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Linear temporal logic guided safe reinforcement learning

LI Bao-luo', CAI Ming-yu?, KAN Zhen't

(1. Department of Automation, University of Science and Technology of China, Hefei 230026, China; 2. Department
of Mechanical Engineering, Lehigh University, Bethlehem 18015, USA)

Abstract: This paper presents a linear temporal logic (LTL) guided model-free safe reinforcement learning algorithm
to synthesize a control policy that maximizes the satisfaction probability of complex task in an unknown stochastic
environment and ensures the safety of agent during learning process. Considering environmental uncertainties, the
probabilistic motion of the robot is modeled as a Markov decision process (MDP) with unknown transition probabilities.
LTL is applied to describe the complex task, which can be converted to a transition-based limit deterministic generalized
Biichi automaton ({LDGBA) with several accepting sets. The accepting frontier function is then designed to record the
visited accepting sets, which gives rise to a constrained tLDGBA (ctLDGBA). To ensure the system safety, based on the
safety fragment of the LTL formula and the observation function of the MDP, a safety game is constructed to synthesize
a shield that ensures the system safety during the learning process. Rigorous analysis shows that the proposed safe
reinforcement learning method is guaranteed to obtain the optimal policy that maximizes the probability of satisfying the
LTL task while ensuring system safety. The effectiveness of the LTL guided safe reinforcement learning algorithm is
demonstrated via simulation results.

Keywords: linear temporal logic; automaton; Markov decision process; reinforcement learning; safety game; motion

planning

0 51 § (B, T B 9, B 90 408 ) 2 JR AT R v o i

ML MSEZh IR0 H 02 4 i R e 4% F2 (Markov decision process, MDP) >R &5 IX Fh AN &
AR, SRT, BT EE T4 31 ) SR R R e 2 R % PRI 3 H T 3058 AR B0 5 2 MDP 1 7% A 26 K
SlE KB AT EMEAYLE N B s R R T K FE 13 H 94k %2 2] (reinforcement learning, RL) J7 ¥ i

Yris BHA: 2021-10-21; A BHHAR: 2022-03-28.

EEWH: EFEANEEET EUE 62173314); EX BAREEESEAGHEESTH (U2013601).
RIERE: HE.

DEIAER . E-mail: zkan@ustc.edu.cn.

"ORSC BT LT SR O, AT SR A B %S “ BRI X AT T R NS



1836 # % 5

xR %38 %

i X% MDP AT FAE R I A 3R AT e 045 ) SR 261, 2
B T8 BRI ) 2 Bl A 2 S T iEA R AFAE LR
PR ) R — o G e 1A 4 b 3 A S B R RIAT 25 2R
JS B (1 ] i 465 4 — o AT i OR AL 28 N R e 1 iR
2 ) I R A ) 2 A, G e i B BE RS A AT M = Ak
PRESE.

BLEE N2 FI R A3 ) 3 e 34 R A 9 58 1 = |2
HIRAE S5 BT AR SR, AN [R]) T RE S I 21 IE N B
FrAr B 1% G073, X O HE AL R Al T & AR 1132
BRI PP 20 SR e S FRIAT 55, G0 3 S AT 55 (MR IR
FiE HARX I A BFIC). F22 N AT 25 G BRIk 5
i) B AR X3 A BAIC) &5, DLAIX BeAT 55 55 IR 1 18 4
A, L8 72 % (linear temporal logic, LTL) /21X
FOHERE o A AE S R B mEE
FAT S IR Ak LTL i2 H T2 shFL kI it 7k
i 22 8161 feff FH LTL mJ DA i 12 s L RIAT 55 A
AT 55 5 B B2 14 ) . 25 MIDP 2 56 R TN, PT BAAR
P8 LTL AT 55 %6 A0 45 21 B S 32 52 2% A0 A ikl B 1Y)
[l i 25 4, SR FH i T A R BTG R aiR A 2 ) SRR3R AR
e A SR, TR () i A A 5] 7 RN e dE i
TRZCIRAS 8] 27 2] 450 1) MDP % £ 12 5K H B
FEWE, (HIX 77V 5 AT i 1> MDP B8 Ty #E K
B0 7S 18], AT R e AN . JoAR Y I 54k 7 2 O
RIS BAR v ik 1 R IR B e, HLREAS 3 5 KA Rl
1) SR, {E G2 P U B 27 21 ) f R A 28 R 7 3
W& [ B 2 e K AL LTLAT: 55 56 BONE = 1) SR g, RIJG v Ak
UEAS 21 (1) 5 W A 95 2 LTLAT 5% 1 e fIe SR

SR A 2] RRAR R I 5 S TR LA N TR A)
RE 78 73 Hi PR 2 MDP AR 7 73 (8] 4 B2 45 21 4 4 1 4 1)
WG, TCVEIRIE RGAER R LT 2 e, 5 35
RGN, B AR UE L 38 N AE 2 >0 i 78 o 1) 22 4 1
FORH B TR, LA 2 B2 ok
VENT2) SCHR (217 38 2o 1% i) 57 B B8 41 (control barrier
functions, CBFs) fRiEHL 28 N R G Lotk 24 S ot F vh
)22 4 AHZ 07 1% R e T BRES A LRI, 7 HL2EK
R GURR NG B O 0 SCHR [22] REAR 45 27 2 i MDP #%
B REZ KA TH RGN Z RSN AL 4
00 2t T W 26 Y %) A7 Ao 2 D) I O, mT 7 e ke 22 Sk
(23] B T gEde th 12 a)E 05k, HAERE A IR
WEE BRI IR R 2 e, B w iR T EiRTT
LR S AR E T LTL AR & 2 2 61T 5%
.

B0 BRI T 7k A AR AE I ), A SO —
FhoHT B 2 A s Ak 5 2 J7 ¥, B T R U R B MDP

56 BUTUE LTLAE 55 1) 32 3 JCR 0] L. 15 5%, F LTL 44
S R B IR S5 R A O R T R R AT BR A E
I~ XA & H 3 M1 (transition-based limit-deterministic
generalized Biichi automaton,tLDGBA)?4: 4% j5., F B
ZHLH MDP #4 £ 7 1 MDP, 75 3¢ 1 MDP IR fig #5 £
P SRS B 2 4 TR R R BILTL 5] 3 58
WS RBENL S N RG24, A FEE TAER
FELLT 4 580 1) - — Mg ) (LDGBA, JF 1 H
TR g9 505 2) ¥ 22 42 G U7 VA JE B LTLAT 55
3R Y LTL 51 5 8 22 4 n b o 21 5005 3) P AgAIE A
T T AR ST v SR R SR R d AL 4) Sd iy sk
BB R A ST R A 1
1 EAiEw
1.1 BRAIRRKISE

FEXITCGARZER) BRI KRS £ 70
HM = (S, A, P,so, AP, L) Fox. H: S 2 HRRIR
BEARGWEEE P:Sx Ax S — [0,1] RS
HRMR AL, 5o € S RYIVIRE, AP A R T fi
RREE, L 0 S — 28P 2 AR R 10T s e P47 3]
e
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L(0) = L(so)L(s1)L(s3) ... € (2*7)~.
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E X 27 MDP i E S 7 E X N w
S* — A H A S FRAIARBEENES. Tidis
Hiff o PR S Ay
w(o[: n]) = n(o[n]), Yo[: n] € S*,a € A(an]).
EMX3 %€ TILILENE 7, MDP{E m T AE B 1)
IR Al REEH TTHMC, = (S, Py, so) Fnl, H %
(2SO
P.(s,s") = P(s,7(s),s'), Vs,s" € S.
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T\Fj? (’U € idx(q, la q/)) /\(FJ € T),
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Y(v,q) € Q. (3)
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BRI s
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tLDGBA H1 ctLDGBA 7EAF B AH RN i w = ol . ...
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H: 8% = S x QRIFFUIRSLE. A = AJ A, A° =
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Qo) FEVIUEIRAS . FeAH MDP IR A F4 7 8 38 bR B X
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0% ={(s%,a*,(s*)) € §* x A* x S¥|P*(s*,a",
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TR 1A E SIS AR MDP 1588 Sz, B, £ MDP _E
FRF3 2 LTL 2 1) SRS S T-7E 3R A MDP 36 3|
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BIA 972  WIRZA K 5032 388 7 B PR Oy 52 B K i 2 3
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PR A 35 28 % K 58 3% 18 4> = (rejecting MEC, RMEC);
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LTL 2 3 50
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5131 A TRAIMDP M* = M x A, 5
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DS NF #o,Vie{0,1,...,k—1};

)8 NE =2,¥ie{0,1,...,k—1}.

EH T NEE20LIN0 1,k —
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# @,Vi € I. #ECHR[28], V (s>, 0>, (s*)) € 62 N F~,
7ﬁZpk(sx,sx) = oo, HoHp pk(s*, ) KR M—A

B 2 A9 ] 1 2 2, I
BB AR 5 FEMETE IR U . AT, KA 52 307 A0 2
S8, B AT 15 4 I AT I 2 W R 2
W 3 I R A 5 P B AR
TR 2 b B 9 5 tLDGBA [ HR 5 0 v 444
K e — ML P BUR S o B ] A
DL TR PR S (5%, 5%) = oo F
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J&. O -
B 1 6 9 %) T 4F 2 4 s, Fe A5 MDP () 4 3 5
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P A 5 3T 19 1145 bR ORI 3411 B8 2

1—vrx, (s%,a%, (s%)) € F*;
RFX@)::{ e (s)')

0, otherwise;

VFx, (Sxaaxa(sx)/) € ‘FX?
F]:x (SX) = (4)
v, otherwise.
K@ Hyre =y (7). 2
1
lim T _o. (5)

y=1- 1 — 7= (7)
Y E R MDP ) — 1R 0 = ssy ..., ZI%E
(1 E AT R4 (5 SCRTFR [EHR) A

Gilo) =3 Rrw(olt+i) - [[ L ol + D). ©

i—1
Hoar [T = 1. 4R4EaR(6) AT LB A 1 12 R AR

R U5 SRR
V7 (sy) = E™[Gy(0)|o(t) = s/]. ™)
i 1 r 2SR ) S I SR S 2 B R Ak LTLAE 5535
JEMEZE I W, SR Ak 2% 2] R R ] R IR A B
(100 1B, A BR ORI 27 3] (1) SR WS 155 & 75 5K, BIAEALE “ [B14i
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0 R E, B 805 i 1 Bl i 2 T i, 0 T AR o i) 1
F R AR (4) 78 S B R BOM AT 41 68 £, A
PAN 51 H R ST, B F-1% 51 2 FAE B 5 SRk [26] H 0 5
b AT ESE (VLo (=Y
SIEE2 X T A MDP #4242 o F12 (6) TE
XER Gy (o), H
0 <7Giy1(0) < Gi(o) <
1 —vrx +97xGip1(0) < L.
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(SRmecs ARmec)- & H: Supc /& AMEC (IR 25 4,
ARnpc X RENER. AL o7, = {(s*,a,(s7)") €
§%|(s*,a*) € AMEC},«; (s*,a%,(s*)) € F),j €
{0,1,...,k — 1}} NIFRIEAL T AMEC #1 M > (2%
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BT 9133, ] LIS 240~ e FE.
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EX M.
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I SR A 5 2] T VRS B SRR ) B AU
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WEE B ZRIER y > yMayec > 4 Wil & H
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M X FHEN SR o 2y — 17,535
e S W 7 2 B KA LTL 2 35 A2 A 6 1) S s, B
Pr”*(sX E ) = Prime(s* E v).
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O x ARFINTRER, 6 1 Q° x X¢ — Q° ¥
PR . F LTL $ifiiR 3 4G5 1) 2 A FI, 22 4 FVE ml %4k
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NF R 6, (g,0,0) = (6°(a°,0 X 0),0°(¢,0 X
a)),Vg = (¢°,¢°) € G,0 € Xi,a € Xy, REEHH
o F, = Q° x Fo @ RAE. a3k M
X W C F, Al bR #E 772 R0 Sk (23] o
itz AR G AR X3 W & B 22 4 TS A R
P54 E LRI MDP 45 &, b i U BE 5 A
SE XA MDP 454 1) %2 4 ). @it 2 AW ZR G,
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al S REH o) N LR JERRZENE R TR
ZAINEA 224, W22 4 )5 i i AE R 1 2 2B R a)
T EER e = o BRREIIT Z 23N ERTT
SE BRI EHR S, BOEDIRES (s, @) I Q 1, X 2 8%
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/N A (), 1% FEUBR I 1 AT BEAS LTS ) 1 TG,
#i1E A (s) LAFAE & LTL A 21 55 0, D12 5 i Fk
R A SR, EH LG T G SRR 1S ) 1A A

B2 HIRAIMDP M* & /DA — N L
LTL 2 3 22 42 50

BT 2, 0 b 22 A Ja e B 3 ATI AR BT, X A

S5V IR W] 5 B 3 R W AR I 2R AL, 2o i e ik v
HER, BElg. T4 AR AN B
BR1 LTLSI SRl > Hik.
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fan i B AR TN
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3) MR AL AR AX L AR S
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e
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8) €=
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9) while £ < num_step do
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11) PAFWM sensory = f(s;)

12) TR e PR AL SRMG L FENE a)f
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14) AT 4% Q) EHEZAL LT, IF
M 571« R (57 ) v (8)
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ol + T maxQ(sir, )]
17) 57 =8, ’
18) o+

19)  end while

20)  episode + +

21) end while

22) forall s* € §*

23)  7*(s*) =arg max Q(s*,a*)

aXeAX
24) end for
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