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Distance Information Based Pursuit-evasion Strategy:

Continuous Stochastic Game With Belief State

CHEN Ling-Min' FENG Yu' LI Yong-Qiang'

Abstract The pursuit-evasion problem is of great importance in the fields of confrontation, tracking and searching.
In this paper, we are focused on the study of optimal strategies for solving the multi-pursuits and single-evader
problem with only measured distances within the framework of continuous stochastic game and Markov decision
process (MDP). In such problem, only the leader of pursuits can measure its relative distance with respect to the
evader, while the evader has a global view. The strategies of the pursuits and evader are established via two steps:
The pursuit game and the MDP. For the pursuits’ strategy, the belief region state is introduced by partitioning the
environment to estimate the evader’s position, and the belief region state is further corrected by using the meas-
ured distances. A continuous stochastic pursuit game is then formed based on the belief region state, and the exist-
ence of stationary Nash equilibrium strategies is shown through the fixed-point theorem. For the evader’s strategy,
an MDP with the global states is established and the underlying optimal Bellman equation is devised. Moreover, a
reinforcement learning based algorithm is presented for stationary pursuit-evasion strategies computation, and an
example is also included to exhibit the effectiveness of the current method.
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oF (aP); i Pr(b'|pos, b, o, oF) MR R IE KIS &
IR BN —Fr BORS R, i TI1a
IR TR IR FN AR Gk I Al sh /R, DR f P A M =
AT, B =AM AT O

A VESBENLIEZE G P RSEIE N 7 = {#F, 7P},
HERBERAE BN S NER L, Bl r U — A.
MFEBRAIRTS w T, w(u) SEPR R EIB i #Ef4 R0 48
RIRFH A A2 H] AP x AP IR 5 A
WHIIRBR GRS A wo, TEFFATREE » TIEH A H
PR R E

JF (ug, ) = ZkaP(U, {rF (u), ﬂ'E(U)}) (16)
k=0
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HOE X, BIGR BB BUR, Bk B FHRUEY FF (u, -, ) TR AP < AP L

TE (ug, ) = =J (ug, 7) (1) HOE WE FE X (ur, (P)", (oF)m) € U x AP x AP

_ 1 P E 2 15 n

RN 3. ARl TR 7 = {27, 75} (*UP(;‘ o )n))j;;’ o e (1;3)5:

MBI SR RIEHE BB AL 07 5 b e SR A

JP(UQ, 7_‘_P7 ﬂ_E*) < JP(U(), ﬂ_P*’ ﬂ_E*) (18)

JE (g, 7%, WE) < JE(uo, 7P WE*)

MFR 7 2 G B~ Ragh A 35 1 S g o).

JEETIREZINT RS SUSUE RPN A= E= S A
R HIBEVES 5N, R o b d R AR i) i A8
FARELEBENLEZE G TR g A 3 i HEm [ /i, 58
1R T ISR AR AR G A 2o 1 SR

EIR 1. 1B G AR TR gy 21 S mg.

MERR. B R AL A 50E o, &k B BUBCEIR
BN u, KBRS MENE o, 775 BB EA R
ik as

FP(u, o) =rP(u, o —i—pZPr (u'|u, 0)JF () =

P +[)ZZZO’ X

/
af sm

ofr(a™) ZE;O' 5 (aF
S 0P (@P) S 0B (aB)Pr(dy|sm, abr, aP)

a’'P1 G.E

P +,OZZO'

(19)

b(sm) )Pr(dk|sm7 afr, aE)

B)IP (W)
(20)

Horp JP () RARBEAIRES Ao’ BB BRI RN
W, o ={oF, of). BEBMZE (13) /AN,
PRI 55 5 O 72 MRl BEAOIRAS o B e i, R —
RAIRAS o Bl B AR 5 48 Rk i 1 2l Bl 1 v
B, BB sigh fEEA R, WF —BCARAE o
FHRK, k=0T,

T XBIRSES S RARE, EMTELEA
BRI 4 S NTE X RS ES L1 Borel-o £REL, N
S HEAHERANITCR, FES & — MR
B p, BRIE (S, S, p) KBRS 6], (S, S, p) 1]
ERHE S A A E A IR T 78 55, DRt 2 0 i 2 )
(S, S, p) & —MEERET, LI%M & X R
*%/\Bmstaﬁﬁié}ﬁ% , LA 51 B A2 —
ANEEEAS R, U, Tﬁﬁ@ AL R 3
V25 18] AP R APt S s (8], SRR AR bR 25 ]
Pos & A IRIES X I, toNEE RS0, MEES
REZH U = {Pos, B} & Pos 28] 5 B = [A] ) Tfe

(1), AR $E (10) 530 (11), ATEY (un, (o
COX ) (u3 o, a®) B, rP(ur, (oF), (o)) —
rP(u, o, o). U FRABERAE u KU, rF (u,
Y )fAP x AP LS IF HIRER L (16) &1l
A5, I BRI JF (u) £ AP x AP FiESE,
4k 1 (20) 18 FP(u, -, ) E AP x AP F3E4SE
I 22 S0 M (u) ABEE RS2 | U ERTE A 5t

Pym,

Borel EUES, W JP(u) € M(u). EXET QN
QU (W) =r"(u, o, oF)+p> oP(a”
ZGE(aE JP W) = FF(u, o®, oF)

(21)

B Q(JP (u)) RS RN, B T-Q & H
WL, R Fo<p< 1, BHOFEHHETQ 2
M (u) LR —AN AR, A0 M (v) 2P A A 5
Borel B S, L e & EEasm. RHE
Banach A3l i B B Q A7 AE — AN E— A
ROJP(w), FEHWE R QI (w) = JP*(u) = JP (u,
ﬂ.P*7 FP(U ﬂ.P* E*)
AP AP 5y 52 5H AP I AP E IR 5
Aii, R AP R AP 535l My Dy R My Dy 4 L41R
BAREATREMNE. JFHEMEIET, FP(u, -, ) 2
LR VE B, B FP(u, -, -) £ AP BRI, 72 AE
SR, AR AR KRN E B

max min F¥ (u, o¥, o)
oP ok

E‘*)

P _E

= min max F (u, of’, o)

ok ob

TV RS SRS A2 A IR 22 1) o B3 2
FRYRT I SR , MR A8 % S BEEY, HT

Ii] A

max min FP(u, 0¥, oF) = max FF(u, o, 7F (u))
oP oFE of

[Al it

max min FF (u, of, O‘E) = max FY (u, 0¥, WE*) =
oP  GE of

FTIFJ(U, ﬂ_P*’ 7_‘_E*)
Frbh FP(u, of,
JE (u, o, ’/TE*) < JP(u, 7" =

T2 F AT, IJH:JE( ) =—JP(u), F
of 0By = —FP(u, oF, oF). RIRERE I 2

5% < FP(u, nP*, 7B*), HEE W
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— max min (FF (u, o, UE)) =
of  oF
—min max Ff(u, 0¥, O'E) =
ok oP
max min FF(u, ¥, ¢7) =
B of
maXFf(u, af*, O'E) (22)
oE

O, JE(u, nF*, oF) < JE(u, P>, nB*). 4 BT
B, W2 G A PR I B S G o P BB, O

E 3. AR SCRBGE BRI FEHE S5 7 G 1k
ootV PP ENB EE L Fii N RPN S 3 B <A
BAEE, ki WA 2 RE R, BREXUE R
AN PR, BRI I 5N AR R R kA i T
15 & XIUIR A R IESERE L I ZRHESE, DL SEIL H &
M s e KA. IR FH TR R SO, PR SRBGE
FEAA I 17 SR (P ity b ik — Dl M O R B R
HE R SR A 5 I R

25 M DL S 18 25 75 AT A B A SCIB ), SR
T B2 274 L M IXEORES, JF Bk 2
L BCREEIAT Y, BRIk B BOTRE LS LR LA
HPRSHE, X BRS PR KA. B S
FTF & XICRAS I BENL 55 DU G R LA A

2.3 BRFHLIRRIITIE

BB A FE S AL FEAN, TR s
Wik B ARG S, B e B s SR g SR i ] %
AR RBER PR B . Sk Al B 1 4
S GkIREME, AP = AP, il AP = A(AF) £
~AE FRMEE S, HUGGH < H, A, T, R >R
/~ MDP, &40,

1) IBARES: REWRE H ={U, PosF}, HiE
IR A RS U SR E B B A5 Pos? 2H K.

2) ZfE: A= AP x AP IR IFSFE 13
TEZNR], MEEIME 6 = {oF, o} € A NENER A
Kooz, Hof € AF.

3) IRAIREHBR: L MERIEs c A,
MR EIRE h e HEREIT I BORE 1 € H 1M
ZKNT(W|h, 6) = Pr(Hpy1 = W|Hy = h, Ay = 6).

4) Wzk: 2 rB(h, 6) = rB(h, of, oF) RINLIR
HWIA RS, B P B A AR X ER B AR
FR) Al 225 475 2 k.

r2(h, o o) = Y Y 0P (") (a”) x
aPeAP aEcAE
N

> d(Pi, E) + e (23)

=1

Hr ) d(P, B) RN EIBRE P, 581% 4 8 A
WHEEES ) g € {0, 1} o b 3 A2 75 fubdAlf 1 P 12 5
aiEy)

L kiR RS N F ERIBAIRESH B
2SR AP L. B B RERE R I, 78 (h)
SR ESEAN T YATRAS TR SIME oF. BT iEs:
W8 LA 28 ) JE il AR R A SR ) 4 b R 5 11
RN R AL

TP (ho, 7) =Y pFrP (h, {x"(u), 7P (R)})  (24)
k=0

H hg = {uo, posE} AVITEIREIRE, uo € U,
post € Post.
Wi TR A S RPN R, &7 = {77,
) RN AR NS, R 2
JE*(hg, ©*) > JE (hg, nF*, ) (25)
NARAS E IR P S R R A LI DR 2 g
P FEES, S AN R e L
T (h, 7) = max Q(h, o™, o) (26)

Q(h7 O’P*7 UE) _ TE(h7 0_P=o<7 O'E) +
pY T (W|h, o, )T (1) (27)
h/

Hrb Q(h, o, oF) Ko IRSENEXF M E R EL, h N
kB ZI N RAIRE, v T — BRI AR,
JE*(W') NRERFEAARE BT R EE RS

SI3E 3. Wi E I HAL VIR 2 ITREA

JE*(h, 7*) = m%x{rE(h, ot o) +

pzZZO’E(aE)O'P*(aP)O'E*((IE)JE*(h/)}

af aP oFE
(28)
SRR T B o = (07, o), 4ok h =
{u, posP}, W = {u', pos'’P}, Hrf pos? € Pos? Nk
B ZI T kIR E FIALE, pos'® € Post AR —BFZI[1)
REB BRIIE AR AS b FAS B R — RS 1 %y
T(h'|h, 5) = Pr(u/, pos'®|u, pos®, o* oF) =
Pr(u/|u, pos®, o*, o¥)Pr(pos'® |u, pos®, o¥'*, o¥)
o (a®)Pr(u'|u, pos”, ot oF) =

o (aP)Pr(u|u, pos®, oF*, oF*) (29)

TR u (EE RS 1B B b 15 48 Sk
i O SN AT %, TR 2 DU A SRR 2R (20)
oAt (27) A7
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Q(h, o™, ) =rF(h, o™, ")+ p> P (a”) x
hl

Pr(u'|u, pos®, oF*, aP*)JF* (1)) =

rP(h, ", c®) + p Z ZO’E(GE) X

Pr(u|u, pos®, oF*, aB*)JE* (1)) =

rE(h, o, JE)+pZZZO,E(aE)UP*(aP) «
O_E*(aE)JE*(hI)

BT HHPRES pos® 5o #i5E, AN — AL HIE
TR S5 ek 2B Z VR ThE , S = oL 0O
3 TREESKHR

AATEET R ] HE MAPPO (Multi-agent
proximal policy optimization)!" #5H T IBHHHEIA
SRR G A 5 i S b 1 3 A I SR R SR R LI
5 g HIEAR L, MAPPO F B+ o 0ok I 45,
ZrL AT, BN BRI B B Actor-
critic 514, 3F H H b5 B BAE N S rp AT Mt & 5
W, B G 1 2 SEeE B, SR T I ZRARE TE.
FERECEFEHL R, B AR 5 A8 Rk i R

B A HA R ZR07 0 LUB & P o, & UM
AN Actor WZ%: AR ATE L FT—AN Critic M&%: CF
ik AT MR S50, 5B EEAHAS B, DAtk
KIRAFERERES w MBIHE P, 07 R BT — AR
SRR SR IE S8, RN GRh A S 5. R
PRFERAENT AL W) 0 ZHOEAT R, S8l
B P, (A EHE. 7 (aP ) g AT A2
5 (7RG, 7 (0P ) S0 ATy 20 T
AT M 3 A, o T EAT SRS BRI AL P RR R
REARIRT AL P DR 3 ) AT A S 43 A
FHZEATI LR, 7 AT HUE B ] b B, 52 0 3
KFE. B P M B bR En = (30) fow.
Jr (#)=E lmin (Wé? (aPi [ flpi, clip <7Té? <api )

b (aPilu) b (aPilu)’

07,
1 —c¢, 1+e>flpi>

For iR 38 BN Retk R AR S E R E v A
%, AP = S ot — VB ¢l 0N Critic M 4% 1S4
clip FoRAT J SR WG 73 A WUE V) SR AE, 168 K018
BRHIZE L —e 51 +e2 8, e AVIEIREL. @i HFR
B W S H 0" Ml o', HL 2 H bR ek B0 B
PE. R, SEREAL I ZE b A Gk i 2 ] 5E X
HAE |, CF, AR JE(0)%.

new?

(30)

FezkitF B 2R E, R B BRI T
Fagh At 351 SR w7 34T MDP S SR i SR . A
L pbEE AT E S AE AR CF JE(0) %S,
AN 5 BT X 4% LA R B R S

S 1 R IE ) B A R A et A
T S (SR AR R, 55 1) 1T 258 14) AT RRIES:PE
ML 2% A8 B R 0 P AR g AT 2 1 SR e, il
Tk B TR S R RE AR SRS SR, B T AR EIR
AL BE B2l 5 e B DL AR BRI T 51 53 ) A
NiBHE SkiEdizZE G, BIEE 8) ATAR. [FIRT,
R AR AT R M SN SRR, BT K ICE T,
WIEE 9) 4T o, FET 5Ems wlox, Wl HEAT 8 3% SR 1)
K, BIES 15) AT 215 24) 47, 2/t 55 19) 7%
T FIENCILE .

BOE 1. AR R S SR A

1) MU AL B i BEIR 5 08 Gk % 1 AL, AT AE

AE | CPi CE %, 07, 0F | ¢Pi, B iBfLFE DP:, DE
2) Repeat
3) forte{l,---,T} do
4) HHCRATN AT, ALy, Byl 7 2R
PREEEIRES we, BNME afi, af | LU J3) 7"?’7 rE
5) end for

6) ¥ {ue, ol v PV BN CP CF %%, 4y B3R
fHERE (v, (VEYE,

7 RSB (AT,

8) {ut, afi, rfi, Afi7
VPV A BT NARIZPE DP:

9) for ke {1, -, K} do

10) WIFEAR {u, aPi, APi, VPiY, {u, o, AP,
VEY SR AL AE W EARE S P, JE

{APYE,

Py E B
V;s l}t=17 {“t» ay, Ty,

1) THHESH O, 0F, ¢, 6F, $Kflh nFi, nF
12) end for

13) ﬂézd — ﬂg, TI‘QE;H —7F

14) BRAFEA AT R 1 SR P

15) WIGHLHIEE A, AE | CF, 0P, oF, iiZfE D
16) Repeat

17)  HEETEHEA RS 0 A wfi“ BT T IR, 3k
B fu, of, PV, REFES(VEYL,

18)  WHEMBRE {AFYL,

19) B {us, oF, rE, VE, APYT_ | fFNILILIE DP

20) for ke {1,---, K} do

21) THHBERRE JE, EHRE S 0F, oF

22) end for

23) 7"55 A 7r0EE

24) AT B e
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Table 1  Result comparison
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Z/b— N AR 4 62 85%
I B3 ERiB 4 82 1%
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Fig.10  Trajectories of pursuits and evader
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