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B RS RS T — R 5 P SR HE T AR R, P NAB R TERUAT v B SR, HB R E
B B TCVE L BN 2. % BB AT AR DRSS BRI R SR, S BB A (N R R 3T g
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o AN A ET7, AN KR IIEIL T, RIHEE S RIEH 1) H A

o R TEHIME AL RE W N PR FAT RNE (T3

o —FRIX I TR N P HANN ) i B SO ) T i

o —FMPEITIE, FIE T NI T RR AN RENL A A A E V.
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Robot

a, Intention b,c Action
inference module a
5

Human a.. Arbitration Execution

Human’s state judgement

1 (MERFEE) ELHEYIALRRTHANSLZE 5 EEE
Figure 1 (Color online) Block diagram of human-machine shared autonomy approach for non-full-time effective human
decisions
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fEEE (3 3.1 /NTT); SRR T RO AL ST Fh B i B & A, 1 58 SR S92 8l I 1 ok
(3 3.2 /NT); NIRRT Rk IR A N B SR SR R 02k, 25 7 B AL 13t =
PR DI RIS A B (55 3.3 /NAY); R BARYE L pir A 45 2 P % R G A AT 13)
P (36 3.4 /7). B 1 i e X3, BN ok SRR A R0 A T R i 3 A Bl AR ST ) 32 2 BTk

3.1 EEHEE

B —HATRERT HAREE G (B AHUE ARSI A T BE RO Bl A1), HLas K0IE A0 H AR
FEETZ B RS, (HAFE BRI — . KERHCIZ M40 — RN KIRE a), FRFIZ )P
YENFN LTI H R gp. % B EHCHE N CIZ N 28 A8 B fEEA T e YA SRR 22, AT C 0 B AR
FerP R TRINES R g, B HARANRI AR g, 70K HArSErh T e Hbs 5T 4EE R g, 2 A1) ik
1Tk, FE RNy HAn g LRI A1

AT & B RN LA Al B0 R, 2R HERR Y BENL &S0 FRERIRAS A 2 Eid & 5 L. AL
AR AR HE P Y 0 F ARl Ll O SR, BRI, (0 B PR AU R IR, HEPIBRANR E, M BRIk
PRI AT R PR, DR, FRATTH5 T e BT R BB S, 24 B B A 1A B BOE I BHAE R, #% R4t
SHEIEPAT NI BNE, BN &R SR DRSO AN 25 8. B Rk 2 BRI, fh i s
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3.2 FEIREF

B E G PR AR PAT L S P I ZER IR B0 . FAVEANAE Q MZ% (DQN) 8132 Sl
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FERRFRIE CoBROR, HLAS R TAE S5 B R E , PR35 (0 7 B RERR A 0oy, WS A 7T RE H 5,
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as = arg max fla,ap), (2)
a€A:Q'(s,a)2cX Q! . (5,amax)

Horpr A ZERE, BEFTA A REPATHIZNE. Q' (s,a) = Q(s,a) — mingeca Q(s, a’) ABER R
b2 BT AT s b AR ) e IME, BABIE D Q (EIE MR ZE. amax N DQN FIZE TS ) 2 A
MELIRAE T BRI = MEE. f(a, an) THEBIE o MINBTRIE o) ZIRIFARBLEE. 2860000, 24
B c=08 I, WiHE Q' > 0.8Q., MENEHILEEER a) BARLIEISIIE.

R, NBCHERN R SRS ERPATHLE T R OHME R EE. 2 AN JEE A
VEEAT T HOR S ARSI, B RENLES AT IR TG . B N R NS0T 24 A 1 D0
PLEs R AR 55

3.3 Fl#T NRRREIBRIE
RPMEATR T ZNEAE L HTE SR T IIUME. FATE S NS5 #RAE 9 TR A (5%

77, BT RS NI st B 22 S (A2 BB AR, DRSRAE e o k. FRATME FH Zh R iy SR AR 22 i 2 [) f 22 LA
REEZ [ RIFEES, B
Q'(s,a) — Q' (s, amax). 3)

Q'(5, Gmax)

HNHPESER DQN THE H I E & S I E T BB ES d(an, amax) S RIS RIS, 2
ATRA N G 1T ok St s, W e pLAs s il R4, SpL a8 s bz il s, AL DL 25 il i
Ja — B E MR AT RS Bs, AENUTTHSERA A, BN amax MEIBGHIERSR, WF
FrR:

d(a7 amax) -

a, = argmax Q(s, a). (4)
a€A

[, NAEAWAE ], AWt T B ERE . B d(an, amax) HES LR /NI, FATT
VPN EIVEERIEES d =4 2 g Sy (L) VS Y s W EIUR B2 PR ol

TEARF BRI, A8 AT RE 2K NI B AR SR (AT D9 B DR A o 3 S SAT D KL
LR ARYE — R IV PR T ARG IR A, EIE, HARAS A FT AR AR 22 [ 45320 TR H K,
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BETT N SALES I SE S HIOR TE . (H 2 R G RGE HERE B H b HLAERE B A5 LA R, AN oge H AR
EAERTRE™ AR BRI S F IR, BE S BON SRR LWL, 1 hbLE: 51 3 R G e /T i H Ax, 35
AR5 R DAL, LA S ] AR S, BT EL TS R PRI 1) R SRR FB i N R = . 2R
FELEZ R E R AR I R A B AR, W2 BARARAE T2, LS A R4 2 Gt 52 oRT 3 Ax.

3.4 AHEZEEHIMPRHTGE
Z5 LR, R RGHATIEIER 3 R AT RE:

an, cf&THME,
a=<a,, dETHE, (5)
as, FA.

R R EAE AR, NS RS, RGHAT an. ANRTRFEIERRACSH 1 2 15
(FIPE B ESE T BUE RS, HLEs AR RS, REGIAT o AHMTELT, RGH AP FZ
. BARENEIENE | PR, R NERAE A 2 s, B G o A SR EEANET, BURYEA
RO ABDIRZS  DQN W28 [ TH 545 RN N SR FEHA L, IR 245 R AP & B k.

HiE 1 2T DQN WHEAER A AL IRFE T AN L E | 35
1 MR ERANA N AR D;
2: FIRAALE NBENALE 0 ISR ZE Q;
3: VIR N 60— = 6 I HFRRZ Q;
4: while steps < M do
5: while step < 1000 do
6: PAFHBLRE s¢ FAAPIFIN ap;
7: HEBE AR, FFRAE (2) PAFIE as;
8:
9

R (5) A RNIE ar = a;
: PATENE ar, BBIFORTS si41 FIZLRHE r;
10: bEd L bl (st,at,rt,5t4+1) gt a8 ;

11: if st41 is terminal then

12: while k < K do

13: MGLM D fHERFE (s, 05,75, 8541);
14: a;+1 = arg max,s Q(sj+1,a’;0);

15: yj =75 +7Q(sj41, 41307 );

16: 00 —n1Ve > i(yj — Qsj,a530))%
17: end while

18: end if

19: C SEEIHAG M M ER RN Q = ;
20: end while
21: end while

4 {HEXW

FAEM OpenAl Gym )8 H 3 fli 4337 5 AT L5, Wil 3 fros. il E3a =Xt 7, HArE
ARKRAEERAT 55 T A I BEN LA . X B 8] ) DX I P 2 Y, oAt X8 s BE M BERLAE 1. B i
WAL S A HEBESS, P DS NAHLES LRSI 3 NSRBI, % s ok
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Update network
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Judge the effectiveness of human
‘ decisions
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decisions and .LSTM‘ DQ_N‘ Arbitration and Ny
—>  inference @ —> action f——— . o — ext state is
environmental . . X action execution I
intention selection :

states

‘ N

2 (MERFE) ELFRBRALRRTHANEZBEHEREER

Figure 2 (Color online) Flowchart of human-machine shared autonomy approach for non-full-time effective human deci-

sions

3 (MEhEFE) OpenAl Gym & AEMFIFR~EE

Figure 3 (Color online) Lunar Lander in OpenAl Gym environment

P& ) H R IE A a], WSS 5e k. ARl as v BT . ISt 78 B ARIE T 40 1 Hh T O KR
FribEk 1000 25 LN AR RERTY, TIAESS S M. AL 25018 25 i 28 4 57 B =X 7 AL B, (EARRIEE
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4.1 LENEE

FMEZAA 6 4EREHENTE, A8 3 NRBIHLT B A CH. IREZEN 11 4Em &, A8 &R
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S8 TRORHI AL R, i 3 b T B H S S 45 T UK RS A

BFATRHA P ERRIZ, 62 32 Mo KR 1012 PG BEAT R BIHERE, SR ATE A PSR
JZ, BAEIZEA 64 D ARZ ERBAILIEI DON 5%, sk W AR AL f(a, ap) FIRHAIHT
PAASBIAE 2 T 2 A — AN A S L B 75 12 1 A6 Bl &% 17 7] — 7 i R 3. Pe ] 2 A s LRI 5 A< A
RIARABLEEDY —1, B f((left, on), (left, off)) = —1; 42 fill Zc HERE A% 5 AR il A7 HERE 25 TF /5 IARBLEE DS 1,
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ATHBENLERAE B A TC R, LEtn N P L IR JRBEAL 1 T 48 8 N N AT IS 10 Ik
AT TAT IR d(an, amax) > 0.7, BVRBIBE /DT BRRIME R 30%, AHIRFHCHE AT,
HIALE IR R 55 O F BT AT R IR R R, AR ESE 10 K AN RIBER A 7 R R 2l E
L e KA 70%, NPGANPRE RS, R a8 N S8 LRI ). SR e 2 i, i 1448 7 Ik
HURHERL ) H AR AT 5 A ARAHIE, WA SERIOA A B AR U122 H AR, ANRIHL SR 3 R 92 6 25 b
SHRIEH HAR. WRHEE BERNT 0.3, BRGGH ERIUT AR, BFOYPLE KR A#E, A
ST AT JE.

HAHEE 7 10 frIusK, 5 AL B2E 5 A, SFRIERE 25 5. BN Ba AT AR ) - 5
TERAE 20 IRCLBAGEBRAERIIALE, HATIIZR)E AL 3L R 20 X DU LG BATRAL. R Bu s 2 5e
JRAE B R A T SR AN SR H AR O AN S8, I BN T 7 SR A 0 A il , BATD I 6 5€ T H
PRI, 56— A SR A N REEE H bR, SR 242 26 Bl 2% B 76 2 B (o fit 1 v 1|). 58 AN seie
DU 0 H AR e e 7 1n) 3 (T, AR AR AL Bo X B S E.

4.2 FEEIREPAKEBR

ARG H BRI UE TS INE A R, I Br A TR A 75 % 5 Hpt AN R NSRS Te Rk
I ANUR G RSETVEEAR S IR 2 5. Bk, JATEH DQN seill— M AN = 8 307
%, AR ZAHAT DQN THE I B2 BAN 8 B e OB A, AR Jons B sy, ek 3o 5K 5 00 ) A I A AT
ﬁﬁkiﬂ]g‘, BT A N SEA BORER 73 NI R TCR, 78N ke o (human individual control, HIC).
wEIME MR A K (highest value shared autonomy, HVSA) FIFAIHE H 1 N KRR SKIEERTHRCT
PIANLIR S 3K (shared autonomy under ineffective human inputs, SATHI) —Fh 75 2 [R5 B #E 47
1, 3t 6 MES. FAMESA 20000 2, FAHE 1000 &, FrEMEAMMES 24 20 F. W5 AR
HIR T IR HIBE ), H 2 300~700 5. N T HIREEREERAFAERF SO L BN IR, AT B R AE
55 100 BANEE 200 AP I B BENLERAE — B E], BENLERAE S5 AR 8] th Br X vhoE . RIS B LS5 I
Fr P, DL G e SRR Bk A 2 T B0 SR B e 22

Bl 4 B8 T 10 AIIERAE 6 AMES T DA B AR K E. B 4(a) NI PREE 4G R0 (1A E
55N, SR B Bu o S B e LA 4 A AL AT R A E B E ML FE. 7R AL B AR SRR TR,
T RARME IR I 1) = AN 1) 51 R AR B B o O ASE , U1 Pl 422 HEAE 150 A5 A 46 [ [T G
T ARMECEAN R LR A 10 T HERf PR v AR SR RO B . 31X T2 B PRy NSk Z [R] I 75 22 4 HEAf
BIIRZ IR S). BT HRALES BR G R ORI 1 B Tl i mT R, BROAMLAS AT UORS A%
HlE e ahAs. AR A RO, JATTITVE B ) Zg s T E R AL 3 U575 ANOVA
(7 ZE 50T, Soh sz A B BT A8 & 2 [ 25 St AT iR 06 4S9 F = 7.1130,p = 0.0157, X
WRAE FATHI TV 53— Fh T 92 B 5 D). FRAT TN D3 A 5 i vy o) ol 6k R ) 5t oty SR 1) 131 4(D)
NN PRAER 7> TR FIAES5 BRI 2. AAFAERRBE R T BN R RS, JATTR 7 i 2 LT — T,
ANOVA HIZEHRN F = 30.48,p = 3.04902E — 5. FATHITT AT LA NN BIAT AR B TERL, Hlds
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Figure 4

decisions are partially ineffective; (c) average steps of each episode when human decisions are all effective; (d) average steps
of each episode when human decisions are partially ineffective

(Color online) (a) Task success rate when human decisions are all effective; (b) task success rate when human

B ARG R GEEAT B ], 8 R Duk KRBT AR S5 201, AT R i 7RSS Eh
K 4(c) M (d) ATEAE W, 2N BRI R EOU T, FATHI 7 AT LUAE 4G I T P9 58 AT
55, IXAF a5 T FA TR AT VR SN BEAIAT R, AE 2 NI ER SR 2 o RS, FRATT 75 9] DARRSE
SR H], 73 R GEA AR E R B AN A Bz b o S5 L RUH 5t HLER ADoK it — Le gz pit
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Abstract In shared autonomy, humans and intelligent robots jointly complete real-time control tasks with their
complementary capabilities for improved performance unattainable by either side independently. Many existing
methods tend to assume that human decisions are “effective”, i.e., these decisions promote task completion and
effectively reflect the true human intention. However, in reality, human decisions can often be “ineffective” to a
certain extent due to many reasons, such as fatigue or inattentiveness, which leads to task failure. In this work,
we propose a novel deep reinforcement learning-based shared autonomy strategy for human-machine systems,
so that the system can complete the correct goal even when human decisions are ineffective for a long period.
Specifically, we use deep reinforcement learning to train an end-to-end mapping from system states and human
decisions to the value of decisions to explicitly judge whether the human decisions are ineffective. If they are
ineffective, the robot takes over the system for better performance. We apply our method to real-time control
tasks, and the results show that it can timely and accurately judge the effectiveness of human decisions, allocate
control authority, and ultimately improve system performance.

Keywords human-machine system, shared autonomy, non-full-time effective decision, deep reinforcement learn-
ing, arbitration
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