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Dynamic route planning based on improved constrained differential
evolution algorithm

WU Wen-hai®, GUO Xiao-feng, ZHOU Si-yu

(Department of Aviation Control and Command, Qingdao Branch of Naval Aeronautics University, Qingdao 266041,
China)

Abstract: Aiming at the problem of three-dimensional dynamic route planning for unmanned aerial vehicles (UAV), an
improved constrained differential evolution (CDE) algorithm is proposed so as to meet the requirements of instantaneity
and dynamic search accuracy. Firstly, this paper formulates the route planning problem for the UAV as a constrained
optimization problem and constructs the objective functions and constraint functions according to the constraints of flight
and threats. Then, the diversity, convergence and accuracy of the algorithm are improved through introducing generalized
opposition-based learning and adaptive ranking mutation operators into the CDE algorithm. Finally, the adaptive trade-off
model is applied to handle the constraints in each state, and the information of elite individual is fully utilized to achieve
a reasonable conversion of the fitness. Experiment results and comparisons with 3 state-of-the-art CDEs show that the
proposed method is able to plan a safe flight route which can implement static and dynamic threat avoidance effectively
and realize terrain following. Compared with other three algorithms, the presented method has the advantages of terrific
optimization performance, strong robustness, good convergence and high reliability.

Keywords: dynamic route planning; terrain following; threat avoidance; constrained differential evolution

0 3 & FEAL e BV FE I 18] R B A S5 A /).

Bl & AT 55 A5 H 230855, anfal T AHLSER Bk Te AT SS X I 3055800 0+ B 4%, 78 =4
PRAR P AT e Zh A A FT R . i R 1) = AT IREE N I 75 25 R AR 25 92 [y e i 12 b T2 BR B 6 70 1)
S RAELGO MR B, SR 2 A R, ROV B A R e, e
SRR T IR B R SO AL — 4 MRS A 2 L0k, ZE MR Ao % FE T AL
s A B, DA S DA B AT 5% X 3 P 5 285 AN Bl 2 b, B RATHERE 20 R FIRF IRV, W A B M A B RTE T A

ks BEA: 2018-12-19; 1&[E HHEA: 2019-04-14.
HE4WH: ExESHAITRITE 2018 YFC0806900, 2016 YFC0800606, 2016 YFC0800310).
FEERE: =0

T3 A/E . E-mail: hkdx_2017@126.com.



2382 EC o

5 Xk R

%35 %

N P R A 2 R AT BRI, A BT 38 L A A 9 i £
e, B2 FRAT 55 DX IR N 25 B i s S 3 45 B, 5
SULKT i A B P £ BT, 56 P A P17 45 P S
RIS BRI 2, T AN R ) % —
2 LIRS AT N R A0 10 8, ) B 3 R AL
B CPRBURIET RS R A S

& Gt 75 10 AE F 28 BRI 7 T EUAS TV 2 R,
Franco %5 52 B FA sth B AR 8 &, 3 7 —Fhogi 0
6 42 B K] ik, DR RO RISk A st 3 AT R s
B, A 1515 5 I 18] P A B LA A 24 AR 0 I S 11 i
2. Matiussi 552 ) FH — S50 i 25 A A2 100 4% i HE
BRI MG R N R A T R S 2R R
], ST TG PR AL AL, Zhang S R T
— P E AT WS A3 AT (R o R B9 AR s A
WURTLZE K] ) 5, 444 A 20 K1) A Ay < 2 P e PR 4
) A, 368 3 LT o 3 0 I o7 R, B % S B AR
SRR B AR A G5 5 1% B S I A P A 85 1 A3
TR, AE G 55 X3k PR 5 24 R B 188 gy
K 3R 78 £2, SR AR I A U2 ) 5 2 8 A K, i DA
SIS R R 3 B SRR R R AR A ) R L
A G a7 B A R CR L B PER A A, DR
7z N TR A R 0 S 0 R K i) LS,
H1, Chen 2570 bi 7 B 5015 (PSO) 5 8 4% 5 1% (GA)
(197 S AR R FH - w0 51 71 5292 (CFO) H, SEII 4
PR A B T P e 3R RAL A = 4TI ALK, Roberge S8
¥ PSO k5 GA HIk I e AL B 2% =458 N k4T
beAst, 3R H 2 B AR 2R E06F S A0 M Ze VT £, S 3
FLIE F SE B LRI, Zhang S0V 3 H 7 — B Gk ) SR
SR, il G L b T R RS 0 g R A B A 4 R Ak,
SR FH SO S0V 1) B AR 9 P I 7 552 Pandey %510
PR T P T B O K A A SR R B, A
B 5B bR s AT AT B 4%, 5 R s (R
ZAPRE. AN IEH N TR EIE (ABCO)M IR
L (GWO)I2 4,

ZEor LSS (DE) 5 M {87 5 F R AR A B
Yok 5 T TRESEH, ) 2 B T 4% s bRl Ak il
S DERVE R “ 0T g7 A A R S0
S, JE T 2 AR SR S5 4 AR A, A R 5
PP E 5 2 k. [ B, DE 5015 BE % 1R 4% 24 A TR
AT 190127 B8 20, R G I MBS B, 203
R R 2R TR WS, PR SR VRN B, AT R K HR
R AR 1. FOR DERIEZ TR, S5
b RE N IE F T LRI M2 2 | R R M DA R S

I P 5 (1) A4k il R, B BRI T AT M. B AR =
435 6 T DE SVE I A28 B K (7] R AT B 92 Zhou
S04 FVR T B 42 Y — Fh 0t DE 8005, 7E [R5
OB R AT BR AR R f oK 2 AV TRl ) At BRI =
YERF IS, Li 20506 22 Rt DE 5035 8 2176 AL
FIRI 0] R R SR FH 7 o L 8 A v S TR R AR
Perm TR, Zhang SO T — R AL AR R R
W LARUAT DE SR BRI R S IR &R 68 1, %
FH B il 26 %o 28 30 AT ~F i b B RV 1R VAR
REE S LB IR L R RIAE 2%, 20 T60E 2 AT i 2
HH XS T R A 50y ol ) 3 S e A e R R

BEE FIRAN R, ARSCHR H — T SUR 715 )
H I8 B 24 ) 72 43 134k 509 (GOBL-ACDE) [ = 4 iy
IEHAS IR 7. BAEBIN SR A S WL, 7RI
SR BCAT B T SR )2 2] B ERT aa 4 AR, 1
RIS G SR BE T e ) 5 2] “ARBE” #4E,
A B T R 0N 6 1 T R, S [ A A S M A T
JE R AT, DR MoK GOBL HE 42 5 DE S35 M 45
A TEANIG I BI85 A B DA AR A 45 2% 2 TR 11
eith b, 28 &R A I 5 JE 46 WS RS B A R0
P LI TR e, B ARAE MR, 4 S A R AR,
W EE SR R R, B N AL R AR
& T SRR R AR X B A HE HE R 2 S, R
TR AR SEAE AL e A AR B, 78 00 R R
P AMRSCICAR BRI RE Z A B B R B AL
AR G B — AR A 2 R IR AT B SRR
HY “improved rand-to-best and current/2” A8 5 S I
S B T AR S Rl R0 A8 R, SRR B R AL, B
K RP RS W € N S MR M = B VA € i DS e
TEIIE PR B, TE L0 SRR 1) 8 R AN B B2 H AR R
BAEEMN T B A MNIENAE, &R HRAR KX H
B B EUE (52, D 1A B0 e 6 BN B, SR BT
B JE P AN BN S i [k, AR AT 2 SR AN 2
FHEAT A HE, SRAFAEAS R 20 R 5 0 N FH N 1) 38 S A,
A B8 IR AT B A 1) SO0 45 R, DA SRk SR
JE, D Sk FAR R R, ) SO A 2 ST HLL H
TN HE AR S A RN AN AT AR R ) 2 BRI
55 LA W Y o6 L R AT AT

A 3CF GOBL-ACDE 532 5 3 F ol ik 29 o 22 43
AL SR AT LR, B8 UF T GOBL-ACDE 5V 75 il
A KR ) R R ) A0 R R T R [
WERE 77, 0 B B P AL B A B AT 55 X 3, 36 IE
GOBL-ACDE S350 4 K1 i St v A mp 47 14



%10 £ X F A TRAEARE

o B H 6 ) S A ALK 2383

1 At s
WH, =4SSR IR EE S X M =
{m = (z,y,2)} W KB BNUES 22515 8RR 2 ¢
ﬁé’ﬂﬂi*ﬂlﬂﬂﬁé’ﬂﬁﬁﬁ‘]ﬁﬁ%‘l‘,ﬁ‘%ﬁ%’f:?ﬁ—F AR
Ropi = (24, Y3, 21), BEATEEA AT ALERACO A 5D,
FLARAL Ie) AT 38 Oy
min J = J;, + Jy.
st.g:,<0,0=1,2,...,m;
hj=0,j=m+1,...,n (1)
Forn: T T 23990 v S a6 T R R R v 2 AR
W e 3L giv hy 73008 ©AT IS AR % S L RN 55
AR KA, B AT LKA B B 2 R A
1.1 BHRRNEH
L11 BEEARH
FRESARAN B A T, F R B/IME AT B S H AR
FR RS, BRI B A AT R AR, AT RN

N—-1
Jo=Y_ 1L )
=0
Horr: 1 e BT I BE RS A
i =V (@ip1 — )% + Wis1 — 4:)? + (2ig1 — 2)2,
3)
PN IS K Dy, i~ Y~ 25 53 T RRE LA 5] 17 B AR
FrAI AT R FE.
112 =EAN R
KL TFHAE AT R EE R, T 78 20 F) FH M T AL 34
Be iz AT DA R 3l A B A SR U R 2R s AR AN
BRIEI T gy BT v R, R B R R AT R AR, T
TIRN

MZL@M @)
Her H, R
0, z, <05
Hp = (5)
zp, otherwise.

12 THITAREMN
121 FERHALR

9T PRUEFLZE P18 AT, AR — s sl ) e K%
) A USRT FoR N
Pmax =
Nmax¥

v V(@it1 — )2+ Y1 —vi)2. (6)
For: npax BRI 2, g AE TN EE, V K
ITTHPE, e A 2R

g1 = max(®; — Pmax) < 0. (7

1.2.2 JEFA/FRELAR
L 5 p MBI R s, R KIETH B o R BRI
TRERER g LU0 AT R IR A

5 = S . ®
V(@i1 — )% + Wig1 — vi)?

; = —1.5377 x 1071022~

2.6997 x 10™°2; + 0.421 1, ©)
Bi = —2.5063 x 107727 —
6.3014 x 10752, — 0.325 7. (10)
JEFH IR FELI T 370 N
g2 = max(s; — a;) <0, (11
g3 = max(3; — s;) < 0. (12)

123 HIBLAR

T ARUE ®AT 224, Bl KAT w5 8 BV
1T A, M 4 R AT RoR N

94 = Hgage Hier(z4,7:)) <O. (13)
HoA: Hoppe W CAT R A, Hier (24, 90) A (24,
1.3 EAhZIRFZH
131 BiEBHLIR

B3 7 B 2 RS D T G A AT I R B
T 972 T TR RSy 2 A 1) B B P, L AR
P e B 28 P PSR B 2 i, TR

N-—-1 nrtT
=3 (> Pi) =0, (14)
i=1 j=1

o Py N 5 BV E B8 4 Fi 0 B rh R A 1 1 1 AR
AR SCRFER S E A B A A KA 3 R
19, 9 T TR A U B 2 v FEE R

b7 2 I B R IR 2 Pr B %ML TR Ik B A T
RCS M 5 ik 2 [AIIEE S d e, TR oR N

0, d > Rrmax;
1
1+ (o(d*/RCS)Sr’
Horb: G Q NTRIEE A ZEL, Rpmax N IS KRN
PR
By 2 G () T A B A R e Py S AT SRR N
0, d > Rarmax;

THiE &

— min(z; —

Pp = (15)

otherwise.

Py = (16)

4
RMmax
4 4
d + RJVI max

Hrp RMmax NAERA 5E = BT ) f K B e .
KM SR P AT RIR

, otherwise.



2384 # % 5

*OR %35%

1, d < Rg;

1
PG: gv RG<d<RMmax; (17)

0, otherwise.

132 BKRLR

SUSEFRBEA Hh -5 R A LR 1 RATIX I, )
T M X SRR X JR L A o DX R 251200,
SCUEE AR X, LAy A R, B X 2R
REZ

hy = Liynrz = 0, (18)

Hor Lz SN 5 RS G X K.
2 T GOBL-ACDE &1 = 40 30 %]
21 FREESHEKER

DE B A8 5 28 X M55 1 P re A B 5 4K,
SEBLHEAL3),

A SRR QIR a; , 278 A ORI S
o, 8 5 S AL

1) “DE/rand/1” :

Vip = Tr1p + F(Xror — Trs ), (19)
2) “DE/best/1” :
Vit = Thest,t + F (Trop — Tr3.)- (20)

/E;EPZ Tr1t~Tr2,t~Tr3 ¢ %EJ%BJE*IL/]\MS, Thest,t y‘j%ﬁ:
M, RE T F € (0,1).
X R FEANE 2, 5T v 25X
AL SRS TR B g g, EARGR
{vnh rand; < CR or j = jrand;
Ujit =

T i+, otherwise.

2

et frana NIEHIZE LT RLS ) B w7 TREAD
W, ., X FFCR € (0,1).

BUITEE S UM/ IO a S M NS R M 11 = TR 13
EX L, IR BB 45 R B TR, A

Wity fluit) < f(@ie);
Lit+1 = (22)
x; ¢, otherwise.
2.2 GOBL-ACDEE%
2.2.1 AR
LIRARA R R — ] s R
min f(z),z € D.
i(x)<0,7=1,2,....,m;
s.t. 9:() J (23)
hj(z) =0, j=m+1,...,n.

Hrh:x = (z1,20,...,2,) NRIKERE, f(z) NHFR
PR, g ()~ hj(x) 50 e 5 AN GE 4 2.

Kb B2 SRAC AL 1) R, 38 R 2 U O AN S A
WA
|hj(z)| =0 <0, j=m+1,...,n, (24)

Forpr 6 IR BAH, KN N0.000 1. fif 55 j NEIR
B R SR E

max{0, g;(x)}, 1 <j <I;

Gj(z) = !
max{0, h;(x)| — 6}, [+1<j<m.

(25)
U2 H0E P2 N
G(z) =) Gjx). (26)

j=1

222 JTXRA%H

7S A% 2] (GOBL) 5E X 2N n 473 6] 1,
ki = (Ti1, Tioye o Tin) Nai = (Tin, Tig,y-- -,
L) BREAAE, M 2 = (T30, Ti2, oo s Tin) ATRTRS
N

& = k(a; +b;) — x; 5. (27)
MR B A S R B2, ¢ [a;, b,
WILE [a;, b;] W BENLAE B e 2 5,
z; ; = rand(a;, b;).

223 BIENAEIET

AR A A TR 22 AR A AT AT A B R At 7y
9 3MASRPRAS, 3 i xof B A AL SRAG L AR A T
AR iE NAE. A FATIRES T, PR EEA AT AT A
AR, 20 0 b FRAL A 75 i 24 TR i s R DAAR S 3
<]

(28)

ffitness(mi) = G(xz) (29)
FAMAPIRAE R, 20 SR A ERHLH 1) 32 BAT 52 AR 4
FRRE R w47 AMA T & 3, 78 B AR R B 5 A WS
P2 2 1) 35K P4 1230,
2 AL BEAL ] AT RS T ARy Zy i
Zy I EE A
Z1 = {Z|G(ZCZ) == O,Z == 1, 2, ey NP},
Zy, = {i|G(z;) > 0,i=1,2,...,NP}, (30)
oo NP Oy BB LB AN [F) AN K 2 1 bR R ECE
flx) N
f'(w:) =
f(.’L'l), 1€ Zh
max{(pf(xbest) + (1 - (p)f(xworst) f(xl)}a (NS Z2-
(31



%10 &1

AL F ATHREAHRE

o B H 6 ) S A ALK 2385

o o NAAT AR, 2hest T Zworss N Z1 AR
MR Z M.
X G BEAT PR e e, AT
filai) = mim f(x;)
1280, ) =
B LA HBEAT AH R bR e A B,
0,i€ Z;

G(z;) — min G(z;)

JE€EZ2

fnor(xi) =

Gnor (xz) =

max G(x;) — min G(z;)’ e
(33)
DRt 2 ATAT RS T e 4 LA A
fitness (i) = fror (i) + Grnor(24)- (34)
AMATIRES T, MO AE AT AT AN, BRI LA 408 R AR
BN H s s UE, H
Jitness (i) = f (). (35)
224 HIERAERE
oSG A R R AR S R A AR A A 3 AR R /)N
X AREREAT HE P HE PR AT R R
R;=NP+1—i,i=12...,NP, (36)
Horb i NEMMEEHT R IS
FRHEFHE BT AL (A [RLARAS, A% B2 8 53 1)
ATV, ARATIRES GRS

p; =05 [1 — Cos (1\]% 77)} 37
FUATIRSE MR N
p; =0.5- [1 — cos (1\?—1; w)} (38)

TR MR N
R;
- arccos (17T 2 NP) | 39)
K AR SZAEAIIG N “HRETE” AMRPE A% £ A,
I AR R 43 AT AT, SR SR S2 AR ASR m A R 22
FEPE, i G S0 2 AR 7 5 A8 R R, 20 R
H “rand-to-best and current/2” Fl “rand-to-current /2"
PR A A S SR, Ik B O R AR e R 5 A8 A
T, BARTHR AT
Fz = Foa,c+ N(0,0.5)(Fr2c — Frs.a), (40)
Crz =Crp.6+N(0,0.5)(Crro ¢ — Crrs.), (41)
HHF, ¢ F1Cr; o 20 AMRM N (0,0.15) BIBEHLEL.
2.3 GOBL-ACDE#&:%
5T GOBL-ACDE 532 T 28 £ K] 2 4t 25 4
K1 . R B2 SR T

step 1: NEAT S S ARG S, W B PR,
B K HEAARE AR 30 (27) SR AR SUR M) 2 ST W46k
FhEE P

step2: FH 3K (25) A1 (26) T AN 2, 29 0 [ F2
FERIRTATAMA BT & EE 2R o, RIBTRRHE AT AL IR

step 3: HH 3 (40) F (41) BE 34728 S5 (Rl oy FIAE X
K- Cr 7, K FH 503 38 B HE 7 A8 7 B o e — A
oy A R R ) B v, AR A8 SR AR RS  [) B w.

step4: H13(29), (34) M1 (35) T MK o, 55256
IFi) B 0 N AEL, 6 PR A AR DR B & N AR AL, BT
IR Zpest FERIMENME f (Zpest)-

step 5: W12 75 0 B e KA AR, 253k 31, )
Bt R A 25 IR, A ARk B, IR T step 2.

R % 2K
T B B

S |

GBOL-ACDE #5447

BEE IR E B
T EERIUG AL

(s sl i s

A 4
i R 1)

v

A PR R
e

v

NIRRT
FOBT R AL

it
U
)
sl

- (esfeprn

RisE
SRR

1 #F GOBL-ACDE & EMAIEAXI RS 4EH
2.4 ET GOBL-ACDE & AR HI XI5
B3k1 JET GOBL-ACDE Hik A %)
{E5515 B AT S 250 RS i g, B AR 5 (27, yr),
JEH ST, JBH T (Znreat, » Yenreat, )» BUPFEAZ Ry,
KHLIERESEL
fioN: BAR R f, AR R B G B KA
G rmas, FIHF AU NP;
ot - B O R B AT
t=1;
BEN WG PEE Py = (21, 22, - -
fori =1to NP do
forj =1tondo
GOPj; 0 = k(a; +bj) — Pj;0;

-vaP)



2386 EC o

5 & K

%35 %

if GOPj; 0 < a;j||GOPj; 9 > b; then
GOPj; o = rand(a;, b;);
end if
end for
end for
HFEGOP | Py HNPAS “HR5HE” MELLRKL P
while ¢ < Gax do
for: = 1to NP do
THREFE R p;
for j = 1tondo
if rand(0, 1) < ¢ then
Vit =21+ Fz((Xrar — xig) + (Tr30 — Tray))
else
Vig = T1, + F2((Trvest,t — Troe) + (Trap — Tit))
end if
if rand(0,1) < Cr; ; or j = jana then
Ui j = Vi)
else
Ui = T
end if
end for
end for
for: = 1to NP do
if f(u;) < f(z;) then
Lit+1 = Uqt
else
Tit+1 = Uit
end if
end for
t=t+1
end while
3 %F GOBL-ACDE B[ =4l Hi%]
N T VE Al GOBL-ACDE 5% sR R 20 o % 4R T
PSR 1) i e ) A R, T M AL LS RS
ML T, K GOBL-ACDE £ 5 CDE*!, DDE®7
H1eDER8I3 FhBE M REREAT LG SN A& UL T,
Xt GOBL-ACDE 5.9 2l & 340 1% 5E 247 PR Aili. SL56
fE Inter Core i5-7500 CPU(3.4 GHz). 8 GB W7 A
THEML L3047, R F Matlab 2016a %5 .
3.1 BRESE
WEAES XM = [0,600] x [0,600] x [0,2.5]
km, He A7 AE 9 Kb O R0 25 BB, & R o0 AR AR
Lot KB AR A3 1 s, & mURT H AR 1O X Bl
Y Bl AL BR 2 5N (5, 5) F1 (595, 595), e/ KAT =

Higate = 0.05km, Fz K ¥ATEE Hygare = 2.5km, §
AT 200 m/ s, 5 KA 1) I 2K o = 5 g 4 PRV
W BRI R NP = 70 Ff KA Grax =
200, 73 BB SLIZAT SO IR, HR S Hk B 5 kA
ER

R®1 BheH

B Atz /km R BUEAE / km
573 K J 1 (125,110) 40
57 kA 2 (400,270) 40
By S 1 (290,250) 50
By 3.2 (150,220) 50
B 3 (530,430) 50
W57 Fik 1 (360, 400) 80
Wi T ik 2 (420, 120) 80
X1 (50,335) L =195 W = 160
X2 (205,25) L =45 W = 140

£ 50 L SRS Y, BT 4RSI 28 e R Y AT
17 AT LR, T2 09 4 P20 oK 22 73 SRR AE 50 I LSk
56 r e IR AL £ = el PR — 4 R 1, P 2(a)
For € I AL A AR R By 2 KO, B 0 [ A A AR Bl 2
5, 3 0 [ R AR B a3 0k, B s T R AR 4R
X.

— GOBL-ACDE
eDE
— DDE
— CDE
¥ Starting Point

Z/km

-- GOBL-ACDE
CDE

+ starting point
¢ target pdint

0" 100 200 300 400 500 600
X/km

(b) AT G
B2 BSEARIAE

HH 1 2 W] AL, 4 b B2 (1 A AR A 350 e e A 280
AT DX (0 S B, SRAS AT AT AL, B P 2(b)
A A1, GOBL-ACDE H: 3R 15 A 7E CAT IR B i
N, BA B NI ZRA AR AT, AN 2 008.6, 1328 /N T
Ho A 3RS IRI B, eDE 5%k 2, DDE 5 1%
T AR 22, N T B B8 T 38 5 6 A A 08 25 AR




%10 &1

AL F ATHREARES

F A A8 B AT AR 2387

PRI PR 2R

729 GOBL-ACDE. CDE. DDE H¢DE JY#f %
EAE 50 YR ML ST U R R DR A R AT ALIZE BN A 28 25
HRMMEG 5 R, IR R AE . 2. T
(B HRATAR S R 22 DL R Th R, BARFROR AL R

®2 AEEZEMTLZERNGEITERER

Sk mUE mEM CPHE PAE AREZE REIE/ %

GOBL-ACDE 2008.6 2073.2 2042.6 2032.5 16.0211 100
CDE 2308.3 2493.6 2403.9 2405.6 57.2678 94
DDE 2398.4 2615.2 2410.2 2446.5 59.9747 88

e DE

1% 2 A )., GOBL-ACDE 5.2 76 fiil 284 C A 1) %
Al B ZEMH P HME AN R A A 3 B e, L 4% 3 b
B IR AE H % 45 T GOBL-ACDE 52 1) i 2518,
7 W GOBL-ACDE 5% B A7 B i A e LR,
GOBL-ACDE 5% AR 2210 8 16.021 1,48 T HoAth
H5V%, 7% ] GOBL-ACDE 5% B2 A 5 5 (1) & # . 78
F3h# J7 T, GOBL-ACDE 5 eDE $.32: [ 4 100 %, 11
CDE #1 DDE 5.4 43 51X A 94 % F1 88 %o, % B GOBL-
ACDE BEAEL WA N4 R e T R A &
GO

3 4 P B E 50 YROMUST S5 S A T I AR A
PR St k. fH 813 7] L, GOBL-ACDE 5% #1047
7RI 5 ) Bl 46 Ak, T 4 R DR A6 AT R )
PN RS S, TE 2 A T RO IR A3 BRI B
X, GOBL-ACDE 5#.iE A A “REH” MAHETFE
B, BRI PR AR S SR, S v 1 RE I USSIGH FE . A
BT HoAh 3 Fh VL, GOBL-ACDE 53 B A 540 %
FEMLIZ 25 A, 4 2R B 4 R e A i 75 A0 AR E
ANARBL T H SR S R,

20829 2176.3 2131.6 2135.5 28.9784 100

32 —— GBOLACDE
CDE

~ — DDE
E 28} ¢DE
%
)
) 24L

20 i

0 50 100 150 200

number of iteration
B3 AREIBEEREMTESSKNISEL
Pl 4 D 4 b B35 a5 DR A 228 £ = ) T ), X
PR, Y Dy v R, AR C i AR M T ) T € e 2k
AR BRI AT UL, X EL 1 4 A [R) 53k 2 L i
Il FJ LA ti: GOBL-ACDE S K %l f 7 28 7 i, A
A LT I TR BR BB RE 7, RE W8 78 73 R A R s i

AT BRI AT, 7R3 2 AT LR AT 42, @ ik jd/h &
A7t BE R v AT 2 4 T AH T GOBL-ACDE £
7%, CDE 5 DDE .32 At BRI £ fii 328 P b 1 e 5 2K,
A BB iy 1) P b TP AR5 S 0 e T2 R

1.0t

0.57

altitude /km

0

0 300 600 900
distance/km

(a) GBOL-ACDE 573k B i 1 &

altitude /km

0 300 600 900
distance/km

(b) CDE R H &

1.0t //\\

=]
=
>
=
205 / \'\
=
0 : :
0 300 600 900
distance/km

(c) DDEZ& TR &

1.0

0.5F

altitude /km

0 300 600 900
distance/km

(d) eDES LI EF K
4 FREXATEELEE

3.2 FNASEAD

N1 56 1F GOBL-ACDE 5% 75 51 45 B 35 855 1
FL KA R, 7 E 3R AT 55 DX 3 PN 18 L S A i 45
(5 #RAS B IR 5E T 1AL B A [R]) A0 2 kb 2h 25 . v
7 A4 52 56, R v 30 7 B A B A AR AR KX, 28 1 A
A BT 4R r A AR BR R (100, 140), B 124
40 km, 5 2 Kb B3 BT 46 fH O AR BR R (275, 210),
JEH 2 4% A 50 km. GOBL-ACDE 5595 15 B i i A
NP = 70, 5 KK G oy = 200, H37IE17 50 1%,

15 >4 GOBL-ACDE 5.3 7E 50 I A7 B 5256 H B



2388 EC o

5 & K

%35 %

AT = 20 5 L — 24 M ), 2 € O 1 3
BRI 1, 450 R R B BRI 2, 40 5 Sk Fem B
BRI 1.

I dynamic threat 1

g 2 SN dynamic threat 2

~ 1{ A - + starting point

~ 0 + target poi

N gct point
600

& 5 0] W, GOBL-ACDE #3578 B A 2 b5 2
JEE I LT RESE LRI HH 22 4 H A BRI, S
FLZE I CAT AR 2 063.7.

16 s B T B e A 2k i) i B350 T 1. el
6 1] WL, 7E 3 # 3 115 L T, GOBL-ACDE HiZ2:#i il
(R AR ATY 36 25 by S T R T R i Ty i, DA o
17.

400500 600 1.0f
Y/km o3 7100200300 g
X/km >
R 2 05t
(a) TR = 4RI £
s+
| e 0 . ,
U == RSN\ 0 300 600 900
o 400f [ Q) (s distance/km
4 — - 5 s
= 3o00p e 6 IBETEESEE
200¢ G "= X . s
ool B (P L7 S 3 25 M 00T 4 BB R, o
R s NE " 'starting pdint N N N
N = 7(a) ~ B 7(d) N Bh A B 1 B 3hid 72 v, 4 b AN [
100 200 300 400 500 600 B . N s
X/ km % R AL B ES B 107 B SRR S 1L T 7 e)
(b) SHRAE — 3 P ~ B 7(h) Bl 25 Bk 2 7% 3l B, 4 Ab AN [ A % AR
E5 ASEIKIEE Kb 5y 76 8y 27 B 55 R A 1~ i .
600 600
g 400 g 400
i~ =
= 200 =~ 200
%9100 200 300 400 500 600 00~ 100 200 300 400 500 600 %100 200 300 400 500 600
X/km X/km X/km
(a) MiHril (b) Miiri2 (c) M3
600
600
600 = g©
E 400 B E 400 E 400 N radar ) Amissile,
i~ 4 =
B~ = gun
200 >~ >~
200 200 —
D \ . radar <
0 ol — :
0 100 200 300 400 500 600 % 100 200 300 400 500 600 %160 200 300 400 500 60
X/km X/km X/km
(d) Mg 4 (e) Wilkris () Widkri6
600 600
g 400} 400}
=~ [0 dynamic threat 1
>~ 200k 200k [0 dynamic threat 2
s starting point
0 0 ¢ target point
0 100 200 300 400 500 600 0 100 200 300 400 500 600
X/km X/km
(2) M7 (f) fiRK 58

B7 BhZSE D BRI



%10 &1

R L AT B R E 5 N K8 5) S AT ALK

2389

H1 1] 7(a) AT 7(b) W] I, 72 20 25 80 I 3,
GOBL-ACDE 5.3 UMz 25 A AR B /N H br eIy
A RAT B B, E B 7 (a) AL A BN 2 UM 125 1 7 7] KK
Fe e, AH T Bh A BV 1 B0 AR B 7 I #% 30, A Bl
& 71, GOBL-ACDE %92t K1) i 28 5 3 77 1) A .,
TE LR UF A8 P (T 52 R S B A/ MRAN, 3745 B 7(b)
Ab i 5. B A B A B 15 7R B U7 1 #2 3)), GOBL-
ACDE S3EAN Wi 5 7] 5 H A 5 BE S/ B AT 3
X1, 75 B 7(d) Ak 23E 5 B b s A B B/ SR DA
I H bR R4k SR BhA B 2 L B iR S
A 3P 1 41 ], GOBL-ACDE .35 7E ] 7(h) 4 3845 5
H s mURH PR B /N 0, IF DA 4k 2 KR, o ] 7
A LA1§ i, GOBL-ACDE 5 AE s 2 B & Ol T A
B 1 SR LRI e
4 4

AL H Y GOBL-ACDE 8.3%3@ i ) X ] 2
SR B & SR P A 5 e B L SRS FE 5 s,
T G BRE FL B BN SR R, SR 1 A A A Y
Aab P 2 TR PR 1) 5 R ()3 R B AR 4K N GOBL-ACDE
SRS = GEIREE T A TR S BRI, 75 78 43 55 e
AT T B L RS A I ARt b a4 e R
B}, GOBL-ACDE HVA{E & s AT H 43845 1 % 4.
P G B AR 2. i@ 3d 5 CDE. DDE M1 eDE £
TEAEFRAS B SEE A B N 1 EL B3 ], GOBL-ACDE
LRI 25 G BB A /S, A2 F-IUVERE BB 1E
WS AT S RN T PR i ) S T TH 3 2R B B
2. B A BUP S 58 P58, GOBL-ACDE &
TR RR BN AS B B A B B I ORERE D, BE 8 AR
o ) 2 25 1 S A ) o T A BR B 58 L 25 WL AR AR
JIN PR PR B 25

NP AR B S TR S LSS O B AR
AR BR 0 S 2 o IR A 2R A i) RS A B o B A S )
RO FLUR AR ST B8 B ST S 4 JE K i — 2D
FUAE BRI 25 A4 T R FLZe LR (7] R
S E 3k (References)

[1] Franco F, Olivier K, Philippe M.

relaxation-based constrained path planning via quadratic

Improving

programming[C]. International Conferenceor Intelligent
Autonomous Systems. Singapore: Springer, 2018: 15-26.
[2] Matiussi Ramalho G, Carvalho S R, Finardi E C,
et al. Trajectory optimization using sequential convex
programming with collision avoidance[J]. Journal of

Control, Automation and Electrical Systems, 2018, 29(3):

(4]

(3]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

14]

318-327.

Zhang Z,LiJ X, Wang J. Sequential convex programming
for nonlinear optimal control problem in UAV path
planning[J]. Aerospace Science & Technology, 2018, 76:
280-290.

Willms A R, Yang S X. An efficient dynamic system
for real-time robot-path planning[J]. IEEE Transactions
on Systems, Man, and Cybernetics, Part B: Cybernetics,
2006, 36(4): 755-766.

FEE WO, FHEL &R TEEZ o
S B A AR LRI ). WA SRR, 2015, 36(7):
2319-2328.

(Li B L, Shi X L, Li J J, et al. Dynamic path
planning based on improved multivariant optimization
algorithm[J]. Acta Aeronautica et Astronautica Sinica,
2015, 36(7): 2319-2328.)

Zhao Y J, Zheng Z, Yang L.
computational-intelligence-based UAV path planning[J].
Knowledge-Based Systems, 2018, 158: 54-64.

Chen Y B, YuJ Q, Mei Y S, et al. Modified central
force optimization (MCFO) algorithm for 3D UAV path
planning[J]. Neurocomputing, 2016, 171: 878-888.
Roberge V, Tarbouchi M, Labonte G. Comparison

Survey on

of parallel genetic algorithm and particle swarm
optimization for real-time UAV path planning[J]. IEEE
Transactions on Industrial Informatics, 2013, 9(1):
132-141.

Zhang M, Jiang Z, Wang L, et al. Research on parallel ant
colony algorithm for 3D terrain path planning[C]. Asian
Simulation Conference. Singapore:
74-82.

Pandey P, Shukla A, Tiwari R. Three-dimensional path

Springer, 2017:

planning for unmanned aerial vehicles using glowworm
swarm optimization algorithm[J]. International Journal of
System Assurance Engineering and Management, 2018,
9(4): 836-852.

Xu C F, Duan H B, Liu F. Chaotic artificial bee colony
approach to uninhabited combat air vehicle (UCAV) path
planning[J]. Aerospaceence & Technology, 2010, 14(8):
535-541.

Mittal N, Singh U, Sohi B S. Modified grey wolf
optimizer for global engineering optimization[J]. Appliod
Computational Interlligence and Soft Computing, 2016,
2016: 1-16.

Storn R, Price K. Differential evolution— A simple
and efficient heuristic for global optimization over
continuous spaces[J]. J of Global Optimization, 1997,
11(4): 341-359.

Zhou Z, Duan H, Li P, et al. Chaotic differential evolution

approach for 3D trajectory planning of unmanned aerial



2390

=

5 xR

%35 %

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

vehicle[C]. IEEE International Conference on Control &
Automation. Piscataway: IEEE, 2013: 368-372.

Li Z, Jia J, Cheng M, et al. Solving path planning of
UAV based on modified multi-population differential
evolution algorithm[C]. International Symposium on
Neural Networks. Sinapore: Springer, 2014: 602-610.
Zhang X, Chen J, Xin B, et al. Online path planning
for UAV using an improved differential evolution
algorithm[J]. IFAC Proceedings Uolumes, 2011, 44(1):
6349-6354.

Rahnamayan S, Tizhoosh H R, Salama M M A.
Opposition versus
techniques[J]. Applied Soft Computing, 2008, 8(2):
906-918.

Zhang X Y, Duan H B. An improved constrained

randomness in soft computing

differential evolution algorithm for unmanned aerial
vehicle global route planning[J]. Applied Soft Computing
Journal, 2015, 26: 270-284.

Besada-Portas E, Torre L D L, Cruz J M D L, et al.
Evolutionary trajectory planner for multiple UAVs in
realistic scenarios[J]. IEEE Transactions on Robotics,
2010, 26(4): 619-634.

Duan H B, Luo Q N, Yu Y X. Trophallaxis
network control approach to formation flight of
multiple unmanned aerial vehicles[J]. Science China
Technological Sciences, 2013, 56(5): 1066-1074.

Wang H, Wu Z J, Rahnamayan S, et al. Enhancing particle
swarm optimization using generalized opposition-based
learning[J]. Information Sciences, 2011, 181(20):
4699-4714.

Wang Y, Cai Z X, Zhou Y R, et al. An adaptive trade-off
model for constrained evolutionary optimization[J]. IEEE
Transactions on Evolutionary Computation, 2008, 12(1):
80-92.

Wang Y, Cai Z. Constrained evolutionary optimization

by means of (i + A)-differential evolution and improved

[24]

[25]

[26]

[27]

(28]

adaptive trade-off model[J]. Evolutionary Computation,
2014, 19(2): 249-285.

Gong W Y, Cai Z H, Liang D W. Adaptive
ranking mutation operator based differential evolution
for constrained optimization[J]. IEEE Transactions on
Cybernetics, 2015, 45(4): 716-727.

Elsayed S M, Sarker R A, Essam D L. Multi-operator
based evolutionary algorithms for solving constrained
optimization problems[J]. Computers and Operations
Research, 2011, 38(12): 1877-1896.

BecerraR L, Coello C A C. Cultured differential evolution
for constrained optimization[J]. Computer Methods in
Applied Mechanics & Engineering, 2006, 195(33):
4303-4322.

Efrén Mezura Montes, Jestis Velazquez-Reyes, Coello
C A C. Promising infeasibility and multiple offspring
incorporated to differential evolution for constrained
of the 7th Annual
Conference on Genetic and Evolutionary Computation.
New York: ACM, 2005: 225-232.

A, ERH, KSR, SR L AR AL 19 B eDE
B0, B4R, 2012, 23 (9): 2374-2387.

(Zheng J G, Wang X, Liu R H, et al. e-differential

evolution

optimization[C]. Proceedings

algorithm for constrained optimization

problems[J]. Journal of Software, 2012, 23(9):

2374-2387.)

(AT

RO (1962-), 5, ##%, MEASIH, NFEREH S

EEH 205, E-mail: hkdx_2017@126.com;

FRIGEUE (1992—), 55, 1 A, SR RSV 5 e A )

HIHF 72, E-mail: gxf123@126.com;

JRBR (1983 ), 55, BI#U%, L, WdRsb] & 5%

il 27 ¢, E-mail: ezhousiyu@aliyun.com.

(TR FRRE)



