SISRs

5 &R T GAT. AM fil TSDRL 7E 90-1 #{
TSI 2. YT S T R R R ST R, Y
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A 5 B LR R B E AN S T ABLIRF A 4L K] 817

ZRECIRBEE N 100 56, HA S ERFFAZ. 7RI
ZRE T (1 ~ 30 #6K), AM A1 GAT f2% >) # 28 e 5
R BE R HEN 30 30K JE, 3 2Rz it 1.
FHEEZ T, TSDRL 2% 3] i 28 W 5 8P 2%, 1 20 4
RFESE 2N B %, 2 J5 F RS TSDRL MY
TEWSIGE B _EAT GAT Al AM, H 3R 15 1) 55 28 32 Jil
B EE AR, XA T A ST S MCMP 1] SR HE
AR B S BN ST AN SE T B AR
T B A R AR AR, B0 SR X 4% R i e R AR TGN
ML 4R B SE AL BE A2 i, AT SE LR GE IS 8K

400 —
AM
——Our/TSDRL

380

Reward

360

340 0 2I0 4IO 6I0 8IO 100
Epoch
Es5 90-1 MR T SHEXIIZIIE

B 6 45 H T IX B BVRTE 90-1 AU R (1) 1% 428
KRB E (FRRTY), BB &RETRT
AR AR 45 . A SOl i 15 71 X BN Gate %
G UL EIREBE, AR T U RS AR
T B A B S L, AT ST T ANLEE
B, 1 ~ R 3 TR RF
LR e, okl i A SCHE Y TSDRL 51k
(18 A& Greedy I& 4% Sample 1000) 7EAS [F] LB T )
F 1 T B AN SR AR RS HR T AM FI GAT Bk, I H
7 30-1 MR N IXFp i34 5 3. BAR SA FL M i
Z TN, HA#R BRI T TSDRL (Greedy) Al AM
5039%, B4R K TSDRL (Sample 1000), H.7£ 3K fi# %%
R AU TSDRL. SISRs 5% 76 AN [ MR T 4R 4
TREF S AR I 5T, I TSDRL 78 fif 1 57 B _F i 3

T SISRs, {HAER fif 0% 50 BARH, X Fh 22 ¥ 25 b
51 AR B o vk /b . 4% B FTiA, TSDRL $.9%
TEFR I 5t S AN TH BRI ARE T AM F1 GAT &
VR I AR R ) A B Tn) RS I 3R
SISRs F1 SA ) i1 & I [8] JL-F 2 5 e g K,
TSDRL [ 71 53 B ) D) 52 2 M 3 4K, DRk 7 AT 28 A
XM 5T, TSDRL &% B A 8w RS8R A R
UF (1) 5 2, L BB % T PRI b 3E N 5 2% 1R T 2R A
Jr

3.4 VHRESZE

N TSR T — A RN A A b K B R A A
PLAE TSDRL HEZE o i DTk, e vl 17 7™ A% (1) 9 Rl o
5. eI E 4 DX ELA: 1) TSDRL-NT {4 B W& I
—HE TR GRS ER R R &8, 2) TSDRL-
N2 RE R GHEIHEBR O EIHS L 5T R G
Ht; 3) TSDRL-N3 Al BBk ik 3 A SCRERHL 4) 5¢
# TSDRL E A x] B 4H.

Wi 7 frw, £ 90-1 BN, 4 AS0F LA )11 25
2k 2P 2% 22 . TSDRL-N1 J& 3 HS &% B AU 8
AL, HolZrid #2 & A FFa. AHEE 2R, TSDRL-N3
PRI VAT S50 i e 1 . TSDRL-N2 78 Il 2547 B 52 0L T P&
&%, HIWSUE B EAR T H AR R AL 256 T 5,
TSDRL fit& 7 TSDRL-N1 5 TSDRL-N2 {34, A~
IR FE T ke e, 1 B 5 RS S AR .

T4~ K6 MVEAXS LB — DRI 7EE
B[R 75 T, WE 5 — 4k 5 1R A B (TSDRL-N1
4H) A 28 A R E (TSDRL-N2 41) 7 30-1 F1 50-1
BB T 2RI 2 32 PR RE T AMEE. 7R 30-1 AUBH,
TSDRL-N1 (Sample) 55 TSDRL-N2 (Sample) Z 1 53
WA 32.93% il 27.19%, 1 5€ % TSDRL ¥ % #f [%
£ 18.48%, X FHHLRAE 90-1 MUAR H 5E B 2, 3% B
It 2 e i RABE 1 O, PR AN AT ) i [ 280 SR R B B 4

(a) AM(Greedy)

(b) AM(Sample 1000)

(¢) GAT(Greedy) (d) GAT(Sample 1000)

(e) TSDRL(Greedy)

(f) TSDRL(Sample 1000)

(g) SA (h) SISRS

Ele 90-1 MR T HHMELREMAXTEE



818 #= # 5 *x K F41%
Rl 30-1 MR T AEEERBREERIIEL 4 30-1 MR T KIRLEERXTEE
A7 obj./m time/s #UAVs  Gap/% Bk obj/m  time/s #UAVs  Gap/%
SISRS 209.45  334.68 1 — TSDRL-N1 (Greedy) 32055 0.52 1 53.04
SA 259.52  133.45 2 14.36 TSDRL-NI (Sample 1000) 27843  5.40 1 32.93
AM (Greedy) 362.83 0.59 1 73.22 TSDRL-N2 (Greedy) 30461 0.55 1 45.43
AM (Sample 1000) 285.46 5.80 1 36.29 TSDRL-N2 (Sample 1000) ~ 266.40 528 1 27.19
GAT (Greedy) 302.74 0.96 1 44.54 TSDRL-N3 (Greedy) 362.83  0.59 1 73.23
GAT (Sample 1000) 24816  20.15 1 28.37 TSDRL-N3 (Sample 1000) ~ 285.46  5.80 1 36.29
TSDRL (Greedy) 296.43 0.57 1 41.52 TSDRL (Greedy) 296.43  0.57 1 41.53
TSDRL (Sample 1000)  248.16 5.80 1 18.45 TSDRL (Sample 1000) 24816  5.80 1 18.48
FR2  50-1 MR T AR EEKBRLERITLL 5 50-1 MR T KIRLEERXTEE
ik obj/m  time/s  #UAVs  Gap/% ik obj/m  time/s  #UAVs  Gap/%
SISRs 25712 589.46 2 — TSDRL-N1 (Greedy) 370.11 055 2 43.94
SA 348.62  317.23 3 35.58 TSDRL-NI (Sample 1000) 34525 523 2 34.28
AM (Greedy) 371.96 0.62 2 44.66 TSDRL-N2 (Greedy) 360.10 0.58 2 40.05
AM (Sample 1000) 350.20 6.60 2 36.20 TSDRL-N2 (Sample 1000)  340.55 5.92 2 32.45
GAT (Greedy) 367.87 0.88 2 43.07 TSDRL-N3 (Greedy) 371.96  0.62 2 44.66
GAT (Sample 1000) 344.94 24.48 2 34.15 TSDRL-N3 (Sample 1000) ~ 350.20  6.60 2 36.20
TSDRL (Greedy) 354.21 0.59 2 38.20 TSDRL (Greedy) 354.21 0.59 2 37.76
TSDRL (Sample 1000)  334.59 6.40 2 30.12 TSDRL (Sample 1000) 33459 640 2 30.13
=3 90-1 MR T AR EEKBRLERITLL 6 90-1 MR T KIRLERXTEL
A7 obj./m time/s #UAVs  Gap/% Bk obj./m  time/s #UAVs  Gap/%
SISRs 329.16  1108.47 4 — TSDRL-N1 (Greedy) 38143 0.59 4 15.88
SA 366.55  784.62 5 11.3 TSDRL-NI (Sample 1000) 36271  7.82 4 10.19
AM (Greedy) 389.45 0.66 4 18.31 TSDRL-N2 (Greedy) 370.98  0.63 4 12.71
AM (Sample 1000) 367.25 $.80 4 11.57 TSDRL-N2 (Sample 1000) ~ 358.64  7.82 4 8.96
GAT (Greedy) 370.86 1.33 4 12.66 TSDRL-N3 (Greedy) 389.45 0.6 4 18.32
GAT (Sample 1000) 364.83 32.15 4 10.83 TSDRL-N3 (Sample 1000) ~ 367.25 8.80 4 11.57
TSDRL (Greedy) 368.32 0.61 4 11.89 TSDRL (Greedy) 36832 0.61 4 11.90
TSDRL (Sample 1000)  352.63 8.60 4 7.14 TSDRL (Sample 1000) 352.63 8.60 4 7.13
400 — TSDRL-N, YR,
W N WA TSDRL- : y Al
= a0 [P WPAAGAN — TSDEE 35 HEFHSRLRS
: W 351 HEFFESH
2 360} ‘U\ff"‘ M A M 1) 5 1 frombis 2e-fihs 3.
v IRig2%: XA 6 )2 Transformer 4514, & E G &
0020 40 60 80 100 % SLVER ) MHA AR5 4% FFN. MHA 15 2 %

Epoch
E7 90-1 FIR T HRSLIIZRE T2

TEASE SR I RS B 7 1T, 1 SR B B LA /N AR )
5t (30-1) 7 I B R ) DT Bk (TSDRL-N2 L
TSDRL-N1 &7t 5.74 A~ 4 i), X R HE RSB
B K A R AN B S SRR AE AE L, T B I — 4k
HTTREBHAE R 5 (90-1) Hh R I H B 47 1)

N O(N?- D) (NN S %, D=128), FFN }
O(N -D?), & % 4 2% 5 7% J£ A 6(O(N?- D)+
O(N - D?)).

G A AR LT, B SO (BRI
AR T AR RN AR RS Q) I ] 5 2
FE N O(1), Glimpse VE & ) (TH B e o, il i
AR E)ERENON), BENBHEXREN
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A 5 B LR R B E AN S T ABLIRF A 4L K] 819

O(N), Softmax #ZF 3 At HEREANO(N), Kt
HOB RN O(N). S 8] 25 $ 76 R 45 N A5 4
(INEHE ), fRID 2R B E 4 E NO(N?).

2) 55 2 My Bt gm i as- R hg 45

I gs: S A 6 J2 Transformer 45 #4), &2 05
% LVER /7 (MHA) ARG 45 W 4% (FEN), MHA 5
HHERNO(N?- D) (N RN M, D=128), FFN
N O(N - D?), XU #EJ3 — 46 AT 45 % & 3
O(N - D)JF4S, M 4Tt 58 5 4 £ 6(O(N? - D)+
O(N - D*) + O(N - D)).

fife i 35 B EIR S B FE THE R VT iR/ 2 5 17
TFRERT (FO(N - D?)), T ANLEFH 1 1%
AR AL FE 5N O(Upn - D) T8 (U N TEAHLEL
). ¥ MM EENO(N - D* + U, - D?), 5%
BARID I ERENO(N? - D?).
352 XESH

A OCHE % R R % O S8, A
FE AL AT B 0SB T AU JE L D98 2,
XS R H BT T B RO AE T AR E R
SRR b MRSk E) T ERE A AT 4
ANFRFE B R I AE 75 dim (T S RNGERE) S XL T
BRI AR R AE SRR IR A B8 B, B R R B 2 5 &
B Re I A S HOREL N (D28 250 e T
TR 3R A7 R AE 1 SR 350 (RO VR B, S5 i K 2 AR ot
RZRAAE B EXREE M2 T, EARE TS
PRAL G 8 2 8, R AR SRR S5 4 it
A PR SR R T SR AR DG, SR, AT I 28 X 4%
(FFN) 122 B8 H 2L, {H{E Transformer 4244 1@
TP IR PR SHES dim B, s AR
BERAZ 0 B T R AN M dim N 23
I, A0 M dims NAE %O A8 = 34T 55 #r. DA
90-1 HEAE Ay 5], 1 A B3 A 20 2 AR 47— B, T ek
A5 3 PP S HOR SR I 24, R 7 ~ K 9 FR.

HE 7 ~ RN, FEERE LB, UM
= 8, Greedy A1 Sample1000 %1% 1) H b 28 215 H
IR BB ARAE, (2 MY KA 16 B, SRAgRZE R = f T
T, RSB 2 S BRI RAEGE ). 7677 SR
Y B 7 THI, 128 4E 1 BE i A (Greedy : 368.32m,
Sample :352.63 m), 4k FF A 256 A1 512 B, 3K
it 8 RN S 38, [Fi) B SR A oy [ 3 384, 9 B o o 4 5
Ay R RAEIY 2 S M AT BESI N TUAR MRS . 16 gm b 2%
EHOTIH, 6 245 (N = 6) BEMT 4 2 (Greedy
SR ZEHE 477 m), (HIEE 8 Z B PERE /IR T &
(Greedy : 369.73m) H it 5 AER B 2340, R 2

®T  90-1 BUE T AEEE K BURBLERISEL

KHESH obj./m time/s #UAVs Gap/%
TSDRL(Greedy, M = 4) 379.40 055 4 15.26
TSDRL(Sample 1000, M = 4)  369.12 7.2 4 12.14
TSDRL(Greedy, M = 8) 36832  0.61 4 11.90
TSDRL(Sample 1000, M = 8)  352.63  8.60 4 7.13
TSDRL(Greedy, M = 16) 37743 072 4 14.66
TSDRL(Sample 1000, M = 16) 36729 9.4 4 11.58

RS  90-1 HUE T ANETI mER NS KBRS R XS EE

KEESH obj/m time/s #UAVs Gap/%

TSDRL(Greedy, dim = 128) 369.22  0.66 4 11.90

TSDRL(Sample 1000, dim = 128) 352.63 830s 4 7.13
TSDRL(Greedy, dim = 256) 37047  0.61 4 12.55
TSDRL(Sample 1000, dim = 256) 360.12  8.60 4 9.41

TSDRL(Greedy, dim = 512) 37590  0.74 4 14.20

TSDRL(Sample 1000, dim = 512) 367.19  9.35 4 11.55

F9  90-1 METARERBEHKBLERTTEL

KHESH obj./m time/s #UAVs  Gap/%
TSDRL(Greedy, N = 4) 373.09  0.53 4 13.35
TSDRL(Sample 1000, N = 4)  368.43  7.89 4 11.93
TSDRL(Greedy, N = 6) 36832  0.61 4 11.90
TSDRL(Sample 1000, N = 6)  352.63  8.60 4 7.13
TSDRL(Greedy, N = 8) 369.73  0.79 4 12.33
TSDRL(Sample 1000, N = 8) 365.87  10.41 4 11.16

ook IR AT R T SO AR AL R S A A
(M =8, dim = 128, N = 6) TEff i &5 3R M
15 1l
3.6 BHLEZAERLE

N T A TR B TSDRL BAL3Z 1L fE H1, A
16 3 VR B ] U s R T R, DU R AR )
S, AE BRI AN R SR AL ) AL SR B AR [R5
MU OTVERE, T R T RRAEE 22 e, PRI 1%
BRSSP e R [RI R B YL RISt . 5
TP 737-100 A % 3 R RURE I £ £ (20-1. 40-
1. 80-1), Jf K TSDRL # B 7£ % ¥ 737-300 ] 90-1
FIASE ) 750 2% 5T 1) 9 SR W S FH T 2R R SE A K
TSDRL 5 AM. GAT %55 77 L 34T %5 L, PAPEAL
BRI (yz A 02 SR an 18] 8 P, TESK A H Ar ik
7 1H, TSDRL (JC it /& Greedy i&#2 Sample 1000)
BT AM Al GAT, [A it TSDRL (Sample 1000) F
A I R APERE ). A )RR 3G OK, 4 T
PP RO AT 2O K HE B TR



820 = % 5 X K £41%

AU R AT R B PR ), 4 ARy 2 T 22 R 2093.

R B BN K, TSDRL (Sample 1000) (6] Zhang Y X, Wang Q. Shen ., ct al. An online pat

" . - " planning  algorithm or  autonomous  marine
4R 4 B4 7 H.

BRSSO & L jiridt, TSDRL BRARR geomorphological — surveys based on AUV[J].

oy iz AL RE

»- AM(Sample 1000)
-4 TSDRL(Greedy)
v -+~ TSDRL(Sample 1000)
i ¥ GAT(Greedy)
220+ ¥ -# GAT(Sample 1000)

20-1 Fi 40-1 FAs 80-1 HA
&8 1ERLZ IR R REXTEL

4 & #

BEXT RN TR ZEAR AT AL A I (1 3 5, A5
PE T Bl T IR SR 2 3] SR AR A A A A
551 B BRI T B E SR AR ANLECE, 2 B
W gt 2% 51 NOUE AL — AN 3R A AR 17 A5 HR
N, fRIG 38 B TH T ANLIE R [ SR A, B
M SCRAS B, AT AN BRI INE. BT B4
W2k ) TSDRL #5271 fig % PR 5K fig MCMP. 814 K
TEAPI 6 LA BLBGAIE T TSDRL A5 2 75 SR figf i 5
IR R RAR, JF HAE B AR EUE A L, AR
T AM I GAT SR I AR AR T & J5 2 7L
W B S PRI I BUTE 22 62 A 1) R DA S A B KRS )
HRISR AR R 71, FFE 01T B g e 2K SR A AR L.

SE Ak (References)

[1] LiuY P,DonglJ X, LiY D, etal. A UAV-based aircraft
surface defect inspection system via external constraints

SERIFTAE TE AL
K RATEE R /m

and deep learning[J]. IEEE Transactions on
Instrumentation and Measurement, 2022, 71: 5016113.

[21 Yasuda Y D V, Cappabianco F A M, Martins L E G,
et al. Aircraft visual inspection: A systematic literature
review[J]. Computers in Industry, 2022, 141: 103695.

[3] Saha A, Kumar L, Sortee S, et al. An autonomous
aircraft inspection system using collaborative unmanned
aerial vehicles[C]. 2023 IEEE Aerospace Conference.
Big Sky, 2023: 1-10.

[4] W, FB/NE, TR TR RBLANR R IS5 H T

N WU 75 B% 42 80 R 7 v (0] HLAR T2 5 4, 2023,
59(16): 243-253.
(Dai J J, Gong X X, Wang J. UAV coverage path
planning method for aircraft exterior surface detection
task[J]. Journal of Mechanical Engineering, 2023,
59(16): 243-253.)

[57 Oh J S, Park J B, Choi Y H. Complete coverage
navigation of clean robot based on triangular cell

2001 IEEE International

Industrial Electronics Proceedings. Pusan, 2001: 2089-

map[C]. Symposium on

(7]

(8]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(7]

(18]

Engineering Applications of Artificial Intelligence,
2023, 118: 105548.

Wang Z, Sheu J B. Vehicle routing problem with
drones[J]. = Transportation = Research ~ Part  B:
Methodological, 2019, 122: 350-364.

Tang Z Y, van Hoeve W J, Shaw P. A study on the
traveling salesman problem with a drone[C]. Integration
of Constraint Programming, Artificial Intelligence, and
Operations Research. Cham: Springer International
Publishing, 2019: 557-564.

Sundar K, Venkatachalam S, Rathinam S. Formulations
and algorithms for the multiple depot, fuel-constrained,
multiple vehicle routing problem[C]. 2016 American
Control Conference. Boston, 2016: 6489-6494.

Liu Y, Liu Z, Shi J M, et al. Two-echelon routing
problem for parcel delivery by cooperated truck and
drone[J]. IEEE Transactions on Systems, Man, and
Cybernetics: Systems, 2021, 51(12): 7450-7465.
Cattaruzza D, Absi N, Feillet D. Vehicle routing
problems with multiple trips[J]. Annals of Operations
Research, 2018, 271(1): 127-159.

Wang C, Lan H J. An expressway based TSP model for
vehicle delivery service coordinated with truck +
UAVI[C]. 2019 IEEE International Conference on
Systems, Man and Cybernetics. Bari, 2019: 307-311.
Remer B, Malikopoulos A A. The multi-objective
dynamic traveling salesman problem: Last mile delivery
with unmanned aerial vehicles assistance[C]. 2019
American Control Conference. Philadelphia, 2019:
5304-53009.

TEW, REL, HErR, & RS 5 s
122 0 AL Bl 17 B A LR S92 0], #2153, 2025,
40(4): 1098-1106.

Yu Y P, Yu M D, Tang Q R, et al. Multi-UAV
collaborative path planning algorithm for
emergency material distribution[J].
Decision, 2025, 40(4): 1098-1106.)
Vinyals O, Fortunato M, Jaitly N. Pointer networks[J].
Advances in Neural Information Processing Systems,
2015, 28: 2692-2700.

Kool W, van Hoof H, Welling M. Attention, learn to
solverouting problems![J/OL]. 2018, arXiv: 1803.08475.
LiJ W, Ma Y N, Gao R Z, et al. Deep reinforcement
learning for solving the heterogeneous capacitated

urban

Control and

vehicle routing problem[J]. IEEE Transactions on
Cybernetics, 2022, 52(12): 13572-13585.

EHR, BR¥EAL, FER, 5. & TREBRLEINZ
Fig 326 r o 22 0 242 R[], 422861 5 R SR, 2022, 37(8):
2101-2109.

(Wang W L, Chen H L, Li G Q, et al. Vehicle routing
planning for multiple distribution centers based on deep
reinforcement learning[J]. Control and Decision, 2022,


https://doi.org/10.1016/j.compind.2022.103695
https://doi.org/10.3901/JME.2023.16.243
https://doi.org/10.3901/JME.2023.16.243
https://doi.org/10.1016/j.engappai.2022.105548
https://doi.org/10.1016/j.trb.2019.03.005
https://doi.org/10.1016/j.trb.2019.03.005
https://doi.org/10.1109/TSMC.2020.2968839
https://doi.org/10.1109/TSMC.2020.2968839
https://doi.org/10.1007/s10479-018-2988-7
https://doi.org/10.1007/s10479-018-2988-7
https://doi.org/10.1109/TCYB.2021.3111082
https://doi.org/10.1109/TCYB.2021.3111082

%34

ArBkHl 0 @ e RALE R R AR 4G S AR A S ALK

821

[19]

[20]

(21]

(22]

(23]

[24]

37(8): 2101-2109.)

K, I RIRE, 2R, S5 BER R LR T AL
9y IR 78 T BRI D). THEHL LR S S H, hitps:/link.
cnki.net/urlid/11.2127.tp.20241223.1133.012.

(Piao M N, Zhou Y H, Li H F, et al. Hierarchical
coverage path planning of UAV under photogrammetry
constraints[J]. Computer Engineering and Applications,
https://link.cnki.net/urlid/11.2127.tp.20241223.1133.
012))

Karaman S, Frazzoli E. Sampling-based algorithms for
optimal motion planning[J]. The International Journal of
Robotics Research, 2011, 30(7): 846-894.

He K M, Zhang X Y, Ren S Q, et al. Deep residual
2016 IEEE
and Pattern

learning for image recognition[C].
Conference on Computer Vision
Recognition. Las Vegas, 2016: 770-778.
loffe S. Batch normalization: Accelerating deep network
training by reducing internal covariate shift[J/OL]. 2015,
arXiv: 1502.03167.

Vaswani A, Shazeer N, Parmar N, et al. Attention is all
you need[C]. Proceedings of the 31st Conference on
Neural Information Processing Systems. Los Angeles:
Curran Associates, 2017: 5998-6008.

Parisotto E, Song F, Rae J, et al. Stabilizing transformers

[25]

[26]

(271

for reinforcement learning[C]. Proceedings of the 37th
International Conference on Machine Learning. Virtual:
PMLR, 2020: 7487-7498.

Williams R J. Simple statistical gradient-following
algorithms for connectionist reinforcement learning[J].
Machine Learning, 1992, 8(3): 229-256.

Christiaens J, Vanden Berghe G. Slack induction by
string removals for wvehicle routing problems[J].
Transportation Science, 2020, 54(2): 417-433.

Lei K, Guo P, Wang Y, et al. Solve routing problems
with a residual edge-graph attention neural network[J].
Neurocomputing, 2022, 508: 79-98.

& RN

FhB0R (1993-), L, B #ER, T, Wit 2R G0, 32240

L5 A N ALAS N2 3 BRI 5 # ], E-mail: mnpiao@cauc.

edu.cn;

VT (2000-), 59, Wik, FEAEF T 1A APLEE IR

fb 22>, E-mail: 2023052063 @cauc.edu.cn;

FEEF (1984-), 5, 0%, 4, B EHTETT [ LA

NIRRT, T EALGE, E-mail: hfli@cauc.edu.cn;

YR (1989-), B3, SRIGIM, Al AR, REWF AT AN

HL#% % >], E-mail: Iffan@cauc.edu.cn.


https://link.cnki.net/urlid/11.2127.tp.20241223.1133.012
https://link.cnki.net/urlid/11.2127.tp.20241223.1133.012
https://link.cnki.net/urlid/11.2127.tp.20241223.1133.012
https://link.cnki.net/urlid/11.2127.tp.20241223.1133.012
https://doi.org/10.1177/0278364911406761
https://doi.org/10.1177/0278364911406761
https://doi.org/10.1287/trsc.2019.0914
https://doi.org/10.1016/j.neucom.2022.08.005
mailto:
mailto:
mailto:2023052063@cauc.edu.cn
mailto:hfli@cauc.edu.cn
mailto:lffan@cauc.edu.cn

