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Research progress and prospects of collaborative delivery models involving

unmanned aerial vehicles and ground vehicles

QIN Zihao', LONG Luo’an', YANG Yunlong’, ZHAO Yucheng’, MOU Zhenhua'

(1. School of Transportation Engineering, Shandong Jianzhu University, Jinan 250101, China;
2. Inspur Smart Technology Co., Ltd., Jinan 250101, China)

Abstract: With the rapid development of the low-altitude economy, collaborative delivery
involving unmanned aerial vehicles and ground vehicles has emerged as a promising approach to
alleviating the “last-kilometer” bottleneck in logistics. This paper systematically reviews the
conceptual definitions, typical application scenarios, and operational modes of air-ground
collaborative delivery systems, and argues that the three-dimensional coupling of time, space, and
task constitutes the fundamental characteristic of such problems. Air-ground collaborative delivery
systems can be classified into three operational modes: vehicle-mounted takeoff and landing, fixed
handover points, and dynamic rendezvous. Correspondingly, the modeling framework has evolved
through four levels, from mechanism-based benchmark models to dynamic and robust models.

Solution methods have also shifted from exact approaches to hybrid optimization frameworks
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centered on feasibility assurance, integrating mathematical decomposition, metaheuristics, and

learning-driven methods. Current research still faces several challenges, including insufficient

endogenization of airspace regulatory constraints, limited adaptability to complex environments,

and weak engineering deployability. Future research should promote the transition of air-ground

collaborative delivery systems from theoretical optimality to stable and operationally viable

deployment through hierarchical integrated modeling, endogenous representation of capacity and

congestion effects, and the development of robust and online optimization mechanisms, thereby

supporting their large-scale and sustainable application.

Keywords: unmanned aerial vehicle delivery; air-ground collaboration; unmanned aerial vehicle

and ground vehicle coordination; task allocation and time synchronization; engineering feasibility

constraint
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Fig.1 Schematic diagram of typical application scenarios
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Table 1 Constraints and environmental characteristics of

typical application scenarios
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Table 2 Key collaborative decisions and priority objectives

of typical application scenarios

. ) sk |z e T
A g WL | AR %zgﬂ
S g3 R+ ]
o J J J
e | M J N
EPRsrmtcast | N
ERTAUA | ) |
G T
WA e ot | < N
B 5l ik x N N
TR e | x J J
SRR | x J
T LR B e s xR A AR

£57
B2 A e R W R BUR R R
SR IR IR [0 TR £ 4 A TS RS E
N R ORE 5 S PR TR AR S PR 254
B -JC N AL IR R] A P BE e B AR 5 #2207 5C
AL 55 00 i A

(3) N2 SR TR

TEBE ST $d8 5 NIE £ Y &5 B 2 9 5 L
Rk 5, BE % R G0 WA TR BBk il
S 52 BEL A K 328 A7 R [ i B2 AN 0 5 45 ) A% )
B 3k 25 B E] S rh T A I ik 2 K X %
T, P AL KB B KA %K
S LA B AN Wi R O S SRR, X IR R R SR
PRV S ELR B RE I 4R L T B 2K

=503 RS 5 A ) 29 TR B 2R L5
AHEP AR T FEE . AR 3R AR
BT BCAN [ (4 3 2 254 5 [R) A0 5 o B e AN
EiUp=y Y S
1.3 REFPREEIETEREN

iRz Wi 25 M P 6] RGEA o B — A 24 g
PREB R RS, WA 2 7 o 1% AR GERY ZRAG 4045 PU
o 2R - AN R G, I AP AT
23 HIs AT 55 5 ) MU TR 4240 1 AR G, AR H M Tz
Frb e D AE s O Mo T LAk S0 , G0 L R A e A
RS @ R SE & iR E RIL A
Z AAREALDRIRED . FEi 840 T, bR IR AR M6
iz 77 ) fa7 B I T 2 108 5 S A A R AT 5 i AR

HORTZH N, S AR LR AT 55 53 TG 5 Ik TR) [R] 25 0B
JRSRAR R
RT3
( =
WA //7 \
TR TR [ (2 \& Bttt
e w2
& | TR \ EaHm
EABLT R i 44 R 5 55 84 LA

SUIEPFRESZ]

U RIS
5% Abi etk

B2 AZRM
Fig.2 System architecture
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Fig.3 Vehicle-mounted takeoff and landing mode
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Fig.5 Dynamic rendezvous mode
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