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Abstract

This paper studies a coordinated optimisation method for deploying sinking smoke clouds with
multiple UAVs to maximise the spatiotemporal concealment of a fixed ground target against preci-
sion-guided threats. A unified kinematic model is established for missiles, UAVs, smoke grenades
and sinking smoke clouds, with additional consideration of uniform wind drift, UAV minimum-turn-
radius constraints and a terminal proportional-guidance extension for missiles. A three-dimen-
sional geometric screening criterion is then developed based on the visible solid angle of the target
from the missile perspective. To solve the resulting continuous-discrete coupled optimisation prob-
lem, a hierarchical framework of continuous action generation and robust combinational selection
is proposed. The continuous layer uses CMA-ES to generate candidate actions, while the combina-
tional layer employs incremental greedy selection with local repair. Numerical results show that
the nominal effective screening durations in the single-UAV single-smoke, single-UAV three-smoke,
three-UAV cooperative and five-UAV multi-smoke scenarios reach 4.2 s, 7.2 s, 10.44 s and 19.2 s,
respectively, significantly outperforming fixed and random strategies. Monte Carlo evaluation re-
veals that introducing robustness can effectively improve plan stability in small-scale scenarios;
however, in large-scale temporal stitching scenarios, the nominally optimal plan exhibits significant
fragility (out-of-sample mean 3.247 s, threshold reliability 0), and even with robust design, reliabil-
ity only increases to 0.017. Therefore, the optimisation of multi-drone collaborative smoke-screen-
ing tasks must fully consider external disturbances during the design stage to balance maximal
screening performance with system execution stability.
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Figure 1. Three-dimensional occlusion determination and solid-angle coverage estimation from the missile’s perspective
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Figure 2. Hierarchical optimization framework

2. PEMMIESR

53 EWEXFD - BEEE

EREMEEIIEERS A J5, ACRHEEO—REE EEERAIEHE. HIEARME
N BB R AT R B K B R I R 2 MBI BNE s A WA PE IS 51 R RN LB 5 i 2%
ﬂﬁﬁ@ﬁj@ﬁEmm%EE,Mﬁi%%ﬂﬁﬁﬁ%%@ﬁ,ﬁﬂi%%&%%ﬁET EOR B LA
I a

WOEENMERE N S, T ERARBE PR IRIESIEac A\S , E L EHLPRY &5 A[8] [14]

Aals)=3(svfa})-3(9) (35)

TPk L AR ARG RKA(alS) MBESIEMANES . HAFES A RIESIE B A AR RL bR
Was, WP BT E R ST R T . B S A SRR R S TN

AfEiEsfEMAN G, REEELREOHE LT =5

(1) IR A KA (A —Jo AL A A AR PR O 75 996 2 e NSO A B 20 3 s [ I ke 228 gk

DOI: 10.12677/0rf.2026.163022 23 18 %5 S 2


https://doi.org/10.12677/orf.2026.163022

+t

Zo

o

JEE 5 BB 2 75 2 Dubins A4 PELIH .

Q) BOETTAT R s 25— (B %0 5 B 5 e Ao, U L B 204585 %8 B T 47
20 PR T SR AR BT IA M A, IR A MR R AR RhR AR AE I /19
BT .

(3) Wicas PR S5 B A O B B X 4 B A BRI B . AR S U
Mg TR TR, WEDE A, 2R i R R B 1

B 3 X TGRSR, B AR R I AR R TR U0 s T AR X 364 X 3¢
MK T PR B R B . DR, RS R ERR TR 2E £ MR B R A, 120
VEAEF AN (R R DA B AF B AT R 8] [13].

| B ES |
- wewn B EEnI
‘ 1‘|‘§§1l%ﬁnb1’liﬁ9%$§ﬂf‘miam i i
|ﬁ%%ﬁm%%ﬁ%kmﬂﬁ@ﬁ|
| NS #T i
L ; ; :
e e Wi e
MR X 8] ' ' . V ' >
; : XElEE :
wiEs | o o R
X Do |
EHEN |

XialHsE XEEE Z=REH TREEEIH

[EhE & iEhfEH
EiRIRE opasdid
= LI
e _ HEKEEH
> ESERE LR i le——

AHRADEAS

Figure 3. Incremental greedy-repair algorithm
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Table 1. Comparison of nominal performance of representative strategies under different problem scales
F 1. FEIEIREAE TR R MRS B I REEL IR

i) 7t

Q2
Q2
Q2
Q2
Q2
Q2
Q2
Q3
Q3
Q3
Q3
Q3
Q3
Q3
Q4
Q4
Q4
Q4
Q4
Q4
Q4
Q5
Q5
Q5
Q5
Q5

Hg
I E SR F 2
BEHL AT 4T S ms
L DR A SR
IR R
REIR K
EC vy
EE s
[t 72 M HE 2L
BEHL AT 4T HEns
FHL IR A SR
IR i 2
BEAIR K
%4 U SR
iR
[i] 5 SR M 28
BEHL AT AT S
DA A SR
IR Y %
RREIR K
By
RS
[ s S 2k
BEHL AT AT S
RELIR K
4 UL SR
B HS

bl b 2 SCHEERN s
1 1.400 s
1 0.000 s
1 2.800s
1 4.200s
1 4.200s
1 4.200 s
1 3.400s
3 1.400 s
3 0.000 s
3 4.600 s
3 7.200s
3 6.900 s
3 7.200 s
3 5.200s
1 1.400 s
3 0.000 s
1 2.800s
2 10.440 s
2 10.240 s
2 10.440 s
3 7.800 s
15 1.400 s
12 0.000's
7 17.600 s
7 19.200 s
7 9.600 s

RAFFER /s
0.00s
0.00s

343.28 s
248.40 s
213.37s
71.59s
1898.26 s
0.00s
0.00s
225,58 s
208.57 s
324.57 s
121.06 s
1210.17 s
0.00s
0.00s
828.65 s
765.97 s
779.36 s
558.26 s
3026.34 s
0.00s
0.00s
4255.90 s
4001.85s

30379.82 s

2 1A, Py R HE A AN ) ) REUIUASE T 24 2 25 000 T [ s SR AN BE AL MG . fr) @ 2 v, 4 U
O BB K ST B R 1L F) 4.200s, WAL T 45 % SIS 1.400s, UtHI PR 5 EAE /M7 5
T ORI E T . FE 3 b, B SO USRI R IIAF] 7.200 s, 3w TR RS 5
ZL11 4.600 s, WIS (] 53 = (008 O B SRS HE WS AT RO 5 2 BN PP P e

o I 4 R, A4 B SR,

DOI: 10.12677/0rf.2026.163022

25

B 5B


https://doi.org/10.12677/orf.2026.163022

+t

Zo

&

R R IIAF] 10.440 s, BoRH ZHLEELE LA EANS I P30 ERess. @ 5, 44 SUoTiAE]
19.200 s, UiBH o IR ik A 5 A RALE R Z WL 2 3 2 S b 5 N B BRI 4 U R e

5 UbEIE, B pE SR LE & o) i (1 4 SUE IR T X RL 48 SRR, 0 B B s B v 22 2 B 3 7 44 LI
i DA AR e . BEAE MR Q2 §7fE Q5, SRARFER PRIEMGK, JLHAEMM 5 WM& HIE
30379.82's, W] Monte-Carlo P4 JZ Pty C BOA KRS E R B i1t 2 B H S

7. AREMERSEHEEITE

RSB IAT IR P A ORI . AT RS B 2R AR 2. SIS
SR LR 28 AR IR, A SR 4 UM 7 RAERY R Monte-Carlo Jrisit A7 S # A BRI £
[9] [16]. % sichis ARG B SO M Kobt A (PO, RO FOVY, RS04 U R, SMEAISI
E[F]. haifi Std [F] A0 THERT 65 P(F > 0.8F,, ) o Fooh, I VHRT 48R T By S/l T 0 ek
BT EORIRE S T4 U O MBEHLES, SLAT SRR 1, DI E BB AR

Table 2. Robustness statistics of representative strategies under different problem scales

*® 2. NEEEARETRELRENEHEM ST

i) 5 S Fon!s E[F]/s Std/s P(F>0.8F,,)
Q2 Ji] 7 SRS F 2 1.4 0.45 0.853 0.2
Q2 ERE VY 42 1.015 1.364 0.1
Q2 R R 34 0.97 1.398 0.175
Q3 [l 5E Mg FL 2k 1.4 0.335 0.718 0.125
Q3 ERE VY 7.2 1.76 1.773 0
Q3 IR %R 7.2 1.97 1.867 0
Q3 R R 5.2 217 1.818 0.15
Q4 Ji] 7 SR H 2 1.4 0.335 0.718 0.125
Q4 %4 ST S 10.44 1.82 1.929 0.025
Q4 E RS 7.8 1.86 1.752 0.025
Q5 [f] 7 WS BL 2 1.4 0.477 0.882 0.167
Q5 FELALLIR K 17.6 3.063 2.405 0
Q5 ERE& iy i 19.2 3.247 2.797 0
Q5 R RS 9.6 2.55 2.181 0.017

B4 2 AP L, VAR R 2 A SCURAE BRI RN 4 Eh 1,400 s 275 4.200's, {HAMEARIIENN
1.015 s, AIEEEHIAA 0100, UiHIRIEAE AL 375 T, 4RI R PUTIREBOVEUR; &
SRR 44 SUERE N 3.400 s, (HATFERE SR %) 0.175, RGBT REWEBUN 4 AR Tl — @ fe g v
$eTte R 3 b, A4 BT AR IS R EARARIAE] 7.200 s (A SUE, (HILATEEREEION 0, BWHIE
SAPHETT RAENBN TS R Ae: EFRHIR A SUERF Y 5.200 s, (AT 2.170 s, FIEERESR 2
0.150, W B IEXT 230 PP AT @ R [ 4 AR 5 JE— D HEs 1 “esa it Bl
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i F

B KTANR]: R4, 44 LS04 UEIE$] 10,440, HIYEAY 1.820s, FIEEREN0.025;
5, 4 (TL 4 SUEIL R 19.200 s, (HAMEATIEAN 3.247 s, FIEEEEN 0, BHIRMBLZHLZ
5125 5 SN RS — IR 2 A AE R R o 5 H SRR BEORE )R 5 FX) A4 SUE R4 51 9.600 s, JFHE
FIEESESETTE 0.017, RN FrEZ[F R 2.181 s, HEGRIRE TR, SARE, B RS K, %X
B FF SR T, (HAMEAIIME 5 FE IR D3, M7 KR 5t rp B 2584

8. HRERE

AL 582 TN AT UM = B = s e i@, @ar 7 5. AL RS
T BIGE 2R, K 12 T Sl w] LIS A i =4 LTI RoA) e J7 3%, JF3R I “ E8kahft:
R - HE RS B0 R RAFHESR3] [10]. SIS AR, i i va A A A MU ) b 24 B 25 A T
[F E SRS SREALSENS . [ 2, A ST SIS R A R B, WNZEE N ST R
Bhrriafert; w3 b, I E 2R U OR B S AR T T 2 I PR RE ) W 4 v, Z AL
WEY R T ARGERE 1 WS b, A S RIEF] 19.200 s, Wi RAHESEAE KR 2 ML 2
51 2 S ) P BT BRI 44 SRR e

Monte-Carlo & #PEITAL 45 R B oK, B W EUBHE K, 4 SCRI7 BB R 1 “ e gs fmef”
FRE. JEHAERE 5 o, BARS SUEMRE, EAMEARMERE T (TS0 0, UG A
PRt X s BT B U k. SRR SR BARAE — € RR B O T IME FeEEATATRERE, (HPR
MARAS BB R s I R R B . JE SR STt — BN =AN TR IT: Ho—, R R
TSIz B BT 2 (A S R R, DU R o sie s =, IR S| AN A e
AL SR I E R, DRI R 2Pl 26 TR R 5EE . =, £ LRESEIUR m4h & ik
EBTRL. B BUEHEIF L AIIFAT Monte-Carlo PFfli, DAFE(RKMUBL &L RO THRACHT, $RmTTEAE
ENAS B IR KR AT AT 1R [6] [9] [16].
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