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U7 0 R RS S S, 75824 3 ok — 7 1 PR T S R SRR, 36— 7 A T 24 W 2
1A FIT TR .

T R R ) B, 242 5 BB D, W 7R4 R BT, 7 L5 SRA% Hamilton-Jacobi-
Tsaacs (HLJT) 77 RE3RHR 200007 (0 B e b e S A AR, ST, 24 B2 I T 2 5 3 B R
SURHEB N S AR, FLIT 7 vl LU/ W SRR W M AR O T SR i o B, Garcia 55 19
WFAC T — K ANE % 15 0% 2 (020 T 0 2 A, R T M0 M 45 S R (2 6 MO
1 T {0 AR ST B LG S T D5, SRR T AR RE GO L Yam 5 ) BESC T — KRR
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Apollonius AR HO 3 M 5 084 X 5 LA st 2 . SR i 49 8 5ot 2 A7 08 00
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Figure 1 (Color online) Biological predation and escape behavior

H bR 5, Ml e 0 B AR 2 2 dokif . ki Bk H bRl 5 8 v il s, migegs
2.1 HRFMBEREZFEHHESERFRER

ASAE I 2 18 E R R R G0 B AR T AW iR AT NI R K, ARG RIB i s
F A, S R M . RGP A TR SRR ORI, kiR A
BIK A ARIA T BT e i ok, il R AR 1Ia s Uy R TR A ) 4R R AR R
T HAN RN E BN up = {Yp1,¥p2,....Ypn}, BIRE—J7 EE G = B S AR A
uag = {Ya}, RETRITAZ 5HELUIEEELIZE). ZEFERGENIZEHTE ¢ = f(z, up,ua) HLL
N T REL A R A AR G

_ _ (i=12...,N),
Ypi = vp;sinYpi, ypi(to) = ypio,

(1)
{ ta=wvacosa, xa(to) = a0,

ya =wvasinga, yalto) = yao,

{ &pi = VpicosPpi, Tpi(to) = Tpios

FHT wps B v 4R B RISk R P /NI BT A 7 2 R NIRRT, P 5
BHMHEIERNL N o = 2. ARSI RGN, % o > 1, K& — e A
BB EER, MBI o < LRI B4, o Fo MZRTF RN ), 25 RS\ R G
Bl i € [omm) (i = 1,2,..., N), MERRU7 R H SRS 5 0GB S 8, ER Ty
SR P B0 SR RS2 A

RS SE % B A A SR B 2 . WO ITE 7 ek R ) Q hisah, e
HUPRAS I wp; = (i yp) (= 1,2, N) T, BBEIPRAH @4 = (24, 54) T7, RANTIE
WA @ = (2 aa) € RNV 05, %% M A AHAA T MR BN T = {(z.y) [z = 0,0 < y < b},
HHEF R 24 = vr.0 < ya < b WNFRIGHEEBE T HFRLAIAMER]. 5 oh% a5
S B S, BRI BIRARE A BN @51 = (vs1,ys1) P @ss = (252, ysa), B 5 MZERT
UL T 3 P 4R Rl B B 4,

2 (1) TP BB RGE 5 Tsaacs BEHH, FTE2 5 HIVE 2 003 0 S I R F i 32 f .
MU E K BN UL R A S IR B PR S0 BRI, 8 2 DA OA b e [ B o LAt 7
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Figure 2 (Color online) Multi-agent border defense differential game system

&, FIRIXJ7 BN AF e e S ms A JEE . 2B b, 1282 5 35 v e BT S8 i3l /g 2 Fig 5l 2
JiRE, PRl B 1) s B R A RS, A SO 38 8l 7 AR T ABEAT S (SR A, D SEbr TRESGUE 52
iSEc3

2.2 BHLIEFHMNERK

ATV E IR IRE WAL AT IR R E A B S B — MR E A B E S, BRI, #os
SCWEIE I 2 38 S PRI SR T 2% el LR A A i RS R . S — MR IR A Tp IR B AR —
MHEFER, HEHE BB, 75— D&M T Sy R AR BT 28 HARIL A T. 0
ARSI FC I T B 1 5% ) L 2% 1B 0

I =TpUly, (2)

Hr
I'p ={z||ra —xpill, =0,24 >0}, i=1,2,...,N (3)

TRk AEHNIA B AR R AT R S g 4, 54
Fa={z[ra <0,a <ya<b} (4)

TRk IR F P B E A ATRIHA BARiA . W R R LN ZN ¢, KRS o = z(ty) =
(xpif, ®ap) NRGE AR (2) KR Z.

3 (2) FFA ST TE 1) 238 ik B AR D5 A 25 1) R 7= N 8 PR A X 5. SR, 78 SEBR R 3R 75
AN 28 IR I 5% LA [) S AT BR i S WS (1) 58 B o0 %o S O B ARSI 1 S Ao P R AR A R
H, S ol X T4 £ T BA SR Ak 36k 57 [ A SR 79 o 2 i 2 . 47k £ 7 DA B e 253, ) i 5 7
Y ER BT H ARG AR, St Re e br ek A

¢
Jp(up,us;xg) = / ’ g(t,z, up,ux)dt+®p(x(ty)) = ®p(x(ty)) = zay —a, (5)
to
Xf L HE B V (o) Fom N
V(xo) = IginrgaxJD(uD,uA;mo). (6)
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A 1R 3 A N B R, DU = T IOA 2 =24 1 1 4 R 28 S 2204 0 5 R TR (Rl PR . M) 2%
PERETE bR R HON

Ja(up,ua;xo) = Pa(x(ty))

=min{|[@as —xpifl, [€ar —zp2sll,- -, lwar —@ongl}-
WIS 0] S FRAE BR B V (0) N
V(zo) = minmax J4(up,us; xg). (7)

TERZRE T IR AR | X7 HLAR 2 2 S R O RS b B, AT SRR R O 25 S S s
[ A S 45 B 5 M3 3 SR DU T R0 AR A IO B 8. B4, AT (6) 1 (7)
R 5 MR T LA T, B % 2R RS A R TE, BRI TE R S BN sy
w, F75 BA T AR AL T

Jp(up,wl;xo) < Jp(uh, ul;xo) < Jp(uh, wa;xo), ®
JA(u*D7uA;:B0) < JA(’U;*D,'LLE;wo) < JA('U/DauZ;fL'O),
HABRREL V (2) B 2435 2 40 F U HIT J5#2:
oV (t,x oV (t,x wx s
- ( ) = ( ) 'f(wquv'u’A)+g(t7wauD7uA)' (9)

ot ox

BARAEARCHE IR RGP — 202 — 0 R g(t, @, uj), uhy) = 0 JROL. PLERISHE S ATHUE O
U RE T ZEXUT AN R D0 DX 6 L PR32 s SR 2 A SR SR FL AR 22—

3 WAESXESFHME

AT TR A DR 2 PR X SRR 3 NI R (1) 45 R 4 B [T AN 3% & AT AT A (o0 B A o, 4
TR E % H BIARY 3 XRA Fr. (2) 4a e il 3 BIBAWIAG AL B, dn Tl i =4 X7 220K ] e e S s
I RE % DRAERIVE ) DX SR DL K 70 B AN 7] DS SR (3) 45 e 4 B & BN AG A B, Pk S ==
B0 A [X 30t 47t £ P A SE AT, R X dgonet i 3k 2 141 A B A A

3.1 EFRXERBFSH

SOCHR [7) MR R, SRR D (i=1,2,...,N) Mdki&#E A FEMIEXE Q hIAE, BAEE
Rl P AR R RENE B H AR AP R A, AR P AL T RRIR ) 1 R XK DA
TFRE P AT AN EFXIE Dp . 208 Da M1 Dp WA TSR TN LY. R 735
NN =18 N =2 RARFBEEELE o JE R 32T XN 756 2 1) 2% AT

Wk 3(a) fis, BN =1 0, il & & SRRENINEDIHN xp = (xp,yp) M x4 = (x4,y4).
AR Q AEAERERGY, W fr 8 MR & i i R AR O EL . L o = 1 I, 7208 Da
M Dp PRI ZE LIS X057 AL E 3R BT 702k, 2 o < 1 I, 7068 Da A1 Dp PIAIX
sRiih 2k LS 9 Apollonius [ BGZIR &R 5y, BCAERR 2. AEAR e 235 2

(10)

. — o’zp—za @*yp —ya
¢ a2—1 7 a2-1
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3 (MEMFE) N =1 B, (a) THEEREBRYM (b) FEEBYNNESXEMAER
Figure 3 (Color online) Dominance regions and boundaries when N = 1 in (a) an obstacle-free or (b) a line obstacle
environment

il

2 2
. a\/(xp—xA2) + (yp —ya) . (11)
at —1
Wi 3(b) PR, AR Q fAERSY) S, W& # Mk A X e — R P =
(zp,yp) MIRIRERAE N ELEFE AL, T RUONBERYI AT R —. & L d NHZEX I 2 1]
RS, dpa NP AR — 8 P 2% A WREIEE, dpp; Rl P 2Ifli&# D;,
(i=1,2,...,N) FIRMEER, UG

P—x4,, PANS =0,
dpa = H . A||2 (12)
min {[|P — xs1l|y + [|[Ts1 — @ally, [P — Ts2lly + [|[Ts2 — xally}, PANS #0,
il
[P —xpill,, PD;NnS =0,
dppi = . ? (13)
min {[|P — x 51|y, + [|[£s1 — ®pilly, | P — zs2ll, + |52 — xpill,}, PDiNS # 0.

dea HUONHEFELL o) MIREEL o = 10, fi2R LY 2 ELAREE XU 4R K — 8 4. MR o < 1
ih Eﬁﬂ%*% La<11 & Apollonius [5 BMH R IAZ ) — 77

W 4(a) B, SGHEEREE N =2 i, BEHK o = 1 BTG FE L= o il
it} Voronoi KA & #F 5iki&FH AL B HRPALL. W T o < 1 XL, ffE KX
Dp = Dp1 U Dpy. FIFEH, AR EAFERIGY) S B, HH oodea—0 = o WL EIE 4(b) P
AN 2 La<1 AT EF XL Dy M Dp. T Lo BARRSELER, A LU dr oL,

Wl AT EHERMBIREIBEMEELL o <1, W TS LY 8@ L2 BER— R
P, élﬂﬂéllili%‘lnﬁ%ji%/“%@éiib Hizzhpi g2l (12) i, T & JIBCRBUEFEK
SR, IR AT AR EE R P AN 3K

3.2 MBXEBESAME S

OCHR [7) BB K, gl e BIAE I ZE XA Q A B F S A H MEELL o, Ak
FHIVIALLE ®a = (va,ya) A3 ZIRIRE (AT B LA B SRNE wly I, JOIRH & & A A E R 42 11l 5
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Figure 4 (Color online) Dominance regions and boundaries when N = 2 in (a) an obstacle-free or (b) a line obstacle
environment

W wp BIRRELERIEHEI FARIA T T 2 B, AT k36 2 6 T (R 24 X8 W, b 2Kl
i, 25305302 T 750 24 2 DA S T A M gy, B, k2t P /R
wa BIRRECEERSRATHG FARAS T, AT B TR X B, Wy . MWK Wy
W HIBAFR N TR, iy B, ,. B % e S AT, A7 N = 1 F1 N = 2 R
TP H o T A OR 35 X 50 5 A T A2 4 £

B B S B S I TR Y E AL TR R T, R T, B
SRR A w70 = (0,0) 1 wry = (0,b), A1LLF & HAR

EEL AEMEH D MRE op = (ep,yp), 2 o = 1 B, AN BYS! i

BYF' = B, uBYTL, (14)
N [:IJ
By ={z = (2,y) € Qdara = dpra} (15)
Pl
Byt ={z = (2,y) € Qders = dprs} - (16)

MERR K 5(a) PR, X dare < dpra, WA DanT # 0, BoHI ARG &F R B A 5w, o
WA B (R SRR an e, IR 2 SRR BIA HARIA T, MR IR E IO E 24 = (va,ya) € Wa. MR,
dara > dpra W DanNT = 0, BT RA 605 (8 AT R VUSRS, Joi8 kIR (0 SRS o], 4 £ 3 A fE
FERS R Bk H bRl AT Ak . Rk BN, 2 S B — &0 4. R AR AR A
i s HEAT AU AT

T a <1 BYREDL, Bidi® s ol LUsZh 2k HRia 5¢, WA E— i P e T, 15

F(P)=dpp — d%‘ >0 (17)

BRAL. BEIIRIRF AL EAE Wa H, XOUTIRAE HFR S P N 2432 F(P*) = max {F(P)}, Xt PeT.
[FEE, A bR TTIE P B E A T 2 BAhr 5t W T BAEE— S P ¥ 2
F(P)=dpp — d%“‘ <0. (18)
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5 (WEMREE) (a) N = | AGEEBYNHAARKERENE; (b) N = 2 AGEEBYNNTEXENE
HE

Figure 5 (Color online) Winning regions and barrier surfaces when (a) N =1 or (b) N = 2 in a line obstacle environment

BB A H AR i Q* = (), w5) € LY=T, Hii

{ F(Q) = dop =552 =0, (19)

TH = min{zg},Q = (2, yq) € LY=L,
N TE N = 2 BRI XIS S . S0, 5 BAR @ B SOT.

l'-‘f.fi2 ﬁ%ﬂé@ﬁﬁ]ﬁ% D1 *D D2 E‘]’fﬁﬁ rpl = ($D1,yD1) ;FD po = (.TDQ,yDQ), E.Kyi—‘%‘l\i,
W yp1 < ypa. 4 o =18, FME BY=2 e

B2 ={z = (2,9) € Udora = dp17a} (20)
Hr

B{Y(jjl ={z = (z,y) € Qdera = dp174} (21)
F

ngjl = {CE = (x,y) S Q|dwTa = dDQTa}. (22)

MERR Wil 5(b) AR, WR dara < dpira, BEEA W HEER R A ALK, LibH &€& Dy 5K
W& Gnfa], MR iR FRRE S AE Dy £ ATEIE BARIASA. W dara < dpors, WAL EH Dy [
SRS U], IEIRF HRRETERE Dy B BT RIS HARIL S Wik BNZ2 1 BYZ2 KFEMM T N =2
ISF PR S I

L Y apy 5 oapy HERKE, SR EHE 1 EE SR N =1 1EN, B E R
120 FHE (At £ o ke ST (0 B AN A .
3.3 [EWR4 S haFEHEERR A0

AN FE BRI — 1) R, B4 S (AEAE X4 6 [ AR i 2 [H AW — 5 5B A5 ). AR S
MR EELEEN N =1 M N =2 BHEL. Seiliedmivini s, 2t SZEX ik o /776
FUAAFAE RGP X7 A AR 34 DX I AT e HE O 1. ] 6(a) AT (b) i, SR X SRR
A TGP A 20T AR] — J7 P2 A FE A, 416 X IR B i 5ok b e 38 [ A 58 D)9 R, T W e [X o
B RS A7)0t Fii £ 2 [T A T N R
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(a) ® Predator UAV (b) @ Predator UAV

y position
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X position X position

6 (MEITE) BRERYHAREILL. (a) N =1; (b) N =2

Figure 6 (Color online) Comparison of winning regions when (a) N =1 and (b) N =2

M 6(a) F1 (b) HRT LA H, BB 50 16 28 X075 B AL AN R 7E R RS 4 5 0 3 £ 3 T A
(K300, S5 SRR A PO A7 A5 36T Ji B LT A SE AT R T2 B A F) 573 — (AT 7 A g s R, BB 0 1
FEAE XS RE IR AN SE O A, XA RN RS B A7 AE 2 BEAS B8 B i85l Dyl 2 25k H ARid
T s TITE. AR AR R RI LU T 58, A SRR EOL, NS R se xR A
BEAH, {15 283% 35 AT Dh 23k H AR S XK ez, F kiR e Bats Yy, B ag i vl fe 20t
WEIGRAE 7 A B, A4 B AT B RS D AR R 3 2 1) X A K

4 WEMRESH

AP EERE N = 1 M N = 2 PIFIEOLEATBUE 07 J o0 #r. Wil 2R X s H Al 5t
T = {(zr,yr)|rr = 0,0 < yr < 6}, FEIEY S I S ARFR 33N 251 = (6,1) Tl 250 = (4,5). 47
T LT il A AN it A A 35 A58 P e L SR s A o A1 BASE FH 2B 25 (PP) SR, Wik 1l H
e G i 6 (A D\ S e SR, e itk fi FH i L Im) B ARl 518 B SRS I 118 Bh L A 25

4.1 HBERBH=EN=1

WA EH D WVIEAIEN zp(t) = (7,3), IRHE A FIVIEN BN za(ty) = (3.5,3), BikE 5
WEENEEZEN a =06 iEDK At =0.1s, UfEH 5RIRE Z MR /NT 0.05 S kiR
5 HRAL S AR RS /N T 0.05 B W9l £ 38 il 42 Ak i Bk i 25 BIA H AR 5%, fR45 5.
i R 7(a)~(c) Fis.

W 7(a) Fs, a0k 5 F SR AR SRS IR, X7 R 2 B ) B A B AR s ARAR A
P* = (0,3.79), Tt BA AT 8 iR 3 RE0E TE M Bl & 2B BT A H AR A, 30 (7) U EHEZRXT B Y
TR L MERETR AR R . SRR bR H AL B @ = (0,3.78), IR H AL EN o) =
(2.62,2.54), ®NT (ty) = 4.32. B 7(b) Hon T Mk A HE AL R NE T B 15 Hhsia 5t T 1230, Ml
B A UIR A S RN I (R B, BE I SR 45 R bR AL BN Y = (0,3), Tl & & s
BN o) = (2.68,2.18), Lt EAEIRbR R BUE N @87 (ty) = 3.73. B 7(c) R T kit 3 FH A Al
RS RIS, M & & (RS S 5 R 48 B (PP) SIS A, f2R45 A ki s 1A &
A ahE = (0,3.75), MEFHMALEN a¥7) = (2.76,2.59), ZuiVEAbIRAR R BUE N @35 (1) = 4.33.

HIFT A Y, 2 N = 1 X5 68 AR S I (P B R bn s AUl 05! < R < @7, T
3 (8), T BRUTT Fa 45 FH B IR A S5 A5t SRS A 120 7 977 0 8 4% o 8 SRS
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5 1 5
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X position X position

7 (MERFE) N =1 B, (a) EERGHEAREREFEIENE; (b) RikEERAEREBRIFEHE

B ETROIBTHENIE; () IR AABERRIEITAYIE BhENIE

Figure 7 (Color online) (a) Trajectories of UAVs using optimal strategy when N = 1; (b) trajectories of the attacker

using greedy strategy when N = 1; (c) trajectories of the defender using PP strategy when N =1

42 HREWE N=2

LFHF AR EEEE N =2 N, &fiaHE Dy A Dy MPIEALE S BN xpi(te) = (5,4) F
xpo(ty) = (7,2), HikFE A KWIIARALE N xa(to) = (3.5,3), Bk E HRMEERHEZ LN o = 0.55,
HAZMES N =1 WAHE. 3OS E 8(a)~(c) Fias, M EL R R 3 Rl Nk g 54
EiNcEEEr 8

W 8(a)~(c) FT7N, WU ¥ B AR AS S5 15 SR s B & o PE REFE A pR BUE ONT2(¢y) = 0.26; 24
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Figure 8 (Color online) (a) Trajectories of UAVs using optimal strategy when N = 2; (b) trajectories of the attacker
using greedy strategy when N = 2; (c) trajectories of the defender using PP strategy when N = 2

AL AT Z IS BRI FEBAE el U, A% g T R E RN TE TR A BENEIL. ARk

DARIF 5 24 908 36 2 B K T4 B 2 O I, 55 X0007 o 2 R ) e e o SRS

S 3CH

1

Duan H B, Qiu H X. Unmanned Aerial Vehicle Swarm Autonomous Control Based on Swarm Intelligence. Beijing:
Science Press, 2018 [BUHE, B, B TR BERTC ANLUEERE B B0 bt Bh AR, 2018)

Duan H B, Zhang D F, Fan Y M, et al. From wolf pack intelligence to UAV swarm cooperative decision-making. Sci
Sin Inform, 2019, 49: 112-118 [BGHE, AN, YO, . MIRBEEBE R TC ANUEER Y F k. R EERZ: S8R
229019, 49: 112-118]

Guo L, Yu X, Zhang X, et al. Safety control system technologies for UAVs: review and prospect. Sci Sin Inform, 2020,
50: 184-194 [¥FTE, RA, 5K, 5. LA LG RGEEAR: SRS, hER: FERE, 2020, 50: 184-194]
Zhou W Q, Zhu J H, Kuang M C. An unmanned air combat system based on swarm intelligence. Sci Sin Inform, 2020,
50: 363-374 [J&SCH, eadvt, EROh. —METHAEEEITLEANTR ARG, P ERE B8R, 2020, 50: 363-374)
Isaacs R. Differential Games: A Mathematical Theory With Applications to Warfare and Pursuit, Control and Opti-
mization. New York: John Wiley and Sons, Inc., 1965. 1-24

Garcia E, Casbeer D W, von Moll A| et al. Multiple pursuer multiple evader differential games. IEEE Trans Automat
Contr, 2020, 66: 2345-2350

Yan R, Shi Z, Zhong Y. Reach-avoid games with two defenders and one attacker: an analytical approach. IEEE Trans
Cybern, 2018, 49: 1035-1046

Oyler D W, Kabamba P T, Girard A R. Pursuit-evasion games in the presence of obstacles. Automatica, 2016, 65:
1-11

Bhadauria D, Klein K, Isler V, et al. Capturing an evader in polygonal environments with obstacles: the full visibility

2223



AR FRRGIAEE T I T AR R AT N 2 B Sl RIS SR T

case. Int J Robotics Res, 2012, 31: 1176-1189

10 Stevens A. Predation, herbivory, and parasitism. Nature Education Knowledge, 2010, 3: 36

11 Peterson A N, Soto A P, McHenry M J. Pursuit and evasion strategies in the predator-prey interactions of fishes.
Integrative Comp Biol, 2021, 61: 668-680

12 Hein A M, Altshuler D L, Cade D E, et al. An algorithmic approach to natural behavior. Curr Biol, 2020, 30: 663-675

13 Brighton C H, Taylor G K. Hawks steer attacks using a guidance system tuned for close pursuit of erratically manoeu-
vring targets. Nat Commun, 2019, 10: 2462

14 Hedenstrom A, Rosén M. Predator versus prey: on aerial hunting and escape strategies in birds. Behaval Ecol, 2001,

12: 150-156
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Abstract The pursuit-evasion and reach-avoid problems based on differential games are the key problems of
multi-agent confrontation control. This paper studies a multi-agent border defense differential game in a bounded
area with a line obstacle. First, by analyzing the predation and escape behavior of creatures in nature, the
multi-agent border defense differential game system is modeled, and the game termination conditions and value
functions are obtained in different situations. Second, this paper analyzes the dominance regions and barrier
surfaces of the game in the presence of a line obstacle and compares it with the obstacle-free situation. Finally,
numerical simulations show that the proposed method satisfies the conditions of the saddle-point strategy in the
differential game and verify the effectiveness of the proposed method.

Keywords predation and escape, cooperative control, border defense, differential games, saddle point strategy
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