. SHANTOU UNIVERSITY

WMt ENMNRX

B B: ZBRECEEANEEEEREIZIK
eV SR R B H

FAH : Research on multi-objective evolutionary

algorithms and its application in the path

planning of manipulator

% 2 fR 22 = =) 11509037

FrfEs# R T b FInEE E =

N | sESRETE

ANFBRH__2015F9HF ZEHBAH_ 20184F 6 A







FALR IR €M B

REXEZR N AETINES THTHN TEMR RBUS R 5
Ko WXHFER T FHAMMAROEEHH T, AESHMEASHM
PME R A RIIREINIRAR . X ARSCHIT 5 I H STk DA
S, HEARXRUBRHTIIRH. AAZERIREAFPIERE
RIEMARAKIE,

EEER HEA R H

v S AN 7S B

RARBOUSK R FRFARFZLOR XA E F AR, RIFIEX
WEEMENR  FRITEARZMIR XN SRR ABTRAE XEIE
FE# TR, TURAZH. FENHMEHFRAEGFMCHEIE
SR A e B 58 R ARSI R 1 XH RN E R (& LM
PNIRLMOEXNERHB I AR FTREMIEX, ERARENE
KA EFTEFALIE,

EEZR SIhER

B F__H H =PI F A H







WSk K 2018 fERHF A0t X

Hm E

H R En sk 7 E fE 20250 BRI, BRI, AL K RO R A
Z—, BTN FEFHLEEN, RSV AN TR, R A=,
PRI TR NSBB8 AR H S I FLAE S B A v Ak
JS2H ) — AN By o ZZICEEI], AN oAb s AR — 2% AR R A B 2 H Ar iz B
Ry e AR FLAF X B R B A R AL N B A R = AT 7 1) 8 o AR SO 5T ) 2
LB R AR IR B S B R A SR WU R i (R AT B AR AT R RIANAEAL
CIALBRE 38 50 2 A0 50 77 4 B 1 72 A S6 A, DAMLBE % 12 1) m 18] 645 st DA B AR 4D
T B A% R RN R TRT R it Fe AR B, DARE SV FERIBAT I [ A Ak B AR, InA3h 1)
YRR LY IR o ASCHE I FB I 77250 88— BRI R R Uy R B AL
W SR 2RI 2 H A A SRR WU A o 1 B AT B AR AT AL, SEIRE &
THREREU D ANPAT I TR o B8 by ik, FRATTRT B A% RO R 7 i T B O
K AR 2 B ARt 3T B AR . A SO T 0 00 RGPS 2
UR5 (Universal Robot 5) HUME , 1832 258 TAEU T -

(1) URS WM BT @A 5 GRS FEAR RN, A4
%, Rt D-H S8R, 5 TEMANR R & D-H 280658, KRNI 1 1E8HE5)
o HE, NHURE 3 ) AT @ BOR T A T .

(2) RV BAR R . TEW R 3 ) LRI 4R, Rkl
BE BT FERD L R BT I IR R O B 42 o 2 2, BT MWL IR SR 1T R R 2
[BIFN ST IR S5, e MUBEDIR S IR T8 B3, KU AT I
FFEAR, BESYDIEAEARANFERR S G, FERI I ER 0o B Rl 2 1) S5 59 540 W il A
fHot. BJE, S5ENRE ML RS, @ NUE BRI AL 3 /34 0.

(3) AL EBRM R M. B ARSI AR bR - KB . eI AE
DA ARAT B (8] P 195 43 B — 23R4T H AR RIS 1 o B —2H H A2 & il i H A R 2
SIHT ARSI B AN A BE A A ELAR IR B e, AR HAREUE I C R .

(4)  NRARIRBBERIINE, HHEAINERITR . H—Fd i T
PEAG AR RN 0 BT 25 58, SIS B AR IR 7 P /2 o 36— JRAE R
172 ) SR FH PR B TR SR SR A IR AS B H ARIRZS I DG IRES G AR 1D



WSk K 2018 fERHF A0t X

Feolo 8 R RAE R — R SRAUN AR s P A (AR A b, IR 2 R 22 H ARidE AL
SRR AR Y RE BV FE AT AT IR (R PN R4, IR 2 Ta 12 AR5
FT ik A, AT B4R L KRS D3 A T AB SO R A 2 R 10 2 A ARt AL SR it
17 B sttt

KA 202 Hbnfife; o aaCEY REELR; BERHFE: SHATHY
[E]8



WSk K 2018 fERHF A0t X

Abstract

The State Council issued the "made in China 2025" plan. As proposed in the plan,
the robotics will be one of key areas. Around industrial robots, special robots and
service robot application’s needs, the plan pointed out that it’s necessary to actively
develop new products and expand market applications. For mobile robots or
manipulators, path planning is the important part to implement its functions in practical
application areas. There is no doubt that how to plan a free-collision and relatively
optimal path from initial position to goal position is a main research problem in path
planning. Based on the kinematics and dynamics of manipulation, we design a path
planning model with the waypoint and time interval as variables, energy consumption
and running time as objective functions. We also introduce environmental constraints
and dynamical constraints in the model. Then, we put forward two new methods. The
first is to use Heuristic Rapidly-exploring Random Trees and Constrained Multi-
objectives Optimization Algorithm to search some execution path with less energy
consumption and less running time. In the second, we do some modification in the
representation of waypoints and use Constrained Multi-objectives Optimization
Algorithm. In this paper, the research object of the robot arm is URS (Universal Robot
5), the main research work is as follows:

(1) Kinematical model of URS manipulator. Based on basic knowledge of
manipulator, we establish the link coordinate system and obtain D-H parameters.
According the link coordinate system and D-H parameters, we solve the forward
kinematics and inverse kinematics. At last, dynamical model is established to solve the
torque of each joint.

(2) Describe the path optimization problem of manipulator. Under the satisfaction
of environmental constraints and dynamical constraints, the execution path with less
energy consumption and less running time is expected to be obtained. First, we analyze
the difference between two representation method of manipulator state. One is
Cartesian space representation, the other is joint space representation. Then, we decide
which representation method will be adopted in the paper. Second, we approximate the
link of manipulator as cylinder and obstacles as collection of spheres with different
radius. Then we use the distance from the center of sphere to the axis of cylinder to
perform collision detection. At last, we establish the dynamical constraints of path
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planning model based on the drive system of manipulator.

(3) Conflict analysis of path index. In order to analyze the influence of waypoint
sequence on energy consumption and running time, we introduce a path index---path
length. Then, we divide the three path index into three groups. We analyze the conflict
and relation of value trend of each group of path indexes from two perspective. One is
objective function, the other is experiment.

(4) Introduction of two new methods and comparation of two new methods with
original method. The first is to divide the path planning model into two layers based on
the analysis result of conflict. In the first layer, the Heuristic Rapidly-exploring Random
Trees is introduced to search for some waypoints of a feasible and collision-free path
in the environment according to the minimum path length. In the second layer, we will
decide the time interval sequence for adjacent waypoints based on the optimization
objectives—running time and energy consumption. In the second method, we do some
modification in the representation of waypoints and use Constrained Multi-objectives

Optimization Algorithm.

Keywords: constrained multi-objective optimization, heuristic rapidly-

exploring random trees, energy consumption, running time.
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fﬂ?ﬂ?ﬁ'ﬁ Tii_l %%%%*ﬂ—‘/z% 0 X;YiZ; 7|°EXUL?§M/%% 0i_1Xi—1Yi-1Zi-1 E/‘]%W\%
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W, B T R —ART R g MR

Rll Ol 1
l
000

[cq; —sq; 0 0][1 0 0 071 0 0 a;][1
_|5q; CCIl 00l{010O0fj0100O0 Ocai—sal
10 0001di0010 OSlcal

01llooo 000 1110

[ 0 0 1
Cq; —sqica; sq;sa; a;cq;
Sq; cqica; —cq;sa; a;Sq;

0 sa; ca; d;
L 0 0 0 1

T{™ = T{7'(q)) = Rotyq,Trans, g Transy , Roty . =

@-1)
S A 5 B AR ORI, R TT LU HBUBR B A (6 1 H ) AR
T R 5 A 4
Tg = TP T, TTTS TS (2-2)
[t pS FEmENURE ACH b 2 b — KA A , T 2 T P — p 7 e
MR FR, th B AR R 26
p® = Tp® = TP TR TETTS T p® (2-3)

2.3.2 WIBEBENE

N T AU R BIA TR E AL B, B R IR PAT #8 1) TAE R WA, #id
SR 255071 H 24 BT 7 B S 30 2 5 HURCE AR fr 28 R B A L, it
SR RN RATAL R, X AN UE 12 Bl 2SR AR 17 . HUBE 1A Ao b
RS M A 72 T W 28] 577 4 ) o 390 AR AL 38 2 R S R 42 ]
fitte SR, HUBCE AR LI E G 2Z, HEFEBLLIT LA

® fAAEVE: XWTHMAE, DA ARV R E H s HURE K i

fris; R B ARALEAE TAER B4, WIfRAAFALE
® ME— 1k X T HARL S, A H — AR A K A H AR U A S 22
TR, ATREL L2

® ZHfif. NMIRIEIEILIE, R RRLIEKIATIR T, W R RN
HENREEAL, AR RE B R iR

® HUWE s A E A IR T8 H  IER SRR ST AR B 3l
W —BL RFEMSHME, B3)FETRRE .
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® AU AT = IEFF I RSTBOR, R =AMEUN, #NIETE 2 5
R, RS R IR 1 SR o
UM 108 Ak ) SR AP TT vk — RO IR UV JUTE o AR SCR A LR R
it URS B 10 70,
@ Kqy: A TR, TARERR (SR TR R EPS . W 2-
4 Fir, P9l LGB AR BR 2R {6} 1 Z Bl [ J7 1P A2 d g TH 5

2-4 MABR AR (S5} 5 RN B R R

0 0
0

P=T9| g |- 8} (2-4)
1 1

FEARBR & {SY ARG T BE Ah by R AL B SEAE B, & 2-5 TG g, =
p+y+=

Kl 2-5 Kfitkq,
Y = arctan((Pso)y, (P9)yx) (2-5)

d4 d4
= 4arccos | —=— | = tarccos | ————— 2-6
® ((Pé’)xy) ( (pg)x2+(pg)y2> (&)
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g B ILPANAR,  XERL T O 1 ) A5 e i B ) 7 e
@ Rqs: fEqFERE L, qs T LETARR & (63T T AL bR R {1} AL B AR B
KA, Wk 2-6 B,

Xo
(F)a

K 2-6 *%QS
M 4 FRTBLE L, (PR), = decos(qs) + da, o1 (PE), = (P§)x sin(qy) —
(P)y cos(ay),

ﬁijﬂ 2-7)

qs = iarccos(
6

qs HELFANR, SR T2 5 ) E g a1 ek
@ Kqg: BEAMGALLS RIF R, 2, 7] DL RN NARFR 2 {6} I HLA 7]
=, FHEER REE X, K 2-7 Fios.

2-7 ﬁzﬁﬁ(k
AR 2R { 1A T2 b A% {6} I FF IR AL Ht

TP = (T 'TH ™ (2-8)
MRAE TR AR BIEFE R EE R, FTRS H U RS, TR,
—sin(qe)sin(qs) = zx (2-9)

12
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cos(qe)sin(qs) = z, (2-10)
_ —Zy Zx
Q6 = arCtar‘(snmqs)'snmqs)) (-1

MARQ-1)EH, Msin(gs)s 2y 2,90 B, g %R
@ Rq,,q3: TEqq, qs, qeefi F, URS HUWE R & =T, af LA KN

AT 2R WU . B2, BT BT R (3N TALKR R (1) MR (5

S,
PIAC)

T} = TITS = TE(TETS)™ (2-12)
0 0
—d 0

Py =T} f—ol (2-13)
0 1

B 2-8 ik 7R E AR R (1} (3IHUE T I a5 A B, B AT LA

7(Pll)!
lg 2-8 ﬁéﬁgfh. qs

1)1 2 2
R a2 -4

cos(&) o a (2-14)
FIH cos kAL AAEN], 155 cos(&)=cos(g,), SEani(2-14),
[P a2 -a2
q3 == iarCCOS T (2-15)
MK 2-8 IET] LUE H
q, = —(8 —¢€) (2-16)
Hr18 = arctan((P3)y, —(P3)yx), eTLLHAI(2-16)Kfi#
sin(e) _stn(e) (2-17)

Bl e

Gt ARQ-16)FIAR(2-17), 1T 15 q, [FR AR 4 T
13
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q; = arctan((P3),, —(P3),) + arcsin (agﬁg(ﬁk)) (2-18)

2, qz HELPIANAE, RERLT O 2 ST 3 ) b e sl ) N ey
® Kaqq: HG, REASRR (40 T PR R (3} T IRAHRAERETS , AR5
MHT RS — 5K, -
T{ = TiT = (T TH TS (2-19)
qs = arctan(xy,xx) (2-20)
H BT AT A, URS AU A 2 SO0 M BL, it WU 72 A
A B RS M2 A RTIRE A, W 2-9(a)-()fm. Bk, &ML URS
X2 H AU B A S 1 R s, S Al R DL RO AR, A
AU BT 20358 o R b 420 o

(a) (b) (c) (d)

(e) (H) () (h)
2-9 URS WLIE 10 iR

2.4 HMBEHNNFES

NI 21 77 220 LR R WU 12 20 5 RSN 2 30 (10 ) 1 Z IR 2R &R,
H B2 T ERPRE M 3PRES, 3 BT B . HUE sh 77 =8y
CLE I AR B T LR S50 i & AP SRR S B 10 2 S 3 T M . 2400
SR B )2 B 31 77 22 7 R SR A 7 A2 ks B
kg B H A0 —MEET RGN LR B G OORHE 2 R & 3h 1507
RN 2 — P k. EATIARBIHEE, H LEXxR, KER3IEE, PR
AN DA AR
L=K-P (2-21)
14
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WU 55 L8 7 00 ) DA i B H R B0K s 3 ok 15

T, = Ea_ql_a_ql L= 1,2, ,6 (2_22)

NUBE B 68 FH A 4L BR v AE PO AL )P 3h e A2 o1 0 (1 e 3 3 R
K= %mvTv + %a)TIw (2-23)
HrhmACGRIEMHLETUE, v, o0 I CREAHE AR, LE—A3 x 3K
PRFERE, FROAVFENE. N T it s E R, FATRE 2-10 (a) &E
FEHISERR O AL BN 2-10 () H&IEAT B LT Gy, FRIE S IEAT TR
U AL IR AT A

e ) a

T T

et

(a) (b)
2-10 URS JF vl
7 PRI S, JRATRT LLEE SR 8 ) L S 80t 5 &SE A B
BAMFLOALE R E, 15 2-2 PR, @ EE R R R TR O AL E 7 5
HARAE H B AL TR &R P )RR i 1) &1,
# 2-2 URS JEF BT AT E

Link Weight (kg) Mass center (mm)
1 3.7 ri =10,0,0]”

2 8.393 r? = [212.5,0,135]7
3 2.275 r3 = [206.25,0,17.5]7
4 1.219 r& =10,0,—2.5]7

15
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5 1.219 re =[0,0,—2.5]7
6 0.1879 ré =1[0,0,—17.5]"

B8, RS SR, FIFER eI sh IR 2 B 5k

(I LI
[0.0084 0 0 ] [0.0078 0 0
L = 0 0.0064 0 |.= 0 0.2100 0
0 0 0.00841 L 0 0 0.21001
0.0016 0 0 ] [0.0016 0 0
I3 = 0 0.0462 0 |.L4= 0 0.0016 0
0 0 0.04621 L 0 0 0.0009
0.0016 0 0 0.0001 0 0
Is = 0 0.0016 0 Ig = 0 0.0001 0 |(2-24)
0 0 0.0009 0 0 0.0001
TIG1  WUBRE AR 2T PR o T DA A AT LR A S AR s
Vi =]vi(q)q W =]wi(Q)q i=12,..6 (2'25)

NHES URS BHERT LRSS, EeitEAEE T J,, BT URS &2
T A e T B A GE R, X BRI EM 29, .., 22, AR
z) =k
z) = Rk
= ROk = ROR1k
= Rk = RORIRZk
z{ = Rk = RYR;R5R}k
z0 = R0k = RORIRZR}R%k (2-26)
H k =10,01]", FERTHAGEZ T, Hitt URS HOHERT LURERE I RoR
[= [{,,] _ ]]vl((CI) Jo,( @ Ju,(@ T, (@) T (@) Ty, (@)
® 0@ Jo, @D o, (D Jo,( @ Ju (@) Jw,(q)
H), =z x (0p —0{1),i=12,..,6, Jy, =2_1,i = 1,2,...,6
PRIk, AU -3 e R s A 20
K = =47 25 M), (@, () + Juo (DT RADIR (@) o, (@] (2-28)
WUBBE (157 B SRR T B AT o7 0o Ak ™= 2R B B g 3B A, T LR N A R
P=Y5 g"rem; (2-29)

(2-27)

16
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Hrpgit— A, R IEArs R E N IT ), 2SR RO EE R,

i EE R A AL BAR B T AR bR &, R EEER 2-2 RO L B
FIFEARPR AR T

re; = RP

rez = R3ry = R{Rg1}

res = R3rs = RYRZR3TS

rea = RE1y' = RYRZREREMY

res = R§rs = RIRZRIR{RSTS

rece = Rere = RYR;RIRIRSRETS

(2-30)

17
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FI3E BEAMNEZENE
3.1 51§

L R0 G5 02 PR PP 9 ey — A 377 0 2 SRR A AT B
HOFRE L [ R — 4RI ARAS B F RS IS 0 A2, (B R friaahid e
iz 4. TREGBSEE IR . GBI AR, SRR,
B V2 (L 7 5 B — AN OR S PR B R B P T R R OE 154
57 4 RE BB 1 Eh RE AU G A R T 4R B R % 1 FE WL i 12
WAL 7] 8.

I T H G B AR v ST SRR 38 B M3 T 0 5 [ SR £
HEAT R I SRIR RS SO TTAT b 38002 MRS, 7 R e o 2 5 42
RT3 B LK L, A% 306 1A A TR B LT B 5 R S 7 B e
R

3.2 1R RRFEALH

PR FEBEHLM (RRT) 4 S.M. LaValle T 1988 45 &k 5¢ B ML H LA M e
DEA SRR TR, A — PN A S B 250 —F, BB A e
Z YA RN HEATRURI o 5 BRI 7 22 DUIRAS 23 (8] 1 — W04 m VR AR G, 38
SDPRA 20 P SRAE 2, R T 2 A X, Rty 21, AR — by
JERT . BRI S8 T bR AUEE B bR SRR X, 5 ) PALEREAL
AR R B — 2% AR T S0 B AT 6 23 B AR SRR B A . B AT, BRI R b
BB (RRT) ]2 F T AL N SRR f 2 A 0 R D71 14951

3.2.1 [R% RRT &%

B C A2lLge A 2D B 3D BN RSB TAE ], Crree i HFISYIRA KA
HEAEE ) B HE s 6, PEY R BENULR A& A 3-1 fos. T o —BRIiA

KA S BN, x T W BRI, HTy € Crreeo WX NWIURHLE.,
18
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Xgoar € Crree N ANRXIH. B55, 1E C B MIFENLIEI— ML Xy qng o He, 1E
T FR B X g T I B X peqrs TIDIS(Xrands Xnear) 257 AN 4 55 ) J L AR PR B9
W Xrand, Xnear 1155 5 T LL IR HIDis (Xrands Xnear) < Dis(Xrana,X) . F 2, 7E
Xnear 5 %rana FIEL ERKxnew s Xnew LA X new € Crreer HDis(Xnew Xnear) =
p,» HHp >0, NRRT f/MEKDK. NMBRFEXenws Bxnew AT BTiypr =
Tie + Xnew ZAHIT B . BN E BRI X gng, EREU PR, HEEIKY
Je B HARX IR T Hoxpe AU

Xnew = Xnear + P(Xrana — *near)/IXrana — Xnear|l (3-L

Horb, |l 1R PR R R B

|

: Xnea r__,i-"';
\ Xinit T

// \ t Xnew ¥~ ]

E ] e
* Xrand-

o
K] 3-1 FEATLR 8 g 7 =
3.2.2 ii# RRT &

RRT S N5 H v R 2 A 2 B U A RS i — FaT 474,
(EY R 3 Lhoci i AF AR 0, AW E IS B TAF 2 (8 AT FEN LR X gg - IF
R A (3-1) WHEFHIHEE Fixpew, EEY M ENE BRI BT x000a
BEHLYE, SE@ RN AE KRR, 35 2B B x g FIBRAEH I
RPL R, AR B fehd, KRN F RS = EE M. 54, &
FFAEE ) TAE A M BRI — ML Xy gna > 3 R HTH Xy gna M X qr T 7E
IR, I AR T A X A BE AL RIS RS 1 SR U SR . AT
BN IR G RRT Sk B A s ACSIGE L AR AS 237, V2 W7 AR
FIRM VT Z S0 M RRT. IUA S0E RRT Bk AR IER N7 SRFF G
SR AN U7 3R it

KA SRS B B0 2 AL Goal-Bias SEPYEJF4G RRT SAHEA , ¥ H
PR AR R JF HAssI BT . Goal-Zoom FVEDLKE H AR IX A A &
SERAE DI FRRE AN DR BRI, PR T SE R CSIOR E  HAh it S

19
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A6 H Extend RRT(ERRT) BYELE, S ANBEA RS, MMPREIERSCERE, R
P TR E .

¥ Je 7 X lodt = Z A . RRT-Con PSR FH B AH M9 g, TERTAG U
Hobm s = A R BE AL, FEU 25 I 3 ) — AR TR B Rk B A, ik
TULSIGEE . Dynamic-RRT(DRRT) B3, Bl NEBIH 54 3F, LBREAE MR L
R4 ST AN 5, SRJEBEATIE R . Matt ZuckerPO14E A DRRT ST otk 1%
AN 25 B R P 58 50 T TG RCTS R0 T DR B 9 93 SO B — MR EIBTI8E N2 A
FOEREAR, KA E G NELE RRT Bk, iy RREEE Bhr7 Ak, ik
TSRS, B S BRI AT R

3.3 HEefihEE

EEAT R AL B R AR R AN R AR AL P K o BR AR AL I S B AN TFALAL
FOEMEH . AR L T M RN RN, RAeRERR, A5k
AR, TEBR AR FRIE DR AT USO8 — 7 i, RS 2
JEZ A HAEVERETEAR, BRI A & 2 — A2 HAirXil i@, HAr, B
e B TE AR R 22 00— Fh 7 vk o REAL A — i T A R BRI
RE AL SV, REALER 2 M 2 H A R 0, 32 B 7R A8 B IX IR E AT SRAE L 5T X
AR SRR AN, FERRAE MG R AT IR R, RRESRBAN AT, A5
(CONEE: 547 I NTTE S =L =i X A SPRESE S e WS- N - R 8 P
NSGA-IIPUAT MOEA/DP ol T A SR R AR A B 2 — AN AR 2 B
PRACAL I, AR F AN HIET RN AR 2 Hbr b H % (MOEA/D-CDP) .

3.3.1 ZEARLRMILEIRE X

TN AN BT 2 ] RR R 2 H AR 2 AR 1] 7
minimize y=F&) = (fi(x), 2(x), f3(0), e, frn (),
subjectto g;(x) <0i=1,..,1
hix)=0 i=101+1,..,p
(3-2)

Hx=(%,%,....%,) € X CRUFBRTFNAKEERE, X RTREEDE XA

20
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RIS (Decision Space) ; Y=(Y,, Yz V) €Y CRTRFM AR EIREE,
Y RRBAREE y AR BEAREE (Objective Space) . BAREELF (x) RRGFHE
mMHREZE R BREEARERR, 9(x)<0(i=12 1) RTHFEIDFH
SRAR ; h(X)=0(i=1+12, p) RFHE p- I MERAR.

3.3.2 MOEA/D

MOEA/D & Zhang % AT 2007 A4, FoA%.O B AE R i8I 14 G0 7 i 4y
f R, B —A 2 HARRAL ) B4 A — 8 S0 1 5 HARAG 7 R L, PR A i
BRI I e B H bR 7 o [ B AT ARA, SRAS AT 1 ) Pareto Seffifid. 3L
SRR 3-2 Fis .
G

Y

WEBEEA, PIAFEP , 40EB()

Y

5 HBREF (x)

Y

IR ERAE 2 Z

Fo

D

BE LI 7 Ik

Pl

T 2
! ARTEB() -
SRS T M T E 1

|

& R PEAL

3-2 MOEA/D A2
MOEA/D W43 712 F BRI LT =Fh:

® IERFE (Weighted Sum Approach) 2]
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b T M AT B AR H ARG IR, SRR A = (4, 4, A, ) > F
¢&Nmﬂ&mmﬂi&ﬂwWE*ﬂ&ﬁﬁ%ﬂiﬁ%Mﬂﬂ%%ﬁﬁ%
ﬁ%%ﬁ%A$Eﬁ¥@ REAN, Bp Rk Ao
{minimize 9" (x[2) =241 (x)

- (I (3_3)
subject to xeQ

M3

Heh 0" (X|A) REBFMHADE (3-3) WERERK, x HELR, A HNEER,

® YIttE ki (Tchebycheff Approach) B2

IS Ridiland LU 30K 2 AR AR 1)@ e 4 D9 224> B H o1 1)«
{mlnlmlze gte ‘/1 z ) max{/l, ~‘fi(x)—z:‘}

subjectto xeQ

(3-4)

Hrpz” ( z;) XEQ, 2" =(2q,.,2)TASH H, W&

{ |X€Q}, =12,

® AKX Nk (Boundary Intersection Approach) [*%]

AL XA A BE S 4, R LI S A, B4
22 50747 HAREE AL s AT LB VE X Pareto FefiLidl it —/MRAFIIIEAL. PRI,
A8 AT FH A sk ik -
minimize g"” (x‘}t,z*):d
subjectto F (x)—-z" =dA (3-5)
XeQ

Hoib, A=(A Ay dy) M2 = (2,25, ) 2" 5P BIRBUE I RS %
B SRR

3.3.3 CDP R4 IR R N

CDPPE —MfiAT ) V2 A8 FH I A RAL B T i o FLA AL B 59258 SO 2R
R FIUERT A —AS, WIFRAE x' LIRS x/ 1

D xb ZAATE, x) RAAATE:

2) xt M x) BRAWATR, H xt H—ANEUNILIRE R

22
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#

3) xt A xJ EREWATE, {2 xb X x/.
TR T 249 RS C S ] ) 8CR , ATART AT AT AR e 7 R TATATT AN R AT PR fift v 7
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£ 4EF WEBEMILEIB L
4.1 35

HUE B A2 A 1) 5 BT 55 R FR BTG 7 B 2 H bn i B 1 4% 7 51 A
52200 N AR R DS 2 310, 22 T 8] B 2 T AT LB A A BT — A2 s 18 3 3
TR R R Ao A2 — DU A R R, AR 2R 2
RE, HCAnUBE R TR IR . RS BRI E R e tEAHUE 23
AR RE RS . XD R & DA A BUE N U g A A A rh, - — b
MU H bR, X8 H b B KA B ME s 73— MR A, XA R
FAFLIR A A R I HUE VS DL B R R ] I BUER R Kb Esh T, KZ
B B ATIE W 2 AR FE IR ER . T3 h, BRI A P RVE L
B WA R ENTHE AT PR TR, YUE L E2 e S ssh &
T4 € MRIa AL B B FR AL B OU T S IMIEEAE 55 . X T, HUE
AR R BE BT AR AT R — Al FETULEHRE, ASCh A TR ALK
T AT IR 18] DAL e B AR F O U AR A R AL B bs o 538k, 34T
I AL BN HEL RIS L R B A AR R

42 T E

WU BR AL RIS v, JRATTe B A st A R IRD R Dy B AR B HLBE i
A AT DUAE A 2 I EAT R B R R 22 8] 2 A OGS S (8] 2 i B R /R &SR]
PR 2438 P2 Ay 3 5 97 2 W 1 5% 1 e P e i e T LU AR AR e e PRLUE, AR
ROR A B EATIB BRI, AU A S P32 P58 308 3o 300 T LR R e A 215G e 2
fidFE o IR Z R R, XS PUEERER R L. BR3E, SRR 2
i e B AR NEAL BB 1 SRR SR AR AT B o 1 R IR A3 () J2 T BEAT B A R ) 2
SRR A PUTERRAE —SRAE T, X2 IREIMPR R G RITERE . 35h,
HUME A S G AT RETCIE I £ 1R /R 2 TRl R B (R s As 51y, X2 OV IS %
ANRAH I CHIRFEE . B 4-1 AR 4-2 73 5l 2 8 R 2R 23 [R5 75 243 )
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irigsiitil, PIRORL R AR R IS 3R 5L T, MAHIR AT aa A B 2 3h 2 AH A
IRERZR A=

0.5

-0.5

K 4-1 w5 R/R AR AR

K 4-2 01 [ R ) s A2
MEHRT DU Y, R 2R 2 )R] AR A2 B 51 2 TR LR P B A G
R — ROk, BATSEFS R/R D MR AR, JFEE s =R 5y
], BN B 2% 2 LKEI U K imizsh. Bk, 3% 4-1 Ak 4-2 515
T 5 PRI R L B 7 I 208 AS R R AR
41 WK T A R A A
Waypoint  Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Joint 6
1.3120 -2.7699 -1.7623 2.9614 1.5708 0.2588
1.3719 -3.0685  -1.0873 2.5849 1.5708 0.1989
‘ 1.6243 2.2188 0.7098 1.7838 1.5708 -0.0535
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R 4-2 KAV B R A
Waypoint  Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Joint 6

1 0.4928 -1.8067 1.6863 1.9222 1.5708 1.0780
4 0.7554 -1.0894 -1.2592 1.8808 1.5708 0.7936
8 0.8334 -0.5293 -0.7492 1.8583 1.5708 0.6349
12 0.8043 -0.0467 -0.4259 1.8455 1.5708 0.5656
16 0.8875 0.4683 -0.1504 1.8315 1.5708 0.4557
20 1.1173 1.2311 -0.0685 1.8267 1.5708 0.2491
24 1.2220 1.6851 0.2872 1.8156 1.5708 0.2363
28 1.4342 2.1244 0.4595 1.8224 1.5708 0.0469
29 1.6243 2.2188 0.7098 1.7838 1.5708 -0.0535

B 5 2 B e Vi Bl /& —3.8rad ~3.8rad, FTLAFE 1 5675 2 45 =M ZI Y
T F]—4.0612rad (2.2188rad — 2nrad = —4.0612rad) . K, 6 2 F5%
M—3.0685rad ig#; £2.2188rad, XA FEWUE AR n ik i & K /R 2 A
IFEBRARIZEN o AH M, £EICTT A3 8) b BEAT I8 SRR AN AT DAR OR A U £E AT AT
(KI5 2= (12 3l 36 T DR ¥ 5 8 ik 1E38 3 22 SR BN U A wit /6 1 R /R 2= 1R R ar
EHATREAGIREAT I . [RIG, AR SO IRATR S ALAR R RS RRES , JF
FESRT A3 [A) R BEAT DL R AR

3 B RTIR, HUBCE HAR LA R 1) B AR B2 AU o ) 23 (8] 67 28 7 51 A IS
[F1) 5] B P 91

® (AN L FHIE GNP A AL T A, BARKRIR
(41,92, 93,94 95, 96, - A1 45, 43, 44, 45, 48)
® [ [A] [ BT AL BN + LN R TAIRE, 1B — N NAS R R A S I dE R
PIANFEN + 247 2 7 41
(hy, Ry, s hyys1)

4.3 L1t B¥r
4.3.1 U ITRIE) &R

X TR AR i 132 51, SEAE R PRAT IR R AH EE T SEA B AT I 8] BE 32 P
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. 3355 PR A TR A A ) L BT 7 2 O [ B 5 AR 2 0155,
AT DL LR B T . Bt A1 HLBRES o LI 58 R ST 5
ST, HUBR BT I [T 1 B o LA 46 1R (N8 1 BLbR B
o ) 2202 ) A A5

fi =T hy (4-1)
LA h I G, AN ) P S LB B A 3 AR 12 24 3, 2, ) B 31
11 Cxtans vy e ) T T AT 6D

432 ge=iEHERD

XAV K iz s, BHA MR EEMAMEL T EZNREEEEZHP =
o IX A2 R R 4 A8 AU 58 AT 551, B /D I e B VH AE R P e 1T 48 2B 77 j
Ao AL, AT 1A AT UBIE 7E 58 AT 55 6 Be R P REVH AR D (I RE o JE T IXAN I,
BURE Re BV AEX A B AR AT ELH S5 W R -

fo= [, t®we(t)dt i=12,..6 (4-2)
Horbo (), R RE ZIMHR ), BiRitET7 X% 2 H(2-22), ve(); %
AN R TTIECI ZI A R, Ferb 0 1T IR 2] () B B AR 11 55007 R

i i
i _ 4+

VC; h (4-3)

4.4 HRELE

4.4.1 ERRGHR

WU 1% 3 2 G R U 1R B B0 — B0, LB % 3h R SRR MU %
RAFES T far s, 2RI (iR R AR . FRLE, WU R IE Bl A AN
AT RETC PRI R, 20T 2 — A€ IRV I 2R . I 4-3 o, HLOE (%30
ARG E RGN, Ho SR, IF S IEMAHIER,
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Linkage

Gearbox
Kl 4-3 3 5%
N T RIBALNELR, BEFETFE ALY, BRI T:

= (Jmi +1g,)G.()p; +

Horr, pRARKWIIBOELL, [, LRV TR E, |, R asm e

R, 0y R NMAESIRCE, b A7, ST iR A3 (2-
22) KR,

° WUAE 12 3 FE A ML AL B9 -F 35 L5 0 7 /N T B T LR R

ESEHISET,,
1 T
/; ro Thdt < Ty (4-5)

Horp T RoR UM (134T I 18]

f“) (=12, ..6 (4-4)

® HUbE iz 3h i F5 o B LA 1 B KRR 0 5 /0 1 B0 8E T L LATLAE
JIEAE T X
max(t,, ;) < T (4-6)
° PUBE 12 21 75 55 FTLT L A i R 5 /N 1 B T FEL SR
T ONIPEIEETTIAN st
max(2rq(t)p) < Njp* (4-7)
® WA IR A 3 R ] RMC B THEAUE AT, % dahs 5 s
A AT A K
3 0de < T, (4-8)
° WUBE 3z By 3 A5 v o g 2% Ak 1) i R AL 0 7 /N T B0 T Bl i 2%
S0V I HLE A (T
max(|z()]) < T"* (4-9)

° WU 32 2 R 5 ol 25 6 I (14 5 K3k P8 75 /N B A8 T D s

28



WSk K 2018 fERHF A0t X

OV fi KR 3 i AN
max(q(t)p) < Ng*%* (4-10)

442 IMEAR

B L R EA AR RG220 R A U 37 57 0 L o Fehse M) AN w36k St HE AL
W IS BN AT o AENURMUE B A DU R AR v, BATT e 20 DR R A5 21 A i A
SR AR It RS I e AR IR 2 IS AT AE A PRSI
MY TR, TR 4-4 BIBEESIRE ] — BRI SE S 4TI L, Jni&l 4-5 B
o ZIAUTTVEIE AR IR Bt 0 48 a) DA S/ NERIA SR SR 3 4h, BRI
A AT A AU (0 TH SRR 2%, BRATT R R BT B BR O B 0 1 1 P 2 5 15
TERR AR AT DL

K 4-4 BEAGIIAR

"»’ t

K 4-5 FBRAREE AT i)
SR, HERARSE S S 2 B AS V)08 43 3 1005 IR AT AT KT B ) 4
&, B OWE Nissh . ETEXANEE, AT EEVRE 23
AR, AR BA AR R BRI S XS AT REATIE AL, W& 4-6 JiT
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K 4-6 FIANFEARERIA SR AL

XEFHURE (R, A SRR IR DU IR . BEE NS issh, &4
EAT 2 (B A B AR R 2 23 o B B R 2-3 IR Ll A MBS 1 5% A AT R
OAEH SARPR R AL EAS S o I, BRATRT BRI LS 138 3 2245 B B 0E M R
O EBE R 28 o AR5 S o ARIE TR, FRATTAT BAIRAG B AN IEFT B LA A5
B BT LLEAEE, BATRTBLSRAS R 046 A T 5400 (1) = 4EARARAE ., IFES

EEAT (R A0 B A [ AR AR 1) = 4 2 (AL AL B AT 3R

ST AU AT AR AP 22 ()AL BAR S, FATTRT DUR] B0 BEAT il )
LB B AT PR D R AR I . —4E2A] o, SEAT SRS R R A =
Pt oL XA — N d ZoRER OB RIEEE, rl ZoRERIRPAR, 12 RoR BT
LS

a. Wi 4-7 P, QAR BEAT Sl R B R B B K T ERAR AR AR 42
SR, DU A ER A S AT AN A Al

K 4-7 JohilidE: d>rl+r2
FHIZ, A BR0 BT b ) B RLER B /N T BRAR AR MEAT A2 M, BRAA 51
R S AT L1 17 100 75 B — 20 18 o 1K DR U AT 2 — K AT PR A [
FEA%
b. I 4-8 FroR, HERCHT z Bl A BUE /N TEAT R [0 z Bl i) BUE Bk
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TIEFT T R O z BHHCER, HUBCGE JE RS BRI AN K A Al

Kl 4-8 JofiidE: d<rl+r2
CBRARAL T B AR 7R 75
c. W 4-9 Fros, BRG] z Bl BUE R T AT R E O z Bl BUE BOR
AT T [0 z BRI S Gn SRER O B AT A 0 o A BE B /N T BRAA AR AT AT
PAREH, HUME AT 5 BRAAOR ARl

K 4-9 fiifiE: d<rl+r2

WRAE SO, A MRS AU Ak i 221 ) 2 1] S 25 55 e 470 (1 it F
L, MR AR, FATid colllisonflag(i) = 1, #H Kz colllisonflag(i) = 0. &5,
WU B Al A 1 DL T B0 R

collsion = sum(collisonflag) (4-11)

AL B RR AR B, VNG R D, MU 2Bk B R, B
A BRI 0532 Bl 27 M R 2R 223 TR B 46 38 51 4% 1) 3858 SR S AL B
B A . A, AR S RIEESRBUE 175 7 X35

SR RIS T A R BUE T35, T T AR 2 80, W B TR ) R
ERYhIR SRR, S R A B R G o TR R R AN E e
WIAE DL AW ST 45 o 4552 A T SR AR AT 0, 12 21 R I U T
VR TAIRMEARF ARG X975 A BE Vi B 2 OB IR, R AP R T
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© BEVIIESE, WRIERTSCPIRBIMEEN S 075, R AU R it 78 5 5
Gy s Sl A= W T s

@ FENLURAE. FIFABENLEES Rand(j) P4 N A (0— 1) ZIAIRIBENLEL
TUCRFEI S KABZBEILE, H (@M — q™™)Rand(j) W&, Ho ¢
ql ™ SYHINEE © AORTTRIAEE R BRAN BRI R U 55 00T ) AR
A

q; = q™" + (¢ — ¢™™)Rand(j),i = 1,2,..,n;j = 1,2,...,N (4-12)

® % @ SHEBT N HIWE MR R, HIE N IEE3) ¥ TR
R N AIHUROE R R RS EEAR AR R P AL B R (0], 0], o). N [ HUH
TR B A e I L5 1) LA 25 )

@ ¥ @ LrhERIRAE B SR Rrh ROk, mEE] T TAE
Kl PEPN LR

DAEH H URS AT L&, 45 HAURE % 0 AR A RTE L, ik 4-3
vy

K 4-3 URS KATLR
Joint 1 2 3 4 5 6
Range +2n +2n +2n +2n A 27

T SRS VENS H TR AT B3R, BL N = 60000, NIRAGHIK
AL E BN 60000 4, Bl 4-10 (a) (b)(c) HIN xoy, yoz Al xoz VI _FHI#H
o Hb, AGXIERANUE & 5 X5

(a) x-y plane (b) x-z plane (c) y-z plane

4-10 o B X
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4.5 KENG

BUME B8 A A BB 1 B AR 5 3 AR v 8] 2 (8] 67 28 7 51 RN Ta] T B 7
$7IB
® RN LEFHEENNRAZEAL T, BARRNT
(¢1,92,93, 94,95, 96, 41, 42, 93 44, 45, 46 )
® I [A] ARG AL AN 4+ LA [ A] B, 15 B — R NAS TR AL 2 i ga oK
PEANIEN + 24N % 7 51
(hy, By ooes By 1)
DAt B Ax 3 Z R PAT I R A BE BV #E
® HATHS[A]
fi =Xk (4-13)
o LRI

fo= [ t@®we(t)dt i=12,..,6 (4-14)
LR FAT LB BL L AR B) ) - LR

(sum(collisionflag) = 0

1 T
s,
T « Jt=0

max(ty,;) < T**
{ max(2mq(t)p) < N

3(1 T
—J~'ﬁ(ﬂdts7b
T t=9

max(|z(t)|) < Tj***
L max(g(0)p) < N

(4-15)
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B 5F MBI

5.15|8

et BT AT, HUBCE B AR LRI T IO — AN 2R K 2 H AR
WAL, [KD9 URS HUBE A /N IERe 10 E B, BT AHURCE 10584 2 RIR S
A 6 4ER A R RN . HUE BRI o, RIS s B AR B A N +
I B4R AN TRV TRV RSB A g4 AN TRDTRDRE ) By AR A o 7 2404
MIZHANEON6(N + 1) + No INHURKIVER, BRI R 240
A AR i

BEAL S0 H B R 5 30 R 3 OB B A2 Bl T AR S ALL AR e A 1]
AR — Rl REVE . EHEE SRR, YRR B BEHLRAE . AR5, i
AR 1 N LA REAT 1B 3 ABEMRE AL o 24 25 B0 mT AT 3808 78 BB J 4 FEAR v FA) I
1, ARG 2 THARIR 2 U1 S ()R- A5 LUAG R i, EE At ] Rg
HY DA ME A B AR A7 D0 o XM IS 0L 5 SO LA % A R Sl AR e P 8 81 S o A 7
R 2, B9 8 AR TH I TR AT SR A5 R Al — A>T, O 1 %
THEI ], W2 2FE SN AT . 58—, S AT ORI 5 6
MAEBIREAE b, AT VRN, 55 5T, 525 AT LARIE T8 (R g R 5K il ) B
2 W SEVARHTINGE; SH=T510, S AT AR B Uk, SRATE g5 g
AN [ 3 BR80T Bl o AR SO IR RRAS B Y e, 3 HH AR g
IR HUMCE Bt A0 A IR REAT SR o 58— TV 2 B2 X AU s A2 A el 1 s i
AT P DIAROR AU R AR DAL T H S R], H X AR 7 ik BEARTH S 4G
ISR o 58 A7V 2 R AT B i b 7 VR U B AR A 2 v 1) | AR e
GRS

WU #5420 A 1) 70 gt T 92 75 B0 E AR B 5 A AR SR REAT 07, I 27
B HASIRI R ok o DRI, A58 32 B I U5 T3 AT 70 M o A SCHR HE B i
PRI R I T AT TR) L RERTHAEPI AL B bR D8 1 0 Az s 7 S 3
AT IS TR) AN BE BV AE P MRAL B FRISEmT,  FRATSI NS — DA K PERE TR A
PR, FA KX = A ERARVEREIR bR 20 B AT 204 58— 22 BAT N B) F e
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AR, B HRBAEKENPATI R, H=HRRERKREMBEREE. ETK,
FAT AR YGE L B8 H o0 B TS50 X% =4 H An 4L & B9 ot RAYEFEAT 2047

52 —HIEFR

FEYEMEE T, JATAT BLRAHLER AN — 10 I (x, y) Rosblas AL
B N T IR BOAERERG Y X, A TE Sk AR B AN /NBG FFP-AEN
ANYES (BRI 85D REALT AT Ri%(dxg;, dyi) ER B R
RO 1R R BR A B S ] Bl eL Hdi=1,2,.,N,  j=12,..,N,

I E AT A
(dxij, dyij) = (ioq, yi1) +J * (G — y1) — (xi—1,¥i-1)) /Ny (5-1)

N SR 1 v 5 RSA 55 A6 DG B B AT AT o — PR, N BOK, il A
RS, (HIFERBRE S TR
1EAN & 5-1 B, SRATTRT LA T 351 o 380 [0 ) B 8 HEAT RGN o B R 701
F|E ORI T 15 AR, AT PO N SRERGY)R AR

Q- Center of

' , circlee
« —
/. "//
dividing point @ /

o
B 5-1 7 &1 r R fae A

ERBHL s AL 5-2 B3RSz, JATI o Be AR o A e A H Aw e i
Rk — MR HREEE M S AT AR, — MR HT AR K 53T
IR E, — SR AR KE S RERIEARMI M R E . BAT TR ZALALEE N 730
MIXIFIEFE 6 4> a4 A OGRS 10(0,0) 3128 3. (5,5) A2 U 81« 34,
AT AH AR AN B8 AL 55 73 BE — I A] (] B A o

FERX U — T, BT B4 A0 MBS AR AT+ LR RS AR B j o — ST s
HIELIZE), DIz B AR BT 258 B vy T DA I 5 20K

[y pitl
vy = 2 (5-2)

2
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v, = Ls@ibir1) (5-3)

] hj

3+
=
“>\25_

2t

1I5- .

0 0.5 1 1.5 2 25 3 35 4 4.5 5
XE:“

K 5-2 Hlas Nisahg

5.2.1 gEEIHFESINITETE)

N T G i EVEAE S PAT I AN 2%, FATTE T — A LR R IEFEFIPAT I
[ X H BRI . O 7 A B AR B RS, FRATTAE S S i o v [R] R A%
MAEXEMIEUE, 4351°8[0.2,1,2,3,4,4.8]. (R, FERL E AR SN AN R EE AR
TEy il A BUAEL A K Hh [B) B A% A AL B B v e 20 SRS 38R AR FE 200, P b 5%
T A P Tl 33 15 490
PHAT ST [B] 2 %A I a] ()R (e A, AR T
Fy = Y-y dis(p, pjen) /(P2 (5-4)
RE BT FE A2 & B BRI D B S 0, A B B DheT Ll ) S5 A2 1
PRI HEAT R T 15 T IE A LA &, BoE gy 1, BRI ) 86 T s -
F, = Y-, dis(pj,pj+1) acc() (5-5)
YR SFAT T L BV, i R S B DA A S PR As bR L.
collision flag & 1 FonZ A F s F AR 4T3k, A%, collision flag %+ 0 %
TN B AL T RTAT I
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max(ve(t)) < vepmax (5-6)
max(accc(t)) < accpay (5-7)
sum(collisionflag) = 0 (5-8)
BOEHHAR B RN, LA BRI IEE L a AN 8] TR) By o S0 °F
& = (V1 = v/ = (V41 = v1) (V1 + v5) /2 (5-9)
hi =21/ (vj41 + v}) (5-10)

AR (5-10) TSI, vy Flv, 2 RURGK, o DA A, (BB 52 v
Fllvy 2 2000, AR L G 5 0T A 102 00 FL AR S, 5-3 JRR AP % L A
PSR AL B0 B R SRR 1] A0 RO AR R S B L S
SUE P bR 2 FAEfE e b, R AT

70

60

0 O

50

40

i 0 &

30

i
RO OGO 0 |

20

101

W
0 <

0 20 40 60 80 10
HATATIE]
5-3 SLIGEE R (e IHFE SHATIS D

S 4

120

522 BEKESREEZEHE

N T o BEE VAL S RS K EE I R, JAT B — A LB R AR AR I
FERRARRHIACI AL . O T it BAR R 4R RS, BRATTE S S rf g Hh 18] Bj AR
SSTE X FHIVEUE, 43 3109[0.2,1,2,3,4,4.8]. DRI, AU AR AN HH RS AR
ALy Bl AR IR A B B A R AR AR v LIRS EEATIIEE FEZ00R, F
5 PR AG YRR 15 0 o
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AR S AR B FE ST, BRI R
Fy =30,y 0 — xi-1)? = (7 — yi-1)? (5-1D
HEBTH FE 2 25 B B ARl B Gl AN, R i B D mT LU ) 5 A R 1 3
RIS BT T EERDmE, BEREN 1, Fb 5T ImEE.
F, =Y., dis(pj,pj+1) acc() (5-12)
YR SFAT TR VU, s B R DL A SRR RS R R A . e,
collision flag 55T 1 /1% & AL T ARATIR. #H), collision flag 55T 0 IR

2 AL T ATAT I

max(ve(t)) < Vepmax (5-13)
max(acce(t)) < accpax (5-14)
sum(collision flag) = 0 (5-15
BERE AR BUR NN, RepstAn B I B o v 540 TS
aj = (vj+1 — vj)/hj = (Vj41 — v;) (vj11 +v)/21 (5-16>

N T FRRRE R, FAVBOHLS A RIS s R RS i NI, X L
=N, Hlas AR EEARE LA 0, BT LG 75 2 — /M Inid Mo A%,
b ST T % (RBCEEE S0 0) o 0 T s iy s o 42 1) E BV #6155
e

Ej=”f2+121=”’:—12 (5-17)
PRIk, 2B AR B RE R AR S AN, SRR KA. K54 &
A 22 H bn 2 A0 SR X DARE BT AR AT A2 4 B D X H s R DAL AR 2R f S

Bk R KWL RIETIA FARL RN JEbE

1.5

051

BERLIHHE

-0.5 -

1 . .
6.5 7 75 8 8.5 9

R

5-4 sKIGSE R (BRI SREEHAE)
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MERIG AR AT LA, 4G NI KEZ S REE A AR, H4kit
KEGE T Ham g HE it E T &b,

5.2.3 BEKE SITRE)

N 53 BT HAT IS [E] 5 B AR FE I R A, AT T — > ASRAT I TR) AR AR G
FE AR IO TY o O T A AT I 1), AT MR LA NAE IS 3l R IR K5 B
K, FEXBEWE—T, Hlas NRVIEZAAEEEY 0, B AL ZE—Mn
HANBOHE LA o PRI AR E I R, AL N DA RN 5 5 K i 50 ek
g, FRATER A ERAR SAE x JA y BEIBUE Dy B AR B . 2 TR R i 4
W, TN b SRR A B R A .

BB R BB, BAAn T

Fi =YV —x-1)2 = (i — yi-1)? (5-18)

PRAT B 160 A2 % s ) ) o P A R, P BB A A R AR P s R

v=[0 8 8 8 8 8 8 0], AklIT:

vj+1+vj'

Fy = Yoy dis(py pje) /(5 (5-19)
LIRS T R EE VO, 0 T 5 [ DA K S il il . o,
collision flag %6 T~ 1 &/~ iZ 5 #| AL T AP 4TI AHX, collision flag 55T 0 FIx
ZorE| AL T AT AT

max(vc(t)) < vemax (5-20)
max(accc(t)) < accpay (5-21)
sum(collision flag) = 0 (5-22)

RPN B AR AR A FE 5 A dis(p), pjae ), SEABEAR BLMBAT IR (] Ry F S0
hE
hi = 2% dis(pj, pj+1)/ (vj + vj4+1) (5-23)
A 5-23 FTAI, Fe— AR BeK i dis(p;, pjyg )R, JATHS RIEG /D o (R,
R EE AR K R, BT RN [F B T 5. 181 5-5 R 2 B AR L AL
BRI DASRAT I ) R A K 2 A H A IR ARL Fry Sz B 46 SR o S 45 RAIE B
AN AR R AAEAE MR TRAE
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25

AT IR R)

0.5

iR
K55 seinsi R (BRI S AT E))
MSRIG SR TTLUE , e MRS KL S HATIF R AR, H g ie
KPR T B N AT IV T s T b
gia AL, ARl B = AN BRARSRARAE —4EM T, BEETHME ST
IS 18] Z TR AS ELARMSL, A7 B RE . A, BRAR KL 5 AR P~ AR a4
ZIEAAFAEMRYE . 38k, “YEMIETS, BRSO, HAPT N EIR & TR

e SRR LA R BRI (L 5 U 7 BB AT
5.3 ZHEfFAR

KPR A R, HUBCE 8 B AL = 4E S P AT AESS . B/ N YR L
N Hr At B RRIR R e SR . B RV R S AT I 18] 2 [B AN EARARAL, f74E— €/
Rk MR, BRI S HA A AR SRR Z AR PP R . =D ERARAE —
EF IR R LUEH T =4, AFRE, “4eR T, B K EEIE, Al
PIAN bR T B e 4B L = A ER AR TR AR B 3 ) 75 20— 2 T

5.3.1 BEKESHITEE

N7 oAl B AR SR, FRATTIN— AR NORL 13 VAR 3 4
BT B AT K N e BV FE B R AT 0 #fr o AERE RS, RTINS DA LR
fi7 & (—0.4326,—0.1913,0.0777)ia3h 2| H k& (0.0698,—0.3382,0.9461), Ak
HIEC AR R
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(REAERYY
Energy comsumption = f; (5-24)

YR KM
max(ve;) < Vepgy; @ = 1,2,...,6 (5-25)
max(acc;) < accpgy; L= 12,..,6 (5-26)

R REEE (PSO) MOIRETFEE A K e/t TiE, Wb gefa N R
A, HA ST AN SR T . S0ER AR K TR ARSI REARAT .
FERLTRETT R, fgdefid DKL 7 B A BT g hth, [R)IAE A A R rh s e B RE 7
WK, LIS HAR IR 7. KT s —IROUI R BRI T -

Vi1 (s) = [randn|(ppese(s) — Xi(s)) + lrandn|(gpese — X;(s)) (5-27)
Xi1(8) = Xi(8) + Vigr (5) (5-28)

Hor, Vi () BRI s fE SRR BE, X (s) BT s fESBIRIIAL E, [randn]
BT IES A P2 R — DA VE R LE, ppest (S) BT NRIT s Z TS IF 1
NE, gpeser® B RTATE R T AP AL E . BEEEARREIO G0, R [ R
WL e AT B R AL B AT TAH SR I 8 s 230 b S R S 5
45 RAEK] 5-6(a)-(c)z H /R . M 5-6 ITLLE H, K (a) LIRS A i iz 2 b & B
Bl s, HZE o) maeEEFEILE@R>. 7ok, El@)F HmE Kinis s
FEES LI () A,  [EI I (a) B RE EVH AE L B () 2D o X IR 00 0 BH B AT
JERUEES SRt EHAEBE B — EMRE PR E) . (B2, REEHFEREAD
o — FLFHAG BE AR K RE (3G 0T 98D o H BRI P O A T ER] A2 LR AE = 4E A 85
IBATRERE SWE D). —J7 M, R 5 A U (H 2 LA e
PR A . 55— D5, a0 SRATURRE A 2 % B s, MU 3h fe
WIS FAL N RE T BT s RIS 70 3 ) DRI, ST I TR [ e s BT, Bl
B R i 12 20 R BR AR BB AN — B AR R BT AR D B2 U, RE BT AR
DA T R AR KT R
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b8 o= 04 N ~ 04 = ;
0.2, > 02 yy X 02 Vi Soe 02
Y3 5a o e o0 0s A

(a) fiL#E 26.9636 (b) AEFE 22.2015 (c) ALt 66.1250

] 5-6 R FHFSAIR SR 45 R

5.3.2 IR E S 1TETE]

FEACL 4 i 8] [R5 5 23 M b AT IS T 55 B ARG BE e R o el T FEUL 0 o PR
i, ST I B A PR Ao AR FLAR SR (Y B AL mT DAyt SE K RIHHAE 71, (H
e = EINHUBE B B i) 5 AR AR e, TS R LU - [A
B At SR B BTG I B2 R A — kR o AN 57 Fras, SCHRPOISEEG 45 R
FIBRARAE SR ELE, 2R 2k, UEMIRATIN (8] 5 AR K A AN — Eh,
A U, AT I (] B AN S A T R AR K B e

Work Optimal Path

t=0.513 sec

Station D

5-7 B EIRILEE

5.4 KREINGE

LR L b, T4EREDLT, BEEHAE S HATIN A Z B AN EARARSL, AFAE—
SERIFRIE. M, AR KRS HAR PSR RbR Z M AL P R . =R AR
R TR REATLEN T =48 ARBE, 45N, B KM,
HARM A fabr e T /. =4EfFOLT, T HUE & 200 ik B 5 = 9F H L
Redeft— @ M 77, BER AR AT IR 8] B0 VB AN 2 — BRI R A2 K RE R
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AT RIS UG, BE R AR AT I 18] O BU(E 9 5 AR K RUE & S B oA
A—Ek,  BEEIE G D MPRAT I ] Bk AN — 5 55 T B AR K L e R
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E6F HMBREMUELLKRER

6.1 SEIG1E 1T

FENUE B AR R S, AT VB U E 4B T 3 4B RRIS 3A85
T SERANEUE S5 « HUBCE 75 ZEAE R A AL BRI, JFR2 30 216052 1 H Ar iz
B BATHITTIAR AT REAE D /D BT LI [a) 7= A — S P AT I TR B, AE B TH AR AL
D (AR BB A Bk . AESCA T, 3RATT 3 2R R R UM A2 DAL ) A
PIRAE R, R OT R R U B AR 0 ) R e A 2 3R AT SR A, 28—
P73 BRAB WU BR AR DU AL B A% 5 (1 2 B 7 3o

6.2 RN E BERMHTTE

TEJR STk, FRATR A —H N4 IR [ E R R U B R DAL B A
HROUARE SRS Z ) (B A 28 . BRI B AR B AR R gt 7 Xan T (N a7 28
WA, NEFERGAIZME R

° NS 73 B A7 2 R

(91,93, 93,94, 95, 96, 41 43, 4%, 42, 45, 46 )

° N -+ 1/ 8] (8] ff R 7~

(hy, hgy oo, Ry sr)

HA =4 FiRmig s, X MOEA/D-CDP HiE#tiT %2 HiriA R, 1817

% 2000 18, FREEANE50 4~ SEIRgs Ran T
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Path , Generation:2000

150
(o]
140
(s}
130 o
2
o
w120 t
i
r B
24 Q
=110 E}
-}
100
Sap o
L “0000 C 1
20 B 40 o 0w
80 . . . .
6 8 10 12 14 16 18
AT A
S U A +
K 6-1 scaR it 4l
RERE
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path 100050 244707.438s 233.697 s =———1
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B 6-5 o A NI e BEALI S35 S AR 4

* 6-3 B 2 HAR

Waypoint  Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Joint 6
1 0.4928 -1.8067  -1.6863 1.9222 1.5708 1.0780

3 0.3344 -1.6729 -1.4512 2.0764 1.5708 1.2178

6 0.1767 -1.4622  -1.1526 2.2061 1.5708 1.3381

10 0.2346 -1.0129  -0.8472 2.3707 1.5708 1.3567

14 0.2235 -0.6491  -0.1571 2.4259 1.5708 1.4066

18 0.0916 -0.5172 0.5497 2.5095 1.5708 1.4691

20 0.0492 -0.3681 0.9724 2.5446 1.5708 1.5108

22 -0.0156  -0.2384 1.1860 2.5696 1.5708 1.3989

24 0.0259 -0.0968 1.4280 2.6008 1.5708 1.4556
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RERZ

HF21-May-2018 01:48:48848F performance £k,

EHIETR BREREL SR EREREr  2REE

(RBET = BFERE)

Main_MOEAD_CDP 1 218876.075s | 29.249 s )
cmop_test>Path 100001 218757.532s | 3.824 s —
path 100050 218753.709s | 210.111 s )
path>collision 2301150 210404.670s  4558.078 s  [mmmm———
Link>Link.Link 180090000 | 133209.901 s  48466.393 s NS
tb_optparse 210105000 | 90054.552s |48153.521 s  mmmmm
...k.SerialLink>SerialLink.SerialLink 30015000 54049.372s 39981.332s mm

getfield 4112055000  38402.315s 38402.315s mm

joint6 4602300 31902.917s | 2800.872s | Im

jointS 4602300 31802.010s | 2752.597s =

joint4 4602300 31688.872s | 2702.285s m

joint3 4602300 31588.829s | 2656.203s

joint2 4602300 31462.751s | 2601.930s

jointl 4602300 31358.112s | 2536.486s

po 2301150 16043.100s |1364.929s W
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