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Location and routing optimization problem for detecting multi-drone
ship emissions based on a bi-stage algorithm

HU Die, HU Zhihua, LI Yaona
( Logistics research center, Shanghai Maritime University, Shanghai 201306, China)

Abstract: A stochastic programming model is devised for the multi-base, multi-drone location and routing problem,
considering the simultaneous movements of drones and ships as well as ship movement uncertainty. A decoding algorithm is
developed to divide a sequence into sub-routes using ship-based and drone-based strategies. Furthermore, a bi-stage
heuristic algorithm is proposed, combining a genetic algorithm and Tabu search. In the bi-stage algorithm, the first stage
addresses ship movement uncertainty and employs Tabu search to solve the drone base station location problem. The second
stage uses the genetic algorithm to route the drones for detection based on the location results. Numerical experiment results
show that, in the same application scenario, the drone-based (D) strategy can optimize flying distance by 7% while
reducing computing time by 50% compared to the ship-based (S) strategy. Considering ship movement uncertainty can
reduce flying distance by 10% for the drone base station location solution. Flying distance is sensitive to the number of
available drones. For example, in a scenario with two base stations and 3-5 drones, adding one drone may increase flying
distance by 15% . Speeding up the drones by 5% may reduce flying distance by 5% . This method can effectively generate
multi-UAV inspection paths that meet the requirements of moving ships, providing technical support for maritime
supervision.

Key words: drone routing problem; location-routing problem; ship emissions detection; genetic algorithm; bi-stage

heuristic algorithm

I #s H #A:2024-02-01
E&WE : B HE PRI (2023YFE0113200) 5 EifETT B AAFM#HE 410 HWTH (23ZR1426500 )
EE®IAT W] BR(2000—) , Lo, WL FSE A WS 07 1 A S MR B AR AL o E-mail :3210875509@ qq. com
R SR (1977—) 53, 2R, WL S, BFSE 7 L S WS AL B-mail b @ shta. edu. on
SRR AR, AR AR, BET P BCETE 0 2 T KL AR RO I et ik 5 AR A [T ] P I ,2025,48 (1) 1165 - 173.
HU D, HUZ H, LI Y N. Location and routing optimization problem for detecting multi-drone ship emissions based on a bi-stage algorithm

[J]. Navigation of China,2025,48(1) ;165 —173. (in Chinese)



166 H

3/ 2 A5 48 #5511

TENHUFE HRERASHA A To AHLIE T AaHE
W AT AE Tz T 19 o AL ES A A0 Ak 1) st
o RSB MEAHE 1) 22 TC ABLERF W, SHEN
S 52 BARB AR MR . HU 2552 BF 5%
il A TC AL A [ 1) 3% sh AR AE ) e AL AR 04
M, BUA W FBAA S EHT AR
St FEE BRI 8 A AR R U A s 0 A 2
BT RGN IR AR R T e

TEHS D tE W Bk Y 2 st , o
MBS AR DA 0] 5 Bk i R B E 2 S, it
PEAAG I i B AR HE 7 0 AL A PR A2 AT D4t vy o
Gy gz AR L AE J1 o 45 A AT 28 T AT R G
DKL AR s 00 g v P B B IR A ST
BTN MLHE il 25 1 ST RE 1 1 ek — (A% ) el
BFFE S bR R A T O %" . AGATZ %
SRR AR TC AL A S BC ik (B8, A6 S B g
ook BRERCR, YU 22 AR E ST 25K T 9 J6 AL
Ml AR AL A, MOON 251 ff 58 Z I fit
ZATREMTC AN S AR R L, FERCR S5 N 2
serp, T ML AR RE 8 35 10 AN [W] R 55 5 1) 1A 55
MPERRAEY o BSR4 LT ch Ak ol e ik A
To LN S B 2% B s B2 BRI RS Y, T
U R AR R Sz A
TR AT I ANLER AL

TG NATLFE AR HIE 50 0 0 80 32 A A8 A [ i, R IG
B I P AR AR AT T AN 5 P 1 T A A s
AR IS AL S A AA R A T % SRS Y sl A P [R]
B AEHERCE ) X ( Emission Control Area, ECA) %
AR A HE I 5T, Sy B v A e ARy
IR A SO FE LUIMRAAAE S i 28 H AR JE A B
vkl 5 B4R Ak 8] 78 ( Location and Routing Prob-
lem ,LRP) , 25 JEARAAALA T 10 A B 22 PERITAR AR 5 T8 A
PRI Bl 2 5 PR AR AE , 37 RE LR R 7Y, %
XF R I SN M B B e Bk, 1 8
SRR AR S PP RS0 M 1 e A R, R B AL AU
SRR AR RN, 455 PRI AN 3 T R AR Ak 2
To ALK FEAZ
1

Z2 Akl | 22 I0 N HLAR AR AR I 328 ik R AR Ak
()RR A - 7 ECA N, A n M8 AE A 0 15
S — B BOR ISR AA 7R AN 7] 37 5% b i 9 A 15 0, e 4
ZA R PR B B, M AR 45 B
A O HRMTCANL, 15T n AEAAAF AT 55, 4
ARG O, B T AT AL 2 (5 8, K
3 AP AR 5 TC AL AR B S . A 47
SR IE 24870 AHL AN [A] () A 7 B A T M AT

55, F MRS e P AR UK S8 T A A AR 1 B D00 )
AR AL, o TE AL I BRGNP 1 o, JEAHLAA
e A A P 2] i A T )R A 8 5 Sl D
Q) 9 W, BT SR M0 e PRI 228 [ by

. — AT RS
v AR 7

A U W > TNBLRATHERS
AR ?7. @ £HHE

® EAML

B Z ikl 22 T0 ANHLARAAHR b I A2
Fig.1 Demonstrating multi-base stations and multi-drone

routes for ship emission detection

2 mEHA

2.1 MRS TANEERE
IR S I RS BIRFAE 23 39 DR B 2 LR A X L
MRTCANLKAHE BE . B X ECA 18 55 557 3% T HE
JECHE I R AR B 2582 B S R, A SCRE T JC AL
ST B AT meet |, SRAFATAAES Shad P ICA
PG HATBALE, DISC Bl sh 5 W, % & AHLALE
I AR v, A2 300 A o B OP kB SR R Y T
P, AR I ] B AN P, D AR AR
T ARV AHIE " LB oo WAL 2 s AR S
ARERI R AL E (X, Y, HAREE (X, Y, ) , Bl
BX, Y AEBAR VB8 VL Vi BRA R
(D) FTEABLELE Vi THETTABLSG A1 A8
B A (xy,y) , TEAHUNEE AL K280 AH I8 ) [A] ¢
SEPUR AR OB HE I . BERS L A f TEANL
okl CALE TR SN 2 RAHE AL E Bo [ meet ]
B 2R UL (1) ~ (3) 6
2 =X+t Vi
[meet]{y, =Y, +1-V,y

«/(xi _Xk)z + (y, _Yk)z :t'T/k

(1)
X. - X.
Vi,X = VL = - (2)
\/<Xi _Xi,z>2 + (Y, - Yi,t>2
Yu _Yi
Vi,Y = - (3>

V.
t «/(XL _Xi,l>2 + (Y, - Yi,1,>2
PRECFR N



WA, 55 < BE T P B4 10 22 D0 A KU AR HE Rt D00 e ik 5 AR A A 167

LyX;,Y; Hf[mcct] <Xk ’?k ’Xi ’Yi ’Xi,z ’Yi,z ’T/k ’ VL)

K2 M-S JC AU R
Fig.2 The ship and drone meeting model

2.2 ZEIF . ZI AUMBAAHER LN LRP YL
plpkit]

Z2 Akl | 22 I0 N HLAR AR AR I 328 ik g% AR AL
(] LA TG AL M S B A d5e /N Sy HE ARG 2 LRP i
PLRLREAY 22 FE AR 09 SE i 8 2 % 2 0 AHLIS 72
PEAR 50 LA K S A0S B AN 1 % SRl ek iy 5
M, A AR R - TC A WL S A W) H 25— 220 g
715 A Bl R A A ] 5 AR B A% I
Yy D EsF T] A A0 AR I AR o B ) S
Wi 1,

[MD ] 2 22 vt kil i A2 B ATL AR AR, H A
PRECHTEY R & Wi/ IMETC ML SsAS , 245 «
AR AS T AL AT A T T A MRS S ]
A . K (4) RN EHENAATE 5 & 200k e i
IE AT AL 20(5) ~ (6) FomtE—13
SR IO AL FE B Y e SR a3 sl 5 20 (7)) 6
INERERTC AN HLTEAT: 38— ORAT: 55 BRI o5 22 T i B —
U2 (8) BER A7 5t b AR AA T S B A A
RITCNHUEARSE ;2 (9) BRE T T APLI &R ; X
(10) FR7E Jo AALEE st ke s X (1) Dy Je AHLEE i B
FRBR N 2 (12) BRAE B 5 b 48T AL RAT
PR BEAFAE T Il g% 20 (13) ~ (14) R AZ B I
B X (15) AR LR,

di(e)x,(e) +
[MD]:min > p(e) %q erale)
ocE Zy,,(g)Ci+ Zkacijk(f;)F]r

S owule) =1,Vjel,eeE  (4)
iel* kek
zxoﬂ;(é‘) =1,Yoe 0,k e K,,e e E (5)
jel
>aule) =1,Yoe O,k eK,,e e E (6)
jel

Z xijk(g) <1,VkeK,e e £ (7)

iel,jeO

®1 SHHA

Tab.1 Set, parameter, and variable description

2R il
1 ik Sy
0 TN AR A
K, el o L AMUEES
K TS i k&5

WSS RN SE A, 1 =100, 385 i,
il
di(e) e FALE  BIRE j EER i jel’

O FEBT AN EIR

TE B ST LA E IR

F, T WL b BT E G BAR | e K

q FoNHLAE km RAF A

C, e i I E AR i e O

E E:%gl,az,“',&v},{?EN*‘:P%%

, Wik & B HE RO, 45— Bt A A A

CRLIRMC0,1) ERISIME,
ey (o)< 10,11 e TR SR, ELAR
" i BETE AL K W 15k 0
w, (&) BTNk USRI i e

oy V(e 10,11 e TN i
yile

B HABAO, Y, eM

Z xij/c(‘9> = Z xjik(a) ’
icl+ iel*

Viel,ke K,e € E (8)
Z xijk(“f') < Quyi(e),
jel,keK
Vie O, € E (9)
Zyi(s) sM,s e E (10)

ie0

Zdif(g)xzjk(é‘) <D,k ek (11)
i,jel*

w,(e) +1<u,(e) + |1 (1 -x;(e)),
iel'jel,oe Oke K,e e E (12)
x;(e) e 10,11 ,Vi,jel ,eeE (13)
y,(e) €0,1,Vie O, € E (14)
u,(g) >0,iel",0e 0,6 €k (15)
[ meet ] AJ S 30 s 00 5 2 v A 0 55 TC AL AH 38
BB AR AR, b meet] F1 MD] 357 2 53 %
APLAEAREE DY LRP BEALALRIBLAI [ MDS ], 1 I
FIR, = <0,i;,iy, i, ,0 > FHBLIE (x;,y,) RIE
TNML RAT AR, [MDS ] 5] A f, BRECR /R P& K
/%Z\:dija(xj’yj)‘_fc(wai’yi, V(i,j)el ), H



168

S E B

55 48 55 1 1)

R, = {xy =11VYi,j}
quij(ﬁ')xijk(g) +
[MDS]mln Zp(g) ijk
ick Zyi(g)(]i + ngic(g)Fk}
s. t.
[MD]3X(4) ~(14)
stYk’Xi(g)a
Yi(‘?)’Xi,l(g)’

x,(&),y,(&) “flueer Y(e) T, (16)
Vi(ie),e e E
di(&),(x;(g),y,(g)) <,
fx,(e) =11 Vi,ji ,xi(s),) (17)
y (), ¥ (i,j) el ,e e E

[ MDS ] £ 1% [ MD ] 45 B0 (9 7 B, 2 A 4
[MD]X(4) ~ (14) . Bripzsb,:0016) TR
Yy IR-S I ABLAIARE (L B 5 2 (17) FoR RATHE

7

wgath: VIghRL SRR
H, IERIR S, Tt s

B dy SRR R, AHIBALE (v, ,y) FIR R
3 Wl BB XX H &R

Z vty 22 JC AL AN HE L s I e ik i AR e
[F) R 2H G DA TR, T A AN iy P A 0 SR fe wfe
JEE— T . ARSCAE G AR R R ik S ik
R, BT BUR R URE il o e PG
Ko H—BrBORIEE SR R oK A 17 2t ik
HEMIRL . BEAIUSEIUE A AE A [ 15 5 B8 o A 15 O 5
LR AR SR 4R e A aE I R L B
I BRIty B (o R T S0 A S s
R ESIIE2 LS WV ZE )N A popity (i)
R Bl i, 2R [ meet ] SR TC AL AR 1) 38 107
BEFFR 2 70 B 05 0 F A Y 51 5 LR AR e
/N ARRSE B —BIC AL AR . BB
S ASRFAENIE 3 Fr7R o

PNGIE- S AN

BIERRS RN E

IR

WEA IR =
%142 )
E RID: FEFUEAIE,
MR ADRC, FRFIRIS S
R f e
Y E
AR CERER 5 7 B
IR, 4i=/, BHH
%
I

WHARET

3 R TAR Sl SR A S n W B i
Fig.3 The bi-stage algorithm based on Tabu Search and GA
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Fig.4 A flowchart of the sequence insertion algorithm
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Fig.9  Comparison of D/S decoding strategies
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Tab.4 Sensitivity analysis of drones of each station

K1/ K2/2%8 RATHEE/km | KL/ K2/28 "RATHIE km
2 1 129.96 1 4 171.54
1 2 127.98 2 3 167.22
2 2 147.60 3 2 165. 06
1 3 149.94 4 1 170.73
3 1 150.03 5 0 183.15
0 4 152.92 0 5 181.80

K172 = 253l 172 e AHLECR:
4.3.3 RTAMIEEA AN IZRLACH 708

Bt 2 AHEul MR n=[10,15,---,50 ] 5%
AR5, M B E 42 SIONRV25X25Y25 5 o oic 248
T NMUHE REHEAT 105, 730 B JC AL BE Xt A2 1 Ak
S, 18] 10 J/R T R AMLIE AR 5% 5 WATHE
B (E

To N3 LA A X AHR A s AT 55 (4 52 e 2
BFEN . ARYGSA, TAWERE L 5% , AT
BFEITESN 5% Fo Ay, IR PR SR . R
TN BE A n] G 5 AT BE Bk n] $2 4 55 58
GRS, L AT s/ W I P 1 P ) R JE AL
P AR A 2 R A A AR, T R 2 B I, 3

LT TC ML BE AT FEAR I A o [R] B AR A T 2
ZEFHAMLATE B, 3 BETE AMLS 5 W I HL Sl 1 1 AR
FEE AR, 2 5 W C AL Z | FLRE AR A X
R WAL R R . {H Bl TC ML BE A 1
hn, BEVR I A S AH N 3E . PR b e 455 JC AL i
B, T P R B Z [ R

O o amsyy —o—2.5%
0k —0-3,-5% —0—3.5%

10

TN KATRER /km
(=]

20k

-0 lIO 115 ZIO 2IS 3I0 3I5 4IO 4IS SIO
AR/
BB % " 7R« AT AWLHEBEAE A 3% RO s CATRE S
R T AL TR OB bt
110 JEAHLE 7L S04 4B

Fig. 10  Sensitivity analysis of drone speed

4.3.4  BATHE N A AN IRLAL G 7 v

% 2 ALk AR FH R4 STONRV25X25Y25
n=[25,30,---,40 | R T D KHEH) GA srirak
FLRE 10 T AHLEE A o CAT I A 52, Ak 5 iy
INo TEANFERELMIRE ST, IRE KD T ANLEA
BUASK AR . 4T 55w g e, B2 TC APLE K
AT RN Bl Z 340, T NAILEEATRE J1 52 2 Fk A, 15
To NHLK 46 5 B A T A ALY AT [a], $2 11 58 B
A WAL B, SEEs a2 0.5 h B, 435l Uk
4 BN 3 BT AAILIEIN 35 fE AR, F A T AR
B P 58 B 0, I AH L T 05 E B2 T 0. 15 h 58 BT
%o SR 125 JC A HL KA 55 TG AR 55
BCgs SR FNEMERE J7 , LSRR 52 Br I T C T8 AL
TERE

RS AEBHRTEANCITHIE

Tab.5 Drone flight time in different scenarios

, 3 BE L 4 3 )L
Fe R — NP — U
SERU T b 24 EAT L b S i)/ KT
25 [0.43,0. 47,0. 39] 1.29 [0. 38,0.38,0. 34 ,0. 32] 1.42
30 [0.58,0.45,0.44] 1.47 [0.35,0.40,0.34,0. 48] 1.57
35 [0.46,0.57,0.55] 1.58 [0.41,0.42,0.39,0.42] 1.64
40 [0.58,0.51,0.64] 1.73 [0.49,0.49,0.60,0.51 ] 2.09
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