%58 % 41 17 S-S D | A = SO SO Vol. 58 No. 1
2026411 JOURNAL OF HARBIN INSTITUTE OF TECHNOLOGY Jan. 2026

T ERMTEARESGR DAL RBEAY T E

(MRS MR K2E Ashfb2ERE BT 211106)

W OE: AMIHTEETZHMREEARENERREZRNERT WAL, AXEEERETEHEERY RN EL K,
METZHEMERTEESEE, TR AAEENGENTARRZ EHREEEA, BN T M HE & X750 K 80 %
WL AKX AFEEERENE B EEENYT M EELASAEFRTIRE L, &40 A8 A T 42 4 (distributed model predictive
control, DMPC) R T @6 Z 2 %+ Z AWMk Btk s ot o BE R KeE BT — a6 8 & B 8 %k#
A L& B & 3% (improved artificial lemming algorithm-pheromone map ,IDALA-PM) , PL 5231 £ = 3 ¢ ) & A & 40 89 4 A7 =\ 52 B %
BAX, HEEREYV PR W IDALA-PM XS AR T T MRS M EEEE HERERT T 54.2%
KR M TR R AT RS Bl R 8 42 LX) DMPC; IDALA-PM

HESES: TP273 MEARED: A NEHS: 0367 -6234(2026)01 -0012 - 12

Distributed collaborative search path planning method for
heterogeneous unmanned systems in underground space

ZHAN Hao, ZHOU Tongle, CHEN Mou, YANG Jiawen

(College of Automation Engineering, Nanjing University of Aeronautics & Astronautics, Nanjing 211106, China)

Abstract: To address the problem of inefficient collaborative area search by heterogeneous unmanned systems in
underground spaces, this paper comprehensively considers both aerial and ground obstacles and constructs a three-
dimensional grid model of the underground space. Based on this, using a three-dimensional sensor model for
unmanned systems with adaptive height, the impact of detection distance on detection performance is quantitatively
analyzed. Furthermore, by using the pheromone map mechanism, the environmental information is dynamically
updated through the diffusion and evaporation of pheromones. Within the framework of distributed model predictive
control (DMPC), an improved artificial lemming algorithm-pheromone map ( IDALA-PM) is proposed, which
integrates differential variation, triangular walk, Gaussian perturbation, and t-distribution adaptive perturbation
strategies, to achieve distributed real-time path planning for heterogeneous unmanned aerial and ground systems.
Simulation results indicate that the proposed IDALA-PM algorithm can effectively accomplish underground space
search tasks and improves search efficiency by more than 54.2% compared to traditional algorithms.

Keywords: underground space; air-space heterogeneous unmanned systems; collaborative search path planning;
distributed model predictive control (DMPC) ; improved distributed artificial lemming algorithm (IDALA)
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Fig.1 Underground space heterogeneous unmanned system collaborative search path planning framework
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Fig.3 Sensor detection area of unmanned systems
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Fig.4 Overall flow chart of air-ground heterogeneous unmanned system collaborative search
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Fig.6 Schematic diagram of the 3D underground space area
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Fig.8 Trajectories of multi-unmanned systems based on IDALA-PM algorithm
HIPE 8 25T LA Y, SR AR SCHA B8 R
N TS N e L.1p
ARG 2 B R, A AT GO oaiam
[ FAH) T 75 ) HHE R AR ok ---DPSO

J T VAL BRI 9 A T 5 FhE RN 4
JRIANH R B S 1) AR AL g X L i 2k, 2 B T
5 PR AE AR RIS R] R A9 4 R AR e 1

HE 9 AT, EHFEF RS S HEET,
IDALA-PM 119 42 Jag AN B 7 e il 28 8 R SR 1 . 2 101 By
BER R, - & 10 HL s T R RS
EEAG, 25 A PR B 0 3 9 18 R T 35 50R 5 R 1)
LR FReT, R G W R R - A
TE N LB B B A R - = A E R S IR -1

Uncertainty value

80 100 120 140 160 180 200
Time step

B9 ZMEZXNEBATEMR L%k

Fig.9 Global uncertainty comparison curves of various algorithms
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Tab.2  Global uncertainty table for different algorithms at

different times

i i) 2 ik
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60
50
40
30§
20
10

60 50 40 30
Y/m
(b) — 4kt

E10 ¥1AZEANRFEHNEE

Fig. 10 The first group of multi-unmanned system trajectory diagrams
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Fig. 12 The second group of multi-unmanned system trajectory diagrams
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