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I, R R EINE B TR St B it SCk (4] 80 M @ A RIS R S T 0 N B R IR,
SCHR [5) MR H T 2 20 AROBRY T 428 1) 77 vk DA DR B i R0URE () L. SR 8%, FEAFBR N 735, I N7
ERETERINS, BB 1 SEI A S AT AT REVE. SRTT, CARIE R 2 B S ik B A%
Ee oy T R A S S/ s e 79 Wt B 1 B I S S | PR S = | 3 A G L R 7 S & 7
e 45 1 5 1) Ve v B R PR

MTAER, SR = 5 B e 42 ) (R it 6 R F A R A 1) R AR 1 B U B, SRS A — R VR 2
3 RN KUK, 8 ) A 442 00 5% S B R B0 30T I Bl e A o >0 a R S B g PR 4 o] SR PR (AR fige 7).
A B N AE A, Bl N B A RIA BT B R — AN Bl R R A ST R AR SO RE SR
IEAGE LI AN A 22 ST R AR R P SRS R AN F], 7T LAy IR 5 HE (on-policy) 27 > Fll 57 HElg
(off-policy) %=, Rl BEAT SEMG VPAl /5 SLRIHAT, FAT R &I BO&E N RE 7, BIanSCik [8,9] EZAR1S T
B RGNS H SR J5 2 RIEAT N s = A B AT S 7 2], 5 T 5R&BRINE & Hk
F R A B0 Bk [11) 2T 2R e R IC AN TCRE AL A R0 (HAT 3R 2, XL
R )27 2] J7 VR R T SR B R R B AT RV R R, DLIRAS — NI e e i s il S ms s[RI, 75 22
45 RGUEN— NN BRI 75 DL AL B A% 1R, X TG T St R G ok TR G ISR ML IR
X R 22 Hm AR 25 52 A R, (H R T8 E 1 22 2 1tk iy, 5 s s o 2 T T T Bt ). el STk [13) 42
7 AR TRASERBE (state-following, StaF) A% bR H 1& N AR 7%, 27 AL S ADIRAS 120
ol PR BRSO AT SR IR, AR T U ERCE. FTLUR I, StaF g fil R T —Fh T e,
DR A ReARAN A8 Ry R 2R i W] LA 58 SR S ALK

KT HIE RN IR LI A s ], C8A — 277 Rp e, WOk [14~16) 55, BilanSC
R [15] F&T3CHR [17) L R K, AR BB T AN BERS IR T, ORAIE T B &R ST R AR
T M ) 22 4. H AR IX 8 Ty 52 (Y 3 B SR O T~ DR ST« B0 8 SUANIE TS I, DAL Itk BEATS AR AT fp 4R T
F— 7, FEAG IR RS To N 2R G R REAAR PRI DR AS 72 [ 2 52 380 R 7, AN A B SR U0, e i) R0
A — A2 LR RS AR A I 1L R, T DAAE B BEAS B2 (barrier function, BF) &1 THHE BLARRE
A PR S A0 1T T, 3 7T 48 0 27 >0 3 R PR AT O e A AT 4 1

F T BRI RS, ASCHE AR S SO B B 3270 N R G R R A i 0] R T AT
HTF StaF Ml BF $2H —fhec & HIiEN k2% 2] (safe adaptive reinforcement learning, SARL) /7%,
T ARAS S HE AN L 50 [ SN BEAS A RO EE. EETTIRE T (1) S5 FRGmE, it 7 —F
BT 2T BRI, DT 4 2 i [ B 4y — AN R LA R R e A il I L (2) FETAT N — VRN RI e I 2%
(actor-critic neural network, ACNN) ZEA4SZHL T H @M osib 2 2], Fb PR M FIH StaF A% s E0E T
AT BREL, AT N 2B P TS 22 4 (R RERRE S 1) R (3) R TE ANLR G LT T H
M, I oz ) TR 3R 4T 1 X0 EEVPAG; 25 SRR, 48t T vk Re s S A ple e e I T FoAT IR
FHXS A

ARG B WAy 5 2 T B T R G R e AT f R, I 58 B 7 ) ) U . 2 3
WA SARL HI¥rt R E, AFRAH A ML | IREIMES I BR . BENAUERSE. 2B 4 T RS
FOEME S TTVER AL B 5 R 3 ANEEA B0 R ) DT VR A ROV R HEAT XS B PR, RS, BB 6 T
MEERO e TR .

2 EfEEE R S R
AR KM B ERGAN AR R G RoR, I B EVER GRSz — e, Ja 2R 3
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‘ Obstacle area: O,

a :{xeSR"|d, é”x—x,"”<;;}

\
\l Q Avoidance area: A,

/J A :{XE‘R"‘V, <d, é||)c—)c["H<R,}
/

\ v ( N Detection area: D,
& ¢ 7 -7 @ Initial point Y Target point @ Motion point @ Extrapolated point
reaes D]:{xeﬁi”|d,é”x—x,”“<D‘}
1 (MEhRFE) FERX . EHEXFEN X R E 2 (MERFE) SMERGRIZEHREE
Figure 1 (Color online) Obstacle area, avoidance area, Figure 2 (Color online) Obtaining simulated experience
and detection area by extrapolation

PRZNERENR, FEBLIAL EIF R 077 RIRE M TERVEE . Beoh, AR BRIy R G A& B ER
INRE 77 HARDVE A BRI, DR R A b 03t N8 RE A AR I ~F- A A A 2 i A B

2.1 RGHEBESERME
HBREIXFE R A EARGEE R, N 5 HF L AR R R AL

@(t) = f(x(t) + g(x(t))u(t), (1)

Hrh r e R* BRGIRE, f(o) : R* —» R* BRATBIEELR, g(z) : R? — R @4HIHREGHFE,
u(t) € RY ZFEHIFAY . {EZFNHRI B, RGRE— MR B RR, I REHEEH 2183 5450
B RGN EBECRS A € O — M E TR AR v € Q e R, IR f(z) 1 g(z) ERXDE
£E 7 Lipschitz B, fEARH, I S4AR € N HAR &L (target point) F Hif 2 £(0) = 0.

AR SO0 BEAG [v) FEAE T T R VE

g1 AET U, BRI AN SR, BRGYIREREICHN O, IAh, A H B RS
FHESIEE, — B HEG WAy — AR G

B2 DU oRPARE R 25 1, R B BN B TR X S BR TR [X ek, HAr & vl e
x? € R (I, 28 ¢ ARG FIR ge iR 2 A1 PR B R IREE SRR N d; 2 di(2) = ||o — 22|

P70 BB AR A LEA I B BEAS Y )5 A R IBORRESN R, RN e AORIE 22 4. BT, il 48
Bt L3 AN XA, il 1 B, AN, 3 AKX 5

o KM [X 4, (detection area). HEANILIX I, B REAKS ik DR AS 4 H: 1% K Bk & 54

o BE1L[X Ik (avoidance area). T AR AZEM X, H LLRIUE R A N2, NS e kgt A\t
XAk, — ELE N LR UK R T 1

o [EHG X3 (obstacle area). tHALZ X, B BeMAR— gk NBUR A ATl 1847 9 AT 25 2R .

DALtk 7E 2 B EAE b, B R ) 3 AKX D = Useo,, Diy A = Uico,, Ai, O = Uieo,, 0.
WBAN, 78 J5 2200 A A BE AR AN — B B B, BRI 1 ORIEZE ] 22 1, B IR A2 N oK T
TN RGO a0, 5 —A2EA208 0.2 m AHE R ITC AL, X SO8ELE X 56 B RO 2 (R — ry) >
0.2 m.

1) VER, NENER I, fEASHRIRE KO0 T 5 E A R R AR B E R B P R ¢ RRE S, B, g(x(e) BTSN
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K, H— U R b (o) RIEBRIG X, B O; = {z € R"|hi(x) = ||z — 22| — r; < 0}, BN
B BT A — B8R N O = {2 € B |h(z) = Uieo, hilz) < 0. RECRGRI A S WBLE Ly
O HERAES O LIAME, B S = 0\ 0, HTTA X L

EML X FRG (1) M5, WRAEE— MR « SAEEE 20 2 2(0) € S » a() €5, 1> 0
RRE, A R R FR (1) 105 bl S, T B I AT P AR I S
S, HLC A R IR 2 3 A AT L.

2.2 mMEBREITH
ROk, IR QAR B ns (v AN AL R R TSR, B, B REMR AR BRI S R

J(x,u) = /too (z(7),u(r))dr;  7(z,u) = zTQx 4+ uT Ru + B(x), (2)

Hp 101 2TQx, Q = QT > 0 ZRAGISITIA, 8 2 W " Ru, R = RT > 0 ZEH A, 55 3 T
B(x) s& it HFERGRE. FE T B AR (18] T REIEC RS R EOTE, B(e) Bt NGTE R
B () B0, B2 a0 R

wm=ﬁﬁ?;g%am=m, (3)
SO s R s 0,1 FE s SRR B, T Lo B (S B R R
T, L AR D R B AR A E. S, Ky > 0 AN 2. P LA RS B
AR R R 7=, 2, #8 Hhrr] LRIR I .
SRR, AT WRAS R UL 2R BEHIAERS u(t) — u(e), 7SI i ML A R R B(o) 1048
(BB (2), 4 R PR IREN 5 A 8 IO B, BT, ARG O B 0T B e

J*(z) = H%H)l/ r(z(r), u(r))dr. (4)
u\T t
AREL KR 3 NI, s(z) BB A A0 AR IR 1 SR EL, T 2 T TH R SR
0, d; > D;,
P2 R
Om ll + ll COS (T[l)ZQ—RZQ> , RZ < di < Di7 l2 + l3 _ 1,
s(x) = si(z), si(z) = 2 _ 2 (5)
i=1 lo + I3 cos (TER%—T'Z?) , 1 <d; <R, la =13 =20.
]., dl g T,

FEWR LR, 11, 10,15 € 0,1] 3 NSEH UL s(z) LEXIA] [, D;] EROFRBRRLEE, HE M 500 A bR
BUFRGAREEY . FE RS, 24 s(z) = 0 BIBE, SRA 142 ] SRS A 2 0, 5 BERE AT .

ERE2 B R AL DY — A TC LA R PR R SR AE T RRAS PR AL B(x), HAB B — R
G A s(x) BRI, R B REARIN RIS 5 € 4 2 W0, JF HLREE & RE 1A ST ks DX
SIBBIG R . X e B B RE A B A ) LAERAS SE /NIRRT, NI AT 426 H A

2) A R 2 A VEREA AT 15 SCHR (18] PRI A AN AR AR R SRR

3) RPN R BCEARVERR, IERE 1.
4) AR R EO BB SRAGSE ST N, 33 NS I SRR R E S R R
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FETOK, € A1F ) Hamilton J7 18
H(z,u,VJ*) =r(z,u) + (VJ) (f(2) + g(z)u), (6)
Horp v £ 0T (2) /0x SEEMAT BRECR T RS KR FE. WA BB AR, 7T SRS T B e i
P 0
1fu)=—%R4gW@VJﬁ (1)
Db, B OaEH SN (7) " AL (6) HUATEA433E] HIB (Hamilton-Jacobi-Bellman) J5 2
():xTQx+(VJﬂTf@)—i(VJﬂTﬂxﬂ?JgT@ﬂVJﬁ J*(0) = 0. (8)

AHERIL, SRAFIXAT7 RE PTHRAT Fe AT e K, ETA 30 (7) THRE IS S BIAT. (H 24300 e R 2tk
TR, ARMESRAT AR AT, DRLIE T T AT TR R T Ao 22 X 28 R0 S A AR I I 38 L2 2] 8 QR A5 3L
A, PRS2 2] vt b 25 R B G A5 41 DLORAIE 2 4k, SOmRR 2y 2 42 B 3E B RAL 52 2.

3 HBEBERNBHEF IRt

AT EEND SARL BRI, 162 ACNN T Blasf e, HORIMEIRR 5EHZ 50 3R,
e et E MR SRR

3.1 1TH - iFNHHEMLE

ASCHR ) SARL S54SRz AE S, Hh P (eritic) MIZR I MY s %k, HSEgrid /2
XTSRS DAL AT 0N (actor) 19X 2 4 HY I AL B DAL fil e, JHL BE T 2 060 A2 SRt 24t

H5E, BT StaF #ZERHUN BF J7i%, SRR eR BOM R A% 1 SR T LA Hie oy

J* (@) = wl(z, () + Bo(x) + (), 9)
u*(x) = f%RflgT(:c) (V(pT (z,c(x)) we + VB,y(x) + Va(:c)), (10)

Hi w. € R BIFMMEM LG FIEBBUE. o(z,c(r) : R — R & StaF &K%, K c(2) €
(Br(2))* 25 HHPRESHRHIZ, YA B, (v) FMEGE LTRSS E 18 AN e(2) :R" - R
RERMBERE R, F3Hh, 91 FEAFHAE 7 S il B2 o AR e Js v, AEARAY R Bo el rbon By 2 — A
AT B, ()9, TERERT AL B(x) FIEEAE L, B, (x) B E N
Kgs(x)
Tl), (11)
Hrb o> 0 2 ANEE, FUABIEZ 0 BHEIE, BEii (815 i 5010 B, () 2 7. FE R
PRAP AL S T — TR BRI BN 2 ek Y, DRI DA X 28 A0 AL 5] ONAX — TR0 AT DA BE 4 1 220 A XA o
R AR TR R, AT A R i 3 B .
(B3, FESERRaE S IR rh B ARBUE AN PTG /Y, PRI ] U TR SO A eg o AT 3 3

By(x) =

J(x) = o] p(z, c(x)) + By(x), (12)

5) IR A% R B 24 20 L 538 BBl AL (s pR e B B, ARG, Stal A% BRI OV 24 AR 1 4RI
6) FEEMIRE e(z) 1, HLCALRE T —B,(z) X—IL
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Hr o, € RS ZHEEBUA we KLU, 775 FHL PR 2 AUE.
BB, RPN IS AR A A @AT M2, FIFISCRR [7) A RBETE, 2 lasdt — D 28N

(1) £ i, ), ) = 5 B (@) (Ve (, ela)iba + VB, (1)), (13)

So 0, € RE SEAT AR B, FREEBIETIATRUAL w,. 30N AR em 4 R R AT S0
o OB EGHEPRAY, TR B0, 6/ e Al 5 7 Y B0 B0 0 58, BRI A A b
SRS E A UL 179, 3 AN 23 (7S .

A B LU BB () AR RN a(t) 5, 5T ITH4A T 74T LA 8 e 2 3
s

Belt) 2 Bl (@) i) = (V™ (. cl@)ive + VB,(x)) (@) + a(@)i®) +rlw.a(t).  (14)

EARZEIIFR N VUK 2% % (Bellman error, BE), 18 it 44 3 S/ b 22 Z2 {51 AT SIS i1 28 19 245 1) )1 5.
IXAMRZERAEE L RGN AR, /& on-policy 4, T DAFRMR AR BEAAIK SERT 2256, S T {2
FOIROR, N A AT R A S ARG R 22 5

3.2 ETRERMERIIMERER

MBS E ST U B A Y, B R R RSN S RIS O A S i 32 il (BRI 1), (E2AE SR
dEpR R M RS PR AR BT AT R ANTTAT . BRI AR 3025 FE A PR S HE R 7 SORER U 22 563,
KA RER T R R 2 fras. W RUE Y, R DL PR 9 Z dEAT AR, BT BAS 2IVF 2 R SR
A, REUIRZS AT BE 242 fik B PR A A7), A L7 A B K F) 2R2 ih, A 45 B A R LA i 0 42 il S s,
BET 22 A 2R I RS, ASKEREAR, SMERRA X N2 REA AL, FTA AR B 2256052 off-policy 4.

FERARERAE T, LB REARALE 2 RIS 1 P AL 4RI A B AMEA AR off-policy 28 {a e By (2(1) L,
I HLAE I EEH R R I RAE 5y, R DUR SR ZREATAMEVEAG. T2, Sk DUR 2R Z W] LLTHE A

be,1o(t) = (VWT(xk, c(x))ie + VBo(xk))T (f(xx) + gler)an(t)) + r(ze, ar(t)), (15)
Forp AT ) WS g (¢)
an(t) = f%RflgT(xk) (wT(xk, (@) )t + VBO(xk)). (16)

ERE3 WA 2 FoR, SMERERUIRES o 7T RES AL B AT 2 500 N FeehS DXSs A A, DRI R A/ HE R
TSI e = B h(z) = 0 MITROL, XA AR 9t 4 BAEARZ AU AP SIAAE T IEH 4L o

A4 NG (15) HATBUE ), R c(e) BOA SATAME, BFOVILS HAPIGE SE# M. W2k StaF
% PR AL BB SMENLE, XA RER R R E 7251, hItE 2 ek w2 T R0m.

3.3 BIENIEEFHERIT
IRAFIINLEIG ST, H5 P ok A8 50 FE LA S 2 e v 1 3 AU SRR LA /M T THI ) 2 20 R 22 SR

1 1
— T T
de,sum = §5e de + 9 1?:1 5e,k667k' (17)
RANRZEAA] LAHR Ay — s Al o 20 (3 e B, el SRR Z2 A RHE LR Z2 11 7 AL K.
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R 3P RZEAN, SR FIBEIE E @ N B 7 3, T DA S 45 2 TEA7 I 2B SRR

e () b.(1) — B2 3 P (1) 5
(LBde() + 12 N L (B (D u(t) +1)2

FoAREEL ket keo > 0 SEVPA IS 22 2] 28, TR ] FH 1 1 8 S i 40040 0 28 50 A4 /2 BUE B8 B A v 19 0 i
F, € RE¥E ZHEIERHFE. AN, ¢u(t) = VT (z, c(x))(f(z) + g(x)a(t) AR ENE & AN, S
FHF A ¢y i (t) = VT (or, c(2)(f(zr) + glar)an(t). MR (18) INAHMER H, M T BEEHE B sy
A R S R, B R T REABOE E IR BN S SR, R PR I 2 1 ST R R DA AR R
on-policy A off-policy @A .

FERR, BT N4 SR, B IR AT N BUE SR HIME 5 OB G, N T BRI R )
A, A BT ABUE LR B —DNEUN RN BT SCRR [19] TR EOBR IR, 17 M4
BUE SR DL

e = —ker F. ®), (18)

7i)a £ PTOJ{—kaFa(ﬁJa - 'Lbc)} = pI‘Oj{—kaFa}, (19)

Hi ko > 0 RATAMS AR, F, 2D IEEHEIERE; A, proj{-} & MBERE T, R
RS RN T AN AT BL B RE SRR, ANTR] R 2 SR A5 A R ROBUE SE B e i, AEAR ST,
A EBAT NBUA L R ENXFE R — MR {b, € RE | y(w,) < 0} W, HHP y(i,) R— et s, ik
I, ] DA s LU AT $5

- kara; if ( - kara)TV'Yw < 07

T
oV,

- kara ka
e ke

others,

ﬁ)a =proj{—k.,ls} = {

Hrt Vo £ 0y(ia) /0a J90FHL

Z Uk, SARL ¥t 8t se i, Sk s i £ 2R3N (18) A1 (20) M HEN RN .
SRR b B 22 Ak e B A AR S UORALE, B REAA [ 58 2 AR S BEAT R AR 2 Pl il IR M SR LA 56

RS HARERE, A0 LA RREEAF T 3CER [20] HH on-policy 45 [AlTH, RIZ
B0 B A2 LA BRAS RN E T 0CHR [21) TR off-policy 85 R, BIASTE ZHH — /M7 N HHE
(behavior policy) Az, WART7 A FIBE, A BB CATH ELAMILS, 788 R ) ) b 52
LT P R) R RLE, 845 SARL J7VE ] AEZRAT B RN 3R 15 KR BRI 8dE. XA A i %
PR AME A, B ARIE T AR, 5 2, SARL HIEM A2 on-policy AR, (HRR4EE
off-policy %i#.

4 REMWRPASITL

ASCHR ) B IS LA A o) S ) 7 AT IE i & —B0E 5 (uniformly ultimately bounded,
UUB) Y= ST LM R G 1A AN 27 ST AR e s, 75 2806 2 1 TP MR Bl gk A

%3 5 ACNN WEZAH K I BAEAUE « R EL #9IE 1R 72 SR THIRES 10 I T 2508 2 A 5 i)

B4 BAEEFE ¢, (t) R by (1) NZIH 20T 24

T hp (1) (T) 1 o Gk ()P 1 (1)
Yilp < /t (772(T)> dr, I, < NZ k7)1c7 (21)
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Horr 9y, 9y RAFMEHIF HED—ATHENIE; BEAN, n(t) 2 6L (1) dp () + 1, mi(t) 2 67 1 ()b (t) + 1.
SRIG, BB BB IR ZEICN W, = we — We, Wa = We — Wq, VEELUT N Lyapunov bR

1 1
L(t) = J*(x) + inFglwc + iwfkglwa. (22)

T oo FLIRORS ) A, FEPAT AR S OB A R AR R AT 3R A5 RGeS E T 2 1) UUB 264, AN Rk
AT SR [13) k. DR I PR, A SO B PR O

TN, R 4 AR _E R —Fh R (persistently exciting, PE) 25t 7 — M H & R3]
ARRNTTEA, T R ) P AEOE R AT HIE 5 AR | (HIRX 23717 KR % M 22 A fa R, SE
PREELIZAT I RARMESSIN . EA S, kLW E (N > £) HEER off-policy LI (#iltn
BIE) o3 ATRAE IR0 A0RAE) HUn] LA R XA 6. 85 2, IR R AR S w2 — MRS 2.

5 WEMESWSSH

AFIEEAE 3 DMTENRG L RIEAT 7 BRI SE ) SARL Tk T SEvE S 13, PLIEY]
HREVRREY B Eis s E HAr s, JFRe e 2 NS, 07 AR T MATLAB 2020a, fii 5B KN
0.01 s.

55 1 AT ESRIRAE R 4R RN ARG AT, BN BN ©izsh, A K
r AR, R ASLIRHFIE T 3 MY, GEITEA . RS L R .

5 2 AT HSEIGAE — DAL RE R G0 AT, A DA SR B U7k B 2R AR ek R 3L

5 3 AL RIS A — M =R R T ANLR G EHEAT, MU RS R BO = 4EER{A.

5.1 ZHEMERFRTHIT AHEERR

XTI 7 B RO (1) RARIFEAAT AN RS, HF f(2) = 021, g(z) = I, B & = w15,
Hrb 2 e R? R TEAFRR T EIRESHE, v e R?2 2L ANREEERITES. ATEET 3 Filg
W, 1T — P A 2 RGP EE T (R s dil PR R, i 5 HAhz 6 77 k0t b DAVl 32 7V A 3
15 T Zrbont 1 B2 R 450 P B S HOE AT oA, DAL [R] 2l v B oo i i 45 SRV 52 15 % = h %
FEHIZIHR, FH LB IR TR 9 R 1.

K—HEBHFESHN: R =50, Q =15, K, =5 a=1,1; = 1/8 1y = 5/8, I3 = 3/8,
ki = 0.1, kea = 0.75, kg = 0.75, F, = 0.0815, F, = 0.01 X l3xs. X TIPS KL, B0 R0 B N
o(x,c(x)) = [zTer(x), 2T ca(x), 2T ez (@)]T, Horp 3 DMZREL ¢i(z) = o + p; WL

p1 = 0.005 x [0,1]T, py = 0.005 x [0.866, —0.5]", p3 = 0.005 x [—0.866, —0.5]T.
AMEIETE 0.05 x 0.05 AR 25 NI A0 FIERAE B X TAT RN, v(0,) = (e + 2) (W, — 3), XE

WREAT NBUEK LR B X 8] [—2,3] . BbAF, VIR SN 20 = (7,6.5), HEREA 2. = (0,0).
ZREHAR AR E R 1 R, TANRENEAREE RN 1 m, B D, =1 m.

5.1.1 1B5F—: ZERIESHFENL

fE BIRBCE S, B RERAE 2 BAG I S b AL B 22 L I & 3(a) P, T BLE HE R D 21iA
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Table 1 Obstacle setting in the 2D-coordinate system (m)

Obstacle location ~ Obstacle radius ~ Avoidance radius | Obstacle location  Obstacle radius  Avoidance radius
z$ = (6,5.1) r1 =04 R1 =0.6 xg = (4.85,4.2) ro = 0.5 Ry =0.7

x§ = (1.7,1.85) r3 = 0.45 R3 = 0.65 zg = (3.2,3.5) rqg = 0.55 Ry =0.75
xzg = (4.5,2.6) r5 = 0.45 Rs = 0.65 xzg = (2,4.5) re = 0.5 Re =0.7
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Figure 3 (Color online) Obstacle avoidance results of the drone in the multi-obstacle environment. (a) Safe motion
trajectory; (b) main signals during the learning process
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(1) #42KFE (path length, PL); (2) FE& H bR SR Z (error from target point, ETP): || — z.||; (3) #E
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Figure 4 (Color online) (a) Motion trajectories of different methods; (b) safe trajectory under different parameters

* 2 TEHEHIEMILLER (B m)

Table 2 Comparison results of different control methods (m)

Method PL ETP MDO1 MDO2 MDO3 MDO4 MDO5 MDO6

Proposed method 10.1599 0.0015 0.1575 0.1820 0.1808 0.1559 1.2551 0.3264
Comparison method 1 12.5701 0.0857 0.1795 0.3474 0.1902 0.1744 1.4214 0.3011
Comparison method 2 10.3920 0.0148 0.4573 0.4130 0.4223 0.2405 1.4556 0.2716
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Figure 5 (Color online) (a) Constrained control input signals; (b) real-time BE and extrapolated BE
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Figure 6 (Color online) Simulation results of nonlinear systems. (a) Motion trajectory; (b) critic weights; (c) actor
weights
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Table 3 Obstacle setting in the 3D-coordinate system (m)

Obstacle location Obstacle radius Avoidance radius Obstacle location Obstacle radius Avoidance radius
z§ = (6,5.5,6) r1 =0.75 R; =1.05 zg = (3,2,3) ro = 0.8 Ry =1.1
z§ = (3,6,2) r3 = 0.75 Rs = 1.05 z§ = (5,3.5,4.4) rqg = 0.85 Ry =1.15
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Figure 7 (Color online) Obstacle avoidance process of the drone in the 3D-coordinate system. (a) First-view; (b) second-
view
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Figure 8 (Color online) Main results generated by SARL. (a) AC network weights; (b) scheduling function s(z);
(c) extrapolated scheduling function s(xy)
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Abstract Obstacle avoidance is an important issue in the motion planning of autonomous unmanned systems.
Therefore, designing an effective avoidance control method is crucial. For further improving the decision-making
process, this paper presents a novel autonomous obstacle avoidance control method based on reinforcement learn-
ing that generates a safe motion trajectory in an adaptive manner. First, the barrier function is utilized to design
a smooth penalty function in the cost function, thereby transforming the avoidance problem into an unconstrained
optimal control problem. Then, adaptive reinforcement learning is implemented by using an actor-critic neural
network architecture and policy iteration, in which the critic network uses the state-following kernel function to
approximate the cost function while the actor network provides an approximate optimal control policy. Dur-
ing this learning process, the simulated experience is obtained through state extrapolation such that the critic
network can use experience replay for reliable local exploration. Finally, simulation experiments on simplified
drone systems and a nonlinear numerical system are provided. The proposed method can generate a safe motion
trajectory in real time with comparable performance.

Keywords autonomous unmanned systems, obstacle avoidance control, reinforcement learning, neural networks,
experience replay
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