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Abstract: To ensure the safety of low-altitude transportation of biological samples, a multi-
objective optimization model and a solution procedure are developed for the medical UAV

transportation system. Considering the randomness of UAV transportation accidents, as well as
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the risk of biological sample leakage. a risk measurement model for medical UAV transportation
is established. A medical UAV transportation network optimization model is built with the
objectives of minimizing total cost and total risk. Considering the computational complexity of the
proposed model, a modified NSGA-]] algorithm is adopted to design the solution procedure.
Finally, a real-life case in Shenzhen, China, and several test cases are used to demonstrate the
effectiveness of the proposed model and algorithm. The results show that the proposed model
provides 165 effective transportation network optimization schemes for biological sample
transportation in Shenzhen within 3 023.51 s. Compared with traditional risk models, the
proposed risk measurement model quantitatively evaluates the transportation risk of cargo-
carrying medical UAVs, and the obtained solutions reduce the total cost by an average of 18. 32%
and increase the degree of risk sharing by an average of 1.3 times. When solving optimization
problems of different scales, the improved algorithm provides multiple non-dominated solutions
within limited solution time and maintains a certain level of computational stability. The proposed
model and solution algorithm provide medical UAV transportation network planning schemes and
risk control methods for low-altitude transportation and emergency safety management of
biological samples.

Keywords: low-altitude transportation; network optimization; multi-objective optimization; risk
assessment; location-routing; biological sample

Publication history: Received 2025-08-27; Received in revised form 2026-01-11; Accepted 2026-01-23
Funding: National Key R&D Program of China (2022YFB4300903); Key Program of the Joint
Fund for Civil Aviation of National Natural Science Foundation of China (U2433217); National
Natural Science Foundation of China (52472332, 61803091); Sichuan Provincial Major Science
and Technology Special Project-tackling Key Problems Initiative (2024ZDZX0044); National
Natural Science Foundation of Guangdong Province (2025A1515010200);
Science Foundation of Sichuan Province (2025ZNSFSC0394);
Traffic

National Natural
Open Project of Intelligent
Management and Control of Low-altitude Key Laboratory of Sichuan Province

(2025UASKLSP01)
Corresponding author: ZHANG Jian-ping, research fellow, PhD, E-mial: zhangjp@swjtu. edu. cn.

135

1% 25 T AN HLIB AT WU DAl T 36 5 Li 480 2% 10T 4k

0 3

it 5 I 2 22 T (9 AN W 3 3 R 55 T BT I B AR
GE R LE WY REAS 12 i O8O T R JE LAY 2R
MRIEG . AP REAR R0 | LR A 5
HA 3 VY B8 it 5 7 32 i I 5% 4 S8, U 5 5
RIREETS e PR BT R AN BE
FITE AL 3z i AU 2 P B AR 2 2 4 P T 2 i 4 s
BRI 6 ALz i ) 265 1) B A JR S B AR R IR S
N BEIT RGN E R

BA B AN T 5T EERAE T IR ANLA
B TRAT 2 4 B B 1 ik AR ML L B X T AL
H B AT 224 R BT 5T 3 2200 O Bl 48 KU DA 5 R
Areh g A i 2 25 Horb, 30 S5 AR 8 A BL
NRESZ SRR BT — R B IR A B E R R

[

TR KB R A 2 o v, PP AL TR [ E bR XY
TR AE KURSE U5 AN & AT KUK s Primatesta 26/ # T G
AL AU b P s DA 41 Ak T A L6 AS [ X3k A9 XL
I o Al 2 T

B X 6 ALz Fi ) 152 il 15 Bk R i AR R Sl F Y
TSR CE A SR TR S e . K
i, Zhang S URIFGE T 8T A o 6 A ALEL 3% ] B, DA
HAR fe /N R BB S F T  J2 18 it 0 ik AR R 5 ik %
TG N TS AR RR R T B ALK 12
BRI 732 s WA S 8 AT A X I R A AT R A
TR T RO AT A ) B £ AR BRI O k5 gk
Bl SRR T — b 3 T R s AE A M E A KL A
F AR 7 1 s Pang UV RF S T T 45 A BUAR
PEAS AR ) JE ML AR A s EHAE 45 A iR



136 X E

T

=1:8 2026

X

S6 G0 BRL 31 3k Rl BIL ) R 2 G RN ORE R W L iR e T S AL
AR Y J0 S e 5 ) B KT R Y T — Fh as M G
NAERERY A 35 N BAJE 4% 6 55 20 24 B 48 540 7
Salama 8&" 1T — BB P ] R 4208 A HLRC 3% 7
B AEAE R SR AT TC ALY 2 S 0 R TR s
PEAL T I £ B0 4] A0 BE 3 s Meng 260 % TG
NALARERERZ L 42 T 2235 [a] J6 A AL I 4% [ A A
TR B2k M FL RIS s Zhou 250 WF 98 T PR
JE N ALFZE 55 B3 [8) ) 6 4% 08 Ak ) 3515 Tinie 2507 LU
BA e /IME R B AR, 857 T JEAHLE R 42 U [F AR
0 RS A A 5 2 4] B0 SR B Tl KU L AR
KBRS SR A MR W EER R T
2 6 N ALY 32 By 5 A5 B0 R [

25 Bl 35 B G LL AR SR N T AR
FEA AR 25 38 i B A7 TE LA R PR O BLA WF T 2%
TIHRANLIS AT F S 5 i 88 O B A KU 5
i) s AR > Wp [ £ Ak 328 i 19X 28 1) 152 it 32 ik 5 85 4
Sl [ 1 5 ) 1 A7 AR A L1 114 7 FH 3 5 ik 1132 i 0 4%
4 J2 U R38 FE

Y T U AR SN A ) RE AR AR 2 52 1 A R
ZoU Pk L B B G A HLAS B 4 A Ak i 2 B
P f B SR M vk o S BRI JE A HLIE i A RE AR
F14) 37 A 2 XU BB e A AR, LA XU R A B A e /N Ak
9 B bR 48 HE T AL AS B X 45 19 1 it 328 Bk R i AR R
R AY, I 5% 3 3 T o F NSGA- 1 832 19 3R 1 4
BR o SR o 38 A TR I S5 R B A 5 R A Y R A
A R .

1 ERZTANERRESTSEE

1.1 RS

Rz B s 710 B E WL R 3Gz 4=
FEAHR 2 12 i P 2% T AE KR U8 . AR FE AR B B
PEBURR LR A AR S Rt L5 A B A F Y R
PHUT RAATE I B — WA XS 3 . % 3 N
NG 7= RV 7 A A R

AR SORE B e A HLIB iy KRS & o s Rk TG
AL Y A 3z i 1 8 = S0, 2R W R AR A Y
AEYFAAEMESAZE TR RN AE FEZWBE., 2
SRCUNE 1 BTN %A 5 5% 0 9 35 [ AT DU 3R b A
W) S A U R A D s 7E AR A BB R T OB K
BTN (VE2 37N
1.2 RKEEE

A B BRSSO R 8 A TR (1 A T T K IR
725 5 JC A HLAZ B KU R 5052 S 1t 58 35 A % P

=y

1 BEJATE A bLEE S e R 3

Fig.1 Risk impact area of medical UAV transportation
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Fig. 2 A sample of medical UAV transportation network
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Fig.4 Shenzhen Luohu district case network
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Table 1 Information on candidate locations for inspection centers

[ 7 B A /109 T8 T/ (kg d 1) BRAMFE S/ (kg « d™ 1)
W E RS
AR 1 AR 2 AR 3 AR 1 AR 2 AR 3 PR 1 PR 2 AR 3
16 6.00 4.50 3.00 10. 00 9.00 8.00 100. 00 90. 00 80. 00
17 6.00 4.50 3.00 10. 00 9.00 8.00 100. 00 90. 00 80. 00
18 6.00 4.50 3.00 10. 00 9.00 8.00 100. 00 90. 00 80. 00
x2 KRUBRER
Table 2 Information on inspection technologies
AR iR iR A o ke A
HAR 1 A2 iR
AR 2 LIRS iR
A3 AHZ %
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Table 3 Information on candidate locations for testing centers and response centers
W S I# 7 WA /109 58 HBRAETT/ (kg +d™ D) TG [ 5 B AR /108 78 RKRES)/ (kg + d™)
19 2.00 100. 00 22 2.20 90. 00
20 1. 80 85.00 23 2.80 80. 00
21 3.00 90. 00 24 2.80 85.00
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Table 4 Computational results of different optimization schemes

BRAGH T F R AT B/ 800 m LN A R A
R0 5 48 RS RORE T 3% 5 R TS — A4S LTS AL R o
OTE LA 50 m Y 57 5 1 s s o6 1o T 08 S A5 2 )
JEAERE B MR YR 100 m ZbI A E W) R R B

e 5 % BUB £ KRS i A 3 O vk A B
TP T7 G0 AU {5 G5 11 B — R U4 B 2k 119 32 B XL
W (L, T 38X 7 1 s o 25, AR S B 5 i KU 5
45 5 W B 1 XU A AR BB SR AR B AR TN R
L3z i AU 359 o A A

AU SAS / SRR /
RS . TR O b o W 2 s £ CLE W RE )
G AD 10778 m’
16-7-3-8-6-10-9-11-14-15-2-4-12-5-1-16 (R EERE4) 5
16-13-16 G EREAS) 5
B 16(2). 18-1-2-4-9-11-5-12-18 UL BEAR) 5
N 18(3) 20 2 1 12822 18-10-7-14-3-8-6-15-13-18 CIfL W FE A 5
16-7-3-8-11-9-15-16 (4 i #£ 4<) 5
18-10-6-12-4-2-1-5-14-13-18 (4l L 4)
16-3-8-11-13-14-16 G FEA) 5
16-5-10-2-15-4-7-6-12-1-9-16 G B REAS) ;
24 R e 16(1), 19,20, 22,23, } ] 16-8-5-12-3-2-16 (UL AEA) 5
BN 16(2) 21 24 2ol 9.2 16-11-4-13-9-10-14-15-7-1-6-16 (L REAS) 5
16-8-3-15-9-5-12-4-16 (4 J BE )
16-10-2-7-6-1-11-14-13-16 (4 L FEA)
16-3-5-8-6-4-15-16 Gl FEFEAS) 5
16-13-9-7-1-10-14-12-2-11-16 (G FFFEA 5
e 16(2), 19,20, 22,23, 5 99 760 16-11-3-5-4-15-16 CIfi W FEAS) 5
16(3) 21 24 16-13-9-7-1-10-14-2-12-8-6-16 (I W FEA) 5
16-14-12-3-15-4-11-5-16 (40 I REAS) 5
16-6-8-10-9-7-1-2-13-16 (41 fL £ 4<)
®5 RBEBEBMNILER 5.3.2 Rkt

Table 5 Comparativeresults of risk measurement models

DR, J32 i A 4 BRAR /107 g6 B iy XU
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% EE I - O X b ek 5k 5 5 L 2 H AR Ak 7
s QX)L ek S VL N B NSGA-TT 575 QI &
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58 HRLZ H AR ALy T B M A B



%4 H

R, F . @E AW REERG Y E R B APGE G W & 7R R 141

®6 HWHHEZEEMZERKBAENTILER
Table 6 Comparative results of the proposed algorithm and

conventional multi-objective solution methods

SRR SR AR 18] /s Pareto fif 4 i
EIIEG 19 269. 51 11

BT AR 12 981. 02 10
ARk 8 741.93 48

AR SO 3023.51 165

JUHS VR AR R R T A A A — AT
EEUAL BT H AR A9 B B bR A ) Y B
(S A N TR NS 8 N RS 3 1 87 (O S &
YRGB S 0. 10, 1 7 80 2 o vk o 5 18] B il
10, B3 YA B0 19 SR Sk I8 18] 31 A BLOR ff i 4G o it 4%
SRLE T A N R oR BRI AL AT R A, 2 A
FHWMAEA N 0.50, F 35 LX) H 45 8 0
T MR T AT A Ek SRk B A Ak R R AR ) ] O
BN Pareto f# MY & .

FOW W FUNSGA- 1151k DU 26 5 5 i

Wy, MAEFR 7 0B S5 T i NSGA-
Il fe fig 76 2K 7. 16 % (19 K f# B ) B, 33 n
21 AR RS T T R BB A 3. 060
(50 BUAS 5 7E da 5 3ok A s el i R e R T X
57 3 T 5 il AT ey 2 SR o o A 5 XU I 3 BT R T
16.55%,

B A 3 R RIE AU B DA G2 A 3
A 1~3) AR BEHLAE L 50 AN 5], A4S IR 5 ]
(7T R 7 REAL A B AR A P2 5 0~10 kg« d 1L K
DU 4 s B [ 2 BUAS Ry 1. 02X 10° ~5. 0 X 10° I,
For I A Ak B b i B R RE J) 2 50~200 kg« d . AE
FEALI 3 P, SR A B[R] A1 Pareto fif 50 & # J2 iz 4l 11
BRI . £ 8 S NSGA- I 5k ek b /i Je
XPEG . H1 2% 8 AT Bl A AR B N, SR B ] 3
T T A 1 D0 A0 A B O v 5 6 AN (] 9 3 AR R B 2 A
T H A NSGA- 1535 00 5K figg sk 18] 58 4, {H 2 L gk
SRR BE NS SR A5 R R A RN R RS i PR B DN B 4 AR
2 IR IE T N B E 1 Pareto fif B .

Table 7 Comparative results of the improved NSGA- ][ algorithm and the conventional NSGA- ] algorithm

F7 B NSGA-TEHEZESEM NSGA-T HiZ MK L &R

ERER A7 R S A /107 6 #7710 B R T ]/ m Pareto fift i) 42 SR gt il /s
M NSGA- I 2.29 93.10 144 2 821. 48
Mk NSGA-TI 2.22 77.69 165 3023.51

AR/ % —3.06 —16.55 14. 58 7.16

#* 8 NSGA-T &ExytaiExttt

Table 8 Comparison of NSGA- [ before and after improvement

BRWRA | Bt K771k *ﬁizf:??q ﬁﬁfﬁ;ﬁﬁ Tﬁf;ﬁ P;;;Og;
WA NSGA- [ 55k 2.13 90. 67 2 761.53 141
1 1000 Wik NSGA- 1 8 ik 2.01 76. 93 2 973.92 162
ABAEE/ % —5.63 —15.15 7.69 14.89
WL NSGA- 1] 8 3: 1.98 89.35 5 310.29 150
2 3000 Uit NSGA- T 8% 1. 86 75. 06 5 847. 23 167
Ak % —6.06 —15.99 10.11 11.33
M NSGA- 11 8k 1.93 86. 42 11 285. 22 149
3 5 000 ik NSGA- 11 & ¥k 1. 84 74.95 11 863.72 164
AR/ % —4.66 —13.27 5.13 10. 07
5.3.3  FHME R AR MM K O I X ) 43 50 (1.0 X107 °, 1.0 X 1077 ]

Sk it — 25 43 A SO S5 I DX [B) 6] 4 A T SR
fift 25 LA RE R, AR SO R 2 A B AT AN [ = SR
{8 X 1) B IS 2 G 4 1.2) . B4 & A 100 S Bifi
BILAE B A DU B3] o = BOME R 22 o, B A 461 1) K
it BB S RN S AR ). Hevb, Al 1.2 1

FILT.0X10 %.1.0X10 "], £ 9 o4 H R 10
AR, i 3% 9 R 72 A [A] S5 SO R X)L 4L
TUFNR 1 B RE A 2 A 307 5 97 KR4 /il
WEAR DK A] K2 1.2 B2 SR LU 07 58 P 8
BB B AR A A 53 5 D —0. 90 70 F1 1. 3506 S 1
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Table 9 Sensitivity analysis for incident probability

. EHRNA/ | FEREETEE/ | Pareto f#RY
Wi o , ;
107 JG m? SRR
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6 4 &
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(2) e F TRYI T A= ) B A 32 B 1) 52 b 45 0 0 47
SR A3 AT o 2 SR e B < A SO R A ASE AL R B R A
3023.51 s IN4RHL 165 MHMM LRI T E: 5
3 2 U XU R TR A B i A DRI AR R SR
Y B T 2 18, 32 % Y A AR S 1
THT 2y L3 5K S S s 5 R £ B AR e vk
Fw B NSGA-TT 575 A0 e, ele 15 53092 78 SR fife s ]
Pareto fif B0 KA 12 )7 ZE 00 8 KU 45 ) 38 oA
EH

(3) = 30 ME e AR 43 T 22 B - 7 AS [) S A ABE 3
B DX AR AR Rk 3 R A (L A R 55
R B 45 /I S A 6 X ) X S 29 R AR A R i 480N
LT S 357 e XU B4 52 i) 8 3 0 ) 50 2R R B
12 i AU 114 6 SR AR TR 3%

() SR A AT E— 2 F 55 1) PO 25 60 455 - %5 B8 R g
SE BN S VIR RS N T 3 A L s ) 25 S
W . 3h A5 S A B 5 75 e 1A BE G JC A HILAZ i 0 4%
J K ) R0 5 465 TG A ML A B8 ) oo o B W5 M RE A Y
Tt 8 XU E 478 B PE A S I BT X AS ) 2 9 FE AR HR R
2 S AL AR R S W 3 BT X A S S R i
B B A SIS A WA P R T AT S TR
AR T SR 0 2 A5 Y

S % LM -

References :

L1 xR 5% ok e Mg, 4. B X0 2 ) BE I R 19 R %26 A

(2]

L5]

7]

L8]

L9]

[10]

BLah & B W) BC ik R e LT ] RG22 5 8z, 2022,
42(11) :3027-3043.

LIU Chang-shi, WU Zhang, ZHOU Yu-feng, et al. The
optimization of dynamic and cooperative truck-drone
distribution routes for emergency supplies delivery in pandemic
areas [ ] ]. Journal of Systems Science and Mathematical
Sciences, 2022, 42(11): 3027-3043.

X F 52 X AR AT R XU T B2 T B 4 I R 5 O A
FELI]. v 2 222 4], 2022, 32(12) - 188-194.

LIU Zi-hao, ZHAO Jia-hong. Research on optimization of
medical waste recycling system under robust perceived risk[ ] ].
China Safety Science Journal, 2022, 32(12). 188-194.
TICH TR WA, AR 5 RN M AR 2 T A HLIE AT
AR A 77 L0 0. SR A . 2022,50(5) 1 14-21.

WANG Wen-tao, GAN Xu-sheng, WU Ya-rong, et al. Low-
altitude UAV operation risk assessment method considering
the uncertainty [ J ]. Modern Defence Technology, 2022,
50(5): 14-21.

LIQY.,. WUQG, TUHY, et al. Ground risk assessment
for unmanned aircraft focusing on multiple risk sources in
urban environments[ J]. Processes, 2023, 11(2): 542.
LR RS  SE T 2R ER  RA Y TE AHL
A ARG R0 B AR [T, 32l 32 il T 22 4i, 2026, 26 (3)
75-88.

MA Tao, WU Jun, TANG Fan-long, et al. Unmanned aerial
vehicle cruise risk identification technology based on multi-
source data and large models [ ]J]. Journal of Traffic and
Transportation Engineering. 2026, 26(3) . 75-88.
PRIMATESTA S, RIZZO A, LA COUR-HARBO A. Ground
risk map for unmanned aircraft in urban environments[ ] ].
Journal of Intelligent and Robotic Systems, 2020, 97 (3):
489-509.

ZHANG G Y, ZHANG ] P, HE B S, et al. An optimisation
model of hierarchical facility location problem for urban last-
mile delivery with drones[J]. Transportmetrica A; Transport
Science, 2024 . 1-29.

ik T ANERIA L 45 38 F STPA-TOPAZ (k4 A
DLk % i It 2 Ak a» BT D] 28 2741 2022,43(7) £ 255-267.
ZHANG Hong-hong, GAN Xu-sheng, SUN Jing-juan, et al.
Analysis of low altitude UAV conflict resolution safety based
on STPA-TOPAZ[]].
Sinica, 2022, 43(7) . 255-267.

IR R T T IR AT A TE L B R £ B AR
R L. fias 2412, 2021,42(6) :452-463.

HU Xin-ting, WU Yu.

Acta Aeronautica et Astronautica

Risk-based discrete multi-path
planning method for UAVs in urban environments[ J]. Acta
Aeronautica et Astronautica Sinica, 2021, 42(6): 452-463.
Sk AT R T 1) ) B TR MR B TE L R
RICTT 028 2417, 2024, 45(8) 1 229-243.

ZHANG Wei, HE Ruo-jun. Autonomous trajectory design
for ToT data collection by UAV []J]. Acta Aeronautica et
Astronautica Sinica, 2024, 45(8): 229-243.



%4 H

AR, @ G A AR R R 09 B R R AALIE Sy W &R AL AR A

143

[11]

[12]

[13]

[14]

[15]

[16]

[17]

PANG BZ., HU X T, DAI W, et al. UAV path optimization
with an integrated cost assessment model considering third-
party risks in metropolitan environments [ ] ]. Reliability
Engineering and System Safety, 2022, 222. 108399.

AL TRARE L RIRNS L A5 T 2R AR 8 S0 S ) TE AL
I B A LR ] A28 5245 2024, 45(4) £ 256-269.

WANG Zhu, ZHANG Meng-tong, ZHANG Zhen-peng, et
al. Multi-UAV cooperative path planning based on multi-
index dynamic priority[ J]. Acta Aeronautica et Astronautica
Sinica, 2024, 45(4): 256-269.

VLK BEL LA AR AERE A AT R S A
AR L D7 i (1. s 2#4, 2024,45(16) : 207-226.

ZHAO Jiang, ZHANG Xuan, CHI Pei, et al. Self-adaptive
formation control and dynamic path planning for air-ground
heterogeneous swarm[ J]. Acta Aeronautica et Astronautica
Sinica, 2024, 45(16): 207-226.

SALAMA M R, SRINIVAS S. Collaborative truck multi-
drone routing and scheduling problem: Package delivery with
sites [ ] .

Logistics and Transportation Review,

flexible launch and recovery Transportation
Research Part E.
2022, 164. 102788.
MENG S S, GUO X P, LI D, et al. The multi-visit drone
routing problem for pickup and delivery services [ J ].
Transportation Research Part E: Logistics and Transportation
Review, 2023, 169: 102990.

ZHOU H, QIN H, CHENG C, et al. An exact algorithm for
the two-echelon vehicle routing problem with drones[ J].
Transportation Research Part B: Methodological, 2023, 168
124-150.

TINIC G O, KARASAN O E, KARA B Y, et al. Exact

solution approaches for the minimum total cost traveling

salesman problem with multiple drones[]J]. Transportation

(18]

[19]

[20]

[21]

[22]

[23]

[24]

Research Part B: Methodological, 2023, 168: 81-123.

F L SRUNE T IR A XU B 5 2 5 R N RS 1 2 T
AL ) 5 2 R R0 O 2 [T ], 2838 38 i TR 442, 2026, 26 (3)
140-158.
YANG Zhao, QI Hong-biao, YU Yang-yang, et al.
Integrated risk avoidance and hybrid strategy for multi-UAV
of Traffic and
Transportation Engineering, 2026, 26(3): 140-158.

X AEIT AT B, S SR L AL TR AR S XU B A% 35 e R ) Tl
RG] ], %4 5B 244, 2024,24(10) :4014-4021,
ZHAO Jia-hong, KE Zi-qi, WU Wen-jun, et al. Optimization of

cooperative path planning [ ] ]. Journal

a nuclear contaminated waste recycling system considering
radiation risks[J]. Journal of Safety and Environment, 2024,
24(10): 4014-4021.

VERMA M, VERTER V. Railroad transportation of dangerous
goods: Population exposure to airborne toxins[J]. Computers
and Operations Research, 2007, 34(5): 1287-1303.

WANG Z Y, RANGAIAH G P. Application and analysis of
methods for selecting an optimal solution from the Pareto-optimal
front obtained by multi-objective optimization[ J]. Industrial &
Engineering Chemistry Research, 2017, 56(2) . 560-574.
ZHAO J H, VERTER V. A bi-objective model for the used
oil location-routing problem [ J]. Computers &. Operations
Research, 2015, 62 157-168.

ZHAO J H, CHENJF, KEGY, et al. A bi-objective data-
driven chance-constrained optimization for sustainable urban
medical waste management [ J ]. with
Applications, 2025, 267. 126213.

ZHAO J H, WU B H, KE G Y. A bi-objective robust

Expert Systems

optimization approach for the management of infectious
wastes with demand uncertainty during a pandemic [ ] ].

Journal of Cleaner Production, 2021, 314 127922.



