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Z NN RN AT L — N2 2L 28 AR ML G S0 8 5 4% ez iv) &2, H
12 ) A ISR AR 7 N AR, 2 S b sUM A N 2R J7 V5. SO [4) BB 2 BRI Z L4
NEZER g2, 3 T 28 TR A A MR (mixed integer linear programming, MILP) ] % L
N RRI J7 1%, 27 R H e B RN 2R, REE T 2 0L N ATAE 55 T RE i
NIRRT IRFHOE BB 1S AT, Kumar 55 50 Je 54 H T B TIRA B IR (mixed
integer quadratic program, MIQP) F1 XM (quadratic program, QP) )7 VA AR Ak in] K i 2
TNBVIE, kT 5k 0 A4 BN B ) 5 B R i e, -0 A SR Al B ARL, STk [7] 25 i i e It
(8] A 2 o AATLBERE BT AE B in) /1, $2 0 T 38 T 7 20 FK (sequential convex programming, SCP) )
SRIFETT 5, ST R I A AGE T R A AE AR A SR, SEEL T IS R 2 0 A ML ERLE K
fT. Chen %5 B N7t — DT M, BFR T T EFHMIE] (incremental sequential convex
programming, ISCP) 112 E ANWUFIEFLRI 7 7%, 1% 0716K SCP 5k 58 R sk ms 454, Sl 796
AR 2 T AMLREREBERS K AT, BHJS, Robinson 25 9 it — B4R AR A H T U R AR R 2%,
PEH 7T LS-PS (level set-pseudospectral) 2 B BEARFIE LRI J7 7%, 07 F 45 BT T 1ZH KRR
)RR . it R BRI SRR, SCHR [10, 11) SRR T R — o) I B AR A B R [ AG
Wy, FFiEd S R TR S AT B AV, SR 5 T80 L T B R e ANLEZE, AT SEEL 7 BN
HUSERERLRI. ANHRTH SR I B9 4 SR AR 22 1) #f P tH R, Hamer 45 020 $2H 75T GPU Iiss i 7572,
ST 2 T ANUBGE B e RS, 128, Dyl e A 1) UK g i R 6 P A5 R A A8, Williams
S 081527 MPPIL J73%, WS 7 2 Jo AU SR A B v 5. BROR Bk 8 v SR il 0 A Ui ok
T 2T NHUVE R ) &, H 2 A e AN LEBCE IS, THR R A 2 SR .

AESR, FT 4040 2N 2 o ANLPUE AR FEAR B 172 /8. SCHR (14, 15] 25 18 2 80 Re ARl
WA, PR T T IR RS (velocity obstacle, VO) )2 B RE AR BEREFLE A 775, KL T 2 B REAA
UL R PUE A K. Manocha 25 161 Y4Z 77 VL SRR T4 6] (model predictive control, MPC) J5 ik
&, PR T MR B ) S AR 22 T8 AL A AN RRI TT%, SRBIL T 2 T A LBERIE BRZE R 7 425K
fifk. HE—2, N7 FRARIE TN 2060 A 2RI 52, Zhou &5 71 32 T 3T BVC (buffered Voronoi
cell) )2 B BEARBERL T7 V%, 2T VAAE 22 B BEAAR L SR I 7 ML 2% N 2 TR I 52 LA A7 B A R,
fif i 1 IR T 2 BRI 22 0 AWLEIECE SRR 0] R Dhyadk — D4 e 4, SCHR (18] #2117 PBVC
(probabilistic buffered Voronoi cell) 7772, TEAR RIS AFAERE AN, SCHL 1 2 8 REARER AR, g
P YEM % E, Zhu 25 19 $2H T HF B-UAVC (buffered uncertainty-aware Voronoi cells) ]
LGN AT ALK TT 5, ZTTSE I T 2 WA B AR Z G 00 T LK), Luis
2 120,21 Sy — D3R m U SR R N, AT T 0 A S AL TN $% 1] (distributed model predictive
control, DMPC) 777k, SEHL T 2 T AMLAXT & %AT. Bl G, SCRik [22] 5 FE 2 0 A M LIBERIL 18 [ in) 75, BfF 5
TR TR RN (PSR B B, R R O i 2TV B, fREE 2 PRSI T B AL 24K
17, Ht— T 1 2 T0 AWIAE LA A il i) S 8.

FE| A &b 2 38 £E 22 0 AV R U AT 1 DR B BRI 72 A, JFIUAS 1 SRRl R Fe e R, fH 2
TH S 1t DA R B rTAT PR, B TARAEX 2 J0 AWV EAT SR IR AR Ol an M R e (1) I
B[R0, & AT A TE AN — 24 R ) (2) AR iES:, R AEEE By 52 29 R AR bR 2B 2
WORARELL R R R (3) MR AN, R P IR YIME B e e Al 2o, SR, SE
bR AT, ARMEORAIE 22 AL 7] 56 42 [F) 20 FIARA BR AR AL AR TR 28 S e, PRI, 38 U] 7 ST 97 o 5 0d
(1122 TE ANV 7. tl, ASORIRATHTI AR 23240 @047 7 Bl 2 HLAHET, S 1 T )
BRI Z FG IAEL (0 22 T AL A sUAE R LR D7 k. ASCi B ZE AT, (1) Wit 72 LA
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Table 1 Comparison of multi-UAV trajectory planning methods

Method  Reciprocal collision avoidance Obstacle avoidance Asynchronous Cost-function continuity — Runtime

[10,11] v v X Required Very slow
[13] v v X Not required Fast
[14,15] v v X Required Very fast
[16] v X v Required Fast
[20] v X X Required Slow
[22] v v v Required Fast

Proposed v v v Not required Fast
WL A SPTFRIRESE, ZAELE A4S Tube-MPC AR, 8 AR ) bR 12 1) 465 15 1 49010 4l B 4% ol 8%

LR T RS SER S &, (2) 2 T T MPPI F12 AN Pl IR ik, 1% 05 7%8
T GPU BIHAT SR RIS BENUREER AR RAE T I8 ANLPUE AR B itk 5 22 4, LR B e mU2
AHG TR R B L) RS AF BB A5 B, 85 7 5 O S A R M O R A TR i 5 3
i 22 T NHUEE R R 77725 INAH ELIBERIE o SRR L INF (8] 20 AR BRSO S8 L 384T I [R] 5 N7 THI#EAT R L,
ZERUNE 1 PR,

AN ZHAN TR : 25 2 FTHIR AR SO R I 10 8, AT AN TS LW %, LA
BULIZE R 1] B A R — AN BE LB A 2 11 i 8, 28 3 5 AR 24 R A 2 RS A5 R i 2 TE AW A3 2%
TELRENITRIMESE, 25 4 42T MPPI B2 B AN R B PUERIRITT %, 5 5 15HH ROS-Gazebo
REFM BT 6 % A ST BT R SR M BEREAT IR IGAE, 55 6 TXEA ST 78 TAEBHT N9l gh 5 .

2 [E)EEfEA

FE—MHEA N € ZANATNWMIA, HTERRTHERRA W C RS, HREZEEERA. T
MMAEPATAE S5 i 72 TR R P LA B R A S HIR R, TSR DR R R BN SRR A O,
KRR RRRA U, B2 THTIEANAE R 2275008 F = W\O\U. #H AL T 73 8]
W HE—E 2 e R WA R (2) TR, FBE « 2T ANIRGM EM BB D MERRN s, € F
Mg, € F.AREmMATAEZRZETAMN 4, § FEAAFE LG A H bR S, L R () NR (s;) =0
M R(g:)NR(g;) = 0. XTH i BTN, & SCEBRS s; S48 g MR Qr, ZHulkItas
m ML post € QY1 € [0,m), Hil /& pos? = s; 5 pos™ ! = g;. 2 AN RKI ) B hrsd A ml—
2 MGG B B A5 s 1) 22 A0, B R IRE T PR 58 R ) FLAE [R)— I 208 2 15 Foph e A MLk Al 4
DRI 75305 A2 DA 264

R (post) € F, VI € [0,m), Vi € [0,N), (1)

R (t;,pos;) NR (tj,posj) =0, Vi#jel[0,N), t; =t;, (2)

b, pos;, pos; 2PFRIRES @ M j BRI AHVAE AL A HUL R, R (¢, 2 € R?) RIRTEANLER ZI
t FIBLEA .
ERL ASCRIEHES VASE @« ZRIC ANHUNB, NRIRTTE, FEA AU T, 208 T Mbs i
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G 2R A T 17 SR R RN 22 FRURS AT 1) 22 T AL 23 A sUAE R s p )

2.1 TANERE

ALY 3T ML, 2 AT R il T DY e 38 T AHLEA Sl F 38R 290 Rtk v B
F A ASFIER [, py,pe, v REMAFORIZRGNRE X AHEHIHN U = w+v. DERT AN
PSR EY I

X = AX + BU,

T
Ogx3 a B- 06 x4 Ca- Iy ’ (3)
043 O4x7 Iyyy 061
HA X = [pu,pys Der Vs gy Uny Gy Gy 0, ) R T NMUKIBEE SR NS UL AR, v =
Gy s a2y )T FRTEAMLITERIN, BIAL B 1 = SHCS AT MR R, v FoRBELEE Sl

A:

2.2 ARFHH

TN RN AR A, T H S 3h )5 B DL Rl e s 75 5K, AR UE AR e i 2 4 vk 5
WM, FUB R AR S A R, E RIS SLR . BRI R BERE L) RN E) 2R 2R
2.2.1 554X

N AR TE AL AR AL T b A AT O, A SCR IR & A% S0 261 S5 22 sk, DA
B A* U AR BB RS F AR, LUASCHR H AORET MPPT HLRI77 148 B0 44
N SRV B TR 2 A TE AWk, Mot 3 A B g, 18 T16 ABL TR 5 15 09
PREZ TR, Fatin -

gt = kp [P = pall + ko lv — vall, (4)

Herp, p v 23R TN AL BN E, pg A1 vg 70 BRI AL BAERE, &k, 5 k, &
AL,

2.2.2 EEAR

IR 4 AT, T AL B F SR e T, MR A o6 g, 550 B B
A, g AR F:

kcola dobs < dObS

min’
dobs —dobs p . .
e = kcol( max(g L ) ) d?,—ﬁ; < dobs < dfr?abx, (5)
b
07 dObS > dronas)n

Horbr dops FRTCNNLB FIT ARSI RIEE RS, dobs 5 dobs, AR, 73 2 fe /N s R R B R A
§ = dgbs, —dobs p > 0. B R B Bl BEAS YR B OR T OB B BB, ANl A, AR A
flf A3, 2P0 B B PR RS /N T /N BN, YOS BOE R E R R AR, 45— MU
N ket > 0 PURETT; 30 3 B I PS8 18 A e VR R KBRS BB Z RN, 25— MR AL T
[0, keot] ZIAIAIAET, BRSNS dops MMEKR L.
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2.2.3 EEHIZR

XFE @ RN, ¢, BERIEL AT

km, dij < dthr

min?
k
ij — i — i th th
4n = km(w s i < dij < odplh,
woax ~ Armin
thr
0, dij > dmax’ (6)

dij = ||EY/? [pos; — pos'] ||, pos; = Qi (1), pos}" = Qi (7j»)),
Ti—tg, Ti—t;' >0,
Tit) = ,
0, -t <0,
Hrh, j e V(N\i) B h HALTE ANIR S, d;; R BTG AN CATIRES BI5200 2 J5 1
FHTE N L2 1 K ECHE B, B — diag (1,1, ), A < 1. ZERI—I%1F, % d,y KT b, ot ik
T AN R ARl 2 dyy /N T BB d B, DA R AR PR R AR R, 25 T — MR K, > 0
MET: 5 dyy € [die dibe ] I, 5 F AU T [0, k] 2 IS, ELAE SRS diy O b
(k>0¢€C). MeAbh, BBEE i« ZETC AMLREREZE IS () il o 4 Ry i (R g, 7 RN E 4 BRTE AN AT ZE
FTAE IS 2, ¢0 2R3 § 2R NHUREHETFIEIS 2, 75 FR 558 @ 2T AN BT[] — 4 R I
Z 1 B2 5 2R ANUE B O (e dh T AL rI et %), 36T L B (e RoR, 7ERTZ) 7, T ANL @ Frab i) i
BB Qi (r.), 3 BLISHE A8 posts ML j LIS HHUEN Qi (ry(s), SRLATHIERN post.

2.2.4 BANFHR
N R A R B AT AR AHLRAT, ANEEE e h 7 2 PR, I8 AR B KL g RFIEERE  nide L HE
LBl 351 R POE AT R, qo BARRIRE AT

{kdynv ||S|| > Smax>
qd =

07 ||S|| g Smins

(7)

Hrp, s FORTNNERE - MBEFLRE (50, 5a), Smax T Smin RANTLANUREBE (55,0, M 585, 7351
X B R AR AN AL, 58 A1 585, 20 A0 R B R AR NI AL, kgym > 0 € C.
2.3  mfUEHIEEAE

FEW R T AN TR TSR T, I B s o fas il il A b AR BR 2, 7T DORE AR 0 22 FRehS 2445
N 2NN i B AL O — AN REAL e L f ] i A BRI RE AR st v ~ AV (0,02) R
EIEN 0, 72N o WL, T A BN UL 35 LA A B A A0 R 38 I Al 17 SRAE [ 5 i 40y T
¥y 2 Lz 81, ARNCIRZS T3 R i AR il 2 25 FAEE, I A IS QO B EPPAS TG, B4, #2 N
HUAHZE R v 2% o 20 2% AR AR BR B AR AR T XA BR Bt R K

to+T 1
\% (Xt, t) = min EQ |fb (Xt0+Ta f,o + T) + / (q (Xt, t) + §U(Xt; t)TRu (Xt, t)) dt] 5
to

{Uto ----- ut0+T}

q (X4, t) = g+ qe + ¢ + qa,

(8)
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Hr, ¢ (X, t) & CNEIAM; q (X, t) 58 XONIBITAAY, B3 (4)~(7) MK R &— D IEEERE. i
DRI R RIRE N [to, to + T, Xy, Uy 3AERTR t € [to, to + T) W ZIRGHPRSFEEHIFAN. BLAE,
X Egl-] A2 2 TN AH E R IAUREL. W AN RE R 1) AT ARE SCHn I FR i R I Jskde
DA il [

argrr[}i*n V(X t) st. X =AX + BU, 9)

Hp, v = {Uy,,... U} RZ PP 5 15 21 1B A BRI A1, 8 3SR A 2 4% i A 7P

51, BIR] SEELTE ANATLAIZE BRI A2 K

3 ZRANSHRAELITIKIHESR

AR SCHR H A T 1) 52 % R B0 22 IR BRI 1) 22 T0 AL 3 A 2QAE S 02 R Rl S50k 1) R A 5 R HE 22 4
Bl 1 PR, (5% Tube-MPC AR 71 12HE SRR AR 125 1) 2 55 i 42 1) 4% £ 1DCR DRAIE 28 48 10 S
PEEEHEIE. ARPRAE R a8 20 RGNS, F10S BEARLIR A SRR [ 7 i dufdpe 10 428 ) 1ot AT S B0 B2
A s Sl B SR T 92 bR R G, SEILTE AMLBDAEXS BB P R ER IR, FLrb o il 25 O A\ 2
5 2.2 /NTNAR) 3 MR FAM (AT ANIPIE — BEREZIR, EDT MK - ®EFRL W, 51 25008 - 5
FAW) PLACHHT R AN LGS, FHBIE S 28 BN 2 TC AU BB, T hnbrdss il 43 5 20
TARERTN R AR 4R ) S, 75 ERE RIFAT IS, BIUEEL 10 Hz SAFRISAT, PRUESENE; T Bhiz
&5 LL 50 Hz SARIEAT, PRIE SRR, X THRPRaa i £ 10 BAR S, A 4 e 4, 58 T4
Pl A I BAR LI, 1 S H A TR TAE B8 B TR Gazebo 1 LI IRIGIE 2 WL ZE R RI %,
TE ANHLAPIRZS A 5 2 AT DU I AR S 1 BRI Ak, FETC NP & ERSER AR, SR
WEAE R, IR ISR PR 40 70 N S AR IE 7K. G55 o AU BLAE I8, 385 S 2 i 07 14 W
2 (A S G HRARAS, SREX P % s P R RK PG E B9 4% 4 (Euclidean distance transform, EDT) Hu[&].
o M A 3t P T R AR IR B A5 B B IE D7 A TR BG4 4 1 00, B TR0 AR O R b 2 A A
. MRS il DU AR AE o M BB D e R A M R, U AR o A R BRI R
FMHARCRES AR S0, WALy 4. EDT B R T2k ibes 2 e i PSP i R 85, 1 B2 SR A ied 72 v #
PRAEZE 8. AR TC AT FEMAS o B EE BB AG ie i, RERE AR A bR B AN R RN R 0. T 3RA1)
A 3A A 241 o PRI SR g, A i ok 7 bt 1, 2% SRS 1) 5 LA 2 T DO B — /bR 43 e J 57 2%
FEHEAT IR, 5O H BRI Rk viEd GPU RSP 6 SR A7 k. 22 7o AALIALIE 7
W 28 32 A7 53 0 AHUERIZE () Rt SR i e AL — BAE RS, ok 1m) 38 TR 28 &0 RIS, M TR
W 2% S A TS AHLACR IR B, RIS 14 I8 B ORI B (2547 R 28, T B AL
() JRERLE AN V155 il bl v o, U ME B S s L B A SN TE] L TE AN 5. 3 F R E A
AR IRZ O WA HET MPPI 2 6 AL A1 S AE 2Bz ) 502

4 ET MPPI HZ AN SHERR %

4.1 REFUNEE R AT A

AT 2.3 /NTRE 2 TE NI IR ) AU A D9 — S BE B e 0 425 1 T . D SRR 122 e 10 42 1 1]
B, R FFMEV (Xigrr,to +T) = ¢ (Xugrr,to +T) RN (8), WEIRHEE - HEATH - JURE
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| H g . } H . E X ."‘.. High frequency
| Camera | : Monte-Carlo sampling i One Trajectory evaluation & Forward propagation update

Depth | 1 i Random i step - — o 50 Hz
ep ‘mage H N . i traj. | ( Reciprocal Fixed ti H
i| control input - R ixed time i
info. info. H P Discrete —p collision Obstacle | domain H Trajector
H sequence R i : . avoidance H v Y
H time H i \ avoidance | H tracking
dynamic ' H

controller

model

——————— UAV pose i /Tnitial control { - EYa, - | 0 i
| State | info. ol | input i ( Trajectory Dynamic | Prediction \ !/}
I —» i i\ tracki i step length
L _est_lmf[n@_J' N sequence } ( racking ) (conslramts) N
GPU parallel acceleration Trajectory Multlp{e Attitude
cost trajectories
== ; - = e controller
EDT map { i 4
g ’ H 1] 1 i . . H
I Mapping H Optimal control Optima Optimal Sampling Minimum | }
| | ] i control control ioh cost i
_______ sequence generation sequence input weight Thrust moment

I
Guiding et B B PR ]
trajectory v A : |
-——————— e —— ] | Actual system |
: Hybrid A* : | Nominal system | Optimal trajectory |_ _______
______ )

1 (MEEMFE) ZRANSHRELNTILIHESR

Figure 1 (Color online) Multi-UAV decentralized online trajectory planning framework

(Hamilton-Jacobi-Bellman, HIB) 4 A

v OV 10V [0V 1 02V
757Q(Xt,t)+(AXt) 6){752<6Xt> BR B 87)(75 +§t1‘ BB 8Xt2 . (10)

B G RAFIZAR > T7 RE WA

L”(X@t):AJTJBng%. (11)

R, AR BRI U (X, t), T ERBAMN BT T ANRES RIS 77 #2 (partial differential
equation, PDE). f& 4t 77123k i _Fib il 73 77 23 52 B R GORASYEZ 5200, 17 DY e 38 0 AL & 2 MR
A, R AL G715 ME R IR 7 F2. AR SCR B8 42853451 (path integral control, PIC) 77
R AL SR g 2 S IR . R 2 — RR (Feynman-Kac) J7#2E 57 PDE 5 PIC
Z AR, RERE (10) A AL M ImGL 5 772 (linear partial differential equation,
LPDE):

ov W T OU 1 r 020
a = b\ q(Xt,t) (AXt) 8Xt 2tr (BB 8Xt2 y (12)
U (X t) = e x,
Hrp N> 0,0 €. ARFERT S 3CHR [13]. % LPDE [N
to+T
U (X, t) =Ep lexp (}\ / q(X;,7) dT> U ( Xy, to+ 1), (13)
t

Horh, Ep[] ZRaRXIANZAE R G0 2 25 T AZ Q0 BR BUE AT
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G 2R A T 17 SR R RN 22 FRURS AT 1) 22 T AL 23 A sUAE R s p )

V(X1 t0+T) ¢(X¢g41t0+T)

KO ( Xy to+T)=e" 5 =e > RN (13) W
U (X, t) ~ Ep [exp (—SSS))] ,

to+T
S() = ¢ (Xuyorto +T) +/ ¢ (X, 7)dr.
to

B (20 (8)) R4 VBRI R N SRARY BR B S LA, A% Gt T vk TR B
X (1) THEHXPRE X MR, 552 301485 5 MERZIR, 1T MPPL Rl BRI 5 ik G P IR A
X fEMrEREE R, BAR R AR

e W (X, t) R Xy, SRAHT B A/ SR 1) B P05 (L DR A O A T
—1Ep[exp(—s(t)3dv)]

(14)

u*dt =R 'B"(BR'B") Er o~ S0 (15)
K, NTTAEHT A RAERL R, X5 To AHUIRAS 77 18 B b AL B T 45
X, =A:X; 1+ ByU,;_4,
I3ys Izt Ig S5 © 031 13x3Aft3 0351
A= 03x3 Isxz I3x3At 03x1 By = I3 85 © 0351 . (16)
03x3 O3x3  Isxz Osx1 I3 3At 0351
O1x3 Oi1xz3  O1xz 1 015 At
245 BB EUE Y U SRRz H N
. UtilE[eXp(—Mvt)}
Efexp(— 5] an

K
S(to+T) =0 (Xspprrto+T) + > q (X7, 7) Al
k=1

Horb, K RS20 RISl AR AR
4.2 BRANFRLHTIRI 7%

BEARAR I 42 BT VE T RD R KSR UL RIAH RIS, ke 1 i Bl 7 R SR Ao e v 0 )
A (2K (14)), T B A I SRR I B R R SR AR (X (17)). BSR4 ) 75 323 5 4y 2 A A
B PP RS, N\Tfﬁﬁﬁtﬂ*ﬁfhﬁiﬂﬁ’]ﬂ%ﬁﬁ%ﬁ?ﬂi@)\ wj. MPPI &5 EIRPIR T ik, B TR T 45
oy, RRYE BRARR AR 05 5 R R — D TS AR, AN 3T MPPI AEZE, PEAN A SO I 1
%%}\m#ufmﬂﬂﬁﬂﬁ/i

PSS @ RIENHUNG, M BHBURERNT . E, W TSR v, E 30 o N kK
KEELTEDE p € Z DX RN A R, K, XRTH b UCRFE, %58 HIa642 %14 N 51
Uk, = [ufo,u,’fUJrAt, cub ] (%}JZZL‘%%?}[']%) B U =wp a0+, p € [0,T] RAENHURETT
PRI FEEAC T 28, RIATA3058 & SRESE. 7258 p 2, M AARN BB S (tospae), B T 3
RUMEF NG RN ZE | S RFEPUERIRAN. FESSPRBENS, £ GPU 2R, 2 5 RAEBULE AT AT
WSk T 0. 5, W AL K 2 R4, 75 280 m/ MUOME, JFER N (17) THERGE, 1528150
PP H1; IR G MPC HEZR, SEREHI P SIS AER. &), B mIuizsl o A AHURES T 12
Hh, BRI ANPUE. BRI T MPPL 92 o AHLR 2 s i) 07 2 ) 5 RS A 3% 1 s
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H3K 1 The asynchronous multi-UAV trajectory planning method based on MPPI

k€[0,K].

Input: U 5 : initial control sequence; K: Monte-Carlo sampling times; 7: number of propagate steps; At: time

interval,

Main iteration: Q™ = f(UiI;i[O’K],K, T, At);

1: for k=0to K —1do

2: Vi = {vlg,vi ..... 'vz}

3: for p=0to T do

4 if dobs < d3P || dij < dE then
5: Xig+(p+1)at = Xtgt+pat;

6: else

7 Xigt(pryar = AaXig+pat + Ba (Uigtpae +v7);
8: end if

9: Sk+ =5 (to+ (p+ 1) At);

10: end for

11: end for

12: Spin = min [So, S1,..., 5Kk —1];

—_
w

€= Zf:_ol exp (—% (Sk - Smin))?
: for k=0to K —1do

wE = %exp (*% (Sk; - Smin));
: end for

: for p=0to T do

Ungppart = 3o @rVE;

: end for

uf = uy,t € [0, TAt];

: for p=0to T do

NN NN = e e e
W E QO X

Ut = U4 At
end for

)
o

U* = [Uto:utoJrAh .. ~:ut0+TAt]7
forp=1toT —1do

N

Xigt(pr1)at = AaXigtpat + Batlyy4pat;

N
N

+1
POSf = Xzo+(p+1)At§
end for

V)
@

. _ 1 2 7.
29: Q" = connect [si, pos;, Posy, . .., pos; ],

Output: Q7": the optimal trajectory of the ith UAV.

FEIEITACHT R BN R 2D ERAE P, 5 225 5] P AR BEFRZR . BERLZI A TEANLEN
T AREE. 51 FLFRNTE AL ST 13, W SLPR U R EHGE 51 SR (X (1)), BRI
NJRFRIR/IME; R JEERRZYPR (2K (5) A (6)) X To AL SR A e a3, 9158 HLR 0 0ze i P S ) A
HAnTENML, Bl TR ZEE. BT R I AR, IFAREE i DRI 2 42, DR o 1 PR B ks
(dobs < d2Bs) BUEHABTEAMBGE (diy < dify) BIBVIE R, 25T — DBORI IR T 945 1R 2 AT PL AL 2
D BT A%, DL b — 22 bl A AR 9 2 A 2D Pl N X P B L fth s AL PR
R, T S B O L E 2 A5 A A R AR SR T ARLEh A LSRR R L i P A X {E L
BME AL (3K (7). BEAh, & —ZRTE AHUEAT % B BB, (9 AT L S5t 8], AL 8%
JEREREIY, LA HTIC AU BRit ()22 (4Rt ia]), JEH A Te AL i (8] 52 46 21 24 5T 6 AL
e R T, _EIRZ AN D PRI E I 2 fok.
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Figure 2 (Color online) Asynchronous multi-UAV trajectory planning method

*2 8 REANEHREBHFUE
Table 2 Starting and target positions of eight UAVs

UAV1 UAV2 UAV3 UAV4 UAV5 UAV6 UAV7 UAVS8
Starting (—20,0,1.5) (20,0,1.5) (0,—20,1.5) (0,20,1.5) (—20,—20,1.5) (20,20,1.5) (—20,20,1.5) (20, —20,1.5)
Target (20,0,1.5) (—20,0,1.5) (0,20,1.5) (0,—20,1.5) (20,20,1.5) (—20,—20,1.5) (20,—20,1.5) (—20,20,1.5)

5 {AEIIE

ARSCE LD T LA NEE RS (robot operating system, ROS), SRH C++ 1BE fe, iz
f7F CPU N Intel i9-10900K, GPU & NVIDIA GeForce RTX 3090 [f) Ubuntul8.04 R4, A K
Gazebo fli BV &, $44 7 BA L RSV 5, 8 F A IR BEAATL I DU e 3 00 AU RS 38 10E A S
TEERIA 2. AT RS 22 0 AAURERE I 22 o A LEERE 8 e U P S50 2. DI f rh, 4%
FHRERIE R K = 2560, 0K T = 35, PIEEE At = 0.1 s.

5.1 T AHLEERERR

FETEAGAET, KA 8 BT AN mxd i AT AN A S 5k g, JF 5 ORCA Jrik )
FERATER I (day)s CATHSIA] (tay)s BUOBSKRARITIA] (teo)) s 24 PRI HIHEAT OB, Ml RE T, AL
BRNTEFERIRN 2 m/s (58, = 2), BAIEEERN 1 m/s? (sh,, = 1), T AN KA BT AR
PREBEAI BN 1 m (dify, = 1,di = 0.6). 8 A AHEL S HArh Bk 2 Pros. 5 5l 4
Rk 3 Prow, RHBAEETPEE. Hoh 2 SRR I ERHE R (pea) R, & OIS 2
HOR AR B G AN S T ANLE B E - . AR 3 Bl rTfe, Brde th i BETE ©ATRE RS . /AT
I 18] 5 22 AT AT ORCA; BARPUER MR ALT ORCA, {HAREITC AN IR [E LT
8 ms, i A& S PEEOR. i HS R AN 3 Fras. I 3 W15, AR AR a2
Te NHUBZE S -t
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Table 3 Collision avoidance test results for multiple UAVs

Method dﬂy (m) tﬂy (S) tsol (ms) Pcol (%)
ORCA 53.40 62.60 0.027 43.75
Proposed 49.06 39.59 7.98 0
[
-
i_ EREA_| i_l);p(;ed_ |

Bl 3 (MERFE) AR R ITHIE

Figure 3 (Color online) Point-to-point flight trajectories of multiple UAVs

B4 (MEREE) SERITR

Figure 4 (Color online) Multi-obstacle scenes

® 4 ZEBEIMETAHREAMRENR

Table 4 Performance of the proposed algorithm in obstacle-rich environments

dﬂy (m) tay (S) tsol (mS) dsate (m) Pcol (%)
Scene I 109.23 84.96 5.17 0.69 0
Scene 11 52.90 46.68 6.27 0.73 0

5.2 % J AHLEEAT R E NI

NIEEE T MPPI (2 JE AL ORI 7 A8 22 SRS BE T B PR RE, A LI T Gazebo 7

1637



G 2R A T 17 SR R RN 22 FRURS AT 1) 22 T AL 23 A sUAE R s p )

5 (MEMFE) % 1| RS EHES KA ITHE

Figure 5 (Color online) Global point cloud map of scene I and flight trajectories of UAVs

~_ UAVI ~_ UAV5
UAV2 —~_ UAV6
UAV3 —~__ UAV7
—__UAV4—__, UAVS

6 (MEMEE) Ix 1 £RRTHEST AN CTHIT

Figure 6 (Color online) Global point cloud map of scene II and flight trajectories of UAVs

FEHEE 2 M, B 4 R, BT L 3T 4 2R ANIKIER ©ATSEE. A UAVL #] UAVA4,
W 4 BTN S0 50N (=50, —9,1.5), (=50, —3,1.5), (=50,3,1.5), (=50,9,1.5); £ 5 5H1N
(50,9,1.5), (50,3,1.5), (50, —3,1.5), (50, —9,1.5). T35 11, #4T 8 LT AN R A KATLL, TA
U A5 BFs R AL E IR 2 Fros. DGR, BANEICERE BN 2 m/s (s2,, = 1), BHIHEE &
N1 m/s? (8, = 1), BEREL) R e KA B /NER B BEL 20 A dilr, = 1 AT ate = 0.6, BERE 2 i

KA/ NEE B RME 2 58 d9bs, = 1.5 Al ot = 0.8, MG Rk 4 For, R 8508 2 doilik
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Actual trajectory — — — Desired trajectory

pos, (m)
pos, (m)

Time (s) Time (s) Time (s)

7 (MERFE) 5% 11 B UAVS HARHES KRRHIE

Figure 7 (Color online) Desired and actual trajectories of UAV5 in scene II

ZHTNNIFIME. WK 4 FTLMEH, 350 LA I AT AR S, TE AN L 43 200 1.29 A
1.133 m/s; 5HIERERFYIIIE R (dsate) £008 0.7 m HIE AN WA KA BLRERE, FF 6 22 At ER;
BZESRAAIN T 253 /N T 7 ms, W6 AR SERFPEZEK. FEZ MRS A b, & — 28 TC AP g I Hh
SR EIE B v 7 TR, K22 5T AL T sl PHEAE — &I K T 4 R EDIER 1
M. B 5 A6 70 alRos 75 1AL I (4 ) B AN E AL ATz, sl R b s B AL
PR A R A B2 4, DASZ5¢ 11 v UAVS mi v VAT ORI, s AT B Ay B2 s in 14 7 fross.
MEL7 TR, TEANLELBR IS AT L ARG s B R ST B . B 22 SZBG 405 22 WL R kD).

6 BHESRE

PSR R B2 AR A 2 BEAGHEE T 2 T ANUE L BUE A ) 2 Ve R B, SO i 7 2T
Tube-MPC A1 MPPI {5 12 Jo AW A AR P IRINE SR 507 i, %07 il AT SRRk b
PURFEBOR, 8 2 o AWV 1] R A SRAR e A o KRB I B SR AR, L B2 s e BN
WL SR AL T2 tp AN T BB REAE 2., ARG G AR GE T B A B BN L0 A2 A R R SR By
PEESR. (7 HURAER AR I HE, FEORIEZ AN WAT R4 (RERLEERS) BRTEE T, 2B AN
FELHB A I AR T 8 ms. ARKRIFATZBCRA TR FEB 2] A B IR ENNT &, £
PR B R 52 55 22 P 37 5t o 7 ASGHE.

&2 Hk

1 Augugliaro F, Lupashin S, Hamer M, et al. The flight assembled architecture installation: cooperative construction
with flying machines. IEEE Control Syst Mag, 2014, 34: 46-64

2 Spurny V, Baca T, Saska M, et al. Cooperative autonomous search, grasping, and delivering in a treasure hunt scenario
by a team of unmanned aerial vehicles. J Field Robotics, 2019, 36: 125-148

3 Saikin D A, Baca T, Gurtner M, et al. Wildfire fighting by unmanned aerial system exploiting its time-varying mass.
IEEE Robot Autom Lett, 2020, 5: 2674-2681

1) https://www.bilibili.com/video/BV1PP4y1N7Gw.

1639



ik

FREE: T ) 52 2% R0 22 BRI ) 22 T0 AL A1 AR B L)

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Schouwenaars T, de Moor B, Feron E, et al. Mixed integer programming for multi-vehicle path planning. In: Pro-
ceedings of European Control Conference, 2001. 2603—2608

Mellinger D, Kushleyev A, Kumar V. Mixed-integer quadratic program trajectory generation for heterogeneous quadro-
tor teams. In: Proceedings of IEEE International Conference on Robotics and Automation, Bielefeld, 2012. 477-483
Tang S, Thomas J, Kumar V. Hold or take optimal plan (HOOP): a quadratic programming approach to multi-robot
trajectory generation. Int J Robotics Res, 2018, 37: 1062—-1084

Augugliaro F, Schoellig A P, D’Andrea R. Generation of collision-free trajectories for a quadrocopter fleet: a sequential
convex programming approach. In: Proceedings of International Conference on Intelligent Robots and Systems,
Algarve, 2012. 1917-1922

Chen Y, Cutler M, How J P. Decoupled multiagent path planning via incremental sequential convex programming.
In: Proceedings of IEEE International Conference on Robotics and Automation, Washington, 2015. 5954-5961
Robinson D R, Mar R T, Estabridis K, et al. An efficient algorithm for optimal trajectory generation for heterogeneous
multi-agent systems in non-convex environments. IEEE Robot Autom Lett, 2018, 3: 1215-1222

Preiss J A, Honig W, Ayanian N, et al. Downwash-aware trajectory planning for large quadrotor teams. In: Proceedings
of International Conference on Intelligent Robots and Systems, Vancouver, 2017. 250-257

Honig W, Preiss J A, Kumar T K S, et al. Trajectory planning for quadrotor swarms. IEEE Trans Robot, 2018, 34:
856-869

Hamer M, Widmer L, D’andrea R. Fast generation of collision-free trajectories for robot swarms using GPU acceleration.
IEEE Access, 2018, 7: 6679-6690

Williams G, Aldrich A, Theodorou E A. Model predictive path integral control: from theory to parallel computation.
J Guidance Control Dyn, 2017, 40: 344-357

Fiorini P, Shiller Z. Motion planning in dynamic environments using velocity obstacles. Int J Robotics Res, 1998, 17:
760-772

Berg J, Guy S J, Lin M, et al. Reciprocal n-body collision avoidance. In: Robotics Research. Berlin: Springer, 2011.
3-19

Arul S H, Manocha D. DCAD: decentralized collision avoidance with dynamics constraints for agile quadrotor swarms.
IEEE Robot Autom Lett, 2020, 5: 1191-1198

Zhou D, Wang Z, Bandyopadhyay S, et al. Fast, on-line collision avoidance for dynamic vehicles using buffered Voronoi
cells. IEEE Robot Autom Lett, 2017, 2: 1047-1054

Wang M, Schwager M. Distributed collision avoidance of multiple robots with probabilistic buffered Voronoi cells.
In: Proceedings of International Symposium on Multi-Robot and Multi-Agent Systems (MRS), 2019. 169-175

Zhu H, Alonso-Mora J. B-UAVC: buffered uncertainty-aware Voronoi cells for probabilistic multirobot collision avoid-
ance. In: Proceedings of International Symposium on Multi-Robot and Multi-Agent Systems (MRS), 2019. 162-168
Luis C E, Schoellig A P. Trajectory generation for multiagent point-to-point transitions via distributed model predictive
control. IEEE Robot Autom Lett, 2019, 4: 375-382

Luis C E, Vukosavljev M, Schoellig A P. Online trajectory generation with distributed model predictive control for
multi-robot motion planning. IEEE Robot Autom Lett, 2020, 5: 604—611

Zhang X, Shen H, Xie G, et al. Decentralized motion planning for multi quadrotor with obstacle and collision avoidance.
Int J Intell Robot Appl, 2021, 5: 176-185

Lu H, Zong Q, Lai S, et al. Real-time perception-limited motion planning using sampling-based MPC. IEEE Trans
Ind Electron, 2022, 69: 13182-13191

Lu H, Zong Q, Lai S, et al. Flight with limited field of view: a parallel and gradient-free strategy for micro aerial
vehicle. IEEE Trans Ind Electron, 2022, 69: 9258-9267

Mellinger D, Kumar V. Minimum snap trajectory generation and control for quadrotors. In: Proceedings of IEEE
International Conference on Robotics and Automation, Shanghai, 2011. 2520-2525

Dolgov D, Thrun S, Montemerlo M, et al. Path planning for autonomous vehicles in unknown semi-structured envi-
ronments. Int J Robotics Res, 2010, 29: 485-501

Yu S, Maier C, Chen H, et al. Tube MPC scheme based on robust control invariant set with application to Lipschitz
nonlinear systems. Syst Control Lett, 2013, 62: 194-200

Shen H, Zhang X, Lu H, et al. State estimation and control for micro aerial vehicles in GPS-denied environments.

1640



FEEBE EERE H52E 9

In: Proceedings of International Conference on Wireless Communications and Signal Processing (WCSP), Wuhan,
2020. 1070-1075

Multi-UAV decentralized online trajectory planning in complex
unknown obstacle-rich environments

Xuewei ZHANG!, Bailing TIAN'", Hanchen LU?, Hongming SHEN! & Qun ZONG!

1. School of Electrical and Information Engineering, Tiangin University, Tiangin 300072, China;

2. Science and Technology on Complexr System Control and Intelligent Agent Cooperation Laboratory, Beijing
Electro-Mechanical Engineering Institute, Beijing 100074, China

* Corresponding author. E-mail: bailing_tian@tju.edu.cn

Abstract In consideration of the effect of complex unknown obstacle-rich environments on the performance
of the real-time trajectory planning of unmanned aerial vehicles (UAVs), this paper proposes a framework and
method for multi-UAV decentralized real-time trajectory planning based on Tube-MPC and model predictive path
integral (MPPI) control. First, the cost function representing constraints is formulated by taking into account
the requirements of the reciprocal collision avoidance and the obstacle avoidance in an obstacle-rich scenario such
that the trajectory planning problem is transformed into a stochastic optimal control problem. Furthermore, a
decentralized trajectory planning framework for multiple UAVs is designed and established based on Tube-MPC,
wherein the low-frequency nominal controller and the high-frequency auxiliary controller are connected in series
to ensure the real-time characteristic and robustness of the system. In addition, an asynchronous multi-UAV
trajectory planning method based on MPPI for avoiding dimensional disaster in solution through traditional
methods is presented. Through the parallel Monte-Carlo random forward sampling technology based on GPU,
the solution of the stochastic optimal control problem for multiple UAVs is transformed into the expectation of
sampling trajectory under a given cost function. Then, the optimal control sequence is obtained. Its notable
feature is quick solution and avoidance of the requirements of continuity and convex properties of the constraint
condition and the cost function that are indispensable for the gradient-based method. Finally, the effectiveness
of the algorithm in a complex, unknown, and obstacle-rich environment is verified using the Gazebo virtual
simulation platform.

Keywords unknown obstacle-rich environment, multi-UAV| online trajectory planning, model predictive path
integral, GPU parallel acceleration
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