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Safe interval multi-robot path & robust planning algorithm based on
coupling degree matrix

MAO Jian-lin*, LI Hao-nan't, ZHANG Kai—xiangQ, ZHANG Shu—fanQ, FU Li-xia'

(1. Faculty of Information Engineering and Automation, Kunming University of Science and Technology, Kunming
650500, China; 2. Faculty of Mechanical and Electrical Engineering, Kunming University of Science and Technology,
Kunming 650500, China)

Abstract: In order to solve the problem of low success rate due to high coupling degree, the concept of a coupling degree
matrix is proposed and a safe interval multi-robot path & robust planning(CkR-SIPP) algorithm based on coupling degree
matrix is presented. Firstly, according to the path planning scheme, the coupling degree information of global map nodes
is collected to form the coupling degree matrix, which is constantly updated during the planning process. Secondly, a safe
interval is introduced to avoid conflicts between robots, and the A* algorithm with k time expansion is used as the low-
level path planning algorithm for multi-robots, where k is the set robust factor, which can deal with the robust planning
problem in the spatio-temporal relationship of multi-robots. At the same time, the information in the coupling degree
matrix is fed back to the A* algorithm with k time extension as a routing constraint, and the nodes with high coupling
degree are avoided as far as possible. Finally, the path planning of all robots is completed in the order of high priority
to low priority. Simulation tests on the Benchmark map show that the proposed CkR-SIPP algorithm is superior to both
the kR-CBS algorithm and the IkR-CBS algorithm, with an average improvement of 19.2% over the kR-SIPP algorithm,
which can effectively improve the scheme reliability of the multi-robot path k-robust planning system.

Keywords: multi-robot; path planning; safe interval; coupling degree matrix; robust programming
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input: MRPP instance

step 1: set matrix to 0 /¥ 4G A0 & FE HE R

step 2: reserve k to SPTI //SPTI e yii [X [

step 3: for a; in a,,

step 4: insert s; into openlist with f = h //g N 4§
T B R B, O R A TR, f A
TgHhZAM

step 5: while g; not expand

step 6: for fuin = g + h + x; MUACERHE L i
NS R

step 7: remove v; with fi,;, from openlist

step 8: insert v; with fu;, into closedlist

step9: s_t = t; //s_t NEIETT RN ]

step 10: e_t = t; + k //e_t AESFFAT f IS [a]

step 11: for v;41 in v;.neighbor

step 12: if v;1.8(e_t) — viy1.8(s t) < k //FIWi
IR s A XA 5 2 k

step 13: continue

step 14: if v;11.8(s t) > e torvg1.s(e t) < s t
PV F T U 22 4 X [A] 2 7500 2 58 15 AU
iR TR

step 15: continue

step 16: append v; 1 to v;.successors

step 17: for v} in successors

step 18: if v} not in openlist

step 19: insert v with f,;, into closedlist

step 20: current_v; = v,

step 21: append current_v; into path

step 22: current_v; = current_v;.parent

step 23: return path

step 24: update GTI, matrix //GTI A4 /R 8] %

step 25: end

FETE B RO PR I ) 5 9B S o [XC ] (start
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RO A TARS RAEM 0% o K 5 LB ASBE L § AR ik

TEE] S Hp: 25 Hb B RIS 20 531 N bre202d: 530 x 481+
den502d: 251 x 211.0st003d: 194 x 194. ¥ & 3 HA[E]
PSS N n g 78 10,20,30, k90 & B N0, 1,

3,5.

K2~ F 4 FHE bre202d. den502d Fl 0st003d 7F
SRR L PS8 AT IR PR 3 TR F

#<2 HiE brc202d B

b bR SR 25 B, RN B 53008 £E 5 min PSR A
H IR BN S B o B SRR SR AR H A Y
I ] AN A B LS NPT I B4R D KRR,
JE A TRART- 3 (10 & SUR TR V5 H A B4 1) 45
Ji B B 3548 bre202d. den502d AT ost003d F 3
K7 R SE RS IG 45 Sl 6 ~ B8 BTk,

SRARRLINZE | % SEYYIBATI ] /s EARANE
bre202d
n=10 n=20 n=30 n=10 n=20 n=30 n=10 n=20 n =30
CBS(k = 0) 100 100 98 0.18 1.46 3.56 1329.02 2572.78 3905.57
SIPP (k = 0) 100 100 100 1.26 2.85 4.21 1333.18 2583.8 3867.61
C-SIPP (k = 0) 100 94 86 0.25 2.15 4.43 1329.02 25729 3864.98
kR-CBS(k = 1) 100 100 94 0.28 2.50 6.20 1329.02 25729 3864.98
IkR-CBS(k = 1) 100 100 94 0.16 2.17 3.64 1329.02 25729 3864.98
kR-SIPP (k = 1) 100 100 100 1.20 2.71 4.04 1333.28 2586.04 3875.74
CEKR-SIPP(k = 1) 100 100 100 1.24 2.77 4.10 1333.61 2597.68 3880.01
kR-CBS (k = 3) 100 82 72 0.27 8.26 4.61 1329.02 2545.86 3837
1IkR-CBS (k = 3) 100 86 84 0.17 9.11 3.39 1329.02 2537.37 3837.02
kR-SIPP (k = 3) 100 100 100 1.24 2.80 4.12 1333.48 2555.69 3839.09
CEkR-SIPP (k = 3) 100 100 100 1.28 2.89 4.15 1333.76 2562.79 3846.19
kR-CBS (k = 5) 98 76 54 0.30 7.57 6.20 1325.51 2557.82 3847.52
IkR-CBS (k = 5) 100 80 60 1.28 7.21 4.08 1329.12 2546.85 3847.52
kR-SIPP (k = 5) 100 100 100 1.25 2.74 4.11 1333.32 2565.87 3889.23
CER-SIPP (k = 5) 100 100 100 1.29 2.83 4.21 133446 2573.37 390547
0.96 1 / 0.9 f 0.6 f /
0.92t H 08¢ H 05t
0.88} = 07} 04t
= =
0.84 } ~=— CkR-SIPP w 0.6f w 037 =<CkR-SIPP
—— kR-SIPP | | —=— kR-SIPP
0.80 —+ TkR-CBS = 0.5 = 02 — [kR-CBS
0.76 . . —— kR-CBS 0.4} * . —— kR-CBS 0.1p 7 . —— kR-CBS
k=0 k=1 k=3 k=5 k=0 k=1 k=3 k=5 k=0 k=1 k=3 k=5
k1H kfH kfH
(a) n=10 (b) n=20 (c) n=30
6 bre202d HEI SR EMY
#=3 den502d FUSCIE
SRIBRINZR | % SEYJIEATHS ] /s SEERME
den502d
n=10 n=20 n=30 n=10 n=20 n=30 n=10 n=20 n =30
CBS(k = 0) 100 94 90 0.49 1.61 14.95 1128.18 2180.51 328542
SIPP (k = 0) 100 100 100 0.48 0.92 1.48 1130.67 2209.14 3304.33
C-SIPP (k = 0) 100 100 100 0.49 0.99 1.56 113490 2218.76 3319.67
kR-CBS (k = 1) 96 82 70 0.64 2.50 16.20 1122.25 215495 3296.34
IkR-CBS (k = 1) 96 82 70 0.47 1.95 929 112225 215495 3296.34
kR-SIPP (k = 1) 100 100 100 0.80 0.92 145 112594 2161.39 3314.26
CER-SIPP(k = 1) 100 100 100 0.51 1.01 1.53 112742 2171.59 3318.11
kR-CBS (k = 3) 96 64 32 3.96 2.16 13.30 112231 215522 3331.63
1kR-CBS (k = 3) 96 64 34 1.82 8.15 8.27 112231 215522 3324.29
kR-SIPP (k = 3) 100 100 100 0.53 0.92 1.44 1087.72 2161.34 3345.00
CER-SIPP (k = 3) 100 100 100 0.55 0.99 1.53 1130.00 2171.28 3344.65
kR-CBS (k = 5) 88 54 26 0.84 3.25 11.40 111502 2169.22 335333
IkR-CBS (k = 5) 88 54 30 0.60 2.30 2466 111502 2169.22 3341.00
kR-SIPP (k = 5) 100 100 100 0.48 0.90 1.42 1122.25 2182.07 3387.40
CEkR-SIPP (k = 5) 100 100 100 0.52 0.98 1.47 1122.57 217793 3370.87
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n=10 n=20 n=30 n=10 n=20 n=30 n=10 n=20 n =30
CBS(k = 0) 96 86 82 0.27 6.84 13.12 1036.04 2236.98 3174.20
SIPP(k = 0) 100 100 100 0.39 0.86 1.27 1063.98 2265.74 3271.20
C-SIPP (k = 0) 100 100 100 0.36 0.93 1.40 1067.86 2295.05 3317.73
kR-CBS (k = 1) 94 78 58 0.40 12.46 25.80 1032.06 2226.87 3118.14
1kR-CBS (k = 1) 94 80 62 0.20 10.76 20.21 1032.06 2241.14 3130.26
kR-SIPP (K = 1) 100 100 100 0.38 0.86 1.26 1066.82 2285.46 3329.56
CEKR-SIPP(k = 1) 100 100 100 0.39 0.86 1.27 1065.48 2269.58 3248.13
kR-CBS (k = 3) 90 52 18 3.73 7.08 16.50 1140.43 2234.04 3357.25
1kR-CBS (k = 3) 90 54 24 1.27 7.15 27.61 1028.96 2246.07 3085.75
kR-SIPP (k = 3) 100 100 100 0.39 0.88 1.19 1038.71 2283.74 3146.67
CER-SIPP (k = 3) 100 100 100 0.41 0.92 1.28 104136 2296.52 3240.75
kR-CBS (k = 5) 82 36 4 2.42 12.95 9.55 1019.54 2268.94 2481.00
IkR-CBS (k = 5) 84 36 10 1.20 7.95 39.23 1030.24 2268.94 2844.60
kR-SIPP (k = 5) 100 100 100 0.40 0.88 1.11 103549 2292.17 2903.80
CER-SIPP (k = 5) 100 100 100 0.41 0.95 1.16 1034.63 2323.72 2902.60
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