LT e 4 IVA7 78

E TSR ENEENFASERH

IR E R AR

Research on Collaborative Planning Algorithm of
Welding Robot and Positioner based on
Parameterization Method

— % % #
el
e # & %
% 5 #

HTFER
PN -
FiHEE
ah B

2024 £ 05 F






2

F 25 TP242.2 FRACES 10533

UDC 004.8 - FAFGN 2

T e S 1VA "8

ST 2HUFENRENSAS TN
S| HLR B L

Research on Collaborative Planning Algorithm of
Welding Robot and Positioner based on
Parameterization Method

(G FiEk
— % % 5
— % %R AT &8k
W% 7 Bl BB
R R A SR
8 # Uipey

——

W H 2R AL AR RA TR g

S T N
2024 £ 05 H






$ak X BA B E

ARNFREFE, BT 2B SRR AAE S ITHE S R 3EAT (R
FC AR KIBAF IR A SR . BB, R T 10 SCeb s il n LAARVE FI 3
W T A8, RSO AEE HA N B2 R BB S T IR, W
ANELE ONERTE B R B A B WL 1 2 BGIE 4 4 P 3 kA
Blo 5 FRILF A R EXT A 78 TRk CAE 8 Se P 7 B
HRI U 6

HF AL SC S BB A AL b, AN TS T/AE.

g ieass. A pmo 220 ed g2 n
F4E0 B AR H

RN SARE NSRS BT E 4 T M PRI K FG R %
DR SCHIRIRE : B2 AU LR B 1] B A DG B A 2 2 s
SRR BRI TR, VAR AALR SO E RIS 3 . A NP g
K5 AT DICKE A S8 ST 42 B B 43 A 25 4 N DB I AT A R
MAT4E, ATLCRAIRE. FHENsiH e F BRI g0 220018 5L .
AN R i TS 10 L 37 1 S A SCHe 1 AR ) M =
R L ARNIE: BNV PLEARLW S 28 R R 18 SC/E 4 B pr
TEBA AR R 575 SV ST SORY IR P AR AR 25 A1 ST K A A —
.

SER A TR IIE R B & AT, WE W SR % &
AR A .

AEMWRT: GEELTAMTEART “v” )
AT
DEEAFF, MEMR (4 A AZE % A A

R AEE AL _\Z%ﬁ* 1o ST %}M\P

F38: 202 45 K 7327 B A 202 4 & Bl 2]R

I







ETSHUFENEZRNB[ASELA R B AR

2 1RENLAs NAIARALALAH Rl &R AR, B Bm i S i i
BE /1, BEWEEAE B RIEF IR BT SS . B I & AT P REE LI 72
W, SRS N TR B R i P AT 28 G B B2 8 € BR AT I (RIS, PRI
MR G BIE SN 2 A . IX AR BUH J& T B§ 121 12 5l 5 n) @
WS, Vs N RS T BRI s sl 20 R K& N _F IR 24T 51583
e NI, TFEE TR 1) TUR A ER AR N T Ab BB TAE G
PR IEA R 1) . SR T, H T ARG N & i & 1 B AR
SEA BT, PR AR MR TU AR MU AR BOR BN H T Z R 4R
T B ARB B 2 ) . AN SCER T BG Il @ fR H TIRAF I, FE
R 7 LA TAE:

(1) &0 H AT T E#S 2SR5 BN 5 & H I EER 1)@, 42
H T — Rl BN A TAR R A BB — & TR MU R 51 Frde
715 S R ML R R S BN A RS IR R, B A TP 2%
BB EERE A R SR IE B EE . JRE, 1B I PN B 150 A% [ 5 A 2 TR) R A A
KB R ARIMBE A — RA BT FIEF, IF45 G Denavit-Hartenberg
R I AT B T VK IR TAE S B R TU AR WU o« BT H R 87
EREAE) T R AL E IR AR TR Re . )5, TR
BT TUARA UM E LA SE R IR I B = HE 5. BhAh, A T IRUERT i S
R IR, A SO YR SEBrR T L AENLES N#E R4 (Robot
Operating System) HH#EEE 7 AUE 5 EALRY, FHIGUE 7 XUE B 5 5
B RIS 3 % b i — k.

(2) WSEA TR R B S bR N 7 AT TR B
S IL 3 AT S B T R EUENT R IR, R T B AL A 2
HAZHARTTIR A, FEe T S E R T E ML FE S H b 2
X ETTE . B MR B TAESS R TU R UM E B AL () IE M2 3 22 T
FENB, SRECT ZHSHA T, FH e AT 2k U 4 S AR
MR SSIE . e fa s, A NEBEAL I fERIE ) U R AE U B 1 =
SRR 2 ) Z2Z 7V, R A& EA TR A AR s 3
I VL T RE

(3) & T —MIELBLES M ST ik, H5EE T 4658

I



WIHEAE R R B AR TS B AR RHE S . W e ZEA 4 TR T
TEBE AR s 22 r) . FLR, VEAHAN 4] 1 AR TS Bl 2 SR A 2L
IR MR, EEXHE Bl 5 ) ) s S AL B AT ARZRPE AR g, $R
B REE RIS RTS8, CEE— P NEREEL
SRIGAA L, 4T S EU T IR AS 52 i ot A iz sl ok ek i)
KA, IR HR P AR HA TS . BT izgh et — P SR A AT
o3 B R 3RAE B ONIR B i LS B R PE R br, JF5838 1 il
BENERMAESR . PR, KRR, KIS SHR
T3 (AT AR BE BN KN IR AR AN R ME— I, ITTIER] 1 AER T E
SRR ENE . Hn, B SIRINIE 7 AELAC B 2B TS
IRRENSH RERTHIE T 2R A RIS IS 3 2 R TR e

(4) N T ARG ARG P R R, B SR Ay
TUARBUME 5 A0S Bl A 1), 3 ek i) B AR 2 3 2 SR R AE
VT T RAES V. 1ZFHIEHET MOEA/D HERE, fia TELALE S
BACKRATHITER, JFRA T R T 25 B Sems . 558, 7
W B AT BB R IE A, & Z AL AESS B s AL S
HWE . f)a, EHAUFEIIREIEAN N =R EERMEZR R, JIf
MEERIZ BB « 5717 3 I H AR BROCECRI SR AR I 18] =7 B T =
PRSI RBVERE . SEIRAi AR, P th IRk & B iR B A 1
BB AR AR IR REVS AT RO TR ARl (R Rk A o

K320, #1571, % k6T

RERIA): SR ARG Bl s 2 iUk S8k
PLas Nl #R AR
HAE: TP2422

II



Research on Collaborative Planning Algorithm of Welding
Robot and Positioner based on Parameterization Method

Abstract: The welding workstation composed of a welding robot and a
positioner has a strong flexible manufacturing capability and is capable of
performing welding tasks for complex weldments. In the process of
collaborative work between the two devices, the welding robot needs to
ensure the continuity and safety of the whole system motion when the
end-effector precisely traces the specified path. This problem is defined
as the path-wise inverse kinematics(IK) problem. In general, robotic
systems need to utilize kinematic redundancy to adapt to the above
multi-task welding scenarios. For this purpose, the redundancy processing
technique of redundant manipulators needs to be applied to deal with the
problem of cooperative operation of welding workstations. However, the
degrees of freedom(DOFs) of the two devices in the workstation are
physically independent of each other. It is difficult to apply the planning
technique of redundant manipulators directly to this system and solve its
path-wise IK problem. In this thesis, we have conducted an in-depth
study on this problem and carried out the following works:

(1) Due to the current methods mostly considering the degrees of
freedom of two devices independently, a method i1s proposed to jointly
model the entire welding workstation as a redundant manipulator. The
proposed method first couples the original two kinematic chains into a
single kinematic chain by using the end of the shifter as the base
coordinate system of the whole system. Then, the welding workstation is
modeled as a redundant manipulator by abstracting the relative positional
relationship between the bases of the two devices as a series of virtual
joints and links and incorporating the Denavit-Hartenberg tandem linkage
modeling method. The method can be extended to welding workstation
systems with more complex equipment configurations. Finally, the
forward kinematic derivation is completed based on the established
redundant manipulator model. In addition, to verify the correctness of the
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kinematic model, this thesis builds a dual-arm simulation model in the
Robot Operating System (ROS) according to the actual situation and
verifies the kinematic consistency between the dual-arm model and the
single-arm model.

(2) The mathematical principles and practical application methods of
the parameterization method are explored. Firstly, by analyzing the
process of obtaining the analytical solution of the parameterization
method, the reasons for the existence of multiple sets of parameterized
joints in a single manipulator are elaborated, and the methods of
confirming the number of parameterized joints and selecting the objects
of parameterized joints are proposed. Then, taking the forward kinematics
equations of the redundant manipulator model of the welding workstation
as an example, three groups of parameterized joints are obtained, and the
derivation of their analytical expressions and the verification of the
solution accuracy are completed. Finally, the geometric features of the
solved manifolds from a single bit position are used to illustrate the
differences among the three parameterized joints, and it is proposed that
the appropriate parameterized joints can effectively improve the
performance of the motion planning algorithm.

(3) An online configuration parameterized joint method is proposed
and a path inverse kinematics solution framework combining the
parameterized method and search algorithm is refined. Firstly, the path
inverse kinematics problem of the welding workstation is briefly
introduced. Next, the modules of the path inverse kinematics solving
framework are introduced in detail, and the use of search algorithm is
proposed to accomplish the motion planning task for the kinematics
problem where the decision space is nonlinear and nonconvex. Then, the
article further analyzes that the essence of the parametric method is to
select the joints that contribute the most to the motion of the target from
the perspective of search algorithm optimization solution. Based on this
conclusion, it further proposes to use the operability of this part as a
judgment index for selecting the optimal parameterized joints, and refines
the path inverse kinematics solution framework. Then, through a large
number of sampled joint configurations, it is found that the relative
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magnitude relationship of the operability degree of each
subparameterized joint part is not unique, thus proving the necessity of
online configuration of parameterized joints. Finally, it is experimentally
verified that the online configuration of parameterized joints can
effectively improve the performance of the path inverse kinematics
algorithm based on the parameterization method.

(4) To effectively solve the cooperative operation problem of
welding workstations, it is firstly regarded as a path inverse kinematics
problem of redundant manipulators, and the solution algorithm is
designed based on the improved path inverse kinematics solution
framework. The algorithm integrates the MOEA/D algorithm, an online
configuration parameterized joint method, and two acceleration strategies
based on path information. Then, the welding workpieces to be processed
in this thesis, the task objectives to be optimized, and the parameter
configurations of the algorithm are described in detail. Finally, three
algorithms including the proposed algorithm are used to solve the
problem, and the solution performance of the three algorithms is
compared in terms of the overall motion amplitude, the number of times
the joints are close to their limits, and the solution time. The experimental
results show that the proposed joint modeling method and path inverse
kinematics solving algorithm can be effectively used for collaborative job
planning of welding workstations.

Keywords: Welding Workstation; Path-wise Inverse Kinematics;
Multi-objective Optimization Algorithm; Parameterization Method;
Robot Manipulability

Classification: TP242.2
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IHRE ST RANE], EANHURE A9 AR S HEAT 2 A R i, SE 5 B REAS SR X NIZ B
RATRAL AR S A47 B o W43 I S8 77 10 3R BOT AR W UROE 1 g b iz zh (1 22 1
FE, MIER ARG S br R R g R O AT [E e, IFAI I AR R - 24T
B8, BATCRIVME B E AL LR SHARTTRCE T 5, M LA [ 7 24
TR S (RIS 0 ) E T RAFAE X IX B 380 T AR S HA T R AR
PERUB2, X — SRR LM BT T BRI R . i, ASCKRSERT
Mo B Pt N R SRARMEZE, I3 ) SEI AL S B 55 D5 3ok A Bl e 9 22
A4 3R VA AT BAR I IS B0 27 A ZOR A

AR T EIRHESR T T TR US55 AR LB R R ) B2 55
R 22 A AR SVEA TRIE 2 AR 55 IO AL 2R, DRAUESEIENT T #8421 & e PE A5
IR A R R AE ST 5 RN, AR SC AR X TR) 48 2R s SR T A S A S S
FFAE P Z A 7 1 DRAE IR (10 SR AR R R SRAR ARG, T8 A2 S50 (1 SRR S S 1k s
ASTPEZOR; i), W 2 AR RIG T R LRIE 3 i R s e 2 4k,
FFIE RS B R B I- T 5Lk R TR RE

2.4 AFNG

FEARTF, HHRAE THE RGNS 50 TCARMAR S R 5 2R R 1 B AR
BRI t)E, B T TURPUME 5 s AR 2 22 ) UK 25 6 5 R 1K — R )
ik, DAL T B AR IE 3 2 R R SR SA RO 2SR m, N TR T S
BT A R I E R RNV W 8 22 SRAHEZ, LR R E, (£5
AR 2 [ R AR o BUAN, Fa T R HE SR AE ST T BB ) A0 2 5k
B3, JRFEH TN G 5 o P et A SR M T S R OS5 22 AL
J R TU AR R4 A il R O R R S0 s T o 22 e R 2 1 SOt O HE SR T DR %
Ak R B[R il
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£33 85 BEILELNEINFER

ASCWE T R ARt — N RA IR B HEN RS, BN SR
Wi 38038 B 22 SR AR T IR A SRR T i e vt o D9 18 i SCHE H AR 2R T ok
R4 TR R R, 7R BRI AR S ROV LRI . H56, A=A
QETE TAF s ) BARBC &, I 2456 SERME ST /R ER iy KW s shiic & s #58
AERGHR AR RE AR IS s 2R & @50, RS URUME , JIf 58k
LI A NHES . BRI RAAENLE N #R1E RS (Robot Operating System,  fi]
PR ROS) 0T A G R4 T AR w1015 AT, B0k B TC AW UM 128 1) I a b
3.1 JREELAERG A

AR SO FU AR TAE S, B — G /N il TS f1— & il LB AR A pLA
Jlo UGB AR IR E (AR O ELBEATH  HL e (R ] 12 T3t i, =
HERATL AN 3-1 s o FAEREAT AR JREHEAs e [ e AR AR ALY 2 SR
PR T AV HURE 11 57 1 3 K i 223 MR AR I TIUE AR IR AR 34T 18 3
(AT R B AR AR I 25 B 0 A Dy 135 ) 5 i L RAA LR B
I B AR M S, DRIEREM BRI B an R RE IR FF U IR S

B 3-1 55dh T AUARAE Fo L B BAZ A= G4 A

IR TARSG T, DN E RS TR, B KRBk iR W%
3-1. Horp, ARArmLERSh 1 B SEBR G R PR J9[-180, 1801°, {H & 7ESLFrfE L 7
BRI B 75 SRR PRI A B TS B YE . —T7 T, 75 LR G5 R LA KR
PRBREE, MfeH | T WA B I £90°0), B I JCRRM A 2 R 8k 2 T
PR E A RIRLN /), TR BOHE B B2 3240, 0 - K& 1T & & A F
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(K0 F3—J7m, AERREAR Ll R R AR AR a2 O M AR L3, e 1
e A 4 B 900, KER 7R a8 Toik b TR AR 23S, RE AR M CRAIE
L. BT EIRE, EARSCRXARNHLEL 1 1ie s IREAT 7RI, R
¥ 2 R g ks HL R AE[-70,  70]°,

k 3-1 14 T sE09iE 5 8143 &

eyl WG e i 7 1) iEg) KRR KATIZ BT (°)
K1 +Z e [-165, 165]
K2 +X Jie [-150, 90]
KT 3 +X e [-175, 45]
KT 4 +Y e [-180, 180]
KT 5 +X Jie [-135, 135]
KT 6 +Y e [-180, 180]
AR ML il 1 +Z Jies% [-70, 70]
AR ML b 2 +X Jie [-360, 360]

3.2 BREETAEuh s A

PGt 1A 5 V208 H A2 AT A b 28 F Dy & JRy B AR s, R PR 1 5 15 25 i A
M AR ST ) B TT,  ANTPRE R B AR Sl AR 9 BAT 32 IRAE B OSSR AT AR o
KRR SARMEAE SR N LTI B0 T AR R 2% (IR A 55 o BEXTX AN ]
A, ASCAEARME D-H (SDH) V5K BEAME S TAR B @RI RHUME CRED
R, FEETTURNUIE RS S A AR T AR TS MU R G IO AR R, A3
RENS B 158 R R HEM IR AT

NI K TAR @O RNE , BRI R Y, = O, - X, Y, Z, B
BAEARNINL 2 5 B Bl BT 0T B AR 2 B AL RO R, R R R R A AR AR R
Y (i=1,2,-,8) W& ARANRIT—HUME T BRI EEAT B, e Hsak
AR Y, BRI AR, BAARREREWN 3-2 Prox. SULR, AEAIA
VP2 M PLUEF NS . BEERNZ, f£ SDH i, AR R Y, AL i+ 1
E, GlnAsbR &R X, BORCEAE 7RI R AT 12

HH Pt e 2 ) R 1 A AR B ) R AU DR R R LA, SR 2 il ) [ A 2R
INSKBRAFAE IR AT SIERT o FEPITAT OB E I ARAR 2R T, BRZL AR RS 28 A2 S PR AR AE
RISCTT (K AR AR 25 G AR AR R B0 RE FUL OGS X 2 (R Ak A &, AR £ 2 =
m: O TIEJR 2 WARANIIZS), X, (i=1,2,3) BOBCE AR LA B AR
RIFEAT b s LI i HE A AR N LIRS R 2 18] SR B L/ B0 BLRIERE . N TR E

19



H R R EA A - 22 18 S %3 F BT IEs) A

RGN HLEEAAR, A SCRE W 2 [ A8 K By — FhRR IR I NIVEIE £, £
P R B Z TR N T PN SEROEAT GENF i Hi,) , FHEERNER IR G
IR Y, 5 X, SEILT & B 1 SR AL, D B AT SE PR A7 A2 1Y
KA ZIAIRYE SDH AR HEAT AR AR R AL HE o

B/ 3-2 #AFAEA

FER 3-2 PARER) D-H 28000k 3-2, Horp g ARSI 7, iIlieks, a4 A%
RIGEMZZ, BN, o ARGEERL X, el o ARIRERIZ X, A

* 32 1R T D-H A%k

Lt 0,) d,(m) a,(°) a,(m)
1 6, d, =—0.041 0 0
Vi 0 0 0 a, =—1.0095
Vs -90 d, =0.363 -90 0
2 6, d, =—-0.224 90 0
\E 0 d, =-1.122 0 0
\Z 0 0 0 a, =1.0330
Vs 90 0 0 a,=0.774
Vs -90 d, =0.735 0 0
0, d, =0.195 -90 a, =—0.165
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# 32 13 THEskey D-H 24k (&)

il 6,(°) d,(m) () a,(m)
5 6, d, =0.006 90 a, =0.210
6 6, d,, =0.7035 -90 0
7 6, 0 90 0
8 6, d,=0.115 0 0

FERXAN BN AR, BB B A R UL O 2 AT DL Ml S A7 AR [ 5T 19,
bb G A R SUCEAT BT AE RO AL B 2 R i L. DI, g7 sCal BUE T
“D,+D, +D "N ILAFhBCE, Hd D ANUME R B B, D NENECE, D,
AATHLI H L. B S e s R R s sh ) Uik, B A\ B+
I EH PR AR A ol PR AR e )

3.3 IEEsh2EE S
WUBBE (1 15 ()32 Bl 248 3R 7 MU 11 DG 5 23 1) 380 2 i 15 1= 7% 2% 1) 74D B S
KHR, HEREATTLLE RHAGE-1):
X = fkine(®) (3-1)
He, ©=[6,6,,--,0,]" € R" FRxn FEHIRAI 0], X e SEQ) RRFEBHLIRE K
Ui S A T LA R, T LS R

n o a
X =
"

EZRENXF, [ 0 aleSOQB) MIRNIME K b AT T FE AL bR R DL,
i,0,aeR N —WHBALIERH, peR MR T KN FRALIRRIAE .
fkine(?) TR IE [FHB B F WL, FTBIT Nn DGR ETR, HAAE IR (3B-3).

anTl

1} (3-2)

x =117, (3-3)
i=1

NPT R R Y, BN A—ER R X, FIFF IR, -
T', =Rot(Z,,,0)xTrans(Z. ,,d,)xTrans(X,,a,)x Rot(X,,a,)
cos(6,) —sin(@)cos(e;) sin(f)sin(e;)  acos(6,)

| sin(@) cos(f)cos(er;) —cos(6)sin(a;)  asin(6)) (3-4)
B 0 sin(a;) cos(a,) d
0 0 0 1

HAr, Rot(1,¢) FKnse 1 e ¢ INERIFHIRALEIEE, Trans(1,d) FKoaniy 1 #if
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BN d KIFFFIRALHFERE . 453K 3-2 MR D-H 244, 7 LUK H B Mg s
BET' o T A0, i o R DL 1A% 36 56 [ e N Ho 2 5 1l 7 SE PR A7 AE
()R I S A e aE B rp, RARRIA N G-5) 2 G- w. Hrps K
sin(8,) » ¢, {3 cos(0) -

s, 0 ¢ ac

—C s, a,s
A — TITVITVZ — 1 1 271 3_5
1 0"1 vl 0 _1 0 dl + d3 ( )
0 0 O 1
¢, 0 s, agc,+dss,+dgs,
A2 — ]-:}227—;\/37:/\;477‘/\;57:}\;6 — SZ O _cz a6S2 _d5c2 +d862 (3-6)
0 1 O d,+a,
0 0 O 1
¢, 0 —s; ay, (s, ¢, 0 a,s,
s, 0 ¢y ags ¢, s, 0 —gcC
A,=T, = 3 3 9°3 A, =T'= 4 V4 1064
-1 0 d, 1 0
0 0 1 i 0 1
fe; 0 s, a0 ¢, 0 -5, O
A =T = ss 0 —¢ ays; A =T = s 0 ¢ 0 (3-7)
0 1 0 4, 0 -1 0 d,
10 0 0 1 0 0 0 1
(e, 0 s, O g 55 0 0
s; 0 —, 0 s ¢ 0 0
A :T7 = ’ 7 :TS = 8 8
101 0 0 4 =5 0 1 d,
100 0 1 i 0 1

e FIRAERRETR G, 132112 I 3-2 HHABAR R 3, B ¥ B AL AR R 2, (155 IR
BHERE, FREREGE MR R, PR R Z, BAR . FERX P AAAR R 2 TR AFAE
NIRRT A AR AL BR R HOC R UWNE 3-3 TR,

MR BLE Y, AN AARR R 2 T R E 2T PRI Z B R A — ISR Y
PR e e 4 R e e, FLARIE AL (3-8).
1$ =Trans(Zg,d,s)x Rot(Y,,, B)xTrans(Z ,.,d,)

cf 0 sp dsp

0 1 0 0 (3-8)
- —sp 0 cf d+dcp

0 0 0 1
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RIEXF S EHI BABHE N, =0.230m, d, =0.183m, f=-45 . B 3(3-3)
F350(3-8), FJ LA R AR P FEARAR 28 B K Sty AT 45 ) AR 2R B 0
X = A 4,44, A, A A AT (3-9)

I 25 A G-0) M — IR HUE, B WT3RAT 2 BT U A s AR X st &L Y
FRALFLAR bR 2R AL 2

*XB dis 2(81

e2

Ze1 dis

Ze

1%

B 3-3 RopMITRA LIRS HRK R

ORI, FENRE AR K TR 18l AR o, SEFT A BT WAL SEPRfE:
Wt R R AR RESEILA . RIE, v TR A R] SEdE, T BAKIEAR 3 ARl 58
brTAET730, 7E ROS A ARG P @ L HOQUE AR, JF 5L T R U0 1E R A Y
Rrigh 2 A A R FE 1

3.4 Izzh AR a] SE TR SR ge ik

AW FE N E ROS HHEENLA7 BB, & AR50 IE Al 2 13 Bl 2 B A 1 v A
PEo PO EIUER B F 26 = A Ba, ASCRHAMN =4l rfeft,
AR R, Resnimiih sehr & S 8E R, ik, HARRETR
B TARuE iz s iz st R, 807 SRR R0 UERI 70 R 1) SRR 808
)5, ROSAEN KBRS NRIE RS, e BB R IEEE TAR s i 2
FRAE, JFSE B MR BN T 13 R

FEFH ROS X #lds NS RUBEAT AL ORI, FEERH TR T R 4t
—HLEs A\ HiR #4520 (United Robotics Description Format, & #% URDF) {4 LM
Hl#s N aJ A4k T H. (Robot Visualization Tool, fj#% RViz) . % K, KKK
ZRIK PN AE R AR A5 Y A 3 v 1) B A 8 7 2
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3.4.1 ROS #8437 A a] $RAL T8 7

URDF A& — M Fl XML #% 8 5 R 5 1304, H i <link>Axr 25 A
<joint>Hr2F 7 AR T HLEE N BIEMFIOCTT AT, 7P IMRZEHIE BE AR NV 2 4
R RPN AR . o, AN IR 2 fd Fl <parent>A<child> Sk 4iid 5 HAR
BT R R MBEA\ABHHE. SR RNIEE TR S, BET3h%
B 5y 3 BB IR 52 22, [a] Ist 3E DIORS 13 JiR S Bl as A R LA
FEE. ML, ABFFAE SolidWorks2021 H{# A sw_urdf exporter 3 {41011k il /E
URDF (A%

BT SERRIREE A, LR 04 I JAE AN AR ATL 1) IS 8 2 5t i [T 2 11, B DA
ROS s B R S AR bR R B AR, HARYE] 32 R RFR R E 5o &ALFR
ARIWAERAL B WA & 3-2 PR, (HEEAL R A 2 A8 BSOSV R, AR IR 5C 1 Al
FFEIROIR S5 B 1] 3-4 Fros . EIFR I “xyz” s 211 98T A4 FR FAH X AR 1
RABPR R HUALE, ALK (m)s T “rpy” R ZHT IS ALBR RARR AR TS fi4k
FrADVEDS, 1ZEASLLRPY fRER, HAAIE (rad).

base frame

base_link

xyz: 0,0,0.735 ot - xyz: 0,0,0
rpy: 0,0.-1.571 r_jointl t_base joint py: 0.0.0
xyz: -0.165,0,0.195 s T xyz: -0.550,1.033,1.122
rpy: -1.571,0,0 T Jemt t_jointl rpy: -1.571,0,-1.567

2 0.-0.550.0 T T xyz: 0,0.363,1.010
fffy; 0,0,-1.571 Lipms t_joint2 rpy: 0,-1.571,1.574

4 xyz: 0,0,0.041
xyz: 0.210,0,0.011 £ jotned b, ot rgy: 0-00

rpy: 1.571,0,0

¥
l

r_link4 plate

xyz: 0,-0.005,0.704 A
r_joint5

rpy: -1.581,0,0
xyz: 0,0,0 T
rpy: 1.571,0,0 r_joint6

r_link6

i

xyz: -0.129,0,0.475 & join

rpy: 0,-0.783,0
B 3-4 ROS F & A A
FEQT BB RIS T 12 NMEM, HE5E 2-1 th R BRI B OC R 40
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Kl 3-5. Hoa#Efter link6” a5 1 KT 6 XA AR i AT 2% . (Hf3E =
[P, 75 B ORI BR 08 SC I 7R AR FR R 2, FIARKR R =, A XA 5C & . 7E ROS
H, N T SRR R ER, U AR R R YR E BISRAR b R, FERTAN AR R
EAEREIN T AT AR Y 0. Immy, 5 BN 0. 1mm B BIATEAE 9 SEAR (4 5 “ending™
Hi“plate™) , WINTT [ IRt RAAKE R IG+Z Fli 7 1A) . FE07 FLISRE Y, IXEE SR
T RT DL BBEASTE - Ik, B 3-5 i) “base_frame” i AR R S, » SHBIRR T,
HE

base

r link3 r link4 r links link6

r link?

r_linkl

base link

B 3-5 ROS 17 AAEA b 6 5 AF42 &

R BEE 1A, WG 8 MIEFE ST 3 ANE e ST . Horr, [HE
KT T2 A b A R 65 B0 & R B AR R o XSG 5] 3-2 1] 3-3
IS B AR TR R AR AR R X B8 R AR 3-3 MR 3-4 fios. B4k, ROS fij FAR
Rivh, PIE RS — R Abbr &, ERR R U 1) 50 9 A1 DL G SL e Ak b
FHIHZ IS £ 5 7 9 1IE D5 1A 6

% 3-3ROS 17 EAEA By PARK X T2 E

KIS X RLARKR 2 KT #iE
r_jointl 2, fieks KA1
r_joint2 2, Jigks K2
r_joint3 Zs Jiehe K3
r_joint4 pI Jie# K 4
r_joints z, Jiek% K5
r_joint6 T Jiehe K6
e _joint 2, [t 7E R S PHAT s A i
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% 3-4ROS 17 EAEA PO TAZM KX T2 E

KIS Xt AR bR F KITRA #E

t base joint T [t & AR A
 jointl o e A5 GOHLE A 1
t_joint2 %, Jies% AL Bl 2
p_joint %, [l 7 [ 4% 3 1f)

seR bR PRI, RIATIE S RViz K SEI AL T4k, W&l 3-6 fros. 1E
ROS W', —MAEFRRE, £ — MEAR R S, 3R 1L TN AR R 5 AR AR T
iLEPb =[x,y,z]" FAPAN AL FR 2 PP ARG R 25 Ob =[x,y,z, wl' o Hrr, x, Y, z 7R
INEAMR R S, RS EARFR RS, AL ER) X Hl, Y A Z & Xy, w N
B P TE RIS, AEXTER AT N 0P = w+xi +yj +zk IR,

EEH, HUE S5 THIAEIRES . eI, RumHhAT 23 Ko =, 78 2
A dE R X, AL E AR R 2 A oA P, =[0.007,1.343,1.561]" m Al
Oy, =[0.653,0.653,0.271,-0.271]" ; T [l # R H K A-A5 R D FERABIR R E,,, T
P B AE SRR HA B, =0.459,1.037,0.800]" m 1O’ =[0.0,0.0,0.0,1]"

base

Node: /joint_state_publisher_gui... - o

B 3-6 JF4E TAE 2k /& ROS F 89 TAALHE =

3.4.2 IEFIZ B3R

TRISCIA AT LLAE, BRiesh2= M 5 ROS 7 B E M & 7 14
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ANARKR R R PERIE EAFAEZE S 4E 3.3 /N, AHETUHE N LR R i R i
SEMARR A, EESL TG BB S EARAA, I8 F TR AR HE R R R A R g
B A 3.4 /N, e T HURCE L s g i )i 7 B AR DU R TR SR A bR AR oK
EJERFSL DL, 10 ROS R GTH K AL DY e B iR AR AR RS . ik, BB
TG — AR R AR T 30 SRSl DL EEAS R A (R AR AR 2R B MTALKR & 2, H
FART R R, RIS B AL ) IR
N T G — AL TS BRI T 1%, AR 55 IR A e [ SR A IR A AR R
ik . VU 0P =[x, y,z,w]" Al #H# Ry 20(3-10) BT (1)@ % R 0],
1-2(0*+2%)  2(xy—wz) 2(xz+wy)
RV =] 2(xy+wz) 1-2(x7+z%)  2(yz—wx) (3-10)
2(xz —wy) 2(yz+wx)  1-2(x*+y?)

455 P =[xy, z]" W LAREE D R AR B R

o' P
7h=| ¢ ¢ 3-11
% ] i

Ak, B 3-4 A RUE R A AL B 1] 3-1 PR AR, TR B IE A0 (3-12)
SERRAR IR R, H AR A AR ML DT B 9 5 I A E S 1E 77 190 AH S o
Ty =Ty Tre = Tpos) T (3-12)

N T VS AR R (R 2, S A B o R AR B T ANV R
. nsG3-13) MK GB-14)fin:
ap=|'r=7F], (-13)

ro=|'o;->0;), (3-14)

Forr, LB 1 2Py 43 | 2 B AR R UURE AR () B AL B R i AR LA AR i A
P 25 S IR AL B s O A1 205 43 il 3 AN AR Y Hh R AR 2R BIMLAR R AR i A
PR BRI RS s |, A |, 43 50 2o i 22 () — YA IR RS (¥ Frobenius Y%,
Hfr B ZE A K TR, Rk 28 ORGP A5 28 ] ) — B0 o

IS AE ROS B R BENLRAE T 50 AMEHE T ARG 1) 517 14 B R 58 s 2 — 3
PEFERAPELE, X B R R =M 8 (3G B 3-6 s FIWIaE I AL R
IOk, X =AM RanE 3-6 & 3-8 firas. BIFZEMIZLAEF [ “ending” A1 “plate”
HH RIS 23 ) A ML AR B AR B 2R LEATL A8 N JE: AL AR R AR A AL BR AR AR 2 v A7
G, AR R AR wh v B A T I A T -

EE 3-7 W, RumPAT SR R T, fEIE AR R 2, HH AL B NS /R 7
% PS =[0.059,0.482,1.369] m A1 OF, =[0.821,0.338,0.037,~0.458]" ; i [%4 %
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[

ase

WA T, MR R S

base

base

SRR A= A VA N 1 M 2 11|
PY  =[0.460,0.813,0.891]' m f1 0" =[-0.021,0.375,0.926,0.048]"

B 3-7 JF4E TAEsR09 £ P A —

File Panels Help
Eterst PmoeGmera  Clsele & = 4
2 Displays ©]
Robot Aloha 5 Node: /joint_state_pu.
Attached Body Color  [150;50; 150
- Links
Link Tree Style Links in Alphabetic Order
Expand Link Details
AlllinksEnabled v
» 2 base link v oot
~ 7 ending
pha 1
Show Trail
Show Axes
- Position 0058655, 0.4825; 1.3688
X 00586549
v 0482499
z 13688
- Orientation 082141;03377; 0.03736;-0.45.
X 21411
v 0337698
z 00373605 ot
w -0.458091 —
- 2 plate v
Alpha 1
Show Trail
Show Axes
- Position 0.46036;081317;089084
X 0.460365
v 081317
z 0890837
~ Orientation -0.020936; 0.37499;0.92555; 0.
X -0.020936 i !
v 0374991 joints
z 0925545
w 00480607
Tk v
» 2 clink2 v -
Planned Path
Add
# MotionPlanning 0
joints
Context | Planning | Joints Scene Objects StoredScel
Commands  Query Options
Plan Planning Group:  planning Time (5):5.0 5
am - Planning Attempts: 10
Plon & Execute| Start State: Velocity Scaling: 0.10 3
<current> -+ Accel.Scaling: 010 |+
Goal Store Use Cartesian Path
<current> ~ | Collision-aware K
Approx IK Solutions Randomize
External Comm, e
Path Constraints Replorning enter
None | Sensor Positioning
fecet | Left-click: Ratate. Middle-Click: Move X/Y. Riaht-Click /Mouse Wheel: 7oom. Shift: More ntions 2

File Panels Help

Attached Body Color
Links

Link Tree Style
Expand Link Details
AllLinks Enabled

I 150;50; 150

Links in Alphabetic Order

z
~ Orientation
X

z
~ Orientation
X

5857
0.11874;-0.10262; 0.64867;
0.118743

Plan & Execute  Start state:
<current>
Goal State:

<current>

Path Constraints
None

fEH 3-8 w1, RS AT AR HIAEAR R 2, EFARBR R 3, B B AT S A 7y
=[-0.101,1.054,0.987]" m 1 Oy, , =[0.654,0.715,0.241,—0.060]" ; ifi

BN B

ase

Velocity Scaling: 0.10
~ Accel.Scaling: 0.10

Use Cartesian Path
= Collision-aware IK
‘Approx IK Solutions
External Comm.
Replanning

Sensor Positioning

B 3-8 JFiE T b0 £ FHA =

base

28

interact  ¥"Move Camera Iselect -
2 Displays 0
Robot Alpha = Node: /joint_state_pt

sribase Cointt
~—7 oG —
Alpha 1
Show Trail
Show Axes
- Position -0.1014;1.0544; 098733
X -0.101403 Loint2
¥ 1.05439

v
M ot
W 00602112 i
~ & plate v
Alpha 1
ShowTral
Show Axes
- Posiion 04591;1.1371; 081586
X 0459102 .
v 143715 e.aiig
o8t

¥ 0102615 joint3
z 0648668
w 0744715
TR
» 2 Clink2 v <
Planned Path
Add
 MotionPlanning 0
Joints
Context | Planning | Joints Scene Objects Stored Scei * »
Commands  Query Options
Plan Planning Group:  planning Time (s): 5.0
am - Planning Attempts: 10

Randomize

Center

73
S
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R HI s R 2, AL B R 400N P, =[0.459,1.137,0.816]" m, Z&EfEA
=[0.119,-0.103,0.649,0.745]" -

FEFR 3-5 Wi R T PR T R — 2 51 M R U SR 5 U AR L R T I 4
Ry DL AL ] A B R 2 AR 2 . R I HUARE 5 A AR T B
TS R — 5 S5 BI85 KT e M B s AR LR 70 AR IR I B T AR hr
W5 il 380) 5 e 2 ) e 2 o

base

& 3-5 BARIELE R

IR R (rad)  KRATHY AL —(rad) KA (rad)

[1.110, 1.580, -0.90, [0.270, 0.380, -0.910,

BB 5> [0,0,0,0,0,0]
-1.400, -1.600, 1.710]  -2.030, -0.360, 1.890]

N2
AR LA 7 [0, 0] [-0.770, 3.040] [0.320, 1.430]
0 1 0 0.454] [-0.749 —-0.563 0.349 0.345] [0.958 0243 0.154 -0.103]
0.707 0 0.707 0.310 -0.199 -0.311 -0.930 0.611 0.272 -0.939 -0.211 0.559
P
$‘FHI%&$%§:J‘ Z)e 0.707 0 -0.707 0.761 0.632 -0.766 0.121 0.115 0.093 0.244 -0.965 0.190
L0 0 0 1] L 0 0 0 1] L 0 0 0 1]
0 1 0 0.452] [-0.754 —0.557 0.348 0.339] [0.957 0241 0.160 -0.102]
iz A ) e 0.706 0 0.708 0.307 -0.196 -0.314 -0.929 0.609 0.272 -0.939 -0.210 0.551
XX IJI%':*%:I: 71) 0.708 0 -0.706 0.761 0.627 -0.769 0.127 0.114 0.099 0.245 -0.965 0.188
0 0 0 1] L 0 0 0 1] L0 0 0 1]
K B # AP (m) 0.0014 0.0089 0.0061
e s
R ANO 0.0033 0.0061 0.0078

MR B TULE H, FAMEE T 2 BRAFERER, XMRZEHH
WM —J5TH, EMMRERT@EERZE, B 3-2 R EF M S 502
IR ER s S — 5T, FEREAT BT Y 0 H5ORH e 7 o 1) e A v A7 FE AT %
%o WNEUME FRE, ANFERIETRIALE Z RS ZMIEE N, RFPHAF R
R A R A AR R . 7 b, AT DASGIE B g S 1) SR AR B T AR a8 B 2
R A 1

3.5 RE/hgh

AT R4 TARSEHEAT Tl ah A i, se ke 1 H AR 1As a5 2 U4 A
B oG, ARENY 7IEZE TR h s L IhRE . #55, DIARAALE —
TR Y AR GE A AR R K AR AR Al RN AR R 1 okia st
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TR RSt 2 1 S o 3 E R TRz A

MRS BRI RIEURIIAER, ) SDH VAR R AR s @ a3k
J\BHTUCARNUE , JF5e i 7 B IR migsh 2 ANHES . e, APl Nk E
RGNS 2R, FIH] SolidWorks B A5 45742 ARl — 4R Al {F ) URDF 31,
JFEH ROS 2L RViz SE i 1182 AR S B nl AL o 385 Foox A v
IR A i 55 A WUA S AR AR 7 22, B8 IE 1 i (1) Sz sh 1R 4% AR uhis
ZN AR R IR R -
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F4E ETSHUFZENRRTEENSEREZF

AT R AL S B ITEARSRBUE I AR 38 s sh 5. 556, AERR
A ST R ATHLER, WSO R E T ik, #5585, HIHS
TR AT FC A (R H R R ARl iR TC AR UM R 32 3t 22 A 2 A
I8 FSE IR W P 3 I S Bt RIB A k. ida, AFER BT
— AR R 1038 [ 5 RS PN SR b, T DL HE A [F S 51 52
B IZ T o

4.1 SEA T IER BN
4.1.1 ZH AT IEFEA

SHAMNTT i — PR R TUARHUMUE S (A i (1 75 . B FRRr 2 IR
TERIURZEL IR ST B TR HoAb ST R p Rk, i
PAFIE R RIMENTAR . 18 4-1 25 7 S B REAT  SR i A

T S E |
; S 25 |
i SuiE |
; l | |
| FESHAMTT 2 (0r) ZHRATEN] (0p) !
1L RIBEA)# TR b ik SRR IR

|

H AR £ (X0)
B 4-1 S RACHEAT R K AR RAL
7EE 4-1 BORBIRAET, S8 TR T A KT H 0 e R X r

NEEA KT EE O ) e R FAESHAMRATEM O, e R, AHEAG-1)KE ik
X = fkine(®,,0 ) (4-1)

B, BB RT R B RTRR W NCHE, 48 IEEs¥Iiik
S HHARSHALORTT  /] T IS 6, BIENTRIA S, XA AT DL IR -
®, = ikine,(X,0,) (4-2)
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Hrr, ikine () N SHACENTISIZ B 2 RIE, iR T A& X 542
Bz 6] @, 2 (8 (T, TiZmk & 2 S at 8 0, AT . XA R
MCHRFRASHACR T E . AR, SEA TR TUAR B T 23 [A)#EAT B 4E
ALER, SELIEEN T AR B R A R VLD, T B TR E
WA A AT AT SRR, SEBL T B AT AR AE TU AR M UM sk 1) 911 Je

4.1.2 ZHAMNFTTHIE

AT A BE 08 3R 15 SRS B2 B i, I R DRUEAE 22 0TI (8] Y 58 ok
fift o SR, ANAATHH X8 45 2 B 1R 5715 6 AN ST B i 72 H N 2 84 7 VN 1
AR AR IR R . O T AR RIX AN R, SE T EN(3-1), R e S a SE niE i
xKiLwA, H:

G(X,,0,)=H/(X,.0,),i=1212 (4-3)

H, 0,0, 2k N ERESOi=12,..,n MTE X, FX, 2RI
(MR AR AR R LR S {8, |1, € X,1<i<3,1<j <4} T4, G ()M H, ()&
ERCRA G RRRER, WA 12 MG RLIET IS, WHE AL
I 2R GRS D BRI R . SRR b, e DU s R B 6 NERPETE
KITTFEH . BRI S, BRI REsh ¥ FE A (e 12 MBS, HESF
DR PR B IERR 2 [ 6 a] ikHE I e R B AR RR 6 NI (A5
PR —, HERNIERME) , Bl HE 6 Mbrf AR

BTk, A @-3)F FHRBEMSEA T . SEASTTIH 2 SRRV
KRARIS AR B AR . FEHEFARTURMUME AT AT, 8% 75 2248 :0(4-3) T 24k
B —ANREG DR LR RN HES SRR O, 85 BRIk
BT SRR ST R — DN ARYCR R SRR TR, 560 T ST )
Rt FRIAX S . R, HE ML Pieper HEN FINUME 7t 72 i IR FREL
AT AR IS AR . RUONIZ 32207 18 2 BN RS = M e 80 e 72, phix e
T3 FER R AR S 1 7 FR A P B TR AT AT SRR . AHECTT S TURAUE (112 3)
FHESEME R P RIEFEZ AR THITSEML, TR SEUIRTIER
il SR AR R T L

NI, ZHEMENTERHE SR, AU B8 S H OSTR HE=E 0 Ty
% B, ENUE B IERIZ B % G b T AR B N T R E A AG IR R
iR ORERE- DR RE S, WIETBER2aE 1+ 1A KWEE) - A,
MAE RIEHE | AT AR = AU S 8 o 2 A [HAERRE, BA
— MHUE i E R TR A p MRS T [+ LR RN TR, BT
FEHA KA P i 2 50 o I AN A R ST 2
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A EESF RSB, FFSHAT R -1 550(4-3) 1 6 iz
B2 R (8] Al BE 2 ATAE = PR R &R
n-1>6 @
n-1=6 © (4-4)
n-1<6 ©

Horpr, ORIV AT REAFAE, BI9IZAEOLF 575 2 8] o i 5 AR T
R, Hisah2 i AL T RERE, W TIE LM HOMEREARR
BOER A I, ISR R = 5 TR 1 6 4z a2 R A LA,
K@) EF 2T — DA rPRE HOMK RS, S RTTHEDTH
Mo s F A REE, AFAMTRAL TGRS, TRRHAT B EAR RS K
R, FEPCRIRREE AR E .

BEAk, EIREEE SHAL RN IR N, AES BRI RE W T gk
AR5, HAE, JTARA IR E AR R e e, TT AR OP JE KB B A A R 2 1Y
Z, TR BUE AR E M 20 ™ &, i XA E AR et e &
o BBk, FERHSEACTTIRR, R ER AT REN D A oo A 1] A S B R
FFEIE HE R DS HACRT I RB NIRRT, 2 S &2 OIS
WRATHITTRE, T ERUEAE BT I8 AR E L

4.1.3 L5 Z R EML

P61 Sor, B S T AR ST A WU 1 6 23 1A TU A 1T EhBE IR 7 125 . AR T
TENURE (S B b, AT25 725 18] ot [ BE A7 AE — RER BRI TU 227
I SCIIBUBE ()32 B2 T0 A 10 76 2 4 AR AU 60 11 b B0 n K TR o
SERUT S TR B m, BRGEHAEAE n—m AN TUA B2, {8
BT CEREMRNTARD SRICEA SO AT S, A BB I E AT 6
(L, 7 S AL e 23 A1 T EH B TU A s AR R S, HUBRE (1 1 e A i
6 B, AT LI AIZ AN TUAR . Sl A I AR i S B R R
X=[xy.z,a, 8,71 (4-5)

2 PSS AR SR 5 R /R SRR BN gE B AT, HP[x,y, 2]
[a, B.y1" 3 F IR — DR B AR B L .

PUBE eIz shid e b, T 880 2 5 IRAEHUMUE 75 2856 A 55 1 Rr It i
ZOSRmi g eI Ak, FTDMTSS H R m NS BT X 3 S8, e, 441
R IR A S Ry — AN AL SN, X o — SRR IR 285 (1 B A 5 MO 0 A i
RIS SR PR IKIFEI, B AUROE A R 5 2L 5 >l At RE e e E A 55
UM 10 A S A B SR DR 5 K1 B T BT (7] N IS B, R B2 P8 AR I P oz
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BRI SE AT 55, BN RS AT 45 R F 28 3 MLE B R e iz sl . XA
BB TR AT DA ST R IUAR

S S TR SRR, W] DRSS = W 70 AR B
ok E RS H Tk, £ ERGTrh, FTRL Rl T A E . © BENLSS E —
AN EFEME Sk 5 A TeE AR A B 2L OCR s @ g =SB A S A N e 1
AL E IR AR PR VRRENS 45 S A T IR IR A R A R K ) R

4.2 R TAES S8 b W i
421 TAEMPIZ BT E

ASHIF ST A B AR e LB AN AR S LA B, T B A O LS ) &5
Fe396 A2 Pieper #EM o PRI, FEASHE T LA TCRHUE , S H o 1D
HeEReIEGF LR IUR B R . TG SR ARk Mgt iz ah 2.

B, TEREIREN SRS BT R S A6 7 R . XG9I =4
KA EIATIEN, A:

‘43_1Az_lA1_IX(T8e)_1 = A4ASA6A7A8 (4-6)
T N T 2 — AN HoERE, T UL EER A 2 RS, 1R
n.X OX ax p.X
y — X(]—vse)—l — ny OJ’ ay py (4_7)
nZ OZ aZ pZ
0 0 0 1
ez X (4-6)F X (4-7) T, FTRAS 2 12 AN FE
n_(c,s; +5,6,6,)+n ) (8,83 =€,C,C3) —N_8,C; = Cy58,Cg +8,5C,C,Cq — 45865 (4-8)

0,(,8; +8,6,03) 0, (8,55 =€\0,C;) = 0.8,C3 = —C5878; —845CcC785 —8,455,Cs (4-9)
a (¢S, +s,c,6,)+a ) (8,83 =€,C,C3) = A_8,C; = 8,5CcS7 —CysCy (4-10)

p.(¢,s; +5,c,05) +p, (8,8, —c,c,0;) —(p. —d, —d,)s,c; —(a, +a, +d,)s; —

(4-11)
AgCy = Ay = AygS, = diyCys =y (CysCy = 45C6S7 )+ ;S5
1,618y =188, =N,Cy = 8458705 = C45CeCqCs T Cy586S3 (4-12)
0,C1Sy —0,815) =0,Cy = Cy586Cq = 84585755 T C45C6C78g (4-13)
a,C\8, —a,8,8, —A,C; = 784567 —CysCSy (4-14)
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D,CiSy — PSS, — (p,—d,—dy)c, +d, +dy +d, =—a,c, —

(4-15)

d14845C; —d1,C45C87 = a,Chs —dy8,5
n,(C,0; =5,6,8;) + (8,63 +€,0,8;) + 185,53 = CeSg +5,C,64 (4-16)
0,(¢,6; =5,6,8;) + 0, (5,63 +¢,0,8,) +0.5,5; = C,C4 = S,C;5 (4-17)
a_ (c,c; —5,c,8;) + a, (8,65 +c,c,y8;) +a_s,s;, =SS, (4-18)
D.(¢6; =5,6,8) + p, (5,65 +¢,6,8,) +(p. —d, —d;)s,55 — (4-19)

(a,+d,+a,)c; +ags, =d,, +d, 5.5,

R s, =sin(8),¢, = cos(),s, =sin(0. +6.,),c, =cos(6, +0,) , {KILIFHE, BRI
R (4-18) M= (4-19) 7] LG 2]

(p,—d,a)(cc,—s.c,8,)+ (py - d14ay )(s,¢; +¢,c,8,) +

(p,—d,a, —d —d,)s,s;—(a,+d, +a,)c, +ags, =d,,
i W (4-8) I X (4-20) AT LKIL, AFAE— DN RABE =R RERNEFX
4-20), T RF ARG, 6,F16,, TR EHARNSESE TR, 5
MNP, ={6,,0,} s P,=1{6,,0,} F1 P, =1{6,,6,} . £ FKIMEFAFESHLKATH
X M S BT B B Rk

(4-20)

422 ZHEAMMNT IS S

FEREAT SRR 75 2256 41 LA 1 P ) = A1 eR B0 RE SR BT i
L = A R EOT R

Acos@ —pusinf =¢& (4-21)
N T IESRBL= AR, 2
A=psing,u=pcos¢p (4-22)
>N E':l:
p=~A"+ 1’ ¢p=atan2(1, 1) (4-24)

FRARG-21) 1, TS5
6?=atanZ(l,,u)—atanZ(g,i\/m),(lzhuz_gzZO) (4-25)

U atan2(y, x)/2 “ oo IEVIRREL HHAAE Y 0 I, B RN R EUE, T7
FE@-2D)F a7k s, HAEON -7, +7], NG PUE ST AR B
EEEE . FE, XTI
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Acos@+ pusinfd =¢& (4-26)
A LASEAS
0 =atan 2(&, £4JA% + u* = EH) —atan 2(4, w), (A2 + p> — £2 2 0) (4-27)
BRI S HIR =AU ST A XS B AT I8 Bl 2 3Rk
IR KRGV TR AESH T
D SHEMWKTHE P, =16,,6,)
WA ' 0 f 0, /o e, Xal@-200F m R TR MBI, A
Acs + sy =d, (4-28)

y
g

{,11 =(p,—dya)c +(p,—dy,a)s, —(a,+d, +a,) (4-29)

H = (py _d14ay)CICZ —(p,—dya)sc,+(p,—dya. —d —d))s, +ag
A ARRIS 0 TT 3 RIE =

0y =atan 2 7w ) st 2,1 (430

2) ZHAKRTER P, =1{6,,0,}
TIFEH XTI AR & 0, F1 0, f& DR, X a@-20)F e R TRIFRE I, f:
e, + s, =4 (4-31)

y
g

ﬂ’2 = (py - d14ay )c1S3 - (px - dl4ax)sls3
t, =(p.—d,a. —d —d,)s, (4-32)
¢ =d,—(p,—d,a)cc - (py - d14ay )si¢; +(a, +d, +a;)e; —ags,

A DAEAF T 2 RIE

0, = atan 2(&,, +\JA4,° + 1> = &) —atan 2(1,, w,) (4-33)

3) ZHWKATEIE P, ={6,,6,}
FI3, HRE-200PHITES, H:

Ac + 18, =6, (4-34)
XTI E:
Ay =(p,—dya)e + (py - dl4ay )C, 8,
ty =(p,—da,)e; = (p, —d,a,)e,s, (4-35)

& =d,—(p.—d,a.—d —d)s,s;+(a,+d, +a,)c; —ags,
A PR 1 RIE
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i\

SR TT VR SR B ARl 130 [m) 32 5 27

0, = atan 2(§zsi‘\/2'32 + 45" = &,*) —atan 2(Ay, ;)

(4-36)

SERMIAATT RE B AE S EA ST g A S 25, 8 N ORI AT

SR AN A HE S O RS A —E .
BB 2 RAFEKTTS

a3 S (4-11) — diax 3 (4-10)F1< 5 (4-15) — di1ax X (4-14)”,

(px - 14ax)(cls3 + Slczcs) + (py - 14ay)(S1S3 _010203) —adgCy —

(p.—da.—d —dy)s,c;—(a,+a, +d,)s; = a,s, —d,Cps + a5

(py —d14ay)CIS2 —(p,—d,a)ss,—(p.—da, —d —d;)c, +

dy+dg+dy =—a,c, —a,c,;5—d),S,s
P =P~ AR
a2 2 2 2 2
2a10a11c5 +2a10d1255 - 14 + U —a, —a _d12

Horb i RO

=(p,—d,a )cs;+s.c,c)+ (py - dMay)(sls3 —C0,0) —

a,cy—ay—(p.—da,—d —d;)s,c; —(a, +a, +d,)s,

Hy = (py - d14ay)clsz - (px _d14ax)5152 - (pz _d14az - dl - d3 )cz

+d,+dy+d,
AT LM RS 5 RIA N

0; =atan2(§3,i\/a“2+d122—532)—atan2(a“,d12)
& = (/142 +/142 - amz - a112 - dlzz)/(zalo)
W3 R 4
FHTEE L0 (4-37) 1 (4-38), A

AyCas — HySys = dyy + a8

M AR5 6, + 6, ik 2

{6’45 =atan2(4,, 1, ) —atan 2(&,, £ m)

&, =d,, +a,,s;
BE— DA DA 51T 4 B93RIE 0N
6, =0,,—0,
B4 KR 6
%of 2(4-6) AT AL 4«
ATA7ATATTATIX = A ALA,
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N

RPN TTFE
n, (02045 —SZC3S45) +nx[Sl (Szc45 +Czc3S45) + 6153545] -
n, [€,(5,C45 +C2C58,5) —8,53845] = ¢S,

a.(ccy—s,6,8;) + a, (8,65 +¢,6,85) +a_s,5, =5,

HEFH Y 6 BT RIE
{496 = atan 2( A, 1t;)
0, = atan 2(—A,— )
Hf.
As ={n_(C,Cy5 = 5,C58,5) + 1 _[8,(8,C,5 +C,C38,5) + €,5,5,5]
—1,[€,(8,C,5 +C1C38,5) — 5,838,513/ s,
us =la (cc;—s,0,85) + a,(s,¢+¢0,8)+a.s,s,]/s;
Hifs, =0, K 6 [IFIERN:
{6’6 =atan 2(A, 1)
6, = atan 2(—As,— L)

Ao

As = 1,(CyCy5 — 5,C38,5) + 1. [5,(5,,5 +C,C38,5) + €558,5]—

nle (85C45 +€,C38,5) = 5,535,5]
Us =a,(cc;—5,6,85) + a, (8,65 +¢,6,83) +a.5,8;
WS SRR T
R 4-45)h A
a, (02S45 + SZC3C45) +a, [Sl (52S45 _0203045) - 6153045] -

a, [€) (8,845 = €2C3¢45) +5,85¢,5] = ¢,
12N 7 BT RIS
0, =atan2(A,, c,)
Ay =t1-¢’
IR 6 KA 8
1ER(4-45)F A
N,(CoCys =55C38,5) T[S, (8,C45 +€,03845) +€1538,45)] =
1,[€,(8,C45 + C1038,5) —81838,5] = CoC1C — 555
120515 8 BT RIS

b = atan2(l7,y6)—atan2(§5,ir\//172+,u62—.§52)
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K RECA:
A =cq¢y

& =n_(CyCh5 = 5,058,5) + 1[5, (5,C45 +C,C38,5) +€,8;5,5) ] — (4-56)
ny[cl(s2045 + C,)C38,5) —8,8355]
Hs = Ss
FE_ER S RAR T, BT =M B L, SECT AT RIS
fEFIRPRE I 4-2 fos . ERPTA RSB oA 2 m, #RX NA 32 24
Wt Rk e T4 E R, Sf 32 HifR. R 2T IR
IBEAIAIE,  FFARYE S PR BT 55 Rk 6 e A — 4L

> > >

NN RN BN B B SR

oIl IOIOIOICIOIOI
06 6 030 © ) © © (O © 6O © @
@) @) @) @) e @) 6 e @) ) o @) ) e @) @

B 4-2 JF4E TAEsL0Y 32 AMEAT R A X

4.3 fENTINE B S MR I SR

FEASTS T 5 FLLOAEHE T S 3 7 7 R IR . BAIE T V02 ALK
FE 22 AR I S 20 I, SR )5 3 FH 3R AT S B A 208 s A 8 JE B AT 112 5
FORAE, R E T AN SRE ) 32 HAAEIEAT IE IS B g e . RN I AR
LK 4-3.

FEE] 4-3 Hr, TR MRS BE IR 2R
|X.—X| <e (4-57)

b, X, R LR AT T g N L 118 30 27 7 R R AT A R i L 28R, X, DR
FERT A BRALEAERE, & NRAPRSE, (EXBI107 . ZRE A E SRR
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TR ENLRMAN HREZ N T &

FbE HARRIE X,

l

RE 2R, Gtk j=1
1 T Al 7

=l v |
u_frz?miut

X=X, <2 *

=

F
oA

5 ) i
l ¥k

A IEFIZEN AL X,

29

s
v.

4k

B 4-3 R E B 5 R LR AL

FEASE A Z A AT 22 U, 75 K0 2 80 045 28 8] ) G 15 AR B 9 B0
B HARE = AR e, ARRR T ARALE B 2 DLAR AR 50T 7 SR O e
VA HE 2 X 7] [-180°, 180°] Ho FEIX HLIR /R AN A I o 28 (SR AIE 5 SR, FLrh 4.
SIS (PR IR BE R e =1x107° .
(1) Runfri X,

SRFERI ARG 28 X, ISR B B N (4-58) i o KIS EALFRAT AR
F BBV E N 6, =78.498°, 6, =6.818°, 0, =-33.890° .

0.354 0.872 0339  0.669

-0.888 0.427 -0.171 -0.338
X, = (4-58)
-0.294 -0.241 0.925 0.764

0 0 0 1
P2 RAZ R 4-3 FRUTRURE 20 Sl sk ] =0 S0 50 1 2L 6 06 2 R e b ik 0K
ARIUPERT A, PR A2 N (@-5T) AL % TR 4-1 2K 4-3 o i It AR i
REERA T ERTIRBRAIA, SO A7 H8 0 il O AR BR K5 DL o

% 4-1 AFAE T BA P AL X /09 5 AR AT 3% R

KA
60 60 60 60 60 AG) 6,0) ()

1 78.498 6.818 -33.890 44.493 -44.161 3.497 105.142 -19.864
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P

%4

N

FETSENIT AR R TR R R ia )

k 4-1 BEAKTUEL P 28 X R0 A HARATE /R (42)

i KA
60 6,0 60 0,() 0;() ;) 0,() &)
2 78498 6.818 -33.890 44493 -44.161 -176.503 -105.142 160.136
3 78.498 6.818 -33.890 -99.663 -169.081 13.480 14.631 -33.836
4 78498 6.818 -33.890 -99.663 -169.081 -166.520 -14.631 146.164
5 78.498 6.818 144.683 102.547 -20.555 -153.018 8.301 -46.140
6 78.498 6.818 144.683 102.547 -20.555 26.983 -8.301  133.860
7 78.498 6.818 144.683 -8.854 167314 -176.223 83.888 -19.803
8 78.498 6.818 144.683 -8.854 167.314 3.777 -83.888 160.197
k42 BHAK T A P A2 E X RO A KA AT LR
I KT HUE
560 60 6,() 0,() 0;() () 0,(C) &)
1 78498 -59.326 -33.890 -23.325 -75.543 152284 91.163 131.610
2 78498 -59.326 -33.890 133.185 -37.699  79.352 151.762 30.174
3 78498 -59.326 -33.890 133.185 -37.699 -100.648 -151.762 -149.826
4 78498 6.818 -33.890 44.493 -44.161 3.497 105.142 -19.864
5 78498 6.818 -33.890 44493 -44.161 -176.503 -105.142 160.136
6 78498 6.818 -33.890 -99.663 -169.081 13.480 14.631 -33.836
7 78498 6.818 -33.890 -99.663 -169.081 -166.520 -14.631 146.164
k43 BHAK T A P A2 E Xy R A A5 AT LR
e KBUA
60) 6,0 6,0 6,() 6:() () 0,() &)
1 78.498 6.818 -33.890 44.493 -44.161 3.497 105.142 -19.864
2 78.498 6.818 -33.890 44493 -44.161 -176.503 -105.142 160.136
3 78.498 6.818 -33.890 -99.663 -169.081 13.480 14.631 -33.836
4 78498 6.818 -33.890 -99.663 -169.081 -166.520 -14.631 146.164

IR SEIG A, XHFE—AS BARLE Xo, =3B 55 4LA X N AT
FIEAFEE SR A R EAAEX S, BEHSHENHE P, =160,0,) fit
53R I 2 (A ROU R . thah, AT DUR IR 4-3 i g R i AL & T 3R 4-1 F
42, MK 4-1 FIFR 42 RIS REA T4
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N

(2) Kimhr# X,
AL AR AL 2 X, (55 IR B RE = (4-59) i o SRR S BAL AT i
B BBV E B E NG, =-4.697°, 0, =13.458°, 6, =25.253"
0442 0.876 0.195 —0.908

0.697 -0.198 -0.690 -0.012
X, = (4-59)
0.565 -0.441 -0.698 0.335

0 0 0 1
Al EE, ASEgn AR YE B 4-3 IR =0 S HU R SR T I 2 iz 34
FRFA A RS N 7T A AN LA, K B H S M R A A R i A28 X
KB RAE AR 7> AC 5% TR 4-4 B3R 4-6.

& 4-4 HBAK T BAE Py ledsf Xo B89 35 BB AT 2 F

Zi RITHA
5 60 6,0 60 0,() 0;() () 0,() ()
1 -4.697 13.458 25253 -12.694 -21.004 -177.371 22906 -137.531
2 -4.697 13458 25253 -12.694 -21.004  2.629  -22.906 42.469
3 -4.697 13.458 25253 -124.680 167.763 -178.962 99.663  -134.935
4 -4.697 13458 25253 -124.680 167.763 1.038  -99.663  45.065
5 -4.697 13.458 -155.453 99.204 30327 1471  107.058 -135.257
6 -4.697 13.458 -155.453 99.204  30.327 -178.529 -107.058 44.741
7 -4.697 13.458 -155.453 49.677 116431 1.492 70.493  -136.189
8 -4.697 13.458 -155.453 49.677 116431 -178.508 -70.493  43.811
R 4-5 SRACK T WA Py 4zl Xo S0 A A R RRAT I AR
Zi RITHA
560 60 60 6,0 6;() () 6,() ()
1 -4.697 13458 25253 -12.694 -21.004 -177.371 22906 -137.531
2 -4.697 13458 25253 -12.694 -21.004  2.629  -22.906  42.469
3 -4.697 13458 25253 -124.680 167.763 -178.962 99.663 -134.935
4 -4.697 13.458 25253 -124.680 167.763  1.038  -99.663  45.065
5 -4.697 -73.010 25253 -24934 -28.103 8258  79.398  10.531
6 -4.697 -73.010 25253 -24934 -28.103 -171.742 -79.398 -169.469
7 -4.697 -73.010 25253 -146.312 174.862 105.631 8430  -93.733
8 -4.697 -73.010 25.253 -146.312 174.862 -74.369 -8.430  86.267
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% 4-6 BFAFE T BA Py 45K X KB H SA SR R

RATHUE

60 60 60 60 0;() A 0,0) ()

-4.697 13.458 25253 -12.694 -21.004 -177.371 22906 -137.531
-4.697 13.458 25.253 -12.694 -21.004 2.629  -22906 42.469
-4.697 13.458 25253 -124.680 167.763 -178.962 99.663 -134.935
-4.697 13.458 25253 -124.680 167.763 1.038  -99.663  45.065
-32.836 13.458 25.253 37.431 -55.941 -148.626 43.647 -178.960
-32.836 13458 25.253 37.431 -55.941 31.374 -43.647 1.040

-32.836 13.458 25.253 -125.587 -157.301 -151.521 131.097 -135.525
-32.836 13.458 25.253 -125.587 -157.301 28.479 -131.097 44.474

® N A L oA W N o~ JdD F

RS, =X EART AL G IR 8 A NS AL AT, B3R 4-4
B 4-6 TG RURAF A

EREPIRSER S5 RnT LURIL, fE AR 32 Mg b o, A a0 o0 i a2
SRARE FEL 2107 B g, HAEA R B e FIA R 2 B0 51 414 3K 1A R0
BT il 2 TA] AF AR 22 5 o (ELREIXANTERAE SRR MR AR 7 AR 1 £
4.1.2 /N, BWHE T BB T IRAE R B S BIANUE [T 1 Sis s E 2R,
AT 3 BB 73390 A HH BB AR 2 R 00 RIS S A T AR B B AT I R
173 b3 Y S g 4 AR R] DU, AN R R 280 0T e AR SR U R0 i e
ERA DA, XEREA RSB W i 20 SHAL b g A A F Rz
FERIREM o U ZHEWT, 758 — 5 o 2 AR I B e 2 e o oxt 118
A

4.4 ZHACIENTRIE I ERIE 70t

HSE T E IR I E S 5 R I AR S 3 2 UL PR ) B A < 1 R A Y
Eh. B, BNMEGHALITZImR, HelTaREMAERN . SR, 7EK
BT I RE T, —E A F I ST A Y A B8 2 DR AN T 2 R 8 il b KR 2N
SO 57, T3 BOR M R A e 3, Lhins(4-25) 3 (4-27) 15 g
R A S T T OCHEXREACSIAINT 5 ) W ARIR, IOV
i AL 1) R 4 2 ) 2 I 3 i e 1 R P I 16

BEA, AR S B 50 1 22 T 6 L PR Sk SRR BB A P DX o BB 4.2.2 /MY,
AR 1B DN ESEA R 25 S8 O 2 ] AT S e . T RE R f
K, HAE ERN T RN AL A B AR EAT 1, FECT R SRR A U
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KA TR, e % 5 R = AR . SR, BTS2 RIE A58
e, IRME BRI 2 - SCHIR IR SR IS . N TR AA RS HAL AL
BN TR, AR T — AN SRR 0 77 1, O L
2 4-1,

Ok A-1: FRRIERISREU

BIN: BARAKIGOIRHIE X, S ETEE [, BT E P,
KR M ETLRe Ao, FARTEL LK L,
PUBE LT =IO, fRIKEE &

WH: FRES

1. for i<1tol do

2 for FFALRFERIZHBULRATEUE O, [i] « 6y, to Oy by Ly, do
3 RAES B KA IR O, = ikine (X ,0)) ;

4 SRR AT 0, =16,,0,1 B ILAEL row:

5: for j<«1torow do

6 if 55 WA R AT 0,[/]1€ 0 do

7 TR N ) AR S L 2R X, = flane(6,[7]) »
8 if 55 X IR TR T | X, - X <& do
9: WHRIZAHMS < 0,[/]:

10: end
11: end

12: end

13: end

14: end

FESNE 4-1 0, eRiflLikine, (1) A fine() 73 ) P 3R A5 il b 30 M A0 U S A B oz
LA AR AMAFEER M 1D 583 = A e 2y R TEA Uk
B SEERIs a7 R R R il i e 21 [X 18] [-1807, 180°] 15 2) HIf@#TfiE
SRPUE RIS AT S R E, AR b A7 — 0 AR RE AL DT IRPR 2051, H72
LSO N R A S F 5 iR R R 2 TR (R IR A A s AR A AT KK AR 6

FESCHROSTHAINUE i T R AR s o AL o0y, b K
SEHAT R IRACEE o J5 3% ARG b (1 A AR e e O, R LA FH L ELRF IR 138 )73
AR, WABEN 0.1°%

HERMER 4-7 IR IR L2 Xo R, =2 B 51 46 % L 1 i
T 4-4 Pros . B R AR A ARG IR P, HLAERRIE XS i
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H R R EA A - 22 18 S F4FE T

W

B 5 183 AR S [ 38 5 2

i L PEE A A ] X8 PR 22 5

00 i 20 20 “

& 0 X T 10 1w ~ ’

T, T =

: y :

T‘:-; = 100 = 0.

s g s
100 S~ a -100 1w -100 i - <100

Value of 97(°) 200 200 Value of 96(0) Value \)l‘gT(”) 0 -2 Value of F)ht ] Value of 8.(°) 20 200 Value ﬂfﬁh(":
e/ n AN =/ AN =/ AN
(a) KTHAE P (b) KRWAHE Pis (c) KTHE P

B 4-4 =M A5HAK T AN BT R35{2E Xy 09 fR R 69 F = 18]

FEE 4-4 ThROR T AR IE T 75 6] {6,, 0,6, RIS A E Bl b, B4
SR AT RIE R R IR IE A — B0 o Oy 1 X I LR T 2 8] 1) 2 e
i B, [RIN 25 58 B SE Rk BN AR 2 — S A, s T — 48]
AT RSP L A FE S -

FR:m@R2?XIOU% (4-60)

a

Hrr, N ARERIKRERIZHREREE, N, RN E RS K
TR RTRERE, A, £ DO RE, KA FRE R SER R
/N o AR BR BRI BE LU s N LY 2 WAL B AN [R) 2 00 50 1 2H 650 L R AR T
LR S o BEMLRFE TAE 2SR AR 100 M7, HAE AR 7R = AN R i Ar 25
JSIfF) FRAE, HXAg, =107,

K 47 BRI P E X ARG R E A2 FR A

FR {H
KPHE P KTHEG P KUYHE Pxn

PRV

0442 0876 —0.195 —0.908
0.697 —0.198 0.690 —0.012

2710565 —0441 —0.698 0335 14.23% 5.63% 12.18%
0 0 0 !

0710 —0461 0533 1.059
0348 0429 0834 0871

*T20612 -0777 0.144 0.059 18.19% 16.59% 31.47%
0 0 0 !

0308 0484 —0819 —0.149
0586 0582 0.564 0708

+710.749 —0.654 —-0.105 1286 10.94% 14.27% 12.41%
0 0 0 !
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ALVER], W TARREAE, ZHSHA TR FR AR 2 8] AR
KARAFN o X FREFH S HA AT R IE IR TAF XA R . Pk,
WU AT DAFEREAT BRI T, AR 2 5l B A2 B 72 1 AR X SBoRIE FEMRRUE FR E A%
RIS EMURATAE A LR TTIEIFARARGF AL I S LRI A SEN 45 e i
SRR A IR FE, A BARTH AR 8 2 FIR IR e - EEA AR -
@ I KERAE AR BB IAA F S EA R H S R X3 — MO
I RITRALEE, Hal W AR AR RS A0 7 @ FR (2 B FokatiR 1 i B AE
RATZ ] R AT L], TP BRI R RAEEE . B, R BREASH
KA FRAEAERF € ARSIz sl — EARRFLEXT LT, 25 he A feiL s 2
RNSHACR TR, HAn[15]h HBL TCRHURE A AR 3 < R 0L
£ FRAEARZE A K, HUBCE 1 2 B4 R A2 15 A0 T 0 mh o 1 i B de s AR (1 X
W, ARRENMFFREERER. £ T &P, SRE— AT EBALE
HIFE LI FE R SR BT S -

4.5 KRE/NGE

AREFEENE T SEMTTRNIBT I3 RN T S HA T RN
BIHINTTIR, It TASRISBACRA T EEX S B ET . 51882
BT R AL B A AR T 6 4R TAR 2 R ) TUAR, TS5 %5 18] 5 H 7] RE
AT LAFZ R B R, 2Dt ie TS E RS EA T, STy
RN RENE . 5855, AR SEANITZNCRIEZENE ROt 7 =HAF
HIZHAC R Rk 30, IRl 2 A AR Ar 2 (9 1E A3 s s 22 TR e i 1 25
AT R AW AT SRS . o), AFHRM 1 — DA RANFE S BT A 1 i
T R385 T3 90— A 44 N R AT SRV F R B A g M A PP i s o JE I T 5 A
22 (] o 2 R S (67 28 AR AT AT 36, UERH 1 AN R 0 2 AU i ik s e AR S 1Y
ANTR X 3503 A [FRR BE AR T Bk O o[RS, IR SEIG 45 R Wi, AFRIZ
AR AT 1B ] BE 2 X B T S JUA 7V i AR 1808 3 22 S R R e e A A
[FIRE JBE R
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E5E BMERUXTHEREESZ

AT BRI MRS B RSB ST 5 B e MR R S
MR AR AR B B 22 0 R A S IR AN R S B R Z I i e fe k. 2R 2+
ZiTie, 18 I TR ARS B ST R 3 1K TR BRI S B S (1 T7
%, PRI LR TR NS R Z . e, v T RAER AR B
RSB IAT TR A R, AT ST AR I 12 B A HE A9 17 5 ARl A
T3\ Bt 59, IR D T8 BRI a8 3l 2 1

5.1 ZHAMIAT LA

FEBARIIIE Bl A 1) e, 38 TR U 2 AR <B A B AR L T8 )R T iz 3l
LM, Oy T KX — Hbr, T BN AR AR m 8] (B UBE Pl 2R Rz sl i 2
HORATRE DN o AEAE A SCOA AR ARHE S SE DL H AR, e i AR A

SR TTI5E 2 BB EASS G )5, SRR R Al 2 IR 1 5E o0
TR AN SHA R A8, T ARS B ST W SOy S EA R T AL & . R
RENET A BRI R AR R R T, & deiliid 45 8 28U R 1 4k
{H, ARFRBARS BRI, SRR MR o - 3k e sk M I e e . e
BT, BIESH R Ao E B RN, ARSHU T L H
FEHBE RS RN A ARG IR, JFERRARZEREE RN 52, £
AR T A Kz B i 5 M sk i /N 9GT

£ BRI RE T, AF IS B ST T B ARz shig e A O . —
JTH ANFEAESBAL ST B 0 € AR S s s L = B P& 5 5
U7, fE 44 TR O e, A S EA TR SRR, AR
SHACKRATH & = P BT A SR RAL AR, BE 1 520 BIHE S E T #70 (1
IBENRETT. Ek b, RTINS AR ) RENE X T8 AR 55 U F oK wa ik 1 Ak
SRRy o — DR DI E RIS HA ST 7 SR BENS e KA I DRAUE B LA 48
23, JEmRb I AT .

FIERAE PR AR NP2 B RE AT M FEARUTIS, A B TR AL E S B 51T AT
D IBENRES, NI A RS T A S TS isshtkge. —MTATH)
THNERAEEHRT SR — A B4R L N e DU A, A AT BV ESR 0P Al 4 i 7
IAFEAESHA RN IS BIRE T AR R R B oKW B IS B o5,
Wbt AR s R A, HARRE R 5-1 P
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A M AES BT R L E .
g """"_\. — » — = .___"\.
. (@ rmmmmger  |—si
[ morRERTEEE ] ) || - |
i 1
ﬁﬁ—‘/l\é'iﬂlij ...... ii %ﬁtgﬁ%%
ARY) U -
e T L vES

B 5-1 REAKAETERE 7 LA

5.2 T T RRARIE M S 2 H e o e B 57k

AT, 55 A AT Ve PR AR AT A 3 T 7] S 1 BE AR BR (AR DG P 064, IR Sl i
BRI A I T U (O A AT E R RS . DRI, ST T AL A
ARG RS, AR, Rl T SR T T O U o T AR R
5.2.1 R T ARG T He My ids

AT LR AR T 5 L R i B 2 (AT R P O &R, (5D TR

X =J(©)O (5-1)
Horb, X RGBS, © R, J(©)ec R R AN, HLI5H
BB A RLSRA O, SRR S N Jo S FHUME S, e 6 A A AT B LA
FERT R o JUARTAE AT Bl 1 SR A 5 A2 S 23 T SHE T LU AR BRI R — %1 T, AR5 FRRE
el it

ANTR S 2RI () 5 06 T A i S R s e A X B, naR(5-2) B

J :{[E[,O]T @
[Ei x(ﬁe _pi)ﬁgi]T @
b, AR B T0 BL AT LLAR BRI 5, @A e ik 5 % 7 0 A TT LG AR B
o ZNHETHBT, ARR S, B Z ST R, (B, - b,) NANRALKS &R 2, A1
ST T, BIALE R . e 18 T B e B 1A AT B
J:[leJzﬂ"'aJn] (5'3)

(5-2)

Horr, J RoRE 1R

T R38BT L T R S R RE L o AT PR 2(5-3)
HFR AE R B R D S

J=0J,.J,] (5-4)

Horp, J, RZEASATR T R EEE R 0y, T AR S B ST T A AT
FLAERE &R 7> o ARG 2T VERT . HURE Th S UL 15575 6, mT LA B ]
FE MR, MIMIANE FEHI F ARl (5 m . WIE I RE B, RS Hit
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KA IEREFERE 4, 591 2 5 HIIT AT — M e, JFEH S 5t
BRI . SRR, R EE GBEARS B R T Rz sh K520 .

5.2.2 HUWE 1 AT A L

TR ERAE FERRBR B0 8 X2 5775 2 [B) v a2 A (5 20 O T R A T AR

2 [B) H PRI SRFLO4), m LB A A AR g A T 28 T AR T O 1T TR 1 B3R o 3l 2 AT
[ 290 SR (14 9 19 I B K

6] <1 (5-5)

o Wis s 2 R IE 0N
O=J'X (5-6)

Horp, g RHERT FEE R R . SRJE . TUARMURCE BOHE AT LA R I 2 51 A
TERRAERE, A BT RS, W S RAA RIS =77 () R
HEE, A

O=J X =JTIY'X (5-7)
BRG-DIRANA(GS-5), A
Jt§231 (5-8)
B AL 1S
XTI X <1 (5-9)

AT AR B2 Y 4 AR A A v s B Bk . e, o U ok e i A
BRIGTEARANTT 0] o S0 T LUHE R J 34T &5 A8 20 i«
J=Uzy" (5-10)

Horp, T RAREMEE, UMV 002 ko i BEAaG & A . iz
IR -

2
o,

JIT=UZ'UT =U U’ (5-11)

KA K diag(Z)=[0,,0,,-0,]" MR LA FER 7T AE, B BIER A& 32 4
H B . U=[u,u,, - u ) B 7 R Pi— NP 1,
RS FR A 5-2 B
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) 5-2 VT 3R AF PEATR 5K A% m At

FIHRAE LT IR 1 AT BR A B R BR AR AR, FE SN
o(®) = /det(JJ") =00, 0, (5-12)
Hrr, o(@) BUABCK, B Rz fEBkeR. Bhah, P T 5
LB 2F det(J) =0, MIMTATEAEEE 20y 00 35T KA 238 bn KR 3 TAE
uhik B AL S AR T A5

5.2.3 H RIS EA T o
FERTSC IR, ASHIE FCAE FH LS 1A S Bl i o (1 T AR BEORIE #E iR

M EBAR T E . RARSEARTTHEX N IS BT IE N Ry, BN
R, =16,.0,,0,,6,,0,,0,} . LI, JR3 TAFSG K a3 E ERTH AN

o, =.Jdet(J J.T) (5-13)
R T XA RIS EA ST EA R AR T RIa 3B /1, B Je e 81 2 [
BENLFAE 500 20T R AL, FFit B Letg R AN [ AE S O 58 20 I v 4
FE. 7E3R 5-1 IR R B TSGR

& 5-1 TR T 69 4F SR X 5 09 7T 3 A4F A&

S AR B AT AR

KA

Rz Ri3 R

Fgfl—. [-4.697, 13.458, 25.253, -12.694,

0.393 0.093 0.184
-21.004, 2.629, -22.906, 42.469]°
Fgf . [-69.602, -40.646 84.789, 78.989,

0.136 0.427 0.352
-41.111, 72.581, 102.349, -79.9901°
FRI = [-141.246, -30.422, -84.159, 84.984,

0.421 0.408 0.538

4.988, -20.929, -127.053, 118.661]°
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MR H R A LLREE A AME R OEMFERRTHT, ARBHESH
ST A A TR S IS S IR BE 1 2 AN R ) - @QFER TR B =R AT,
ANTES A S AT B 20 A AT R A B PR AR RN 3804 [ R o X A A
& AFZHULRT R RV AR ISR i KNI ZhRE /7 (AR AR =R,
AT BEf R 73 A9 Ris A Roso DRI, 75 BEEAEN U 132 2l A o S 3 i
BHTHERNSEACRWECE, MBEENIIRE. X —m5 44 /MRS
re . SR, AR 4.4 TR R FR AE,  RI3RAEEERE U AN S
SHACREEEARHE . —J7 T, ZJTVE TR E A TR AU IZ N TR R AR RUE
FRAE; 53— 05, ET el B R R A A Al Rt AR Hb s n] t
X R A R AUE AR, R AR S B IS B 02 X = e sl & seoc st i
HHE. #52, WTRLHRFE A E) g X B ARis shig ft i R o<1 . %1
K, SBTH SIS R T OV A Rt .

5.3 FELRIEE AL I I Bk

FEATT 2 A 4 AR Sl B0 IE BB 07V B0 Rt o I8 T AR R EEx — 2%
T € I R /R B AR AT B AR Bl 2 ) R AR, L R 38 ER 0 S BT 55 A 125
KATIRATESS o TEARALSZE S b, AR T-IK SEUATE A B K A2 0012 Bl 5 (7]
I BAGRFHERE . (R H W K KESSHAN TR E T, R
A IR, Rk, ST R AF MO ER AR 2R B S B ST I 7 V20 R R R R
VR, IEARIEHE T B AR AN ) MOEA/D HIEISSR 58 ik A7 10038 3 2 R R 2
A, JEEEFTA A B 926 #07E LA 3.20GHz A4 3 4% 0 [F) Legion R9000 221
A HL N AT

5.3.1 fiAkin) ik

BRI IS AN I R, T AT B AR A AR LA SR A T DL A A
B
min {f;moath ( ®)’ f;imit ( ®)}
st. X, = fkine(®), ® <O < O"

Hrb, X, AREHAATRE i DARAE, 0 L ASHW KTy 0, S
HUKTHr O, 0 MO R TERMLT. £ (@) F f (©)5H=IF
HURE 32 21~ 1 AN PP 5615 A2 150 T 5230 G 19 AR PR 1036 2 FE BR 4 . 42F k 43 i)
IR R BAR KRR, TR EATI R £ BB 2 A K] 5-3
(1) 183 PP 1) I R 2

AL FH IR R 12 B~ M I I B BRI A -

(5-14)
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0-0g )2

Somoon (©) =1 ot (5-15)
e, o RREREILIRKIRE, 0,20 — WAL, H kg h—/ME
HETE 28 o 241 SR H 1) TR BRI AT — AN ST A L, 3 N BB B BB RN
LB o TR DL H] TR0 R AR, o B, iZBUR R R R RO
(2) 376 5 51 A% B PG 1 P b 4
AR SE VTS B 2T A PR P 11 3 I8 bR 50 <

0-0

1+e((’"m) 1+e_(""‘“
Hrr, o Z2— AT R EGR ME T R L ] DU E B 75 2 1000 B bR B R BV
FRAT T . o, 2 B REULIRIN R 2L, HEUEB, 0B M 40
ET

ﬁtmlt(®)=K[ 1(_,7@; + 1 u)} (5-16)

/

09 smooth | |

—

limit

0.8

0.7 1

021
011 U
0 1

0
E3

0.5 1

B 5-3 “FiF B ARl RS X T ARRAL E 49 0 R 3l 2%

5.3.2 HEREVEM AR

AR IR 7 S B T G R AR 2R B S A ST vk S [ E S AU G
WIREN T RIEVERE MM . O 7 BAL PP AR S5 RO TERE, 2 T =R
(EELaT

(1) BARIZ IR TR br

BRI AR E s R, BRI SR N, D H AR

BRI [T 232 B JEE AT LA iRy -
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N-1 . )
z(eiﬁrl _01:])

AQ:E__T_ (5-17)

b, 0 FoRE j AR AL AR A DRI A AR TR EA
ABENLE, 5 75 B BN ST IR~ X 18 B FEEAT 2 UK AR, IR FRICILR
TBATIREN,, KIME, BAy:

(5-18)

run

Nl‘un
AG,= (D A'0)/ N,
k=1

Horb, A'QFORE i DRTESE kBT PR IS SR . R RR B AR IE B L
I, 2% RE AL L o [R]IN A7 E B A AN — SO S S T ARZ 2551, R 3K
(S-18) I EAAAS KT P EIRLAS A — A AL PR . HUBRE R B A aE S g B R4 Fa b
INEESTIPIWSE

" AG.
E =) —" (5-19)
;Q—ﬁ

Hrr, n RATEMMLERE, 0" A0 53 2 BT B R TR .
(2) P FEIT 5 B PR B R

AR T IR U 1 %A T SEIL LG TTAR IR A s, AEASC
Az AR b 0T B R 1 O R BR B4 B /N T 22 A BUHE RS, Aol il
TR RTRIR . BARTT S, Fels - B 2 A BIE Y 2°, B3h o< i 2 4 R
N 50mm. HEEERIA N

NVXHI
E, = (Z kNlim)/Nmn (5-20)
k=1

Hp, N, RE kUGBTI, TR RS AR IR AR SR AR AL
(3) PRz fTi A

FAMISATIN A2 A RBE M PE Fa AR, DO Skbr LRI, 7 250 RENS
SRR N Fr 5 € HIAE 5% LA iR )y

Nrun
Et = (Z kt) / Nrun (5_21)
k=1
Hodr, 25 kRasATH, BUEIsATIE . FERR I AL A FD(s) .
5.3.3 3T MOEA/D HIig 2 iash % Bk kit

MOEA/D %2 % His AL BRI a i ik, Ho BRI 2 Hisil
TR (MOP) 73 fift N 2 A 5 H AR AL 1R I(SOP), i fREE> SOP Il AL ) i 1L
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fifp Y DAL B AU P OS], AR SORiZ SR ] T AL BB ARSI B 2 el R, X6 B SR
DRSNS 5-1 s 3% B A i P 3R

51k 5-1: 5T MOEA/D W 21018 5h 2 501k

WA HWWMZEX, fI—PMRWHWRE,, raSHkHE Ge,
Z HistAbml @, MRS N, U B3 M, SRsirhAME e T,
WA Z

Wit mICMEE EP

1 #Ihik.:

2: WEEP=0;

3: EETAT S MM BRI S IR E W E [V, v, ] s

4 TR R B, 5 A E ) R RCRE &, IR B s i 1

N EAEASBLA R E, 188 Neigh(D) ={n,n,,--+.n,};

s AR AR, HiE SR R R, <G, -

6 CLBCHARITE, FEERIMEIZNG, =12 N ;

T SRR A A RIE L B Fir, = £©,), 1=1,2.M +

8 WA Z =(z.2,,, 2, 0" 2 A WIAREIRE e AMES i E
M NERIEE, 1092, = min Fit,

0: AL

10: M JE R EE ) A B LA O AN B ) B )T S, Ay, FRRE S 0
R R O, FH O, , Xf ik i Mg R — e AT 22 X, A8 7 A2 OB
MEO';

11: PR LB 1732 31 22 20 SR A A2 BV SR © 2 B el 4T, A el 47 I H 52
AIR 0, R — o U TSGR B AR I B BT e N D IR 145

12: X S () T ARAN A AT 1 S iR BB VA Fit) = £,(©) 5

13: EEHEESZ

14: T A

15: FEHTREE EPs

16: 45 1A W2k 11

17: W RSB, M EP AR AV Pareto Fe A5 ANl A IS 2% 14 I
BB A R —IRIER

N

D SN Prigh AR T or O HENPR A B AR E sl 22 R, AR
FUBERE— A8 52 K B AR AL LR AR o S A4 T 75 2 RES RIS B 51 1 1Y)
DEAEE, W7 HBAEERE X, RIS A o, M 1S Ktk
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KYWHE G, ={P,,P,, Py}« WLHL, LM NGRS T A MOEA/D MHIA,
A2 BAsRAin @, PREEAE N, 040 BAR N5 M, S0 AMA IR T AR AR
HZ %,

2) e BRI R WSO S BB AR, AR A MR AL
T USRS HUA .

3) ZHAITTHRIN: IRIEHT— KT O, T A R S H I X B
S EA T IR E 0, o KIS TIRE P opimar I
AL AT B T A IS B I e RO T B AR e X REELE 5-1 6 AT

4) it PR A A A SR R B R gt X0 S i 4 i R SR 2
Gt o BT AR SCRT BB T BRI SRS B B R ey, BT T — 3k i) 4
it 52 J AN AR 35 TR R ()0 o SR o Sl 40 s 30 ) 4 0 0 B R T B — k) 4
PN, (5-22) s .

N, = log[ precision)+ 1 (5-22)

2

5) AR MO R IR A A AR )R SRR S Y, R L
WONSEPR R HIASS, 23— 0 5 B Z AR X 45 G R IR S H oY
Wi, SRJEIFGIRETR 4-1 HBSE AT B LT RAE A BIYIa e . 1X—20
B HOR BB MARICTT AL 0, /2 Tz 240K :

X = fkine(®,),0,<0,<0O" (5-23)

6) WEM AR : FIk 5-1 THIEE 7479, Fir, Ron5 j DR 24
RILESE @ ANIEN R AP IE, R 0N

Fit, = k,£(0) (5-24)

Horf,  £() RARR(S-15) R (5-16) MR HOIE BLRE B WA 2, 0 Fom ety Ay
O HHIIH u AXIMIE,  «, FoRR A S IE AT PO fEA LI,
S HATEPAME S PR 5 LR — 3

7) HEHR: FESVE 51 MUEFAT T, £ 5E A BENLIITE ARSI Neigh() ikt
ARG, ARG H I A AT R RS Rl . RO, N T
SRTLRRBERI S REME, BV 2 DL 52 1 JLESTE A IR AR b ki 75 BRI A

8) 32 WA ALV SR RS A ST AN BN 2 RS A
FUATITR, 2 A (R R R A SO 6 0 — IR AT D, T
HEITRE XA SR IEI, 20K A 10— eI AT A FFHEAT AL B . it A
P B — SRR AT AE XN, S BRI/ X, SR %2 S SR I

55



H R R EA A - 22 18 S %5 F RILSHACORTT LI E T ik

o AT A, ZET AR, SR MR R, (R R 7
3 0 R [F) B A T S R B AT

0) TRA I EANERE: T-RAFRFRER BRI 41 B AR A
7SR A PR AR 5 20 R 50 S 8 5 0 HOR i A JE 3 2 24
2% FE T T A A P SR A s 1 e R VKR — 2 Y
B, TR A A B T 7

10) THFEA R M BRSO T B RN, R
FORERIBLAS G, FRAR AT 7 2R (5-25) s«

j:{ﬁny> ifz> /@)

. 5 :1527”'M (5_25)
z ifz) < £(®)

L TR ST — (R0 5T 55 140 B/ 9 S
1D SRR ARAR D)  J i, I R 75 LTFAAE i 2
L, R R R A 32 U L TR M A
g(O'17,2)<g"(0,17,,2")
(O, ¥, 2") =max v, | £,(0,) -z}

FEARSL A, A 2 SR IH A B A~ A
12) BEHFHE EP. F 2RO ME O STECHIMAE N BRI EP.
13) JIBT SRR 26 - LL— € IR EURE 45— 4K Pareto BTV T H A4t
AT IRBUARIN, AR A& N AR, W ARSELL 2 A R L& N AR B K A
BAZ, MRAAEE B4 58 SR

5.4 TELIC B A0 5 VAR R S50 50 IE
5.4.1 HirgENA

Fi42 AT 3l ) B B A 1 S 2 JE I ) = WKk B R % it ZRLOSHUL 5 7 )l T
BAE, RJELL 0.07m BIRIEEREAT SRR, AL B Rk, eIt s 167
e B R =455 B & 5-4 Fos.

(5-26)

542 ZHNE

RS, REAFRERE 50 MAME,  ER A k| e gD . i
KA IS AGFE N 0.01°. FEAALEREF, X5 R Z 50 E N 0.7
0.1, BVkH I B4 AT JE BEAT B E FOME RO 0.1, ERE AR T, 28 o, WHE
~59{0.10, 0.014, 0.10, 0.045, 0.020, 0.140, 0.011, 0.170}; £ 378 25 5 5 W% PR it . JF
PR, JE T R R BUEE N R B e =2, WA B R R S Mo,
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W H 4{0.014, 0.014, 0.014, 0.014, 0.014, 0.014, 0.014, 0.014} . HLIE AW A K 7Y
N[-64.178, 52.668, -10.800, 17.387, 0.534, 152.009, 43.981, 12.430]°.

Z(m)
X(m)

-0.5 0

05 1
Y(m)

B 5-4 JFiE TAEsEaY B AR¥ 2

543 SLREIR 5 A R

EA A S, MU B 7 RACEIAT 100 UORME, k4
TLRAER 5-2 H,

k52 JF4E TSR A SR K T A R 69 LR P A

SRR E TR E, E,. E,

TELIL B S 3 T 0.138 0.030 3.891
OZHKTT P, =1{6,,0,} 0.140 0.050 4.043
@ZH KT P, =16,,0,} 0.192 0.070 5.059
@ZH KT P, =16,,6,} 0.162 0.040 3.667

HE MR = H S HA TR RS . X TR E R B 2R AR, SRR TR
ORI SHA RN B T AR LTI sl fE , L A T3l e Jr s
HIX I, SOEMRACE R, EAESEMERRINRAE. 52X R HOM S
REEE TR, 1207 FWE 7 arpimitEae, R T ORIEMAIESEE . Zia R
&, ATV E S BRI T S, @ RILiiEst. R, XAl i
L 58 R AR AR IR 5 A REAA L oK . XS F EAE LRI AT, 2
1 2 N2 JE A e i e MR S A I S HA R o WERAUMUE A7 A KR T IE
SRR, RAMEEE T AR AR o

B DWERR 5-2 R IEEE, ROE L B 2B ST RE S A SCTT (N IELLIE
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ZJYRIIZE B8 R TR PR ME 55 B IS el BRI, (H2 Sk 0 SRR - 3X
EE AL E S AL RS R A R S RC E 5, (B il ik
IS 18] (1) 7 R HUE RS o IR ZE R BEWEUE B AE L IC & 2 B ST 10 T i Ariz
2SRRI T RE i R AR TT

5.5 Rz

FEARTE R, B 1A R R B R 1 BR AR B 3 2 ) R AR AL B %
RIE P RIMEZR . R, MWERFLIF M AE 0, SRR R B2
B HHTIE 3N e it Z AR AT 7 o Bk, R s T AR S oy
I B R ER AR BEORIEFE Z AT B R RIS EALTT, IF e Res e Lk it S
B RTTII RN E T % #55, AEE T HUE R vl B0 L, JFR
TSR ARS B ST # 0 H RT AT BE 9 75 3 o S X AN A5 B 0 T H SR GAIE
RIUANF B AE S B ST ER 0 A s i {4 T4 A L RE 70 B RE B AN R 1Y o i iX A
Z2 57 (A FER BUAE A [ R B0 B (1 e RS B R AE 22 572, IE IR i AL 2
A RAT R b B o O 1 IE B AE LRI B 2 AU R 7 SR AES A BRI Hk L
VEfE, AFERIHAIH MOEA/D 5L 45 & AN I S8 K17 SRIHR E B 4K
Ui B AR AT BR AR TS B R MR o AE AR R SR A R ORI, ARG B SR IS
JHERE ER G AR E T RIVILS, SETPIRIEENIPERE . RIS, iRl
R AU, AESR I P rAT IS BT 5, JE R FE 2R I [A) e SRS 1 B
MSH R E.
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£ 6 F FENME ST BEEL R

FEARTE TR, 2R T SCHE HY 1 BR AR IYE 2 22 SR N ] B RN U 5238 L ALY
PrFEEI S B S, R VR B KR AR b A P [RIAR B 5 S B A PR
R, RN HBCE HArR . #54, NAERARaz 205 i R th 382 1A IR R AT
BT BRAR IR S 7, JERAZE T IR SO PR R AR I IS S A .
A T P TH I SRV R A i E AR BR AR K AR is B 2, IR Tl 2 B A 77
IRAE AL [R]— R e e AR R e UE A TSR T IR A R

6.1 JRIE AR AEAE S5 ik
6.1.1 JREETAF IRl

AT LR T E ARG ZEREN R E, =45l
6-1 flis e FEARBIREARSS 5 20 A MR i A5 B AT IR 42, 4%
BRARIN 6-2 iR o ZRARERAR I S AL b 2 O IR B ik “plate” FITEE (K1 AR AR 22, ot
B 297 MR L BRSSO S EREORIF A Z w1 5 4 52 0 ) 2
M#R S 1350, LAk, BRAEHE A =KE, 38— KBUS R IR VUM oz i+
filis 25 RBUR WA ML 2 A URE BO K — MR 4, 25 =R BUN R 58 il
Ja— B RS IR AR SS

B 6-1 14 THEsk 5 T LT X A

AMER Y, B Al KA U R385 2 Toik 5 R € IR IRAE S5 (0 o AEIX A
5, BEORAANUH B HUME I & 18 52 K T AF B e siklizsh. it
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FERT SO O 28 AR B R T F SR AA bR 2R, K B AR AR sl B O — AN TU AR AL
PR . BRI, AR TR AR R R IR, R EURIEENE
KIELLHIZZN KT, SE R E IR L.

0
02 -0.2

X(m) 04 -04 Y(m)

B 6-2 JF4E TR A 5IF 488 12

6.1.2 JREAT Sk

fE BRI RE A, R AR & ZORIE ST (I LIEE), KATIE AR,
TRAEE IR LR BE R RURLEES . AN, SR ARl LR Z [H) =5 Z LBl B
e, SRS R is s A b 2B L B 5 AR A AR . BT MESS I H
PREQELCRAE 5.3.1 /NG R] JHR . R R T EAA AN R LSS5
AT3E AT 55 (¥ K7 R
(1) MR PR L A3 N PR A

AR SL AR O F 8 A TR AR 2 28 A B T 5 BRI«

Jreting (1) = 0.5% (1= cos ) *7) (6-1)

R, o, RRBRBUCIRE BRI, cosy #id [ IRFOIESE RUALKISERR Z Bhi 1] 5
Mot () 3 EAESE . HpR BB A TSI k. =4 BTARAG (10 9 [ B B
T, & eR R EE N . TR o R RAG Z Bl B e R A
B, ZARMOBOKR, e
(2) BRI RE N PR AL

AR AR I 2 R A VDR L P8 . PR O -

!’

K
d—d

f;)bxtacle (d) = (6-2)

t

Horp, k' R AR BRI R R DR P 75 2200 38 L E R 501
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o
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|

0.5 1

0
HA &
B 6-3 £Au4E4 B ARk 2

6.1.3 (&= ENSHL

ARSI R XYZ BRI A R IA R A2 . EA R 2SI AR 55
5 7 i R HEFE A 20 A AR RS OB E HORRC A . fE 3 B R T 55 RS
BENMESS T, AEEN Z Jiede nl fe S ENMES KA MR . RS, TF
uh oy ¥ R, TTRES A SCTTE B ESE s O 1 IRIEE BIE S ] RE 2 BB
AN RERE AT RO it AT USRS AW, K iZ4EE s st R S 8tk
B, RO TR A B8 0 PRUERI AR A 55 1 52 B O -
6.2 F T Bt BRI i Bl S S IAE SR P R MR SR 8t

AT LL 5.3 IS G 1AL B S AL ST SR 1) MOEA/D S9kAE N
BEAMESR . N 7 Bminbilk, S B R R ] #EAT o
6.2.1 FR45 ARl R 5K 25 [A) ) A

FERTSCI IR T, TCRMUME AL RE I8 ) 22 L) AR R T AR R 2 i, L fige
25 18] 9 7S HH S PR SRR T o DA 8] BB AE LB (1 A 22 (B R 6 S Aoz
25, RAETARZE P Rt Kl 6-4 fivs. G, (6 4.3 945 i [
FARBUEATHIMERE, TR b i S (B AR R AR R AE ] 6-5 e ASER
AR R SR T R R R AR, i SRS R AR T, R R AR
PERIAR L 2t — 2P 5.
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O

Z(m)

08 1.36
1.34
0.02 0.04 0.0 1.32
' 0.08 01 1.3 Y(m)
X(m) '

B 6-4 ~ASKAEAZ LG B At

BB ER I 6-5, T LUK IR QI A S 07,28 Ffr X6f 2 ) 4 54 22 1) L AT AR B
— 7], IR B AP A B Ja AR AT AEL RN B A AR (7 28 (4 3
RS ST, USRS R S A 2 RS IS E I, N — MR
{UNIESE R TARAEH i VAn el Rt FAEA <Y1 S p TS PRI DN VY e AEIEL (BN L R
P I M X RN VESS & 1 R R =) S AR ALV E AT U 12 Bl ) e
e, A Bh T m S RSO

IS &
8 8
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(a) fr% 1 IR IR A (b) fr4 2 (A (c) 7% 3 ik~ 1]

4
& & =
k] B k]
g : g
§ 20 E 20 ;

40 40

o -50 0 50 o -50 0 50 100 GD o -50 0 50
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(e) B 4 k7 | () Hr%s 5 kA (g) i 6 HIPsE = [A]

B 6-5 & B #rfz 09 5k F = 1
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6.2.2 FIESZH

FETAR[14]5, R s S 2 18] ) g AR B PR AN LI B 12 20 A SE SR PR
TR T FEREAE S T A X AR R AT XA T RE A Rt R L &
HREKRIE TSR, AT SRRSO .. REH TR 5L ES
BACKATI KIS AT 4l 5, #id SRk 6-1 Pos g4 0is 2 2 SR i 500

Bk 6-1: B MOEA/D B4 18 a8 5h 2 405
WA ZEBRRALRE, FOEEEL N, AL BB M, SRR AR SR 7,
B ZT, AL X =[xy.za fl', BRI O,, fI— K
i Z A ), TR SBNRTHE G, BRXIATIE SR, Ak ks
Ruigr B —ARERAR Pareto i MERIES S,
W SRR EP
1. WA B ARF R EP =@ 5 WA AR 7] 5 A0 A0tk ) = 5
20 MRAERT— AR O, HESHA KT E RO, G
3: FhEEkK: KW SET-ANSBURYERE L, R, RSO RR 4%
HRZE Riig k7K S, HHES 43 AR T T ASFRBERIRI AR, 75 00 5387 2E R
4. WERIXE SR
5 AERCH ROPREE, FREERINAMAIENO,, j=12,- N
6 HEERYE R Fit, = £(O,), i=12,-M ;
7 WIERER SN Z =[z,2,, 2,1 s
8
9

. while AN R E LKA do

: WM BAT X 5257, IR IE ) A4 Rk o Rk,
10: X ST BT AR A AT 38 B B B BB VPN Fit! = £,(0) 5

11: WEHEAE S Z

12: SR AU

13: SEHTARE EP;

14: end

15: fath LMt Ep

505 6-1 23 T50E 5-1 Sudb ok i, 2 ER IR A S EE N4,
16 IR IHE R, A5 AR X P EJE — T T 28I N 2, ek
MIZEURTHEILNO, ={0,,0,,2,} « 15 T KNG HE g/ APIFPIE T AR HOINE
F RSB e e, PR OE SIS N T EIR SRS = AT, X Al 2R 5K
O 2 B SR SR DUAT
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6.2.3 T ERARINEE 74

(1) gk A& s

PR 2K AR HEME Fe ik T PSR 2 [B] 1 JR AR PSR Y, R ] 6-6. 4P
AR R AR RUBEEIT, BT RS S A = A SE 2 MR T . SR AE b
AN AR b e R 0 T AR PR WSS S %R Pareto I THI P8 # BEWE IR 4 345 =
N AR AR SIS A SO . I, AT DAIE 2 o Y AT M
Pareto B A B A i = AR AL 1) @R A T aa Filke,  ORAE A da Rl A e i 1k
fEo SR, EASCHGEMSAMESR T, $E T AELRIEF S BRI B I 5
TRIRIFRCR . A BUARBERAR s B RS B R By SRR, & K
EARIIIE Bl r) P ) S AR R R AR AR o BB, AHRE PN B AR R R R PR
AREA G W — MG IR Pareto BTV B L-F- T Ja 45 s SR B
IR R R, HESRITIAER. Jutt, &g R e S AL A

PR RSN A 2R
BhAR 5 ’
ANk
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SENAS H AR A PRS2 [R] SENF 1™ H B A2 ) e 5 42 1)

W~ [ Rgagdheite T sigokmiid [ #RXE

B 6-6 AR K iEAL

(2) X[ 2 g

X 1] 98 2% SRK 2 2 T LA 13z o 2 S VR4 H A s i, o A a1
6-7 FI7m o AZRMEFEAEAE — DR Ry O B B 2 B WEAT T — 1T
RIR, J& TR S S S SR o EATIT AR s AL R PR B S IE I, BB A 2K
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6.2.4 B BRI K

FESE 6-1 7, S5 BAT ISR AT AR 3 ZEAE OA RO, AR Fa 6 2 AR o UL i
Hi JEE LA R AR BR 2T AR PR AT i B AR AR A 5% 6-2 P

Rk 6-2: A RARII AR
M BARREILEHERE X =[x, y,20, B1' . BEAHSTHE m,
SRR E0,=(0.0,.2,) , FIRBERXTERO,
RIS e, BT—RTTHAO,, F— K Z Hli i 2]
. A RMA
D RSB OT I 6, = bintoreal (6,,.z.,SR), 6,, €0, ;
T B bRA SR X = calmatrix(X ,z,) 5
KRAFZBAC RTINS AR 6, = ikine (X ,6)) ;
ARBUCBER TR0, =10,.0,1 LA EL row:
for i< 1torow do
if 57 AW e F 0,[i1e ® do
THER R R AL 0 X, = fkine(0,[1]) ;
if 5XMRELEZIEEN|X,-X|<e do
WRZAMS « 0[]

A S AT N A e

end

—
4

end

11: end
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D FEALE RS EACRTT R BUE: A X (AR, P2 2R i 2 il g
AR IR B XS HAR B R 20t B AN SR A (R AT 4ska2E AT 2
f o i pR A B O SE PR U M TR e 80y 1 3 (6-D R B .

2%(i?&)

0 = 2f1 ~ SR+, (6-3)

Hrr, 6 2R i MRTEE, B, =W R ML s j A, SR 2R XHE
MEET, H TG R4S nIsYEE, 0,2 — ML, 0 MmtxTiE
B, Hos¥i] bt gm b B ok B 1 SR 8 1) X 33K

2) TFEEPUEFE M BT H bR R R B — 4 z, A SER AR AL
1), MAERENAMERIETHEW R 2 AT, HFR L E AT B AR L. H bR iz
X =[x,y,z,a, B1" PTG = A0 EE R AR AR OO B, T P S 2, LI
H A XYZ WRRLF

3) AREIHIGE: WRRYE ) B N E R T B R A % AR
fife 5 EEAE ISR PR N 5 B8 = 25 A B aR R 1)l A 553 /2 DG C H s A v 67 248 FAT R
FEER . AR5 4 Frp, ARSCHHE T8 H S8 T7 12 3R BRI AR IS T R S 3Rk Lt
Wi R B 2 S s 3 A, TTIE BEUE AR R M. ik, A S5 3.4.2
AINTTHR RS BETE RIS, 0 m A AN BRI BRI AT I 1

[0, —0] <<, (6-4)

|P,~Pl<e, (6-5)
6.3 SR TAE W, BB [FAE b A B S2

6.3.1 HiESHKE

FEARFFETILEA 4 D EIRRE A TP AT SR R AR, &K

SOEE PSR, KM R MARCRE R BN 56, FIEA R SR AR T AIELE 20 AU
Pareto [ H 5 /NE S FE R EUERFF AR . Ak, HAR S EIEAOC M S 5k &
#5542 NFORFE Bl BETRNMAN T BRI RE. H5, E8MEEMN
JER BB E o, % B N {0.05,0.05,0.15, 0.05, 0.20, 0.20, 0.15, 0.15} ; 7EILE
TR PR R S R A, SRR TR BRI R e =2, W B TR i
LR RN B H o, WHEF{0.014,0.014, 0.014, 0.014, 0.014, 0.014, 0.014, 0.014} ;
MR RERESIMAES Y, o, REGRE 1.1 EEEEBYINES T, N TF
M7 1% 08 LR R RO AR E R, KW AR R E A
k'=0.01, d, =0.05 . HLWE HIHIEEF % [6.306, -33.273, -18.344, -22.357, 21.784,
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6.3.2 SEIGZE R 55 Hr

A8 FH AR SR 10 SO SRVA AR RO 3% R AL AT SRR, JFREAE ROS i H
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