= [T

1 Booxs

(/R B 5 3hR)

INTRODUCTION TO

ROBOTICS

IEEH

-l

L.



Introduction to Robotics
Mechanics and Control (rhird Edition)

FHETEEEMBEXZHE "NSAFFR" RENHEEMA. 2IH
RIEIT. BREEZRKFRAAEM.

CraiggZIRIENBAFIE R, BERNIFRAZYSES. BRRBAENE. &
HAFE. AEFHEFIREPHFREBINEIIRAZIHE. SHAFIES PHRE
HITTEENEE, EEHS%, AIFANXYH, fIEEESME, FIMHCraigHiRaEN
#HAFAEGSRANEE. FRERUSNBAFMRIEAIZRZE,

fEE &I

John J. Craig HiBiR KZEFEHIZ.

EARSON
—

T‘n*mn- i y
Hall www.PearsonEd.com

FRIES: HTHEILTE #A
ISBN 7-111-18681-8

E = 7 M 145 . www.china-pub.com

= $aEaIEE, (010) 88379604

'HZ BOOKS MgHnLk. (010) 68995259, 68995264
NI EHESM: hzjsji@hzbook.com

) ISBN ?-111-18_681-8
SR - v M Eﬁl\ 4200?]:




(%) john J. Craxg | =




EHALHRILENENE AR, ERAFEE: ILEARESHILWNER, 5|
RREHEHDIOE, SRV XORBEISE S, LS AR,
Fo ABWEARENBEALIEAZLSROEH, L4WRET. HhIaEAR
SRMAMMREFEL. SaE#E%.

APHAEA R FRRHAX T LNEMREES, haTHEBERAARS%.

Simplified Chinese edition copyright © 2006 by Pearson Education Asia Limited and
China Machine Press.

Original English language title: Introduction to Robotics: Mechanics and Control,
Third Edition (ISBN 0-201-54361-3) by John J. Craig. Copyright © 2005.

All rights reserved.

Published by arrangement with the original publisher, Pearson Education, Inc.,

publishing as Pearson Education, Inc..

A 33 M A Pearson Education ($rA: % iiRIER ) BOCB(04:%E, TREEXR
HeeE.

IR . @R,
FHERME JLRTRERITESR

ZHBEHEIZS: BF: 01-2004-6542
BEERSBE (CIP) ¥iE

PLas gt (RBH3RR) /7 (3%) sk (Craig, J.J. ) ¥, % -4
HLBR Tk ik 4, 2006.6

$ 47 3: Introduction to Robotics: Mechanics and Control, Third Edition

ISBN 7-111-18681-8

.M D.@#E - @% - MPLBAZE IV.TP24

o [&] Rt A B 5 T CIP¥ e 7 (2006) 50210075

PLBR Ly AR (e st skl v 75 1E k#7225 ERECHES  100037)
FITGasE: Frte B 4F

ALHFGACHIRREN R EDR] - FEBEILR K TB &7
200646 A % 1hR 55 1 2 EN gl

184mm x 260mm - 20.75E[ 3

Effr: 42.005C

LA, mAHT. Ko, 6y, dAa3griia
A hek (010) 68326294



¥ & F

LB A ARRENM. BT, AZEH. HEIUURA LRSS L 2HGEN -4
PR AR,

AEHABRIRBANDGHOETHEZAHLTEMAZIM, XEHILTEHBHE.
5l fnrp E 7 R TR A N, BREHARESFHGEMARL, R KR\ B
%, GREZARBEBEEEZHAOASRD, BAATIRELKNEFBEALZRT —R A 308,
17384E3E AR T —FHLEN, 173EmMRERR - EPHRVNEA DB SHHE
MEi®, 184K AAARBINREXICERSE. HEEEHRBIAIEANEXHR. HiEMm
FERVLEE AR REEA REJLH4E. Lhrtb, HIEEX LAVLE ARME BN HIEA
B, 19614 X EUnimate A G4 THE—GEHATUHEBA. 1980FEFHEAFFERLEERT
WAL A, EHbr EFRXER PLEATE". BEVLY. BaiEHER. HEIBARNER,
EHEIBZACHREHEREBREBIATRERES. TENLEA. UANEAN. 2H0E
ANESZELFFR, 20054294, AACHHHIH e EENR ATERRANLEA.

A5 R 35 W BT AR K E Y] Craig BaR A HL28 A2 FIHL 2 AB R T 2 EMFRMEE T
BRI B . CraigfiZRIBHLE N EWR A, BERMIENABDES, RRG L% o
M. HLE RTINS SR e b O RN E UL NE )%, B D fiEslh R AT T
FEERER, IEERE, NEARAKRE, BIERESNE, RELEZEEE, FRREKRER
75, RBHCraig RN R AFHHEERDEE. 2 ELARALSLBALHTERNL R
2.

ABE1-3E. B~BELRMHIBEE. HRAXMES | HAEME, F4ELFER
BB, BSEMKLOEMIE, FoEHRTREMIZE, F7. SEAATEME. 2PhREs
HEE, HEBHAEIRE TRE, SRR EZOETHERE.

AR A BRI RBIRENEREL.

FHAEINME T LEE L. AL LIHENETLESFERFR 4. WLhkE
TAEMBFEZEZYR, LTHRAFILSAMEHERFHAFRLENBRARSS%.

BT EZNLRIKE, BhfaFEl Lo AMER, RADZEMITFHRE.

® &
200549/ 288



—_

Al S

BERESBRINET 8 MR TEEANIBINR AR, WEERE LEPINRT T X
— A, AR, ODEFRALRRMINNE TX K. EHLE NSRS, TR
HFHEZAMERLANNL. HE, SILamem AR, YAHLE %L — 0
ETLAMTRAY. WFELXANERE, A EFL ARETXAR.

HLEE NSRRI BRSO B AN, R, JRSD SR BAL R 5o B A 6 K2 5 T Y
hie. B, XE-BRAMES, ELREEZRLM G4 SURPTEs,

BlA, L Ak E IR TIEE R M A SRS RO . BHEHE Ak
B BRILE AGRNFA DN, FHik, AREBEFZAHROABETS XK. EEEN
Bk b, arHLE AR HTOA R ESS: HUWERE. B, HENMSERA T 6.

AB EHMIRENE S TRMIN, XENE AR %R, BRAREILMES
SR L. FEGMLERE HYE. BHER. HERRE. FABh, B1EEReE
AAEHL DRMECENEE, oSN ANHBEBNEH, BRENEBERTIEN
BN, B4, ABHBTLRIBES I ERENE. i, 5H%EURENE—&
ERA — R B T O 1)

A AU TR R A 1983~ 198548 B Z2 M) “HLEB N %S MYEL. BURREMRIE
1986~20024F (A B i B K B . B3MRE L Tixtep H, HEHREL HENRIBELRTE
MRS . 7, T AREE R A A MR R A T R 0 A AR RS

ABERNTHEERARE RS RERTAIRER. EERIRERNSE AR 2R D3R
BHEEFTEMIER Y —, RIS AK, FAESERTENSRIESHE, X
BWABT%5. i, BRATSEESHEEHEHAITRE, E%hx TEEL_RE RN,
ABW BT —RUGE, ERAHTRAEIE ARNMR. SNEERNNL, BREH
BENAFETIME L, BEABWRER —ER/LBTEN. EHHEAY, RERSTE
. HENBER. B R a4 B R iR

BARAABEBMILEARKNI R TRHER, RN FEMEENEILEAFRLE
A, ABAERYEEFELEENE SRR . R, 200 R ST & A R
MAEES SHLE ARSI A R, FMAE A BERANT A,

HIMFE2BAREL, 4138, RBIMELEA T A %MUEHE, MBELEHAY
12, BERE KB, PEML, DREEEARIESE. A BERSHMAILENE
EETE—A; B, XEFSHARHA—BHEMREELNAE. ASEBNIEEREY
— R R BRI ECE R AR A S S A B . ik, AT ER HEEIR
EHE 5% IR A BRIEHIERHR

EBSNRERE —ANE. ABETSESRNHESHANIEMRERY. BE
Z7E (0013 [501.2 Al . [0014 B i A0 H , [5012 MR sk e ® . M, —

© #EH T 5D.KnuthfiZE (The Art of Computer Programming) (Addison-Wesley iRk ) RIFEMIHEE FER.



v

ANNHEEREE, 5N ANTRIAAES, FHik, ERREEEERTAHE AR,
Ant, BeFX PR LR B b kX o > R A A B AR HY T IR

FHEENARR. A—"REEL, #ATTLUIRZENMIRNHE A ERN =Y
BEBd. INMEANBREEZUIEHALE -RBEBOMARE, WA L2 ERBAT
TEZAMRES . S mEEVARSIEN—MELPER L, FIREBLEER, EREE
Bl R IEB R ERIF .

B, BOVERBEINR A T AMATLABRI S 8i. 8 1~92 4451258 {# HMATLAB
M1 . X262 R 2% K % fURobert L. Williams UEIRGRE , FoxHh B #0 STk I 75 %
- . XSS RTLARL A R K FIECSIROE ST fl % 5 Peter Corke4i 5 IMATLABHLEE A%
LHBEC #H.

FIERILEZALOEME, M8 - SEREE. EABRENARHREROSS, FHYE
H&HERHNE.

F2E AR S gEm RPN E 5 BRI, XEMCIEENAA: BidE Xl
WEREA S SR B = RNZHmE (4. TR, ILEABS) BRAREX. E AT E Y R
5 THEBH AR TR E A 5 Rk dfidx k.

FIFMFEAF I ERERNILAER. TEIMIEXEPNEsI%o X, x40
KR EH AR F ESIRXFisshf . EXFHER, BMNitRREBEs%, HERRE
BBl PR (E R A AL L .

PSR EFFNPIETCEY BB e h .

FOEI AR TIERIER s R . Xs2BRIERE ) H¥E WM,

FIERABRIEREE RN 3. ’

FEEWRIFZ SBREBIRIZITA RN . Flwm, &0 40RYTEEEN, KT
KU RS2, BAENNAR.

FOTMBI0EMITRIEF ST GEFERARTIHHEN), EHEmBLTH LR
FERZ AL . FOBMREMIEHIL ., FI0RBWRIREI L HHIR.

FUEFSEREBR EIN HEN . XM R AHRIER MY A irias, s
FHEAEREE MR EREIE R TIEEEE, R EE AEREEr.

FREMAIEANGRELE, FHRIEAREREPHENEANAEUR S TLHLE
N GRFEAH S IR Ik [P R

BURENBEXGAMGRERL, KPNMEBTASHLEANBEONERTER.

AR B E M R BI B X ABNFES A . Bk, BRiBHIHEAE K ¥1983~1985
JEME219BERI R A7), b IFE = 2 J0REH R BL T A 4R, 4R Ti# £ 2. Bernard Roth
BRAELH AT THY, SO ERRE TRITHOER, mEATRM T 28 R E
. {ESILMAZ ], HAEFH 7RG ERENRE, MiEREKTHE2MR. Jeff Kerrf§+
SHE8EMMES, Robert L. Williams I #i%it T E =B ERIMATLAB>] . Peter Corked™
7& T fbyRobotics Toolbox (Hl2 AZ T B ), LA A% FAIDenavit-Hartenberg 5 &

EE. Fi, FWEFEBBRIEEEN R A$HENSHMarc Raibert. Carl Ruoff. Tom
Binford fiBernard Roth,

© X FMATLABHLE A% T.HE. i&iHhttp://www.ict.csiro.au/robotics/ToolBox7.htm.



V1

BLERBK B AR R ¥, SILMAA B, Adept2 RIFIH fb b H RIS A, HBIILA% Fh
HARXT U THB), T 1&John Mark Agosta, Mike Ali. Lynn Balling. Al Barr. Stephen
Boyd. Chuck Buckley. Joel Burdick. Jim Callan. Brian Carlisle. Monique Craig. Subas
Desa, Tri Dai Do. Karl Garcia, Ashitava Ghosal. Chris Goad. Ron Goldman. Bill Hamilton.
Steve Holland. Peter Jackson. Eric Jacobs. Johann Jiger. Paul James. Jeff Kerr. Oussama
Khatib. Jim Kramer. Dave Lowe. Jim Maples. Dave Marimont, Dave Meer, Kent Ohlund.
Madhusudan Raghavan, Richard Roy. Ken Salisbury. Bruce Shimano. Donalda Speight, Bob
Tilove. Sandy Wells fiDave Williams.

AR K FZAIRothBAR R 482002 JE Y2 A A THHZ LS NIRBRHER TA B2, e
THLHIR, XERIRESIR DM TEIT.

BJ5, BB ERif{Prentice Hall H i # £YTom Robbinstt i 1R FA R 48 T A5 S5 8h .

J.J.C.



FEF
HE

12 BIERIIU SEE

DY 3¢ B

1.1

1.3

B X

®2¥
2.1
2.2
23
2.4
2.5
2.6
2.7
2.8
2.9
2.10

g’f'ﬁﬁﬁ%i&

Hik: 8, BEGHERE e

B NSBAR R B AR R oo
%:}L: I{Zg‘ ﬁ%%ﬂ@ﬁ""'

BEMEH -
AR e
R Y.y .

HHRBEEHR
HESH -

eanar

%E;]E 84488848 atanasnsacecesnoscsnssacsssosssnssas
MATLAB>Jf&2 -

FIE REFEH%E

31
32
33
34
35
3.6
3.7

ﬁ)i ...............

j(—j-&ﬂ:]}ﬁj]uéléﬁ‘g E{Jﬂ% ..................

BRIEBEZE -

WA, KRS RIS -
B0 FFSUIHLE ARDIE S -

3.8 MAREMIERMER AL e

3.9 TEBUBELL -veveermrrrermeneenereeeien,
3.10 HERMB -o-oooeeever e

MATLABXI]EH -+ ceevreeerermemrrennsinninninenns

BAE BEBBEFE oo 78

4.1 KR -
4.2 FIRRYE - T
43 Un<OBHBIEE T MR oo
4.4 (RBREE G JLIARBEEL - orvveeerreeonerens
4.5 SEIEEH S TR RS
4.6 ZHWAEASHIPIEPERAREE ---vvvevvrevres
4.7 BRVEE BN e
4.8 BRUEABERER v orevrerereerreniens

4.10 BERERELIGE oo

411 HBRE - vrorrerreererrnree i

P54 S P
BSHE EFERBA e
5.1 HEGR coeeereeeei i
5.2 BHBALEEIIBEE TR ooeoerrrrnnnns
53 RIS EBERAGEREE - oooereemerees
5.4 SHEEBERGE—BHIGE ooveemerennns
5.5 HLEEAGEAFRIGEY -oovevrerereooremennes
5.6 SEFFRIFIBBEEIE - ooooerverrmmmrnnnnns
5.7 FRETHL -ooovvvermmmorem o
5.9 {EHERIEBLAM D e
510 FHIBHBIRERTEL oo e ere e eeennnenein

-103



VIII

5.11
EEP LR

BEERNE DRI EILA L e

MATLABj@ ....................................

BT AR HE o

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9

6.10 FIpHRILE

6.11
6.12
6.13

BB o reereerine e
RIRHIIIE o ovveeeeerereenoneeneeenes
BB APAT covreermreeeeereene e e
BB BRI IR vreerr oo
A 45- BRPDE R ¥ TR
BREASHAEIWHHFHRE
WX R RS e
R D R
BIEBH HEOREB A AR o
< Al L FE AL

BRIERE T TR oo eereee e
H R ABRIABRL o oeeeerereevesereenes
I 1,0 - RTLE T T PRSI
TR oo ereeeeemreeeenee s

BHTLRR oo oo

21
e 1R

MATLABI] {1 -+ eevrereereeeemmmmmemeesineens

MATLAB ZJBH[2 - ererreeeerressneennnnerinniens

MATLAB ] E3 -+ o eveeeeeerereemmeremmemienen

#1E ﬁﬁ%éﬁ.MMMW”mmmm

7.1
7.2
7.3
7.4
1.5
7.6
7.7
7.8
7.9

£ 30wk

mL beadneresvresrsaans Ceemeen
EF AR TR IR RIEE -
RAGA PR T weveroereeerereereenes
A JLES AR T oo e eereeeeens
i LB R IR ceooeeeeeeeeeeee
N Ay A TN
FRNEARBRESHARE -
B DR ER] oeeeereee
%ﬁtfﬂ*%é*ﬁl‘ﬂj ...........................

124
126
127
128
129
131
131
131

-133

136
137
140
140
143
145

147
150
151
151
153
155
157
158

-159

159
161

161
162
173
175
177
178
179
179
180
180
182

MATLABI]EJ --e-evevenevenvrneeeoniinnn
FRE BB WHANAREL e
8.1 R oo
82 HETEFZERAIEL oovoeeerree
R R B TUE overereerenes
8.5 TLARVLMSHBNA oo
8.6 BRFNA T wororrrrerrerrenerrenee s
87 RIELAEFE wrevrrremrrrrerveeeirnnraannne
8.8 LEBARM oo

8.4 T ez

MATLAB & -

#9% ﬁ#%%&%fﬁ .............

9.1 K -

9.2 FRIBEHBRESE] o ooeerre e
94 TIREGHIHSE] oo
9.5 FEHIARIIDMR oo
9.6 MFREREESE] oo

9.7 BT -

9.8 ESRMT AR Hil 5 B o Al 2 il
9.9 MEWNHIBBRISH oo
9.10  TkHL Al sty - .

MATLABZ]E -

#£10% ﬁ%%%i?&ﬁﬁ%ﬂ

10.1 *ﬁﬁ .....................................
10.2 BB BRI AS BRGE vevrevrererreeees
103 ZEABBHIEBIRGE o oeeeee e
104 BRVERERIESEIRIE - -oeoveeeeenees
10.5  SCBR R BB -+ cverre e erreem oo e
10.6 METTAHLEABHERERS
107 ZRETEREEEEDHF e oo
10.8 ETH-RILZEIHEHRGE -

-----



109 BIEREASE] oo
BIECRR  ceveeeererree e e e
viopo BT PRSP
BT BEFHAEE
11,1 SR - ove e
112 TokWLE AfERECrE L B -
113 YRS PSR -
114 HHFRSEBEIE oo
115 BE-BERSEWHHERH e
11.6  HERAEEITHHE e
117 S8 DA Le NS HI5 koo
B e e
%uﬁ mﬁkﬁﬁﬁ*ﬁ%&%%
121 k- .
122 HLEABEREI AR - oveevererenene
123 REASEH -evvevererserseer e

-248
-248
-249

252
253
253
253
254

-258
-258
261
-265

266

267
269
-+:270
=270
-270

124 MBABRESHBERME oo
125 BLE NGRS S IORETR IR oo
N 3¢ BT SRR
53 -

%Bﬁ E%%ﬁ%% .....................
132 %f&?ﬁ%?ffﬁﬁﬁ&»blﬁ]ﬁ ...............
13.3 SIS EE -
13.4 %%%E%%%Eﬁ?ﬁ%
;]ﬁ ................................................

MFEA ZHEBEZER

HRB 247 f 4R R i HEIER X -

WEEC BB R AR oerrrerne e

%Bﬁ‘gﬁgﬁ .................................

%\.g‘ .............................................



RIE & 1€

1.1 H=S

Tk ARG 2R U AR T B A PRE EFTARERN . IHADUBANEF A LS
Rt Rt A RIERERE R, MMEREFEDIERX. TUNSBA20HL60ERET
BER R R R &Y, HEMUEHEBIRIE (CAD) R4, HHEMEBHIE (CAM)
ARG —BEH, IRIREIE L AHABRFTREES . ZBEREESIST A
i — A SR .

AL, 20H4E80F A AL WL AR AR L, BRME - MEEHEE. WARE
g, TS AT BARGHIAT R— A LFEDEM, BIRAMREK (B1-1),

B1-2RkB TS NEHR TRET W XKNEREFEHRE. RIMTEBRR BEANETHFEE
MEE LS HMBEARR: 15—t b KA A B TS AR S B ESLE A
(ARTX hL R R IER T k% ). Bk, HANGEHRFHEEKkK.

ToalpyLes AMEARYM KN FEERFRI &AL, B 1-3RUE201H2005Ray 14271,
PLS AU BT 35 3 A B in. HLEs NS OURESR R |, i BB AI7E Tk SRR 18 3 o
AH—EHEER. RIEEHESH. EEARYE. MRESRFFEIPBREFEZREN, K
AL AR AL BRI TR 2. TR AELERENE R, 3D
AAWi R, BTk k% B E &S TRALEAEZME. X_HE TIIALEA
THHRBEOTERE. KREIESFEFRERR, MEBEILSEAELEDRHEE, BIITLART
B Sk SR A 2 RE ST AR

BAR TS ARIRH A& SR, {H20004F 72 35 L 78 B HIHL 2% A ) LA TR s fndpit i
BEk. MAESAEREHOGR, Fladls ARREL, WESHEAHI0%HIHLE A,

[ RN SCA ) ]
1200 -

1100
1000 s

VEL
g

700 -

g
g
A

500 : —
400 [——— gy ’L..._‘/

] — :
I 1 1 L I 1 1 1 1 | i I I I 1

00
1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

E1-1 dbETAHLE ARG R (B BHET) @



60 000

50 000

40 000

NN

Bk

30 000

B

20000

10 000

1998
Aank - WER  DEM

BE1-2 1995 ~ 20004 & Ff il Tk HLaF AHOAE R4 |

160.00

B A HAL R Tk ALE AR
ISES

#12001 ~ 20044 Tt 4F 2 ™

140.00

120.00 pre—— L S

100

100.00 ——.%

80.00

g
1990:

60.00 —
40.00
20.00

I I I [ I [

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

E1-3 20120904 L2 AT S 5 A

A B E MR TRIEFOIATIERER, RIFE
AT AL NP R EEN—FRY. BIEELS TRIE
Tl HLEE A2 R 4L mE -4 R BT BN
BT Tl HL2 Afdees, Mz (NC) BERNIE ¥ 1E
M TEmE 2 S . X Rh X BIAE SRR B b R T A T G R
RE DM E . MR GRS ERERTLIAL
FiOH®, MR REARIE T LA . R —E5iREHN
FE I REA IR E R PAT R — K BES, —K&MEE
RAERAMBZLEKE. NABRHEMEE, RITEAR
X AR B, A5 AR 43 N 28 3 T B2 A T 4% ol AT 4w
AL -

— UL, xR I HL A R R R A B ST
AR THRIRE, ERAERXEGEFE PR A —Fl
L. IR T RER D HEMDERE TRRIER
AL T R B T AL T = szl &4t
Febks PEHIER L KB R B B S h R T AR
B E S S TREEA T T 8R% & T L%

T ERA I ELEE

E1-4 )iz A Adept 6 HUBTF
HoNHghkT (LAdeptA E]IFHT)



# % 3

AEORIRH HFRABARERMR T TR ESHENRETS .

1.2 REBHNASER
TEJLEB—ERIE, X XEPHED RN — LT .
(&R

ML AFTR D, Rl A e = % i e ST MO B . 3k BB UL M o B B 3
B, BRI TR, RS TIEZ AR R i . Bk Sk o
AR T BRI (BRSBTS S T T IR R R
EBE,

dy TR AR, Bl - B R F— kiR, HBERT, A
RIS B 2k PP Mk b BAEA, W0 1SR,

R BRERERA G ENE SR, RNSBAERFAEE R £ AFHHES
ST FEE2RE Tl T I — o £ ) Kk o 2 L 0 2 PO R 5 B P
YR

RIS O % 0L 28 A LS ST A A 2 S0

IR EETE

NSNS, TAZEIEXMEINS. EEDPH, ROFALE. &
B AN IO B B T R i
IR sy . ERE, BB MR R
B B 4 08 JL (T P AL b

JUST A B A B R SR AR
FEABIEFF IR B TR A R W R, X
EEARA G BAGRE, FFI B AR AR
AR E . RREET, XM
WEWE., —EBERSERD (B8P %
W, WABABEFNEBRERED, A
A BB B S 3 RS

SR B Eh BN A R R b L B
GEERIBH, &L B R TS B1-5 EdiR (BHR) THRRER
BB R . © B A R AL AL e RN
W, B, TOFFALE RA B EE UREEHSATUBHRATE). 3 F— e
TAALEAKY, fTRESAIMRFROBHE, WAE LT EHE— A shreE i
X, REEYRASTALEKR.

R TR R [ i . RIBILE AR RIS A, REBIT B TR —A
SR, M. A RBRERRIBEE. ROEYARETAASNES LW TRAERE
RIBERIOME ., 5 TR EMM R SRETE D REAROESRE (B 1-68R).

e BETRAR RS,

~



E1¥

EREB S FNHAP - T RYENFRELREBEEHE. HHEREERRIITEN

MLEMESE-HENILMAREE. BAcki, 4
E-HRTANE, EsdhZERERTHHE TRYHR
R THAFRAMLBEMESR. —BBERT, &
IR A R AR b A A =2 18 4R B R L = ()4
REOBEB M BERRE . XA RS EL 3P iEm
ik,

BRIERFIETF

4TS, TS RBETEEE. X4
(] gk A 45 o R 1R B R R BT A B AR, i
HAAF RS EMEMESKHXY A (mEL-75
). XREBERLERA AT A EARE.

AR — A B AU R, AR A2 Ed
i F G REBE AT BT Rz AR kg . T
MBAXHE - ALEREARE, RNFEALHIT
BHLrh A R — R B R SR IR A (. AR
B LY, iR KX TRIEB Rk
WA REENEY .

BAVAA XA “ELL” s M FE, £HILE
AL I\ = 4 1 R L2 T i A 0% Y 2 [T R A
L HL2E A B ARDL B S = 4k 53 fE] e bron e, R
FEAT XS . e RIS NEHEIRE
M, BMAGERAMERED (FREBATRE)
FIMEME, FMCR-RFIXHER (Flangx
WA p e ERgd) UskBlaslisg. BROR
PLEE A RR A id R B AL ARSI AR
B3, ML ABEERMRBERBERILEH
AR, RTAECLBERI—EGRAXH
B EREER T HLEA .

03

B1-6 EBEzh¥hRER T &N RNTERE
TRARR SELIRRANAEXR R
zZ, I

Y 6,

~

x »_J Z‘V

83 ()

X

B1-7 AT RARROCEMES, @il
HBHFEAUHRERTER

WiEHFE AR ESHFIEEE . BABHEHBREIERMER, RERERFH AR,

A RETHR. RRRHTROEEED SRR,

EREERFRS AR 2REEXEROER TSI S FENTBIHLRBIEDER

B G T — R LR AR

ZHFHRBOFESERETRETHIEZE. THERT BIRRGETEZRZ,

B E B AR BN E A% .

O HwERILAERS, RIVASAERRMAZN —AOEE, TASNZAERERDENES. FHH

MRRAAE & B AR,



% 7%

RE BN FRM

BRT o Wit S @ iR 25, AL Ry riEsh b RIS . HRIEE & BT 4

B AT LA b 05 (8 M AT LM S BE 53 7 . W) LR
B S ST BN % 7 2 ] 3o 170 o L2 I 5t e P e
(AP 1-8F17R ). X Fhs Gt ok ZBE B R 1B (M Y2
feimzeft. LR R M nT LLAERE A AL, XX
FrBLSR A IE B 2 3 T R 0 O % T35 AR P DR
T EEMN.

PASE — R HE 5 K 8k b A 7E B R B RHLIG Y
BURFAB] (AnE1-9F77R ). 24 7ERT EEAR #0725 B
REEHRHLRATH, SRR T S A .
AT EBGX RS, J5 AR AR B % 35 2 A P A I
e BRI L, XFEA B BB S BIBERR A 05 6L
A, EEXFAEE (B ERE), HUeT
ATLAE S8t dy LA BRTE AR ] 5 18 9 B .

?‘

6,

E1-8 RATH AR IS T 2 H A LT
o A AT LU i e T LSRR 2o

o AT iy
v I

BI1-9 S — R AT —A 64T ARG BRI A0 230 AL
R B TR RN 32 25 57 K HIREMR)

—REHLHBAET AL 15" A5 M| HUASFRERHLIFMEIF A, SikRER, #l
HTF BB AR R J5 AL LAE R T AR 1A bt o WL S % 3 T3 . bR Th b ki T bl

7 —SREHLHBAE T AL 15", MATO R TS| LA TR EALIEIF da i 3 HF k. Bl
R, FIXT TR T R Ak k. Bk, B CIHRT CHLE EF. &HLA
frixPefic? BRODIXAERIE S TRt A RES ME MR R T) HURTFRIL, MBH G Moy iE
LTI, A bR Rl e SR LA T A f . ELR A RE LA A e bR 53 0 Bh P S 75 A

BRI i B ik BpL gk 1!



6 El1¥#

BB KT R ECHHLR RIS R misks] R E M REEL K RIETE
B TR R, HURBE W B Fs . Ef TRREREAERE. h TR
BRI CHLIE LA AR, LR T et T RERLIEER AV E L E 7 i hiesh . Bk Er
FRALE LM E, PUETREEMEERL T s kR B AR, R BfRES L
RFIE LF, tFEEERLITT KRE BELST5 (L hiE 3h!

HUA T B2 1 LA 15 T H X A (el G 2 B TH H SE AT IO LA SRR S X A RIS 7 2%
MiE &R XA RBEHAR S ER. FLL, - RAERTHHRTOMNE HEREL
BUER R REAS B S X A I . MHLAAL X FhOr st Blandlig R B i LAt aisol, Sl
M 57 b ket . kR, b FiX s, GO AHIIBEARTHRAG . &
MAERNFERA H BERBEIRN G, BEX—m L, Kb AREHRFTARET .
FExMr &, XHNMEHRE, RERE - TAHBE—K (EPAH).

PG A i AT I T RGBT . TR KRR B S A X R, BEILEA.
FAE B —FE, XA BHH AL EAFEEX TEZRNERL, AR, P
AL A e U 2 B I 2 I — 2R R

BEBHFABRELHEZRANARED, AR GEMTASITER. HEn—1T8%0.
TEIXFE 0L T AORIBIA —H A SRR T NS ™ A TR B AT AT MouxA
[}, B AR U PR e B o vl LSRR

;h=E

BNER AT ERTAG, BB DT REND. B TR AR L5
R, AR BTN R, BRI, SIS HEH B
Rt DR BORTIL® . U PR D .
RO R AR A7 5 55 £ 102 TR R 45
P, S AFR SN T RAFHELL R 40 B SO F Aﬁi:.A
B AR RIS R, B R
02 75 B RS 5 DA
14 ABA SRR TES 2l (. (
MK B A, RATE R, (B0 E0

JUPRZER), X R R ER T RS R R F A “y
. XFHLRERN, AFEHRIELARNZIIY o,

k. BIEREHNARSREFIM T REL R I AT, "

Fail. FH, BOWENS AREEsEHNER

R A es hEHEEE.

HhEHROE-ARREATHR. BT
B RUMELAR ) H A R EB R R L Bk R, x B0 SRR
P AT L 7E—HR 0 3 4 1 PR T RHR R R BB B AT O MRIEREE 2 R RN ER
H (LE1-10), BEEFERDWESMHERANTE, HEEFSSREH ERMEL

O BAVHXT B B AREREHEBOBAAE, CALUERN. . BEGTMATIA.



# % 7

BRMKBEE.
EEESD, BMUHESR T HEHE, XEHHEHETHTFHRET R E.

il B

R — AR B 5, BT AR A S A RO 5
KB, LT, B A % RN
RIS LS, SRR NEHL D
PODIR. S P T 1
sheEse (LE1-11).

W, — O (L 2
FAR. T AT B 2ok ) AR
B AR BB B AR
i MR A T T — R A e
5.

T AERHRHT 28 7E 2 2 — A LR
(BICMRILITEAR ), A 25U BT 5
MBI RIIFROLFED. &
BERILOBERAERTR S ML B b T Bk BT 2 A2

BRI S B 5, BBABNTRNGUHE— " EZEshiE

6s

REAER LRBEER-MEATSMEANENKE, BNLXFAELE, RIEY
RIHLM IR TR BB TS e .. RITFEANEZBEMLARST . mEL R AR B G
HERE, MEEEZEIIXTHEEMENRILAIA. IERBLWTRER THEZH
B/ NFOERT . R SRR BEL R S A P IR

MBAFBEOXRTEE, IEARBRTS, BHKE. SR, EOMERRLER, &
triveid. 5 TR AERABHNEAN, TREFERLR: —RHEIFEEFIZIHERANE
A, B-RREEUEEEHEMESHERNEIA. HTERUEA, FHZE—TREH
EREMXRTEB . i, —MUARERBR LERBFTHNEANZIARTE XN
MEBT . SARTRAILUERER IS SR e E, FPA S W LA SR
WITTHS BB MES . ST EANEAN, HBE0R B 314 15 A 3L 5k 57 12 A 454 7T
CEERY BNRTBERAA.

ERMREFTRIEEEUTHER: BHSOEENEE. S$IHREURARLE (F
HRD) 8RS (LE1-12). LR FEBEE R R A8 R i,

SRR

— SR EEEE SRR S IR B R R AT AR RS . SRS ERETBRH
Wah e RBAIRY, X LA FRE DR DERBGHEFZF. EXHERLT, RFE—-H
ER AT ASEZFNNE. HHERRIBXRREROEORE, BUkRSHEF



9
!
1

8 El#

SATREMRAE. R UEEHREELFEXZENRE, BaEhTRARSESIEOR
%, URMEEIERSREHEIERRG . Ao, B2 S W E G0 B 0K B S MRt 1T
B, UOHHEHESENHERS (RE1-13), EHE D, RAVFTIREHER, XEHk
WA RE TRIER ) D FHEMELAHY . XEgstl ke ZEAT TREXRF.

03

)ﬁ 501bs

E1-12 HUMIRIE B B IR TR R R 5 43 RO E1-13 AT EREELENENEES), 45

588, F3hRG, SHNE. FRE R BRI RS, XMREELRT
BB DB HoAth (] RE e R R R AT IE )
(255308 L

R TR D e b R P I B e I B T 24 AT Tk HL3 A ep, BERTEHIRE
LAl ZERETSEEOEREHNNERRESZ T, — BT IS AEERHFRPERNH
SR, RIEENIER I A LB LR R I R A EAFROTERE. B10R
AT B A AR MR R A

ikt

EREERFEFREESHTEY, YREEEASH. TARTARRERN, BER
PEDOREDRAREEE. HREAMURERERNNE, BAEREERLT, RIN—BIA
HRAHEHRBEHRAEN. YREBELRATAFBHN, RAMLEEHORE,
A EAR SEMEERMN. ATE—SRASE, SREEEMAEREN, GBS
ARATEBMER LT AN HREERTRRBEMET. REBROENERAT MR
FEAAENAE, HURBERSEHIR, AR, 38k mACREeENRE
B, WA Ml ENR s (LE1-14). FUBAETIRIXFHHEHGRD
75 o

R HLEE ABEEE P, LB AR MERE TE O EENG ER—MEER D, Rkt
EEFTFEPREEOY REH—&S5E. o TXRBEES BRSEAH S ERIRGEH
Fitko _



P8

SN
AN
N

()
| F
— N
E1-14 A THEBEBUEDE-ARE Li#sh, LMD - CERAERRE

A RIEEEA

MBARBRIESAHIAMTEILEAREHED. IHERAHRMNBH 7 1T EHERM:
A RERA RS AR AN AEE? ML L M AGBUEFEEIHFTT (18]
1B BRI NE SRR E T BRENEE?

MBAREESERANEBHURESRMRENAA "R, WTHRE. FOURERR
BEhARE TR, W RS RS FTLAMEbR L) A3t s #iTERE, BRIESEDITIE
FHBAE R B AR (WLE1L-15),

N\

1

E1-15 REBMRGEIITSMANEEE) . AU RS 20
BIEs ZE LU B AR AZE T R HliR

ERBPLE ARG, BIEE TLUA—FEGE T R BIVLE N ZEWER L. B,
BREZBRETTFHR L (BWTURIFES L) H—/AF%RAEEARER, ARHBMHETCP
(CRAOR) . BIEETLUES R ST R P SRR A B RN ARIES)



15 ]

10 El#

B, REEAVEENSESHROMLERE LEN G ANEBIRRBERXRNSERIRR

HMALBHRT, BERBTHERIIFERRER. %%ﬁﬁﬁ?*%%ﬁ?%
£, RTCPEEREZLMEEME. REZRTEREILERZERAZN, CEREARRBR
BITCPHE. A, H&mEAN A WAL ENEARZE) (Flangt >t R ROERE Eicd
F%). ERERAT, Bl kR AR RIS NSshRA AT Gl & R RTE B dh
%, BINREEE. Bk, ild S A R E— &L RS A RRIESNEHREN.

HFREERMGTHEADLREEATERRESNHEA L T LEES, HER &
OEMAEEESRAEE. WRARBORELES THAE “4” HEIRENR™,. Flle
AG AN IZHOTRIRE. WiH, HLEARRHEERKRBETIE T AIMIEE. Kk
I EBEEF 2R R,

BamENHR

EREERGE - MEAGERIE, SMREAFHU RISV RT, EX
ORI T, EMEA @I LS A4 S hRe a3 LEs At 1T iR . RAXHAKNIFLET, =
EZEMIBEAREN, BERBRAEALTATRE (FlmbldA) S5 TE, Hik, Azt
T RESBIE RIS BHAAE T A7 RE (LE1-16).

BGERGE LU TSI U B R LB IR (CAD) BaRE 57 ik
B il 2 RLERE R . EHEHRT, E%ﬁmwmﬁﬁ%%ﬁkﬂﬁ&ﬂﬁ¢&%¥M%
BFtE. F13EIHE T DL A BRAE R EIRE.

E1-16 EERBERAGATRE T -MIRENEREED, LAFERBIRTAELIE NETHE

1.3 5

FERBFEMLBHH—ASAAPHREE. 85, RIMEMTLE:
L —BASFEHNERXFARERER, MEFRNERFTRRE.
2. K FHME RERERFENBIRE. G, “p ZRBiRAAVPHIERR, R



% 7 11

R ALFRR (AL FR 7 (BYHR S& R OHERL HERE S .

3.4 EbrFRFREMAESFEE (b, R, RT), XFERREH ZRA.

4. A THREATHERE, BT RRE AR E (fldnx, y8iz) B EA—FEiR—
BILEP,, o1, FER LG E.

5. BMNTRAHABTFL - ARK. M6 KWRZEWTUALTEM—MERXKER:
cosf=cO=c,. '

KEAFIRERR, Bk, TRENEETUHEERRIIRE.

— BN TREFSHE AFERVANE: REDPEMOCEXENIEFHSR, —BRAHR
BEREMAATARMIRRZ LA LR, BEWABNOHFRXBAIHEM, fTREEHXER
BRAMFARSZLIRRN. ZEMERFEESEHE, TUERRSRESEEN. Lo, h
B, TRERERAUARE EERETOER &) PEF—ARIGEEX T XA E
ERERAEE. BT AEERUREAGAN, FUARMTUSH - e SRR E
FRRkF R B SE — AT F R

‘0,="0+'0,+’ 0,0, (1-1)

Rifi, XL BSHE MM TR—MBERARN, ANEMNAESEM, FLL, REHR
(1-1) REMRE, EHERES TESHELE. S THAREEIFMAGNET, BFE (1-1)
EAEMERAEREMN, CRE TERBHRASEANTE, mXETHELE LELEE
F GO

B, ABHEROEEFSHRHEEZERAER, REABRER-ALERTA LM
B, ERAREHN. FIURXFG S, BAITCAERSH RS RICREE, HATLAER
BT HAEHE

S35 30K

[1] B.Roth, “Principles of Automation,” Future Directions in Manufacturing Technol-
ogy, Based on the Unilever Research and Engineering Division Symposium held at
Port Sunlight, April 1983, Published by Unilever Research, UK.

[2] R. Brooks, “‘Flesh and Machines,” Pantheon Books, New York, 2002.

[3] The International Federation of Robotics, and the United Nations, “World Robotics
2001,” Statistics, Market Analysis, Forecasts, Case Studies and Profitability of Robot
Investment, United Nations Publication, New York and Geneva, 2001.

FESE{H
[4] R.Paul, Robot Manipulators, MIT Press, Cambridge, MA, 1981.
{51 M. Brady et al., Robot Motion, MIT Press, Cambridge, MA, 1983.

[6] W. Synder, Industrial Robots: Computer Interfacing and Control, Prentice-Hall, Engle-
wood Cliffs, NJ, 1985.

[7]1 Y. Koren, Robotics for Engineers, McGraw-Hill, New York, 1985.
[8] H. Asada and J.J. Slotine, Robot Analysis and Control, Wiley, New York, 1986.

© EMRIEREB2ZHTA.



12 £1¥

[9]1 K. Fu, R. Gonzalez, and C.S.G. Lee, Robotics: Control, Sensing, Vision, and Intelli-
gence, McGraw-Hill, New York, 1987.

[10] E. Riven, Mechanical Design of Robots, McGraw-Hill, New York, 1988.
€
[11] J.C. Latombe, Robot Motion Planning, Kluwer Academic Publishers, Boston, 1991.

[12] M. Spong, Robot Control: Dynamics, Motion Planning, and Analysis, IEEE Press,
New York, 1992,

[13] S.Y. Nof, Handbook of Industrial Robotics, 2nd Edition, Wiley, New York, 1999.

[14] L.W. Tsai, Robot Analysis: The Mechanics of Serial and Parallel Manipulators, Wiley,
New York, 1999.

[15] L. Sciavicco and B. Siciliano, Modelling and Control of Robot Manipulators, 2nd
Edition, Springer-Verlag, London, 2000.

[16] G.Schmierer and R. Schraft, Service Robots, A K. Peters, Natick, MA, 2000.

EESERTMRE

[17] Robotics World.

[18] IEEE Transactions on Robotics and Automation.

{191 International Journal of Robotics Research (MIT Press).

{201 ASME Journal of Dynamic Systems, Measurement, and Control.
[211 International Journal of Robotics & Automation (IASTED).

&

L1 ROV —A4E, RRETFAERT B ARROEERNE. 2RE%EH.

1.2 [20) & A ks, R LUMBANEENM (BlAR. REF) DIRETMATE
BEAIEANERE . EXKE EREBRATENRFEE. RSH0H.
1.3 [401A1-385R T it F JLAERLES N BCAS R 20l TR . R AR Tk 8Bk (FlanRET L.
AR T R LES) W3 hRANERE, Bl -8, EERADBRFM
RPLEE ABE AR EA . RATE AR R Fh Tl SURHLE A A dh 825 N 7 A dh £
R AMEL. MPLEABRTT MBI ENES R T L SURA R A ER, hkE TR H

— R LRI B iR -

L4 [10)A—FifiE, FkiEsh%. LIEZRMRE/EL.

1.5 [101—#miE, FkMbrR. A HEMEEHINEL.

1.6 [NOVF—RmiE, Fd . ILEARBIESHENL.

L7 10V WS, FRAESbismiin s S mEnE .

1.8 201 4Kl —AE%E, RiEMELZH20E BN HRAR N LA,

1.9 201 25— EE, FikHESXRM204 B IRV EL R n {4 # Al .

1.10 [20] £ — A ER, REHTUALEANEERS (FIRSMKELSS) LRSI
EEEANLEANEHE . EXKE EIRESAHERNAFEE (LS8 ).

REIE

BE-TUHEN, CHATERLERNGEE. So22BMEEXMET, HaRE
FBITRF



# & 13

MATLAB3 &

AHEASHENNERIHL B —AIMATLABZIEIE . @Y, XEIEERSLELE
MATLABH i FIAHC ML 238 A St frgmf2 . H A MATLABRIRobotics T PRI R,
FEPBINAFECLERBMATLABMSHER S (EREER). B, 220088 %R
MATLAB#JRobotics T HAF. LA FR&EMATLAB] .

a) MRV ENIE, BB - TMATLABWEGRFSE. MIEMATLABK4HRIIER, SRBA
R Y. PIRABERBYMATLABSERS, FolaMeld. &g, REF. SR
Rm—3E (—RFIMATLABIEA)A B AIASCIISC ). 2 2] anfl G BES (4EPEFD
&), ZIMATLABAERIIER AR R, XLERBCTHTEEMMERINEE . A5E.
XF. HEE. AR, WATLRRGM S EH. MATLABEE FCIEEM, |
FEHRELLCIESERS . FfF AAMATLABAHB B4 MG E IR,
S EF FRFME . ¥ fEAERT (%) HREREMBRTHTERLL
Be anfel R BhiCAF R B S8 B F RO W ik 4. W LR F www.mathworks.com3R 3 & £ By {5
BA¥ES. MATLABMIE % P B 4 2R MATLABR) B 24 O Simulink, th 7 iZ B &
Symbolic T B4 . '

b) B3& - FMATLABJRobotics T LA, X2 B AkF|EPinjarra Hills@9B:FHFH2E 5 Tk
IR Ry Peter 1. Corke R EME = T EH . XA M AILLMwww.cat.csiro. au/
cmst/staff/pic/robot 43 T, EHBERLETIRMATE%RN. AF—EHEHFRE,
Lﬁ:ﬂiﬁﬁrobot-toolbox@lists.msa.cmst.csiro.auiﬁﬁﬁ%o T#HMATLABJRobotics T.
BH, R zipthiBIs SRRV ENL L. WiIEREADMEI#:, BE—TH#
B R AR FES . HBrobotpdf T, X/RMHAFPFEM, BB TERMEMNT
B PE RSO . R T X R MR, AIARSHED, BIIRAX
R AP E2EBIETEMAVE ABCE TR .



£2& ZTEBERANER

2.1 Bk

VLI ARIERE RSB ERMISERHA T AESNED. XARRBERSRM.
TRUBHMAE S EMER. AT ELHEAREMLENEEE, RIOLH0E LERR
HFEHFREPAM . BRATXBERY TSR TAROHER, ZBMAEAHRNLERIBLE
BEFIFERE . HRDAERIEER

BAVRAXE - R, FEEE-THRBLER, BOTREMNRRTEES B4
BebrF . WNEXNWLERES BEFBIFRKE BT BIRRE LR (KEBEXR) B
HRIL R R

22 #fik: B, ETH5LIFER

SRR AT PR — A e RGN R R RS . X SR R AAE R, TAMEME
BAL. £AYd, B IHRUEHMRURBE XM ERIGE—K: BARR.

i B

— BT T AR TATBEREA A3 < LRORL IR SR B S AR 7R rh AT (0 A
BHSHEERR LR P EER LS SHRF, BRLAELRRR LR I—E8, RO
(EM— A AR R WA L. AT, EREA "

—ARER ERERBAEZWLER (RIEE 2,

SR BB — B, ‘P, xEY PR

BB il A AR () B R T . B Py
5 8 b BE 0 T A A AR R 8 Al

AR, - %
FE2- 1 =/ 1 L T 2 O WSk 086 (o B /////

eFori— M RRA) A RBRRTA ]

AP, TSR R — AR,

REMREA—HAFHEA R kdr, k& 0 RATERRORE (56

EATTERA Thrx, yHoRiRE:

P
b,
2

B2, B MiERBRERE RSP RME. KA R ER3EMA, Hlnsk

Ap= (2-1)




2 18] 44 i Ao T 4R 15

PERBUE R RR AR AE A RS R IE P TR,

BINERANEHBERFENNE, TLEBEMRSATYENES. fw, mE
fEp2-2h & ROPH R T ERIET IR 2 AR
A, REYTHESCHE, FREEA LY
WiE Tk, BERhFaReRRnie, Mgk
FAEEBNEAS, Wi%SE 2 E 6 E 7%
HAE. ATHEADENES, RN¥LHKLE
E—ANEFAFBLD L EREARTTFRAEEANA
. EE2-20, CDABERER(BIAEMTREEHE
Witk L. (BYEM F (AR B AR R HE
(.
R, JSHORE RS EHR . i
B ETE SR RIS B A . R E R BRFR (B)
() — T SRR A AR R (A MO = A s fr s B ®
KF T |
BAVH X, ¥y 71 Z, kT BARR (B) ERH B B2 Wikl ERE AT
AR E. Y FAER R (AU ERFR ISR, ENHE
RAR,, T, W02, o BAVRE SRS BURERIE AR, 4, , 2, RUFHFIER—13 <3
RN, Tl Rk SN S RESEAERE , I Lk ik M SRR ARG R (BT T (A Rk
FILARM AT S AR KFT (TF— it — % U IR R b 22 LARRIZ FPARAOERE 2% ):

hm T2 N3

Ap AV AV AZ 1
sR=U"X,"Y, " Zl=in 1, 1

(2-2)

B I B3

B2, —HEARBTLURARRE -NES. B, BRIMAZAREE DBk
E—A3 xR, TR, ANLETHA-ARERET, WENEESTH—MERERER.
2.8, HBIEIHIR B —ERBEENSERNEEHER .

fER (2-2) W, frlr, TRABANREERSELIRAT R LEZHS BRER.
Fr, R (2-2) o pREVEA 53 B -3 AL R BHRBURFR:

X,-X, Y,-X, Z,-X,
AR=[X, 4T, Z,1=| X, ¥, Y,-Y, Z,-¥,| (2-3)
5 Zs B 4a Zy-Z,

O XAk B HEFIEMFEARITIE. ’
© REHFAIHMBMRBTERKST, B-REEA=S/THEMRE (BN EHACKETHEHMH
BA- B A R ARG EH).

20



16 2%

AEREL, X (2-3) PRALERENMTE EARBEERT. FX bk, AZARNE
MRBRER —NUIRRPHRE, Mo BEERAEETUREREN. AN BAREN
RABWEE K ZARMANRE, HEFRATUBEAN 2 REERNE > BERERER
BRET.

H—PWER (2-3), TLIEHERTR R RR{AVE(BIPRIZRIE; B,

BX:
AR=["X, Y4 Z,1= B):IAT (2-4)
BZ:
Fk, 2R AHIRE(AMEM T {BYER, sTHX (2-3) WEERE; B,
AR=5R" (2-5)
XEBRIESEMNYEMNSETENER, WLAERIEHINT:
A)‘Zg
AR AR=|*¥] "X, Y, Z,)=1, (2-6)
Ai;
Hovb, LA3 < 3Ry frsEleE. Hik,
sR={R"'=/R" (2-7)

Sthr b, R, BfmE—AEXENESFTENRE. RNCLE/LMA LIE
BT — R

SFRR AR

SRR B 22 R E RS BT E R RAL BEMEE. RIS EEE—R#ER
HE, yFREL, BAENERERAGRE, ENRAED, EMESE N H
B, FRRMNBLALGKRELER, IMRBHE, RrRTHEMELEGEE. S, £H
22, —AREBRTFIERUE, MBI =AREEAEE. —DLERRTLAFI A -
BREM— ARG RN, EEISERR-NRER, EXNTRERAFRTES, &
A-MIBRE, TALABE XA SRR R AR TR A A LIR ARG E. B, AR
F1 * Pyore KHERBARTRABY, HH *Poors RIELIRR (BYIR AL B R E:

{B} ={g R'P, B0RG )} (2-8)
TEE2-3, EHRLRATEEABIRR. BaBinR AY{(BY M FHF LIRS RLL
RABRR(CHRA Tk R (A %R, |

FEE2-39, BAVIALERNEBN AT, DETHBREALER. LRRTHEME
Y LM R B LSRR AN EERER. NERE S —RABHARRT -IRE. X
AMRBFETTHRCHRAESTHREHRELRAVMLE. FmER2-3$, #ikHh RS
{CHEX F{AYIRRT AR (A F(CHIRFR

B2, —ABERTURA—ALIERANT S —BiRROXRRME. 2EREE T



ZE A TR 17

BREESHR IS, REEFHRATHANARIAMTRENES. CEVTH-ABERER,
EABE RPN R R, FEXNSERPHMERRSE THHRRNMLE.
M, WESZZPUCERBRETRE, BLABRFHREES.

E2-3 JLA-tnFE 5

2.3 Mg MAMRREIEIRRNER

LB AT ZRES, BERATRNSSBRAKREER &, ELYHNAT
B, EEBRAGRRE, TEDTHRN—BIRRE D — R RES, RO
RSB ik

X FE AR R ARG

E2-4h, BAVARE P X E. H{A)5(B)EEHARN, RNFELIBIRR{A)
EFRBEXANEAA. EXHERT, BIFETAIRRFH, ATHRE Py, Fn (B
B R AR T {A YA K

F AR RBFIERLIRRRAHFEINES, FLUBRIHARBAEMET 3RS PHEX{A}
faZs AP

AP="P+" Py (2-9)

R, ARMFREA %R DA RS ER R RS A X S B UL 4 LA,

XA BTV T T — AR BN — AR RS T B — A BiRR. BSTRRES,
AR — 4 AR R B B — B RNES, RIEFEENKS. X1 AFE CXEEZAEA)
WA, FACHERNCET. E2-4hh P FRINARAE TS, MEARKETE, HBRM
S HIZA—AFIORERE, Rl R TSR A, | |

BATERE AP, B TEABST, B AP, BETHARTERFENEE (B
XL R AAARNES).

RF etk UAR R RIS
22WNBT RMESLIRR M= BERBRERESOTE. HHELRL, RITHK



18 E2 ¥

14} -

E2-4 SEREMG

SR REHSIE R A3 < 3EMENS, FROVREEREDIEREERE . X MiE
SRR LRI (BHHA T {AYIHR, RIATAS JREER. -

HE, BRI EAE L, EEEREEFINESN], FEXLRMREHEIER. WAk,
QRS

sR=4R"'=,R" (2-10)

M, BT jREOFIR (BRI RETE{(AYFIHR, FTLL QR (ABRMIRETE (B}
W2 —A st BRI =4 — A5 MBS A — AT &, B
BX:
AR=['R, Y, Z,)=| °F) (2-11)
82:
TR BAHM TR R (BIE L, BEEK
REMXM 7 LIRR(AIE N, BXFAA LR
FFAES, XMERELFEHIAR, E2-SHR.
R A(BHEX T {AIEERHER P, Baixs
HHEERRER . XA EE T HEEER JRRER,
ERETIA{BY R R BE(AY AR
ATHEAP, BIMTEEIE—-RENSBEBRE
ZREESEZR LRAREAFMBELY. BEREH
XEABHEN. Eik, B0 Ta‘PHsEHHEM
T:

Apx=BﬁA.BP
p,="%,"P (2-12)
Apz=82A_BP : E2-5 REAINEHE
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T RS ERERRR TR (2-12), AR (2-11) Wk iR BAFRE °X,, 57, #1°2, , 3P
4 TR PR AERE R, (2-12) SRBILER:

R (2-13) #47 7 —A-west

Ap=)R°P
BB T RERHR

e T R T {A Y04 R AP .
ATLAE XA B F R A B TIREEBLST S B AR RV E L. ATEHSIAFSHIFLLE

RXAZ THREFHE T REER&WA Bbs, Bl (2-13) F8B.

(2-13)

22 ] 3 KA RS T {BYIOHSR P

BI2-6% Rk bR 7 (B YRR T AR AR (A) 58 Z ShiEi308. X B 7 Shiigmoh 4K A 5h.

2p

18}

TE{AYR B (BYWAMIR &, F LR ENRFIARERER, [3:

g4

KB AP:

{4}

B2-6 (B}%:Z HhiEkt305E

0.866 -0.500 0.000
0.500 0.866 0.000
0.000 0.000 1.000

00
Bp=(20
0.0

-1.000
1.732
0.000

k=

AP=4R°P=

(2-14)

(2-15)

(2-16)

XE, 3R QERREARN TRRAAMERE "P B4t 8 ‘P . HEIAXANEHM, BE
MRELE: ABHOAESR, REBPEZAIBRARE, RMNAFLRE T REMM

T B —AIrRFRITER

—_u

24
26
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KT — i AR R ARG

2 A XFRER, BMOEmEEMEM LSRR BYOHE, HABKBERXFH A%
AR AR . BLEL ERR ST — L. B, BA4RA (BYWIE mFnbir R {A YR A
Y, HE—AREBRB. BEBYEANRER P i, R (B {AYIHERER R #i
#®e. PB4, KPP, mE2-THR.

E2-7 fE—BAER TRIRRE#
Bd TP HB A AARARE , XA SRR FA YR EMER. FARBNERES.

EATLUE E— ket 2 FRAERE SR 83, REARRHREINEEERERER, HFE3:
AP:I[;RBP'*APBORG. (2-17)

K (2-17) R TH—ARERRN N LIRRERI] S SRR RN —REBBS .
EER (2-17) RS EHTBHRERS, RTTHAEATHRERS, ALk
7 AT LA AR,
mR (2-17) SIH—-THOBESE R
Ap=T*P (2-18)

B — AR RN E T ZTRA— AN RER R R B A BRI . XK (2-17) REE
B, MOENH. ATHR (2-18) WERREFRIERNEHK (2-17) BE¥EREX, &
X—A4 < ARVERBE T HER T4 I BRER, XHR (2-18) BARA:

AP _— gR APBORG BP 2 1
1| [ooo] 1 1 (219)
;mzZ,

L fE4 x IREPHINMBE—1To8A 17

2. fE4 x AERER MBI B F—1Toh “[0 0 0 117,

IR Bief B R B 3 < 14 < IRE, XBRTERS3 <3R4 x 4RySERHR.
HHEHNX (2-19) IBER: :
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AP=7RPP+*P, s
1=1
& (2-19) P4 < SERBER R A FREIRERE. ER2 TUABEERA—/E A REREEX
For T — BB HAITERMME . EXMBFESE, WA THTREMLGZE (4&E
—fT AR “[0 0 0 117 SEREBEEALERMER). AX4EBHEETS L2,
HAECHRBE, FUEBHRA (2-18) MEBR, MAREATSHEHTEEFRER.
FE, REREVAMNFRERBER, BETENEFY —BAHEXRS#ITRESSR, B
XA HIER ISR AEL. OMREBE L. Filk, XHERFERETARXMES.
AN AERE E A —H, BATEAZH (EAFRER) REXL—TL4ERR. &
5, REBRMNOSAMS R IAF AL, Wi ATFRRRNRER. $BFRR{(BHEXT
MR (A YIS MR O 4T .

BI2-8 7 T — /AR R (B), ‘ELMRART (AVH 2 HHEES T 308, i X, FR104 84,
BB T, FBSA R, B4 °P=[307000] . K P. -

(2-20)

e e

E2-8 ZEHMERNLIRR{B)
AR R (BYIE X K
0.866 —0.500 0.000 10.0
... 10500 0866 0.000 5.0
5 =10.000 0000 1.000 0.0 (2-21)
0 0o 0 1

3.0
pP=|7.0 (2-22)
0.0

E %0
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2B {BY & I mak T

0.000
-

24 EF: I8, REMER

AT BARRA ARSI ERRFREXFRAET, ABRANEBRT. REERRET
FEBMEENET. AN S HINERHRETIH.

TRET

EBREEAPR - ARE-TEANR RS B —ZEE. HEE—-RKEFBHN
RIS — A AR R AR, ZA T ANTER S AR S A SRR B AR A B
i, ELFEBRHNEEELRIEFEEN. IMEIRER: S REHERT L
AR CHATES” M, ETLUAAREE “RETHEE)”, BRLUHASERR ‘WEBE", =
FHHSRAXEMEREN, AREENBNEAR. B2-9RRAER ‘REFBTIRE Q&
FER. xH, REQ H THTFBHELR.

9.098
Ap=4T’P =|12.562 (2-23)

e
//
Al /S
2,4 /’ﬁPl z/
/! -~
4 -7
/’ ,/
II ”/
/’:,zz"’ 40
X4 }/}A
X4
E2-9 FEBHET
BENERRBI-AFHOLE P, HENT:
‘B="R+"Q (2-24)

FRERE T EHEBER, A:
‘P, = Dy(q)*P, - (2-25)

Rof, gRIBRE O HINEHINEE, CRATSN. HTD,IHERR MR ki
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q.
9
q,

1

Ktig,. q Mg REBRROMME, HH g= (g +q 14’ - & (29) AUk (2:24) WoB¥

FiEXME. EE, WEEE2ACENLT "Puore (TR “Piors ) HRRER (2-9) #,
MLER (2-9) MR (2-24) ZHABRAEHFSHEL. RFSHELRATRELRE ‘A"
BB AR RE” B3, Bt WBEHF(AYOMNE (F "Pors ), EHXFHAH
REAARRN S RER. BECSIATHED,, BT8R ERAR IR ARG .

HEENT

MR AR A L k8 R BT RN, AR P MR B B R
BRI 5 BRAREEL I, WEESH TR LR, BAERSRRA

DQ(4)= (2'26)

S O O =
[=EN =l =]
[ e = =

- Fe BBAIEEGC

“P,=R"P, (2-27)

R 8, R (2-13) X (2-27) WEFEREEAME, REEXAR. AKK
IIRERESE o 1748 ok VEH T HOBEFE4ERE :
R ELR—FHRFAREEEE—ALEAR

.
A

s FAELFAZE % HREF IR EIEE R B, AP,
REBEHEREREN - ETRBM RN, A2 P\
BT R 55— AT R S BT LA D T s 5 A 5 ot
A SRS
=R(0)"R (2-28)

WE “R (0 B—AHEHRET, BRTEK Hikikof
B, THXABETERFRERERE, KR BEREN

" x4
SEAF. B, KA (2-11) AIHB 3% Z Hiess .
O E T B2-10 K& ‘R %7 W30
cos@ -—sin@ 0 O
sin@ cos@ 0 O
R®= " 010 (2-29)
0 0 0 1

LR, LEREMATLIAS x SHERERRNFT B TR TR . AWAS R, FTBER3 <3
Bod x AR EABIEE . RAVEESIMM S H 2 Ui K Vesk Rl s

#12.3
E2- 108 H—ARE R . HEL 2 S0 EBENH LR B .
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R RS 7 Ml Hs 30 B BMIRHIE 5 — N BIR RN T2 % BIRF S Z MIEi308
BERRESERERMRRN. B, FHROREETR

0.866 —0.500 0.000
R,(30.0)=|0.500 0.866 0.000 (2-30)
0.000 0.000 1.000
25
0.0
AR =|2.0 (2-31)
0.0
I )
~1.000 _
AP, =R, (30.0)*F, =| 1.732 (2-32)
0.000 :
u

R (213) ok (227) A THRNEERSR. 8, mRERX (2-13) 2E8XT /R (M
AR IR ), ILREEATER (227) #H3. INELEMNTRE “Ma” EEEREIRR “AfF"
Hekt 2 RIS, @it B FAYIGLE (A AR), EERANEERABEEE SRR,

THMT

BRBAGEREER R, RIRRTALAEREFREL. EXTELD, RPRE—

MEFRFR, FILAHSTIRA L Ths. BFTH—ARE P FBIFREBH - FORE:
‘R, =T*PR, (2-33)

FiEF R —#, K (2-18) X (2-33) WBFHERMREAR, AREUAR. Al
I TR A 4038 A0 e 45 B VA B R 77 IR B BB RS

BRHERFFHONFRERES LS AL R AN TASLIFRERERPTHOMHF X
TREHFAMELY,

— AR HGE BN AR B — ) R SRR AL B R B BA RN RE BRI,

E2- 1A H—A%E P . HHE 7 BEHI0EHIE X, RIS, 3T, BBSABA.
B4 4P =[3.0 70 00" , K*R.
AT BN R TTA:
0.866 —0.500 0.000 10.0
0.500 0.866 0.000 5.0
=10.000 0.000 1.000 0.0 (2-34)
0 0 0 1
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24

E2-11 &8 ‘P BEHEMTEBEI P

4
30
‘AP =70 (2-35)
0.0
BTEERT:
9.098
4P, =T"P,=|12.562 (2-36)
0.000

ERWF SR ERE EEE2.24F, BEAF.
1

25 R&Miii

RITERANE T EBOBA, RENATREORS, BRASTREEBH— R
W. FEEETRSMEESH - RERE, REBASHERELEESFT, BN
A — R R T

PRT —MAEESAMT RS B4 < 4R R ERER, 1EHFTRBIRR— R TA.

TAT4 T Fr ks e i = A5 L

1 ERAN A ORE, ATIORN TARR (A WEIRR (B} BIR, (R OEFIRS
FE (B EMH T LR, AP, B T (BYHEA.

2. R T M. (T RES PP .

3.ERERNAT. TH P &I 'R
HBEAT L, 24 AN ERBTACEREM EEERMR. —BReFALZERRT
Wik, WEREARETRHRET. THRETSMEENAS (MEE) ; HHHEDR
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B (RATER) B0 ThE A ERXARIE.
2.6 TWikEX
AHN AT HRORENE RGOS BE. XHEFCEART BT hE T,
BAER
fEmE2-120, BRCP, KP .

B2-12 REeBIRR: BMEARREN TR — MR RRC N
bR R (CHEXM TR (B), HHDMBERR (B TLIRZR{(A). ¥ PE#

B PP

Ep=tT°P ' (2-37)
SRFaHs PP AR P

| AP=4T"P (2-38)

Bkars (2-37) i (2-38), BE (HEMR)

AP=ATiTP (2-39)
HbE X

eT=5Tel (2-40)

VR, B R ESER L. BTLMB)RCHIREA, HLTRE TN
-gRgR gRBPCORG-’-APBORG]

A
T=
“ looo 1

(2-41)

IR

ELsnsebr R (B FAbr gk (A)—BP ;T M E 4. AIH TR B (A8 (BHHEA
BI AT, WERXAEREME. —EBERERDERE < dFRTHRRE. B, XRM
SARTESFIREBROER . 55BN A LeBRi 05 3R A 2 bk R .
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BTROT , B IR H AP K R A P « B2, EBI— T % T bt

it
AR=;R"
HIAAR (2-13) 3 “Poor HEBAE (BYF IR
‘ *(*Paorc = AR Poorc+ "Paorg
K (2-43) WEDRAT, BHLAE:
*Prorc = AR Paorc = 3R * Paoro

hR (2-42) ik (2-44), AIBH IT:

BT=|— QRT | _;RTAPBORG-I
“ 1ooo] 1

FE, RS
7=

R (2-45) RRFFRiEEH— BAEER RN,

(2-42)

(2-43)

(2-44)

(2-45)

E2-13% RABAR 2 (B Y AMAR B (A} 2 SANERE301E, WY X, SERBANBAGL, WY T, B34

WL, FREIIT, KIT.
E X AEFRF {B):
0.866 -0.500 0.000 4.0

4m_|0.500 0866 0.000 3.0
5 710.000 0.000 1.000 0.0

0 0 0 1
(81
? sy
B ‘ XB
L)
13,
%,

E2-13 A% T A brAR (A4 ER 2 (B)
R (2-45), B3

(2-46)
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0.866 0.500 0.000 —4.964

op_|-0500 0366 0000 -0.598

A"=1 0000 0000 1.000 0.0 (2-47)
o o0 0 1

27 TiHE
E2- 14K/ hr FR (DY LA B AR B AR E BB HARRBIER . £—1,

oT=4T5T (2-48)
B
pT=3TeT ;T  (2-49)
BN FARER —NTHRAE
ST oT=43T T (2-50)
, (<
o
(B)
B2-14 FHR—A AR SAF

mAn N RAMEBRAnN TR H R, ii’l‘@éﬁéﬂﬂiﬁ#&jiﬁﬁ&h B (2-50) H8IFTA
TR T THMYEM. X8, H—- TG BERN— ko, REBRH:
P e SN e (2-51)
B2-15% X i L e T 3 BH .
g%, £HANED, RIVORATRIRZMBH IR, BH-NLERNEREAKR
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BN ARRRESBIE AR R R . Bk F AT R REXBGR: E£E2-14%,
M TF{AYE L BARR (DY, EE2-1SHAHM T (DYE LR (A}, Bk HERRK, EidEn
BB TR EIR A LR R WRE -AREAE M SR ENH AR, sEeRHER
. EE2-15q, (CHIMAATRERIHE A

up-vror-ior

(2-52)
il
T=4TT (2-53)
14}
(4)
. T}
{Q
[t}
{G}
(B}
: . is}
{B}
B2-15 BRI E2-16 HSE—MERIERIER
TR, (2-52) Fusk (2-53) fRH LT |
SI=Srererir (2-54)

f12.6

B CmE2-16r 453 5T {R TREBMNBIRR(T), ERMN TRETELEHY
BREBM, XEAmIESHE TREREENERAME (RAEHE LEGHENLIRR
(S} 2T ), HABMTIES BRI AEM T TESBIRAMNAGE, BT . HRER
MXHREFAOYE, T .

MARES (ERERNMBNGER) ﬁﬁl#ﬂﬁ?&f’ﬁ%ﬂéﬁ%ﬂ@ﬂ&ﬂétﬁ%%:

eT=3T7' 5T T (2-55)

2.8 ETMIRMMIRTTE

Ei, RAHTI < 3EREMRFRES. W EALE, ERERE—MERNEIIHL
ERMBMRE. E—SRNMERBERNTFIRED+1. REEROTHERAIRREIERE

38
1
39
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B, “tel” RARHATIIRMMEA+1 (FEbRMEIEEREMATFIE N - 1),
RARWEN, BEMADLTANEFRRT—AEE. KERENER (CMEXER
RIERAR™) &R, X TEMERMER, FE—RAFRERES, #HR

R=(,-8)"(,+8) (2-56)
RALR—A3 x 3RAIRE. — 3% R xFRRE (BDS=—S7) ATHE=A2%8(Gs, s, s )FnHh
| 0 -s, s,
S=| s, 0 -s, (2-57)
-s, s, 0

Hik, WX (2-56) AlHEBERHER, FM3 < EEETHEA2SEHE.
B, EREREMIAANBEMEMEEL. K, 3TN EEERRBRESS NN &M
XM E. tnbkpnd, BRERA=5:
R=[XY 2] (2-58)
H22W 5, XEARBREBZURED LIRS M. SARBEEA YRR, HHE
HEH, UIMERTEGLK:

]
O OO e pm

(2-59)

N> N> ~b DNy = >

oo,

HAZRETREKRIXN -—FESERTFE, AEAMSEREHRAETRE. FHHSHIL
BRI
WEHE=THELEEARMEEREREN, MEFLUTFEAKRER. R, AMRBELL
3 AR SRR, FERBRER —RARDER, B ARZR 5 JRyR AR

ZEPNIER,, — /A 585h Z $30E, MB /154X 5hE4308:

| [0.866 —0.500 0.000] -
R,(30)=|0.500 0.866 0.000 (2-60)

0000 0.000 1.000 | |
[1.000 0.000 0.000]]
R.(30)={0.000 0.866 -0.500 (2-61)
0000 0500 0.866 |

R,30)R,(30)=|0.50 0.75 -0.43

000 050 087

0.87 —043 0.25}
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#R (30)R,(30)=(043 075 -0.50

025 043 0.87

BERREROETFEEEN, #—FUH, ERFAVERMR-—BRAMER KA, FLLHE
Rk R s T B IS 1B ER.

(2-62)

087 -0.50 0.00}

|

R bR AT B R T XA A R EEmA, Bikd# B T5 R Rk
AARRMERE. REEMEATENET, YRUEEN, EEEEREI N ZEENER.
B, FAREEMEHEESAERE. —MHELLRRERERA - MILRTHNEE
Abt, FEMBHMA DA TENERERE. fi—HRIRZANRNFRERERHEES,
TN B RN,

X-Y-ZE R fy AR R

THET AR FR R (BHEAR — Ry #:

AL A (B — A Bh A S LI A{A)ES, AR(BIRE, kYA, BRY, ##p
B, REBRZ, #h#taf,

BAERESERES LBIRR AN, BRI EXIHEESHRREAK-Y-ZEER
SRR, “‘BE” —RAREEEEEEE (IAE3M) 2ELRER (E2-17) hHEH. B

MHEEMNEXCARERA. HPRHNRER. BREMAPEER, BAXTEXEW E5HME
MA R R REAR S -

B2-17 X-YZEZEMBIRE, HBR .M, R,B). R (OORITFIIThES
W HEE S EMIERER (R (7, B, 0), HAFENREEAREAESSBIRALHN;

a Ry (72 B0) = R ()R, (BYRy ()

cef 0 sp
01 0|0 cy -sy
-sB 0 cB|lO sy cy

KfcakcosafI i B, soksinofIli E%%. BREENRERFEX (2-63) hRIEHKEF.

ca —-sa 0
saa ca 0
0 0 1

0 0
. (2-63)
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WlEBRRRE FRRETRE (WATFFIR), RHETRER (D, BIERHER (), BJalElEsk
R(a). BK (2-63) HIFRBE:

cocf cosPsy—sacy cosPey +sasy
socf  sasPsy+cocy sosPey—casy
—sB cPsy cBey

FIEX BA RN SARY, (4 He5 R R AT 5 (2-64) A RIEFM,
D% X, Wekky, 487, WERB, %2, fa.

B A BB R, BN — A e AERE S R X-Y-ZE 2 sk bR R . W ARERR
FRBE—ABRGE: MEHBR (2-64) MYT A CRMBEEER, BARE LS HEN
SAkEE. EXAANHBEFEANSBREMREN. Bk ERESABBMEAR0E.

/7.'\

aRyy (v, B0y = (2-64)

h hy ns

ARy, (7, B0) = (2-65)

L T ;s

B Iy I
AR (2-64), Bidit®Er fir, WEHFMAFEHR, "KBcosf. KRG —r BrLAcospk
HRRIEDFAKBL. B2, REcP=0, sk LAHr, /cB BLir /cp BElafy, Ar,/cB BrLir /cp

B2,
Bp

B=Atan2(-ry,yr; +r)
o=Atan2(r, /cf,r,/cB) (2-66)
y = Atan2(r, /cB,r,/cB)

A Atan2(y, )R — A NS BRI K EL&EEC.

BRECE AR, BELRXPRANERABI AR, WE -90°<B<0°. XA
DAE & B AF Rk 2 AE L —— RS R, (EREREERT, FLERHIAEN
MR (IENEAE). mEP=190.0" (BIcP=0), X (2-67) MMEMBILT. EXMERLT, X
feRH oMIRISE . EXFER T —Ria=0.0, £Ru0TF.

£1B=90.0°, #EE: ‘

B=90.0°
a=00 (2-67)
Y =Atan2(n,, 1)

R p=-90.0°, R

© A2, 9itE m—l(ﬁ)w, TARECHIY R B AT HIBR A AFTESIR. Bidn, Amn2 (-20, -20) =135,

MiAtan2 (2.0, 2.0) =45°, —ARIEHREWETEEER. BNSHECOMBEBNTAME, Rik—
R Atan2E . R, ARAMRERON, Atan2@hREN. AHKRES “4RBRIEY”, —LRE
BEE RSP IAETBESL.
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B=-90.0°

=00 (2-68)
Y =—-Atan2(n,, r,,)

Z-Y-XBRHi

SRR (BYMY 5B —FhFom ik T

FARLIRA(BY— A i RELIFA{AVES. AH(BIRZ, #baf, BT, #k
PR, REBX, kHVA.

TR, OO RG4S B S AT (B & i #5170 70 A2 25 2 AR 78 (A0 & o
sk

BT RE R R IE R A . B R4 AR T S B 5 R B T b IR R
T SAER ) WREE 2,7 MR . BB FRTEAZY-XERRA.

B 2- 18 N IR HEATOR B A U A AR 3 (BY RS 5% Z BhlE¥h ol RIEHE3I & 7 RS
By 5%, BREESIANHBEHR M- “MS". HZ-Y-XEhH A2 Bk he#iEiF
Fi 5Royx (0 B Y) R, HEE Thr LI “WS” W2 FRHL fa iR MHES .

£E2-18, FhASIRR (B (B")RFEE sRore (@ BY) . mRIBIXENESE B HA
PRAMER, BAISAIE H: :

AR=/RER" R (2-69) -

A (2-69) ADHIEAVEREH R ER R W BZ-Y-XBR AR E LA K. BI{BYEX T (A}
BEEH:

; Ry = Ry (a0) Ry(B)Ry (Y)

ca -so O|f ¢ 0 sBif1 O 0
[ e H - OH ; _sy] 20

0 sy cy

0 0 1j|-sB 0 cPB

b

E2-18 Z-Y-XBkhif
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Fdco=cosa, so=sina %%, HERE, 5
cocB cosPsy—socy casPey + sosy
3 Rzyy (0. B,Y)=| sacB  sasPsy +cocy sasPey —cosy (2-71)
—sp cBsy cPey

HEBXAER SRR EMEE R EANERT2MR! B2, ZR—TTKER
HIgE R =k R EERS A B AR LUAR BB = vk 5e5a Bh b A S e e Y S - S BT

BAR (2-71) ik (2-64) %4, BiLATTE @B HEFEAERER R TR 2R Z-Y-XBRbi .
HRtRBR, R (2-66) el kKR —1 Caless R Z-Y-XBRb i -

Z-Y-ZBR i

WERF (B B —FhERIENT:

B AL A (B~ Eh R A L A{AYES, AK(BYRZ, #ttafi, ART, &#
BRI, BERZ, *H#TA.

X TE AR R (BB MR R — AR AR . BASAREREKEZ , ¥
M7 . BRLARRILHEA AHZ-Y-ZEKH A -

W NS, THRSRER

) cosfcy —sosy —cocfsy—sacy cosf
aRyyz (0, B, Y)=| sacPecy +casy —socPsy +cacy smﬂ} (2-72)
—spey sPsy B
MEREAERE R HZ-Y-ZRR B A BT -
e :
ny hy M
aRzyz (0. BY)= [’21 I r23j| (2-73)
Iy Ip Ty

fnsinf=0, w13

B =Atan2(\jr32, +r322 sh3)
o = Atan2(r,, / B, 1,3/ sB) (2-74)
y=Atan2(r, /sB,—r, /sB)

BRFEE AR (ERPBRAMIEESH), ERIERKHR0.0< S<180.0°M K. R
B=0.05:180.0°, ¥ (2-74) HIMEBLRILT . AXMFR T, WAEKHofpumEE. EXF
BT, —BWMa=0.0, ZFRT.
M p=0.0, NifEH
B=00
a=00 (2-75)
Yy =Atan2(-n,, 1)

np=180.0°, WIREH
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B=180.0°

a=00 (2-76)
Y =Atan2(r,, —r,)

Hit AR RNRTE

ER—/ i, EENMBTMBREENBRANE: X-Y-ZEEAM. Z-Y-XEKh A
Z-Y-ZBRHi . BARRENBER —EWFHIT SRS EIER . XBFORER2UFER
HBPRER G S, BAMRERALRRETE. X, 2MABREMBIRRE, 5 12FARK
hifaetn k. BB T HENE, Tk eEl L LR 128
ME—RIB MR . BRSO f RSk A M ARRR RS, ARIFFE FTLAR AR R #RR
B, LR A 24RO S BEFAERE S ok B A Y. MERB (EAHBfEHE) SH T
A 24 RN IR F B FR SRS ’

LB LRRRTE

PSR, (30.0)F RGN B R EHEIOENH L. ZR—-NSHMALRERTEOH
T RO Y AR —EF R (HAREMY @), £ “
77 05 G B TS A RS M MR R E. ARR 5 12, "
{BYiFREIT: ﬁﬁ
FARLIFA (B — AL A{A)ES.
W{BYRAREARKL F RN #HOA., 0 Ps

Ri g HEERAABRERSB . (BHEIXT i -~ 9,

(AYO— BB H ARK.0) HR, (OKFF, HHESK
WAL ARTRECS. MEXE ‘R ABERASK, B -
BHEMKEER. AERETESASN. %Mk *
RORLABGHMRE R R EBN3 < IREKRE 2, g
hiEd, FKER (BA @), LE2-19, |

R (AR R B — B b e s, W B2 FRMARRRRTE
e b HE R TR AT TR 2 R °F T e SE R

11 0
R,(@)={0 cos@ -—sin 9] ’ (2-717)
0 sin@ cosé
cos@ O sin@
R,,(O):{ 0 1 0 } (2-78)
—sin@ O cosé

© XM T {(BYHM T(AMMEMA (L, K MOLLAT BRI BB F R, RAERMABAIEREEY.
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cos@ —sinf 0:|

R,(9)=|sin® cos® 0 (2-79)
0 0 1
TR BERE A A, T EhEREEE (L >12.6) A
kkvO+cO kkvO-ks6 kkyvl+kso
R(0)=|kkvO+ks0 kkvO+cO kkvO-ksO (2-80)
kkv@—ks0 kkyvO+ks6  kkvO+cO

FH, cO=cosB, s6=sin@, vO=1—-cosB, }H-H Ak=[kx,ky,kz]r . OB ERGFEEWHE, BN
KRR A g WIEK .

AR (2-80) WEP AL RRAREERIREEMRTR. B, X TEMAERSME
I F B, EBREARZT B Mot SR #5 .

M—A e s Rk g e, X/ B R# s BAESIEY (31@2.6712.7), H
A H T —Ha R, R

n h: hs

;RK(G) = [rzl Iy I

(2-81)
By p T3
A
9=Acos(r“+r22+r33_1)
2
=N
. 1 Iy — Iy
K=2sin0 h3—n (2-82)
H—h

B A AT LLH B — A OB 180 Z A OE . M TAEE — 34— (‘K. 0) , fRfE R —*t
W-f, B ('K, -0), EAESAMERHER, oTHRRNESEMER. Hit, £8kEs
SERGERE L SR A AR R R R, BRONEEMRHTESE. AN EMBENRER, %
FANREERIVER:, MBS BARE. BR, WEEDRAT, BHMBRFTERE.
MR O=0"180°F, X (2-82) KLMH.
H12.8

AR (BRI SHAR R (AYEA . RIVELIRA (BYRRE *K =[0.707 0.70 700)" (4§
IR A) Wbk, HM0=30", KMIRE (BINRR .

RAK (2-80) BELIRAMBRIREERESR. RARKBEAERE, UM ERER
(0,0,0). H
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0.933* 0.067 0354 0.0
| 0067 0933 -0354 0.0
5 71-0354 0354 0866 0.0 (2-83)

0.0 00 0.0 10

Bk, BAOTPHETHFRARESALLE 2 EREANEETH . MARIMERN
A BT X ARG, RATTLAE LB — R, BB RME SR, AlhrX
KBRS B AR BERRR, REFRBXNERBE.

BIRE (B S5HARRA AV ES . BIMERIRR (BILEE K =(0.707 0.707 0.0 (i
LBBITEAP=[10203.0]) HEH, #H0=30", KAULIRFR (BIHIHR.

ERESE AT, BERAEAYR{BIREAMN. WE2-200F, HRITEXTRAFHLR
F (AVH(B), EMEMHES, Bufls ik TFRERA{BYAEHRES SR, EEf]
HIR AERERE S b, FEMM TRRRAEAE —ENRBR. RNER

1.0 00 00 10
_|00 1.0 00 20

A

#T=100 00 10 30 (2-84)
00 00 00 10

51X “l/ :
Ap
)
(8)
E2-20 A2 {AYEARHNERE, BokirRA)Y5{B}EL
Bk, MERFR {BHEXM TMFREA (BAUHDE

10 00 00 -10

.. 100 10 00 —20

3l = (2-85)

00 00 10 -30
00 00 00 1.0



38 E2 ¥

HE, REFEMXRAE, FIRFR BSRLIRRA VR . FAREMET R, FREARN

AR (2-80) sRitRASRFR (B TR (ANIEHE. HAK (2-80) BE#R%
PRRIERER ' XEARARERE, FLUMLERRERZD 0,0]. Rk, ®NEFE

0933 0.067 0354 0.0

w 0.067 0.933 -0.354 0.0

T= 2-86
21 71-0354 0.354 0.866 0.0 ( )
00 0.0 00 1.0
BJE, BN BETEEROBIRR
ST=oT3T°T (2-87)
NI T
0.933 0.067 0.354 -1.13
- 0.067 0933 -0.354 1.13 (2-88)
85710354 0354 0866 0.05

0.000 0.000 0.000 1.00

Z—A AR FE A EER ST BRI, Hm XA BB ER RANEET QI
3 TR BNy

R, KRLMITR G RELRERR (AR (B), ENMEALIEAREM . ek
HREE AR, MAFRRATAEEREEMNEREMCE L (2R82.14).

]
B S

B-MESFRAELET O BEREREY, FARNSH. AaRTENIHEEN T4
BHTEHE, BEX BRI B—-FHRNEDRE,

BB RS K =1k, k, k)7 IS et o BIBkB 2 Hm T

€ =k, smg
2
€ =k, sing
(2-89)
e
& =k sin—
2
0
€, =cos—2—
B8, XENSHA R
g +el+el+el =1 (2-90)

BRARRERRHEAE. Wik, —/MESETUEERNSE2 A p o deRkE L — R
A, ATLAKRBSEEER -3 < INKRENLE—/1irE. B2, BRKESHEE—
A4 x IRE, BRIEAKKRESHEEER - RAENTE.
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FRKHL 2 B R BE R 4ERER, 2

1-26] —26]  2(g6,—£,6,) 2(EE, +E,E,)
R, =|2(g€,+&,€,) 1-261 -2¢] 2e,e,-¢€8,) (2-91)
20,8, —6,8,) 2,8, +€€,) 1-2¢ -2¢}

LA R AR A B R L B B R

I, —hs

£ =
4e,

N, —
£=13 31

2
4e, (2-92)

£ = H—ho
P 4g,

1
€, =E\J1+r11 i,

EE, NHBEMNESCRYE, MREHREMFORIESE M8 MER, K (2-92) HEEE
X, Bhe=0. HATLAFEY, HBARRE, X (2-92) PHFTAREABEAR TES K, #HF
ERER A, Khr EMK (2-89) M ALIEN, X THife, HAELE- 1,11H.

THIHEXLETERD

EFZILEARGS, ATLLBEBITILEAR RE MEMEER. FRIEBETE—
B B R X — A EISR T k. ERXMESRER, YL&ARLEREREFRIELIRR,
PR R T LR SRR R AT LR B E b . MATIEBL, HEANEAR—AREXNE
HEMNE TR, INSTESTERT LA LEREPLBESERRE. EHELP,
AE SRR R B R, (AT AP ERA TR, Hib, REEFRANL
a NRFHITRIR R RE

KR T REAAGR B SN, —BHLE A RELA —RIITESCERES, flm “RTR3” &
“MERZ). ZERLHHAPEFTE. B, wRXANHECESEIH T ELRE TR
HE X, B2V ARG N REE K RER.

29 HHRXBRITH

EX—BEHRINMEEATAMCERE. £REMNEND, RIEITEEREMhEE. B
AXERERREAR, HLENNERBARTFE .

EHEP, RENMEFNEUEARENEIN. REARELARMAGHE, LD
Ao Wb, XAARELRF. HOHEFHREERARFEEMS —HEImE2-214 FRE
ST HENRE. XEHERRAAMEINER. /MR, FLRRBNE L TmE
MRAREFRT

PRAANARELR—NRLSETARGAERRR, MAXBRAREFFX—HEARA
AR F R, Hik, mMRER2-21PHFINRZITER, X=AREMHEEMER, BLE
X —ZhRe LR R EBM . R, mRAWIREREyFEH ESNHE, BLX=AR
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BRTEHN, RECNBASHEE, Flk, REZANERURATSELARAT %
RN A, TR, EREERT, FES0ER
ATAEA A AR e R 5 .o
T SRR A PR 2 A e BT,
REGERBIESHERRELNRE, KEAR
BRI TR BRI, BEHRT. DN
BB B T AL (RERDOEAL),
BN RATUB RS E .
EmARAETRERESNERLENRE, ?
(B R B, BB S A/ N R
.
Bltn, —MHERRBEE A AERE. MRET  §
%ﬂ&ﬂéﬁg{l}}qqﬁ*/l\ﬁﬁ%ﬁ BN, BRATELHR E221 HEHHE SR
FAVR A HERR, 2

V3

AN=)R°N (2-93)
By, (HFHARR) FIAMTERRETR/NNE MK, FLERTLRARNERH R
Siestmke %, mRARENEBETEFERZBRI.
FIRERD, TEARE (BYHATHERE oy |, R AYRRTA
Av=2R®V (2-94)
HMRERABAE, UM THARBEEENR AL W. REREE (X
(2-94)) TABKERBHI/N, BREHRE (BYBIIRR(AVOEEERMN, KBOHRHY
BT, BEEENE, HRNEMBERBEBRAIN ‘Poor FREHRIEREESRYS. i, £
E2-22, R Pv=5X, L v=57 .
HERE. IRBHUHDEREHSEESENEHR—FNA.

B
{B} 9, 2,

2,

25 (A)
/ "

2

E2-22 HWEER
2.10 WS

TR A R A B R A (R BB A TR R, BEik, ERERGNSLT
Uch, BRI ERDHERRE-NEENGE.
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FRBG SRS R RE R, BRETVRER RS EANERKE LA
B RXMI %, Eoh KRR SRR EOMIEREHE .

BE, BAHEER (2-41) F1X (2-45) #TUHE, MAREEHETREII4 < 404ERE

LI ERETHERN, TRBFOARBSSBOTERHMRAEN. B TRENE
Bl

AP=/RIRSR"P (2-95)
— R BRI S AR AR, B8 JR, BN
‘pP=,R"P (2-96)

i ARWSA S REHE R BEESAKFESERBCIISLSE, MR (2-96) hREIE
B B L R E OGRS B BAGKINEZ . FLL S B E R IR0 LIS .
B R R A B R T T R B A, B
AP=2RZRSR°P
AP=2R.R‘P
Ap=2R°P
Ap="P
2 B B A BT R B A SRR, 5 AT — Ry LR R R BT AR
Bk, |
waR | EREERT, RARR IR, ZRA SR RER, XHEBRE P HHh 'R .
EXFERT, EARNFEE—KELE R, AEBHECATHARENTHR. RIE
2.16,

& —FhRTA TS AERE R AR SRk, HEREA % F2TRFHE S FAI U AN
iBR.
XHEL R RWF, ¢ 2R HEERN=AF, HENT.

(2-97)

C,=1RL, ' (2-98)

X B AEBE2URFEMISKIESHE.

S 3

[1] B.Noble, Applied Linear Algebra, Prentice-Hall, Englewood Cliffs, NJ, 1969.
12} D. Ballard and C. Brown, Computer Vision, Prentice-Hall, Englewood Cliffs, NJ, 1982.
[31 O.Bottema and B. Roth, Theoretical Kinematics, North Holland, Amsterdam, 1979.

51
53
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[41 R.P. Paul, Robot Manipulators, MIT Press, Cambridge, MA, 1981.

[51 I Shames, Engineering Mechanics, 2nd edition, Prentice-Hall, Englewood Cliffs, NJ,
1967.

[6] Symon, Mechanics, 31d edition, Addison-Wesley, Reading, MA, 1971.
[7] B. Gorla and M. Renaud, Robots Manipulateurs, Cepadues-Editions, Toulouse, 1984.

&

21[15]—R & ‘P& 7, EHOME, RIGLX, RO, Rk LR IBTFiEH 54 2 ks
HRE .
22[15] —REAPLYT, HEEHI0E, RIGLX, Mebkasi, Rik LRINFIE /G BIRREHIER .
23[16] MARR(BYBRW SRR {AYES, HURR(BYSZ, lEHoE, BERN L—PiEkk
BIEMLIRRLEX, TEFor, KN fp 3 P RBTHAIERER.
24 [16] BARFR(BIBEMS5RIRA{AYES, BUIRA{BIS Z, EH30E, BERS L Pk
AP MBI R X, TEE45EE, KM Bp B AP REEHATEHER .
25131 AR B—A3 x 3M4ERE, KRS BN, e, e, KB i=J-1. Kl R BRAE
F & SHAEE 1B E LR A?
26211 S HERX (2-80).
27 [24] #id (BHE) —ANWERF, FRFRERALIRRMRNORERER. TLNG
B (2-82) Fih, EEERGTHERFREMLE 0=0"16=180" X BB & Ui
2.8 [29)RE — A F B F AR R R H R B R B SR AL RV XM &S . —/-PascalR
FRIRHEN T
Procedure RMTOAA (VAR R:mat33; VAR K:vec3; VAR theta: real);
R B A TR R R NS M e R B R B B R AR T A0 AR
Procedure AATORM(VAR K:vec3; VAR theta: real: VAR R:mat33);
RATLAE FCIE S RMERF.
EARRMRBARATE R T AW BTR LR HRIERRARNE R, Khaf—L8RnE.
2.9 [27] =12 8RS E s E 5 M IR A dm A
2.10 [271 21 f52.835K Z - ¥ — ZBkhi i o
2.11 [101ZET 4 & T, BB BRBEH AR FTLAZ e AR|RATIEM
212 [4]Em—EEREMT
10.0
”V{zo.o

30.0

XEsm

0.866 —0.500 0.000 11.0

ap o 0.500 0.866 0.000 -3.0

5 10.000 0.000 1.000 9.0
0 0 0 1
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HE Y.
213 21125 T A PR R I E XL

[0.866 —0.500 0.000 11.0
— 0.500 0.866 0.000 -1.0
47 710.000 0.000 1.000 8.0
|10 0 0 1
[1.000 0.000 0000 00
by 0.000 0.866 —0.500 10.0
4 0.000 0.500 0.866 —20.0
|0 0 0 1
[0.866 —0.500 0.000 -—3.0
cr - 0433 0750 -0.500 -3.0
v 0.250 0433 0.866 3.0
|0 0 0 1

SEMARF TR (nE2- 158 e R WA SR HES), JFRR 0T .

214 BUKE—ABRHBRK AT . XH, SRR BIBWSLERRAYES, BRR{BYEK
HestomE, R ZitA p GEHER T AT UARFR{AMIFA).

2.15 B4 FR R (AYFI{BY RETEE LR, BFA(BYTLAERETMTHHREI: 2
R BYBEM SURRAVES, SRR (BISHMRE K RFEOGRE, A

; R= gRK )]

KT
sR=€"
XHB
0 -k, K
K=| k, 0 -k
—k k 0

2.16 [22] — AR EMITA LT =B ERE A
AP=3RZRSR"P
— R R X =AM AR, BB R . N
“P=/R"P
B — R k&AL AR E T R R AR, A
AP=ARZRSR°P
AP=2RZR°P
AP=4R°P
Ap="P
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ik Pp LALOOHZZEfL , M2 HATRLBHEARFRIBRR AT E P . WE, X=4 Tk
R W EAEE L. BRIEHRAEE — B RARLLIB0HzHI K JR , R SRBLIFE,
Mo, wBH2FETEERTREES/NME (REsHEMNEEE) ?

2.17 (16] B—F ARG RZEE — AO =LA RRHARR, Kb EALERSHRIE LM
E2-23F7R. LIROAExyEANAREER, rRBEEXNTHANRRKE, Z28E TE
xyll RO . ARERRSHO, R EE RILAFRRTH—R P .

2.18 [18] B—F MR — AN S ARR RS R, K ZABRAE L0 E2-24
Fior. fREE ol BT B 1 R 4 B 28 Y — S ST ERAD DT L AT A . 38 = admrRon
X S ARBI R AANZRER. fiREFRNSKe, SR EERILALER

APR—A 4P .
2.19 [24] —4ELs § ShiEiE R, BB LUEIEARM T e Ay, HEuler AAXA
M ERIEAR
R(MR (¥)
BRIT, anEXPERIER RE S % ANMREITH, e
R(WR(9)
(4)
24
(A} 2
4P
?, 5
4 )
0 ) \./\\\\\\ E
2, N
A
B2-23 HEiBERR BE2-24 BRIBERFA

HEAT ik ia B RO G Bk T R AU et B A T R E S R BFL4nFK . TARHE—F
EFD), YAEBHLFERPO—ANMMERERET, EXMERT, RINKBET —4
FEEERIRRPRIER, HRATRFRAN HTFHH60)
R.(®R (WIR; ()
BT TR (), XA EROEILT HRAM, AR FRERRENEFEAT. M
FXAMA, ®S5Z-Y-ZEE fo, B, DARRRSBIORER (4Rd (2-72) 4H),
2.20 [20BE—ANRBOH— K& R eHOBR—NFHRE o , B

Q' =Ry (6)Q
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B (2-80) #:5FRodrigues R,
Q' = Qcos0+sinO(K x Q)+ (1—cosO)(K - O)K
2.21 [15] fnRhEst R B/, (£18sin6=0, cosO=1F16 =0iL{Ip L, HFL—MHh K HEFs0 1Y
LM bEREERE. N (2-80) FHaHES.
2.22 [20] A2 210458, IEAMA S /MR K (AREMNKFAEE).
223 [25] BEH—ANEE, HEAYR, YR UP EAERE (T, BAXEANAMEMT:
1. VP fE{AYHOIE AL
2. VP i F{AY § BhIERIEEAL;
3. Vp AL F{AYIXYEME Ly HhIERAIMIE.
2.24 [45] iE Bkl E AR ERE L AR
2.25 [30] IEFABELAEREMIEATIE A1, e File =, Fob i=~-1.
2.26 [33] il BAAE — Bk Fr sk b R BB vl LAR R AR TSR AR RS
2.27 [15]1 2 0E2-25, Kk 3T MIfA.
2.28 [15] & LE2-25, K oT BUfH.
2.29 [15] & ILE2-25, K 2T HUfH.
2.30 [15] & LE2-25, =k (T W&,
2.31 [15] 2 E2-26, =k 4T HIfE.

e

8

2 36.9° Pc

24 2 4 A
" | | NN i

! 2 ?, I
b s ——
E2-25 FEREB AT LAiRR F2-26 7EHFEL AR LRSI

2.32 [15] 2 WE2-26, K AT HME.

2.33 [15] 2 RE2-26, K 5T pylE.

2.34 [15] £ E2-26, sk (T KA.

2.35 [20] i BIfEfl e i AE R AT FINER S T 1.

2.36 [36] ZEFH (HP24EZ5id) RIEZNIGE =A 8 hEE. E38ERNEHNRIEEAT
B . IEENEZE A NS SRR émz +N) A EHE.

2.37 [15] E4n '
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025 043 086 50
ap_|087 050 000 —40
71043 075 -050 3.0

0 0 0 1

AT HI (2,4) TEERIA?

2.38 [25] BRIRFE—NHIGNBRA R R EY v, 8, TRNENMESE, "R
JUMEAREFEARE (AIRMERESERE 4 “AERFE" Mizsh). Bks -4 EiEH
(B FIT): BEiEERE M ERE % T e BAERE, J H ik iER R 2R .

23937 BH—ARE (JHCIEEER) KR4 CmErERRR T, #X
(2-91) FIHFREHA.

2.40 [33] SH—1RE (THCEZHER) **%—"E%ﬂﬁ@%ﬁ%ﬁﬁzxzﬁk#ﬁl ZIL
PfB.

2.41[33) 5H—AE% (THCIESHER) Sk CaEHERENX-Y-XEEHR. &1
P 3B ‘

wRIESIE

1 SR ORE R B IR A Atan2 B TR)F, ARBRE A _

2. HE—AKFHA P RE, A REORE2 < 2 MR A I bR PES. H

PRas RO A, (LR NEDRARBERIER. Aoyl ki LR

BRExyE. Hik, AFHAPR-4 =08, y, ORGELF A, ERFAEH—-2x1

fir BREM—A2 < 2ERERE, FUBE— RGBT, SH—4TFEF, HPascalW&fF

5194

Procedure UTOI (VAR uform: vec3; VAR iform: frame);

Hep “UTOr BREE “APABERIIRNEER". B-A"2EAH=THG y, 0, FRETA

SR “BAIRRT BIER, B2 x l)uﬁ%ﬁfﬂ—"(ZxZ)ﬁﬁéﬁWﬁéﬂﬁh MRFEE,

A H—A3 < 3F BRI RX M BIR R, HE=FH0 0 1]. REMEFDLELEN:

Procedure ITOU (VAR iform: frame; VAR uform: vec3); '
3EHXFRAERMEFEN TFEF. BFSISH:

Procedure TMULT (VAR brela, crelb, crela: frame);

RIRABEARA, E-AhH. RERFHFOSRIELA (brela= 5T ).
AEH-AFRF, KEHRIGE. BF5I84:
Procedure TINVERT (VAR brela, arelb: frame);

F— ’*ﬁ%&ﬁ)\ FEoAKHEH. EERFRFOSEXMHAN (brela=5T ).
5. ST HILIRA
UT=[xy0]=[11.0 — 1.0 30.0]
5T =[xy6]=[0.0 7.0 45.0]
CT=[xy8]=[-3.0 -3.0 —30.0]
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HH PR LR RRIRIE R, v, 0] (6RLIdeghiifi). EHABRER (MEA2-15, RABE
2T AN ), EREFEHENMMLE. 5HFRFTMULTHTINVERT (ZE48 ) @E3f4+ 2
EXL) DIRTTRES M BORR (T . $TEN °T fER P ZGER R FRIZIER.

MATLAB3 @

a) IZ-Y-X(a~ - pEkHifaFonik, SHMATLABRE, MAAMAKRfac- - #it, it
BHERAER AR . BFEA BT
i) a=10°, B=20°, ¥=30°
ii) =30°, B=90°, y= —55°
TR, IE B ALE R AR RO LR Sk (BDEE3 x 3MEME R AN B, BRRAAS
ARBSTHY), MFHRD, ERXA 24, PR=R'=iR" .

b) 45— MMATLABEF. M ANessMEkE oR B, HEHRKRifo—B-y (RFEHE). it
BFA ATEERRR . iEWa) RSN R . FREREEREROEERTER (A1,
$ra) PEIRR AR AT T HEIIMNRESER R MARRFD, RESIFHARE:
MR PRI AL, WS4 a) FRBRFRERIE.

o) (X M b Be YihERE B . EmpP=20"F1*P=(101) , ItE'P ; AHERIELERRE ERH.

d) FiCorke MATLAB Robotics T LA A LR . B &Erpy2ir(), tr2rpy(), rotx(),
roty(), FrotzQ.

MATLAB 3 /2

2) BB/ MATLABEL S, 4R RIAZ Y-XEkhific— B— vRMI B A& “P, B, HHEFKE

#eaERE 5T « AR EFR:
i) a=10°, B=20°, y=30°%1 *P, ={123)" .
ii) B=20°(0=9=0°), *P, =301} . ,

b) EBL406=20"(0=1=0"), “P,=(301) F1°P=(01), FAAMATLABI+H ‘P ; AIEERIELR
ELEM. HAMARGEERIERREHREMRN=AREN: ELDEE ARERNIRE
it .

) E—AMATLABRFF, EAM S AR BRREBERIEER T =T . KR
MATLABWISE &% (Flminv) R . IWBERFEYTHAAEHBBER
(Bp, ST =30 5T=1 ), %t Lifa) sh#oi) M) AT RIE-

d) 4 4T ha) PRI, o “ha) H(ii) HIRE.

i) HE AT, HRARHRERBER. M (T ERFERLE.

i) D4md) i) g 4T #0 &7 —BUE o7 KA, HREH5CmERHtiTE.
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92 Procedure KIN(VAR theta: vec6; VAR wrelb: frame);
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Procedure KIN(VAR theta: vec3; VAR wrelb: frame);
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F R AT ER I N IERAE S . YERABHBRERREHEBRR, XA &ER
REWE . BRIRMBGLE, Wi HBIMBANOLNIE0~ —180°TEEA, EARFXEHERERSD
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B=Atan2(y, x) (4-31)
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TR S AL AEVN—KREHN, LK.
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A R4 3R PR B R A B 8 53 JLAT R4 - Motoman L-345 = /ANRHAE (#1818 3 R AR
TPUMANLBAN. £—, M TFXHEETRALIS XY, BREHRRERATSNCEAGER
IFEsk— & BArbbr R . B, XFHUAFHBEL RS A RESR /B3 HFERM IR
FAEBELANEY . $=, BHRNSHTEELLEE, MARE T MRS SAE,

B LI — AR s R B EX—EEAREE B,

R % fEMotomanp BB T2 MM HE (RAER TR L RAS A ERRER), WL
BB BX A F22 1) T LA i — A~ ol 3s 75 Gk ttig . TRSRERT ( Z, ) LMT

“HREBNEERRN, HER—MEE RN IEZE) R A4

RS SR . LA/ eSS B ol T RS rof5a M
T EE R R ESER L, T EREER. %
FEBHUXATRANE RR SR, TRBERY w2

B BB R BB FERIM . 8, 3T

X R LA I DU B T BB A AR R AN T H AR R Z,

I EREARE . 2,4
E4-9 Brom AR RS L m Ak gy AR TR

S5 Z, . b THEXFEAEE—AFOIER Z, , % )

%

“BEERETE”

Yol S — R R R0, TR, OB/ KL mao 45 Bsrseii A& HMotoman

TAFEMN, RS Z, 02 EX2.
A AR ER BbREAR R, MIELMT

T
M=——— p,
px+py 0

R, p, Fip, RHIE T B0 B R cfiyssts, WKH TS H

K=A71xZT
B z; A
2;=IA(xlfl
ORI RL B
cosO=2,-Z,

sinf=(Z, xZ,)-K
§ fRodriqueAz, (£ WL31M2.20), &
¥! =cOF, +s6(K x ¥,)+(1 —ce)(lé- K
B S5 AT DATHE t T BLUmB R E S5 46 RE LR AR Al

BB TR

(4-84)

(4-85)

(4-86)

(4-87)

© (4-88)
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X =¥:xZ

(4-89)

R (4-84) ~ (4-89) iR T —Fis CmA— & HAx 05 (2 B2 B Motoman#l 28 A F 22 il 49

Titho

BBt in g 7 R FRN, RINRBTRTBRBEHFEHR. EK

f@Motoman L-3iz 5 5 FEky, af LAHgE AT 2R S AEREny Fe B
ST=TT T T
mE4A

h hy h; D
or I ™ Is Dy
5

B ;o I3 P

0 0 0 1
R (4-90) HLFEINTATH T, BE

T ST=\TT T

RN ALA
Ch,+S5h Ol tSh, Ghytsih OGP TSP,
—h . —I —I3 —P;
=Sih T Oy S YOy —Sihston; —sp.top,
0 0 0 1
HilL K
* Sy ¥
* ~Cpq  *
ss ¢ 0 0
0 0 0 1
& (4-94) —BTEHBRALH. A HERLATE (3,.4) H%, &
—$,p, +¢,p, =0
th ok 78 ©

0, =Atan2(p,, p,)
A% (3,1) f1 (3.2) %, #

55 =—5n; o,

Cs =5l oy

i EXitHOR

O MTxFREYE, FTAMRIR MR, BT ALt E.

(4-90)

(4-91)

(4-92)

(4-93)

(4-94)

(4-95)

(4-96)

(4-97)
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05 = Atan2(r,c, —1,,8,, 1,,¢, = 1,,5,) (4-98)
g (2,3) f1 (1,3) #0%, B

Con = hs3 (4-99)
Sy34 = C T3 + 8,1y )
HkE
0,3, = Atan2(K;¢, + 1538, 1) (4-100)

kT s IEHe,, 606, R AJLAIE . E4-108mARES FEEM X2 SRA. X
3L BRI TR AAL R RC
T = MFABCRH AIREER, A

ptp+pl-L -k

0, = 4-101
cosé, 2L, ( )
mi% ©
93=Atan2(\/1—005293,c0593) (4-102)
/’ C
bt
7 L =
NG 3 /// |
’ v |
/ d |
B v |
-~ |
-~ |
pd ]
L, B ' |
s |
O\ |
/X VI
A T
El4-10 i Py AMotomanii{E &
ME4-10LIFHO=—-¢- S, B
6, =—Atan2(pz,1/pf +p )—Atanz(l3 sing,, I, +1; cosé,) (4-103)
BARE
6,=0,,-6,-6; (4-104)

(G AECEKY, B —FIHERHEZDRERE. 2R3.7Y, Bk (3-16) BH
WEhJ/SHA

© MTEFREY, TOARSHLGEHEEORE, HETRSHE.
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1
A1=7(l—(01"2.1)
1 -1 ¢2 o 2 2
A, =—| |“2a,B, cos| 8, —Q, —tan Y_ +270° [+ o5 + B; -4,
2 2
A = 1 ’ af ¢ o 2 2 (4-105)
=7 -2a, 3, cos| 6, + 6, —tan —7— +90° [+ a5 + B — A,
3 3
1 o
A4=k—(180 +A,—6,-6,-0,)
4
1
A5=',g(l5—95)

EABZSEHEEOERE, RESARETEHNERREEINEBHZAN. FXE,
AR RREEERN. ATIUAHRESRD SR ZRMEER, SEEEREL
BN, % TMotomanfL3E A, JEBhRE2FI3HE ILIE M T B AL BHE THIR%H:

A, —10000 > A, > A, +3000 (4-106)
BNOR 5h 28300z shy A R ash 282 BRI %, R,
32000- A, < A; <55000 (4-107)

BUE, XY5% 1 BN THZ BIAR25 6004 iHHbkrb, BFtX4A>26000, A, HHAATHE
HIfR. %R Yasukawa Motoman L-3412% AW — T 8B/t A T — A ERUIE 0L

4.8 IRESLIRFR
KX R KR LAY ZHLENERIRENBOMNB. FKE%E4- 1R

B ER R RITE B

e

A {5} - {G}

{w}
{B}

A

——-

T 1T
411 T hRAME

E—BAHLE ARG, BOEEINT H kR X iRk
L HAPRERAT LESLERANMLE, XNMERRTRELESHAR L, wE
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4-128R, SEM T "BaMEEH £, TIEGLIRA (SHRARX TELIRR(BYE LK.

E4-12 TAEGRE

2. PGB A kR R (TR L A BT TR MR . ST ERRmRTE, LEAN
HE G R T BED R M — AR T RS RFR(T). EE, UARNERIMHHEN LA,
TRAMER{TINE LRARR. TEMERE{THEARN THMAIRR (WHE XK, YT .

3. B PR 4 E BAREAR R (GHHM T TrE G IR FR R k18 E WL 8% N B3I BAr A
3 FHLEABEEED, (TYR{SHOELBEREAE., EXMERT, —BEisEX,
APESH— RGN E. EFLRSEY, TASERERNEX (DA% (K,
HFs ORI AR E ). TG iR R AT EU B 2 . el DAk B P HLag A\ 18 R .
EXERGEH, HABERAPRERIAMGESIRZ—t () REEHEATFHIAES
MERREN TR, B TRIHEEHMEE (BR).

4. HBARGEEEUTE-RFIXRYAREEXYRkKkiE, THLBIRENDGELLES
FHRIEE, HI{T}={GIHBE3NEH.

4.9 REBKE

SOLVE @ $ il #4785 KL, A SHFEE . XN U BHFERT LN, FETH
SRR LIRS LARRRE AT LA A TREAYEsS, T T AR T B8R R R
AR R .

#EW BFR4AR R T , SOLVER A THAREM TIESLIRRNE K THE(WIHH
3t T{BYr & o7 :

, WdIT=SLTT (4-108)
RIG, WEHEE TENRA, HEFE.



RUFFZEZHF 99

410 EESHENENREE

AU TS ARG EHE BN ERA. REAEREBZHTHEBMR, &
JE RV BB RBR TR, SO EABRXAZR AN, B4k
B ANGE. XL REREI HBRESD, FHFEEEFHFRE,
Bh %A S RILA R R B E Bbrl. SHERATEREERBREAEEN, B2
EHERFENESHER.

— A BRRI AL EE AR AR R LA ERY . T RSB SRR TR H R A,
st ¥ AT 5 B b B R A RILA BRI R L, BT LR RIEB B 3h B TR il sh— M RoR
Bt i, X ERIFLARTAA R BB, AP RO TR X SRIE MR X
FhEE ARV, oan, R ATHEYALRE R EFEILSE N BFIEFRIE—3s, ILdlas
A U AEE B B R BB P E A RLA bR . BRI AR R AR R BRI E A BRI
RIRERLHERE -

BIEBMEMEEZHEERENRN. B8, EUMERIYENEHES RSN
BERIREM . Denavit-Hartenberg B ¥ IR 2 &5 R Zs 2 BHRTANHHIRE. R,
ROEH R £ TS N ESRSEEIERLT, AREBEB ZMMERERRMEYE, A
oAl k. FREH RAEGSE I HHRMEEZ S F S BIOM HHR RRE B A E LR

4.11 HEFE=A

EF 2 BRSBTS CXEEE7EPRETITR), FEUMLYRAERTRRIERH
WIEAF R, Han30Hz, HEFER. Fik, HRARERRE-ITHERE. ¥ THREENE
KA RIERIERRERRN (56 LRERER), FHit, kXA Agngitie.

JI0WHEENF R IEE % A&, HbEH TEEsh%Md. X TEash¥ R,
— AR TAaERE TRFLEHHTREGERVEE.

LMW EEHL o EE, HTHERANREEAERMARR, TARKKEF
. YREFENAY, FAFERANER, HRATETENSERTUTE LT
BtiAl.

2 RJLA kRS e, AR TTLLEE —SEREH, HREMABELKREE -
AR, T 2 RRAESATIE, D — /RO R L R, EREEHEAENRT  [127]
LA B A% 75 5 v MR R B R BRR .

S 3w

f1] B. Roth, J. Rastegar, and V. Scheinman, “On the Design of Computer Controlled
Manipulators,” On the Theory and Practice of Robots and Manipulators, Vol. 1, First
CISM-IFToMM Symposium, September 1973, pp. 93-113.

[2] B. Roth, “Performance Evaluation of Manipulators from a Kinematic Viewpoint,” Per-
formance Evaluation of Manipulators, National Bureau of Standards, special publication,
1975.

[3] D. Pieper and B. Roth, “The Kinematics of Manipulators Under Computer Control,”
Proceedings of the Second International Congress on Theory of Machines and Mechanisms,
Vol. 2, Zakopane, Poland, 1969, pp. 159-169.



100 | FE >

[4] D. Pieper, “The Kinematics of Manipulators Under Computer Control,” Unpublished
Ph.D. Thesis, Stanford University, 1968.

[5]1 R.P.Paul, B. Shimano, and G. Mayer, “Kinematic Control Equations for Simple Manip-
ulators,” IEEE Transactions on Systems, Man, and Cybernetics, Vol. SMC-11, No. 6,
1981.

[6] L. Tsai and A.Morgan, “Solving the Kinematics of the Most General Six- and Five-
degree-of-freedom Manipulators by Continuation Methods,” Paper 84-DET-20, ASME
Mechanisms Conference, Boston, October 7-10, 1984.

[7) CS.G.Lee and M. Ziegler, “Geometric Approach in Solving Inverse Kinematics of
PUMA Robots,” IEEE Transactions on Aerospace and Electronic Systems, Vol. AES-20,
No. 6, November 1984.

{8) W.Beyer, CRC Standard Mathematical Tables, 25th edition, CRC Press, Inc., Boca
Raton, FL,, 1980.

[9]1 R. Burington, Handbook of Mathematical Tables and Formulas, 5th edition, McGraw-
Hill, New York, 1973.

[10] J. Hollerbach, ‘A Survey of Kinematic Calibration,” in The Robotics Review, O. Khatib,
J. Craig, and T. Lozano-Perez, Editors, MIT Press, Cambridge, MA, 1989.

[11] Y. Nakamura and H. Hanafusa, ‘Inverse Kinematic Solutions with Singularity Robust-
ness for Robot Manipulator Control,”” ASME Journal of Dynamic Systems, Measurement,
and Control, Vol. 108, 1986.

[12] D. Baker and C. Wampler, “On the Inverse Kinematics of Redundant Mampulators,”
International Journal of Robotics Research, Vol. 7, No. 2, 1988.

[13] L.W. Tsai, Robot Analysis: The Mechanics of Serial and Parallel Manipulators, Wiley,
New York, 1999.

3

4.1 (1514 35 SRS 30 =SEAFRIEB R TEZRIEE. Cmi=15.0, I= 10 0Fnl,=3.0.
4.2 [26)4f T8 3% 2 j3. 30 BT RIER B3 2 R
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4.4 241 FHEIBTE3 A3 A MEREBN T EZEHE.
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HIEEZFERA
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LA HZ-Y-ZHIRE fE & T B 4- 4B RIONLE . [ EEFF 3005 AR TE RO J
MEEEN (EhEAPTR). FEXe=00", HEITLUE Bt EAFrJ 7R SE RS FF 335
BEEEN. BNESANMRTANGLES. B8, BIRFHNXTIMIERER360°
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E4-14 F3RHLE) (Z154.12)

E4-15 4RIBIEH, ERAEO=[0,90°, —90°, 0] (>1fH4.16)

4.17 [25] E4-16F7 70— REBIEY, IEREFBE Ha=-90°, d=1, a=45", d=1Fa=1,
A B HO=(0 0 90° O, /X WIZHMMEM + 180", HF
®P,orc =[0.0 1.0 1.414]"

KPR OIE.
4.18 [1512 WE3-37F/RAURRPRIEE , ERNEzI¥HE (L) AL
4.19 [1512 ILE3-38F/rIRRRIBIEE , BiEzhE LR (') AE0/1M#?
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El4-16 ARERMEE, ER{ALEO=[0,0,90°, 01" (2]1&4.17)
4.23 38T RIEAH THEshFHE:

sin=asin0+b
sing =ccos@+d
y=5+¢
B4a, b, ¢, dfly, TE—BIFHT, AN, K—-THRERE, ERIRFLIHE.
4.24 [20) AN BEFT AR AR (i - L HEREAT AR F (i}, k44 Denavit-Hartenberg 2%, &1
=& TR E .

MmIESRE
L SH-ANHE4A4 T ZEFRIEBNE B TFEF. T TREFNEUMTRERATEX

Procedure INVKIN(VAR wrelb: frame; VAR current, near, far: vec3;
VAR sol: boolean);

He, “wrelb” — /AR, RERNTHLERENRSLIRR;  “current” #—A
AR, RENSALAMCERFELE GAEXYTARELN) i “near” REBEEITERE

“far” R TR “sol” B -ARTFERGHRIIBAOIRE. (InRBEM,. sol=FALSE)
EFRE (m) 4

1=1=0.5 132
~170°< 9 < 170°
AARWERF, AKINKEIHAXAERF, IR EMNs L.
2. —A LHESERIERIERS L, TRBRRARMBXM THRELRROHERAL T . RPE
K TAEZE A AT Forch TG bR R M3 THLE AR BIRER [T . BEHXATRF

Procedure SOLVE(VAR trels: frame; VAR current, near, far: vec3;
VAR sol: boolean);

Heh “trels” REHX TLERFR (S}BERF (T}, KbSHHEINVKINTEFF. ({T)
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F{SYEX LR &S EH. SOLVEARIFMATMULT, TINVERTFHIINVKIN,
3. B —ANHx, yHMARNBRLRENERE. XA BN FSYELA(TY, AFRTH
XFRTT ERHE B R.
s R IR, VLB AR TEEREERARNTIR. B, (THR{SYEXLHA

"T =[x y0]=[0.1 0.2 30.0]
BT =[x y6]=[-0.1 0.3 0.0]

HETHI=A Hirttr R AR A
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(x, y, $,1=[0.6 —0.3 45.0]
[x; ¥, ¢,1=[-0.4 0.3 120.0]
[x, y, ,1=[0.8 1.4 30.0]

EailE AFSHH AL ABR00, FAKKSHIXZABIRMLE. BFA
LA MR TR — A B AR AW BT EM. K 5§ ASOLVERIWHERERIE BT #
B B :

MATLAB3] &

AT Bt R R E3 B ERALE ARE BB EM. (3 E3-6/13-7; E3-8h

£ TDHS . ) EMEE KESEWT: L=4, L=3FL=2(m).

a) AFE, FxMHLEAMERESHFEMFR B4 0T, 56, 6,0}THTRNE
WE. CORAHT SR ®%, BERS—®). 7% A TRXAHE, BRN T
FLUWHEST -

b) 45— A"MATLABRE Rk iR I 3RHLE AL A& B ah# M (A, KiPTA IR
HIZEM). RBATRAZRI R LTI

1 0009
i)°T=0100
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[o o o0 1
0 1 0 -3
iﬁ)OTz-ooz
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0866 05 0 -3.1245

<\ 0 -0.5 0866 0 9.1674
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0 0 0 1

HFHEEN, ERBEARERRBIFFRNER, B 4d4xVANER HXE—-1%
CER#R) RABILABIEEIHFEMATLABR F Y, RiIFRERKEN JT. ‘
¢) iz FiCorke MATLAB Robotics T R IE T A& R . R HBHikine().
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SRR (BHER TRARR (A B A E %
B P FIHEEESERE SR EHIE. WM, BEY
fir sR FBAM (L, MOAARR FHAARR (AIED
BT *Paors W "Q BERF RIS M. B5-3 AFRFR (BILEE “Vior

FRRALARFR {(A) h QM8 BE R AE ¥ TR SLRY FOS FABAR R (A VBB
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AN, BE-PHREAEE, FIRK (5-10) MIf%sr. s —HAJLAFERIENT
N (5-10) WAk, XEHSIAREFE. OREEABRES TG A .
IE X AE R SR R
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e bR R ER AR R W05y, T LUK I °T LU AERE B SR X o A0 530 B 1) Y o o 8 Fry Bl S
Y=J(X)X (5-63)
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Ve . EF6Th, AR RARLIN S BRUBERIEBZ3IN HEHE.
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PRl W] B H

F 166=1700 (5-94)

SEiAMSO, EX¥ELL, EA

FI=7 (5-95)
 EARALEE, W

= F (5-96)

A (5-96) N—BFE L LUEB 1 BIS.6vh A RIEBRIRBRIE OL: e mT e BERIERET
B ERIE RIS B T 8T 0. ARIEX TRmRR {0 BT HLAERMG, "TLART
A AR F (0} HRI DR BT T #:
="1"°F (5-97)
LT AT L AERE AR, R RS A, REmdhAT 8 R X & 75 [ _E A RERE N B v
o BN, wRK (5-97) PRUMRATHERES R, FAEREESR (X REL T HRTHE
FBEEZAC) LAEASB/N SR RMIETR. XWEKE, EFRUHNL, PR
BATFES A, CABCRER/NMIEY DERATERRRITRSERKN L. © Bk, 2£H8
HFIAE L B A R R AR .
R, R (597) B—AMEEAHBOERR, ETH -G RILSRABNRERY -4 %T
AR RTEE T BEMEzhFRMOY M. £ E b e RN R XA X E.

5.11 Eﬁﬂﬁﬁ%ﬁ%nﬁﬁ
RTLAMREEG x LA MR ) S B 2 5h s A7 v
, .
v= [(D] (5-98)

ke, %86 < 1M X hRBERIKX, B

O RE—/1MEMFEREEORRNTESESEREEZMAILFZLME. ZRMUET, "B 65
HERILAEEE R .
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_|F
F —[N] (5-99)

RHFRE—A3 x IHRE, NE—13x I DERE. RAAKMTLEIINGC x 6B HFFFIX L
B AR RS R 55— A i R . XTI CIEEM 2R R h i ritid Mot .
XH, HEERETFHEREHRA (5-45) X (5-47), BUHRA{AIFR) LEEREEHR
HTEA R F (B} P RITER .

X BRI LIRR ZAMERERNEAN, LRSI XAKXMK (5-45) fHIA

e, WEKE
[BUB]_[:R ":RAPBORG x][AvA] (5-100)
B - BR A -
) 0 A a,

A, XEAFHEBEER T

0 -p. bp
Px={p, 0 -p, (5-101)
-p, p. O

BL7E, R (5-100) H—ANBIRAREES S — SRR EERREE, BEkix46x6H T
WRRCHEEWHRER, AMST #on. EXMERD, BRE—H{AYHAEERSH BB}
fol BERSE s, BRLAAT T RIRGERMR (5-100) FompR&EER:

By,=AT *v, (5-102)
Es{BYPRIEEE, AT HEEAYRREEMR, WK (5-100) Kif:
[HR PR][} (5.103)
‘o, 0 AR b0,
L
v, =31,V (5-104)

EBNBARRFILIRARNEEERREH (T FEl (RENEEH), HFANEEERRNE
£, BIERALIRAZANXREHIEAEM. FEE, fX (5-80) faX (5-81) "#@6x6
AOSERE, BREAERIRER (BYhiRN) L H RBEBREBIRR (AYhAfEA, BI%

AF, AR 0 || ®F,
A = AR Aplien ' (5-105)
N, sorc X8R B

Af'A=1;TfoB (5-106)

LA RERER

KT FRETR AT - NETHK.
SR H A R S R T LR AL, TR R bR R R E ARk . B
AR, A

oL, =5T, (5-107)
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AR (5-105) F0X (5-103) * ERXEITHLE.

B5-13p17m 4 — A HH TAMRRIITS. AEEARER LRREITE LZRT —
ABHERE. XANEBRBMERMEE LE
HFIHEE.

ik B BNEH A6 x INRESF , Bhifh &k
#HUIR R (SYRRTHI=EA HF=A FIEL R . Bl
FOTF B L AR P R B S e N 7E T B R 3 ) 0 0 0 48
TF o RHEM{SIE LRSI AR(TING x 6 - J15E
KB BIERE. SAA{TIE (SRS (T . (I

., XEM{SHREERBLIRR, AR TIERS fem i
LZF ) BIS-13 #A DI BBIRERR

iZ?EEit (5_106) E@ﬁi}ﬁmo _é.%, MiT*
it IT o ST B R A1 7P . AKX (5-106) 53]

"F =T F, (5-108)
v
i<, 0 5-10
7 PorxIR IR (3:109)
[ |
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5.1 [10] FI7ESBATR T (O} b e i e 7T EL A BE T A BIS 3. & RIS 345 R — B2

5.2 (251 RINEIL M3 @ HERETR TN . ERERER (4) 5 e, BiRE
AV TFEKM B 547 R (3) 905 B -

5.3 [35] RIBIEEIVES G R RIEB R AT LER. TR ) PSHILER, Birk
AHETFRRF S SSREA Y AR, F3MRRNS ISR THER: W%
BRI B MRS B MIM i, RS EH B

5.4 [8] {EBATE )38 o 1 25 S BT 5 7 i B b O 25 S BT

5.5 [39] HHEPUMAS607E 4847 7 {6} TR 7T bL 46 RE .

5.6 [47] AEM BT 3/ ekt 245 FUEAE K AR R IONUTE 3 T A — A — &3 5 AE
(R E? |

5.7 (7] Bl —A 3 E MR, i sd R T LR e R R TR G T3 < 3 3
faERE . R —MRIEREEHF .

5.8 (18] MWUMLY, RIE “RERMEA", XN HERR % FIE
% FAEHET, T ES 3R EFRIET, RUGFENEMRMEA. #55: ML, LA
K7

5.0 [50] R A6 [ th IR IER P A E & MR A B E L tE. (LTS 8)

5.10 (7] ¥ FHIS 200 B EAF RIS, RIEEET HETHRT 02 < 1 RBEFHESIER.

5.11 [14) 5
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R e AR AR (AT AR R A
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. |30
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| 00 |

RHLUBERR(BYR M ASE N6« LEERE.

5.12 (151 #FFABIIMZEFREY, REBEBTETEZRLF LT R LN —8
S35 MR 5 BB T AR5z R BRI #F RO B 5 — A XY A

5.13 [9] i AT HR VB (0 e °T LLAERE Ay

97(©) =[—llsl —Ls;, _IZSIZ]

he,+he, Loy

RHEH, KHEREB=EG DR OF=10X, WX HiE.
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5.14 [18] ZnEPUMAS60fIEFF S 4a 40, M 6=-90.0° R HA LIEZRAF 5. Kl
g B AR, OIS, FEEUIAN RS HOR, Z 0= 9007, 7 AR,
—FE T X2, K4, 5F06 IR M.

5.15 [2414R BB 3 E 13 MR IE B =KW MR U B T H R SRS BE , R ii3 = 3%k AT LL4ERE .
sk s br % {0} Mo ol LLAERS .

5.16 [20] —A~HZ-Y-ZBk B Mt R H3RBIES (B, MX (272) {HIMIERZZ%2ME,. B
0=0, B=0,, y=0,), R HIIBE F % BE AR IR AT Foo B W0 T LB RS

5.17 BB — K6 & HELE A, HFHDICE °Z P, —, DASEFERFARXR
ZEEREARA THRAL, HAECAE N EFLIRRNREAEERBERR TR, AHRE
O TEA G FEfFn@EE) REE, JE P B8, BIE, ¥ FRE#kEY, b
iR B 5 RS T BRI AE B A

. v, =éi02i X(OEool—OPiorg) (5-110)
3 EL ph 5 70 B 3 LR AT n it fr i B
Omi=éi02i (5-111)
IRt Ov, 1O, KRR A 1 T AL 2 B SRR IE. (585K (5-110) A (5-111),
R FBHLBimERER, LREZ, P, P, SH—MEEM6H B ERIEBIG <6
AT ELAERE -

5.18 [18] E.4n—-3RHLE A B FEA

ey —GSy S hetheg

op = S S8 6 L8 +hse

’ 523 €23 0 Ls,

0 0 0 1

k 9(0) , WHFLLTHERE, KBIrFR B RN TLIRR (0I R B .
5.19 [15] —ARPRIER, EFM2MERER
ac, ~d,s,
a;s, +d,c,

0

R HPETEA R A AR (2} R R B R A2 x 2 AT LU AERE . SR (R
BT A FAIEOE.

5.20 [15] B AIERIE L “—AMETHRAERINA B B EREE TR AL TFn-1
Bz A LR RIER
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A-*A
A | AL
Vg = Ya
Ay
eA

BH—ATRE, ST va, HE B BE HEEIMSER (5-100) %4l &
HREFSIREDMT (5CESMED:

Procedure Veltrans (VAR brela: Trame; VAR vrela, vrelb: vec3);
R “vrela” BAIX TAIRFR(AWIEE “va, A “vrelb” BTERFHGH M TLARER
(BY3:H BEED v, ).

2. R EDEAFEREBRIEBNS < 3R T ELAERE (WH3.3). A PMATLLIER, METEESS
b (FFikmRFS.2) sl hordr (HikmmEBls.6). &Mk hERERHE TR,
BE—NTRFITEHBIRA 3R b —BI S A BRI R ECI(0). EREIRAR{(3)
BB STEX3 L AAREEAT AR R . MARFSIRIBENMT (5CEZHL:

Procedure Jacobian (VAR theta: vec3; Var Jac: mat33);
BEEWRECAL=1=0.5m,
3. TS, A TEERARM—ATEGBRRESCNT (R4 hmfldeg):
"T=[xy6]=[0.1 0.2 30.0]
’;T:[xy9]=[0.0 0.0 0.0]
fER—mt%l, TEKRMEMLE SR
ST =[xy 6]=[0.6 —0.3 45.0]
e —m %], MBHXTEE (deg/s) A
6=[6, 0, 6,]=[20.0 -10.0 12.0]
HETHRSANTE SBRANSHEMAERE, BTy, . WREF-AH, KHUTH
0]

MATLAB3 @@

XA E AR EEIH BERILEA (WLE3-6713-7; DHE KM E3-84H ) kAl
FesERE B ATHIR . 2R B d 0 A A0E i fR .

S HRERNGECETRIEERELR *X="6, RPJ BRRTHLERE, oRXTiMx
EERE, (xREROERILEELR (BHEFBMER), ForTkIERENE RILEE
FIBRPERIRIRR . TEAAA—2 PR ERHES0 HER:

—-———>XC ! > . f 2 > VHL?.%A e

o Bl E i R SER
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MER R, 5 EEE R AR TER o, LUSEIMENE RILEE X ; &
TREHEWAEE B EM ST 1. BT HERER Ve, k. HTHAEMBM, BEl
HHXT RO, BRMLRARIN LT AEOC, R (ExhrhBREHE). M Em3 [ b
SRELE A, k=OBtHEH B “X=t70H

6,
6,
‘6.3

x —Lisy = Lysyp = LySiys —Lysyy = Lasiys —Lasin
.| _o

y =

wz

L +LcytLicyy;  LoptLcy Ly
1 1 1

A s =sin(0+0,+6), c =cos(0+0,+0)%%, HHE X AFMeriR (T HE3-6r Kty
B L) AT HARFR (O ARE RILERE, HAHBRER (0 AR RE.

ATk S HM TS NTEERAN 6 184, FLLBHIE X 0 8 31 MARN
FHFRHBIMEOLGAEO,, RTLAESIFSHILEAKHES. Lkt RER
AATHIR S AL TR TR, X BE R SALR N o =0, +OAr - FEMATLABHY
S EEENEY, BEMANe, THEHMEALBTR (FORMBIR TR T3)H%M
PHR ., HRRTEAMXEEGRBE). —2EERRY S EE R 2 AR A
O 1E T — 45 % B w] LLARRE S %7 .

B —/AMATLABE Fe - Bk T b AERE 350 R H3RMLE Nl i o Sl BisHiff R . 25
HLE AEATR L =4, L=3, L=2(m); &IHETHO={6, 6, 6,)7=(10° 20" 30°}7, FHEEN
MR ILEE “X)= (1 y,) ={02-03-02) (mfs, mi/s, rad/s) , {5 BB iEI A 5s, W5 h
dt=0.1s, fER—ANBFEHERY, HEH ¥R —IHEXY DET=(7, 7, 7,}Nm), B
e R MR R LD R DRSS N WY =, £, m )Y =123 (N,N,Nm) . F#, EAFREH
BB, ERE LAXAMEANEANNE#TE DR, XAER TG Hiashe
THIEH. ‘ |

a) WS EMRIE, EHSKE (EREsHEEs BEE ):

134 Lk EER 6=1(6, 6, 6,) SHEIMIXRK;

2. 34 EFHXR T AO0=(0, 0, 0} 5F IR FK;

3. ST WA RIL &, X={xy¢) (¢RfEMHfirad) SHREINXE;

4. FeRTAEREATFIRM SR AR B—FE 0 SR B E PR 4 R R A TR
5.3 FhRYE HMET={1, 7, 7.} SHIANXFR. '
EENEPNEARHEAN R (BFRATE) ; Bk, frtlihsasRagi.

b) FiCorke MATLAB Robotics T. B &i#A % — R SIS tame kX% A0 v ELERESE R .
R FBacob0(). FHB: T EL AR T AE A T44AR GHEx T4 R (0 HES),
T A58 F T LSS R AR AR &R (H M T 445 & (0} 0iE 3D . jacobOO%H T 44 #
(O} R TR AT LLABREMI 2R jacobnOHF4 4R R (3) L £ '

0
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6% RIFEHNY

6.1 #Eid

FBAHE, BMNASKR TRETWEEF. ROICHARTHSMCLE. BENDARE;
B2, NRBEINLEHNEN L, AAED, BEEEEBREHHTBE—HBEIHEER
B SRE ITE SR LIS hERE B E 3.

VS DFFRE R L PERE. Bk, HRAFEHRTLEOBE. BR, BRINE
HERBRGBH AT E. B, EEHHEAXMPRIER TEREY. HIRFIRERE
BB BRSMIMER B RRBNBIRIX R, '

58RI NEERNOBEAREE k. E—RE, Ca—1 hiEse, éfne.,
FERNRPR YT DER R . XTI NFAXREFEHEE (810%) REM. B2
AR TR I —4 %N DERE R T AmiEsh. Bk, Ba—1thERE it
HUHREBWZZ0. oflo. IXMRIEVNHTAMREN.

6.2 Wi{kaghniEE

AR BRI R 0 BE (R . ZEAE—BRED, RIS EEMARERT RS, "o
15 Bk A A BE . )
BV, (1 + AD-"V, (1)

- d .
*V, =;l_tBVQ=hm (6-1)

A0 At
F
10, =g, = L+ 801040 (62)
ELEE R, MHHNS AR IR SRR (UM, sTA TR SRRRIENEE, 8
04="Vaoro (6-3)
Fn
@,="Q, (6-4)

LR
R (5-12) #R THRBR A FTHEEREQ GXRESEHH—ANEELR), UBILA
{AWRE SRR {BYREREAR, EEREQA[HRRA:
V=RV, + Q< RO (6-5)
FRAMLMABNWERE\OMM A ZAAER. A TR RERANEAES, BETLIER
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(6-5) BB THA:
7 %(QRBQ)=3RBVQ+AQB><§R”Q (6-6)
X PP AR 75 FR 7 SR AR AR S RO sk BE 75 FR AR 75

MR (6-5) KT, BULFRRAI{BINEREAN, WTHEIQRMEEELIRF{A}F
7. Srpo v '

Wy = LRIV QIR+, X S GR'O) (67)

it BRI E —TRE S~ A (6-6), WX (6-7) ALERA:
ARPV, 4+ QX pRV,+* QX R"Q (65)
+4Q, X(3R°V,+*Q X R°Q)
B EXFHREINAH, BES:
ARV, 42" QX pR"V,+* QX ;R 0+ Q, x(“ QX R"Q) (6-9)
BRE, A TH&ERE IFNBERRREATEAN—BIER, BAOKM—AFRrdbn R (B
AT, B&BE—RFREA
Voo +aR"V, +2° QX R"V,+* QX ;R°0
+4Q, X(*Q,%AR"Q)
A4 TR Y 0R &N, H

(6-10)

*V,=*V, =0 (6-11)
EXFER T, & (6-10) LA
Vo= Vaora +* Qs X(* QX sR° Q)+ Q, X JR°Q (6-12)
sE T B R AR . R IR A B R, B
*ikRk (6-10),
y-y,155:

B bR F (B AR BE A Q, HI3 F AR R (A) k), R SERR (CIA M EE "Q 4%
TAARR (BYEG. Ak Q. FELFRRAYPESTREAM:

AQ.=*Q +aR"Q, (6-13)
xRk, &
"QC="QB+%(§RBQC) (6-14)
#R (6-6) A LXAREF—HF, #
AQ ="Qp+pR"Q+ QX R*Q (6-15)

FRAFUHERETEFO AR,
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63 RESH

FHRAHERGET, EEEZENGNRE. X TEiH#EailNER, 2¥AFTE£X

B, XA TTDE = S 2 A H @ SRRy
R, TREFELS M. £ -1 Rk
LUEFRMEER SN, BOFE—Faegx
ERI B R BE MR ik, EXE, BIMSIAR
kR, CEEELY - EHEN)T
XEER.

BERMEL—HS R, HHAIGCREE
2 HBERR P AR Be- 1R — Wi,
AR AR SLEERIE B Bk BT LI fT A
fRFRARE L, H—RRIEEE TR BRI IRF
o R R . X B, EEMRMEL bRE
HEMBHKBEFENSBLER. Lk
{AY R R Pk B W 3 < 34ERER R AT

EREh A ITTEA

(4}

fA

1. =[] & +zpdv
=[] o
L= Jf
1y = J[[, v
I,= j j jvxzpdv
1, = [[], y2pd

KPR R BT RAVEK, BITARERENp. BRTENIERRE *P= [y BE,

E6- 157 .

A
z

ik FRS MO ERE, XB

‘PR EoTihdy L ERE

(6-16)

(6-17)

I, 1 FL FRhtRESE. IR RTHIR Rpdv TR TCH B H M T B IR AR 05 7E
#ARELARS . BASARXARAERR. X TF—ARIERE, XATHLIKINS
EFUATHELRRHMIE. YERESSIRANG N, ARAERGENEEBHT. 1
Bf, ZAFRARMHBFRY TR, AR REYRAERBE.

716.1

kmo- 2k R KRNIk E. CaRkAREELSS, LXK,
@ ok, WRRERE . CaBlaiidv=dxdydz, :

167
t
168
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I, =ﬂﬂ:(y2 +2°) pdx dy dz
=_[)h'|2(y2+z2)wpdydz
=J:(§+'z2l)wpdz | (6-18)

3 hl3co+h3la) 5
3 3

2 2
=2 +h
3’( )

Kohm BRI R R . FETHL L

Iyy=~r§—(w2+h2) (6-19)
Gl
quf;—(lz+a)2) (6-20)
2
(A}
1
| h
|
T
I e
/
/7 w
4
X
169] E6-2 5 E BRI
SRIRTHRL:
h ol rw
Ixy=j0 Ljoxypdxdydz
h ol
= — ypdydz
JOJ.0222 (6-21)
h @l
=j0 2 pdz
=
4
b RS
I,="ho  (6-22)
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i
1y2=%h1 (6-23)
Et, ERkrRtEk &Y
Ri+nty -Za -2 he
3 4 4

Al = -%wl %’-(w2+h2) —%m (6.24)

—%hw ~—%hz 1’33(12+w2)
-

AEH, MEKERESRRUENEE. RAMNETEHMEERRESHLIHRARF
Bt sk B M AELE T R & . BABHEEMR T — 1 CARIG RO A R SRR R F
BE B eir AR RO EHRX R . BIR{CIRLIRIGR.OARABLERR, (AVAHE
BEBENRIRR, WETB e B e LARR A

AL =T, +m(x?+y?})

6-25
AL=T,-mx.y ( )

c

RPREP =[x, y, 2 J RN ROEBIRFR(AYPRIME . KA EEMT RN LLED
R (6-25). 5¥x, yHHIMUFHRETG. FABHMERXTURTRARE-HEEER

AI=1+m(P'PI,- P.P") (6-26)
AT R3 x 3 iERE.
H16.2

KGle. 1 FRRE R ERE. M, LAREAERIGHIRL.
. FMRAFABEEREX (6-25), XH

x| [7)
Ye|=5| ¢
zZ, h
Hmi
L= (@ +1%)
12 (6-27)
I, =0
KB AMHRERN. SELUROARERARERRF, FikRlEEREAs
m .2 2
S 1) 0 0 |
m .
‘I= 0 E(w2+h2‘) 0 (6-28)
0. 0 2@ +0?)

12
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MEAEER AT AR H B R MR A3t fisERe , BT bn (CYHAARE A R H 4.
||

Rk Bl Hofl — e R -

L. gk i AR AR AR BT PR A- e bRk SR 7 T A W TR B R B AR, MIEZR FiX A%
RIS S — LA ERERAE.

2. REMEAERIEHE, mth&RUTREEESAE.

3. ARESEZBIRRF UMM EL, ZAMBENRERE.

4. MK BRARHEECHRIAR LR B, MM ERRATH.

KREBIREEEFO LR R ESHHRMILEE 2%, BmREEEMAKX (6-17) %
HITRMR. —BRERAMEEE (FwRRE) RNEESCEFOREE, HARELHE
x5,

6.4 H@WmAEMKNE

BAEA BB ETRE LR, mRAE TEF RO ENRERRE, B

CHRBIAHERTLSWET . BEEFEF), LAHEFRTIERRE. EFSIHH

TR R 2% TR AT S 0 B B LR B4y AR R B #Wﬁﬁu&ﬁﬁﬁ%kwm&#ﬁﬁ
(171 #RTH. MERIEEZRIOX R

S@nE

E16-3 B 7 BRI B R ¢ BRLO IE LAIER BE O fE iz gl . B, d4-SU5 B IR IERER.O L
HI DI F5 | A2 W A 4 sk BE 4

F=mo, (6-29)
NmERIEHERR.

E6-3 e TRIAR.OIDFS RRIKIERE V.

BhA#E

B 6-4F R — A TR WA, Kﬁﬁﬁﬂﬁ%ﬁﬁﬁ%ﬁw o , Hit, m&?ﬁETﬁ
TERAERI LRI NS RIS -
N=%Io + 0x‘lo : (6-30)
AT RRAMETELFR R (CY PRI TR E. RN R.OELIRR (CHIFE A L.
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E6-4 tERERI LIDIEN, RIGNER Mk EofMAnER o

6.5 H4iR-EhHERMNEFAE

RN TREBAZZHUBN HETERE. RIZCHMENOMLE. BEMM
HE (9,0,0), HANEANBHEMRESMAHENMIR, TUARHREHBIRNEHHE
WIh4E. XA EERLuh, WalkerfilPaulfE SCHR (2] 4 & kAT

TN BE AR B R ESME X

TR REER LD, BETRRESE N EFEX MR AEE. Sim
EERAMEE. TR ASERY SR SR, §RMEFISETHERE, #FHRT-1E&
Fr, X ERSNERELER.

FEESEH RSN T MR EEEF AN 42" AE, BF (MTEIARTER
#izgh) :

“o, =" Ro,+8,,"'Z,, (6-31)
M (6-15) AT ELEAF Z A fahnd BN LA
M = R, +" R0, %6, 2, +6,"'Z,, (6-32)
Wi+ I EHRBHLNR, ERXATRIEA
‘ Yo, =" R, (6-33)
RERAR (6-12) RILABBIEANEF bR T IR AR LR 0k B -
MO =" RCoXPy+ 0, x (0, }B )+ 0,) (6-34)

MEIANXFRBER N, ERXARELA (RI\X (6-10))

Mi)m =" R(id)i x! Pi+1+iwi x(iwixiPm)'*'i V)

1

. A (6-35)
2" @, }d M2, +d, M 2,
FEE, MR (6-12) FLABBIEA BT .0/ E B :
"V, =@, X P, + 0, x( 0+ P )+ D, (6-36)

B AR (C, RE FRAF L, ShRRBURBFEARL, &S 5 FEFLRA
(O F MR, BFR (6-36) SRBMBHTX, BAERREREGERBHEY, R
(6-36) MTHis I EHF R RA R,
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173 EE, FITEFRTRERREE, B *0,="9,=0.
EREET LI NE

HREHENEF RO MEEMANEEZE, sRAFE-KAEAX (6.47) AT
AR H VR R EA BO LRyt hfnhsE. B

F =mu

Gy ¢ (6-37)
N="10,+w;x" 1o,
KA RER R (C, YR AL FEAT BUL, & Aebrih Ty 60 5 REAT AR A (i} 75 LA
HRAMAENERERE
HREHEREEAEF LOINEZE, REHEXYNE, BIEEREMEERF
LRI HFSSE.

RIBRALEFELE DRETHZOE (LE6-5) FIH hFEHBRMNEEE E. &
A SEFFERZ BIARABEATHULE R DA D AL R T It b DdE. EESEPEREL T —&
RS Rk FAHEFER DR NE, EXEEFRSH:

[ =4 - WERTEEAFI LD,

n, =ERF — WERTEEAT LD,

W FTA Ve RIEEAT LB D4R, B30 P &:

F=f = R (6-38)
BEEERER.C R DEMM, A4 ENNFAE, B3 HETFELR:
N="n="n, + (P XS, (P ~"P XS,y (6-39)
i+1}

174 E6-5 XFEARIERENA L ES, SERED
FIA DTSR (K6-38) MLZRLIRM Mg ERERIE, X (6-39) WE
‘N, =1~ Rm”m -'P, G X'E—P,; Xy, Rmfm (6-40)
BJ5, EHHFIHOMAOEF B, BRHSEFNEF SRS SHRIRER R R
fy =i R fun#'F, - (6-41)
n=N, +,, R"'n, . +'P, G XF+P, Xi, R f,, (6-42)
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R S5 BEAHEAT R KR R, BT AR SR —EHBIHLEE AR, X 2 &AL
RO B EEESET N BNE HFERFEMEL, RERE DR HERERERES N EF
Balio R

¥ H%h, TRSHE - EFENTREAN DELE Z HREsEREXYS HE:

Ti=iniTi2i | (6-43)

T8, F

1,=f"'Z, (6-44)
RAFSTHEREERE .

EE, AN EAREASSHIE KRR, V0, ETE, HIKLHHXE
FEY LI EE R MG A, RNLEASHEEM, " 0, BT, HEH
HERPRES TEMAFDE,

G- ALK R B N F Wi

RESBEIHITEREYS HENTRESEGRBSHEHR. o —3EAEF RS B-BRAL
FE, MEHBEMARINE R EEHAEEMMEE. 8280 —MEFZET R NS
A EEAT RIRAE BAE R DR A R X B sh hdE. st FéahRskil, xAREREMNT:

ShHfE: i:0-5

“gy =f'+l Ro,+ émm Z,, (6-45)
“@,, =" Ro,+" R, xai+1i+l‘2i+1 +éi+li+12i+l (6-46)
(6-47)

i+l,l-) i+l R(id)ixiPi+1+ia)i X(i wi xil;;+l)+i,l-,i)

i+l T

i+l i+l i+1
= X
vC1+1 ;. PCM

+o,, x(Mo,,x"P, )+ D, (6-48)
"y =m0, (6-49)
PN M 4 o xS e, (6-50)
MHE: (61
=l R E, (6-51)
‘n=N,+,,, R"'n,+'F. XF, (6-52)
+P,, X}y R fo ,

e nr'2 (6-53)

TREHNSNERE

4 Yo =G BATAR B R EEEAT LB HERBER G HEIRPE, HPGE
BEHREXEE, AAFRMER. XEETHLEAEC iR EEME Einzg. x4
fRARR R Fhnk & 5 B D MR LEBREMRAR. Hifi, SRERMBBIMAT R
LAzt & H@emdE it B .
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6.6 EREASHARANZNESE

EMXVALE. HEMMEE, FRALE (6-45) - (6-53) BALAHEAFRIRT DIE.
MREEESE PR LI R TR, HRB (6-45) ~ (6-53) XENATHAHHE:
BT BIE RS- RE A TR SRS

Wik FRATHRETERRE AN, BAXESBEMTEMILEAN. AERFRE
EEHRERE. SRR, R8P, IR "R BAZXEHFBEY, STLUERTHREHE
fiBsh oL FRIRT .

WRifi, BMNSEBERHBENLSHBTHE. fln, EHTNBRARAL? EHRWESE
54 DR WAL LB — A B K Y A T SRR ANBL AR, % B RS HE AP ANZ)
hhR. RAFE-REHREEREY e, Of OETHSHIMTBAXLLE. X5
BSEPHE TS AN R LA AL

6.7 AR ZNFEFEEAEE|

X BB E6-6 5~ H EMRERMHFEX
HHEFBE. HEEEL, REREBHRESHEREH
B BAEFORBESEFEEFORR, RHAED 5
Fym Fim. '

B, MELG-REERARFESRNE. FTEHR
DR ERE

‘P, =1X,
P, = LX, E6-6 BB IEE AW
TERTFERER
HPRigyETRE, REENEFRONEEKEAFE
P
a1 =0
@r, =0
kmbnareR LA, BHRA
5=0
ny;=0
LB AT ERs, BRIl
@, =0
@, =0
BEEHNER,
0, = gfo

FIATIEAT AR 2 IR AR 3 il T Rt
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‘Ci+1 ~Sin 0.0]
;+1R= Sw Cm 00
0.0 0.0 1.0]
[ ci S 0.0]
'R=[-s, ¢, 00
|00 00 1.0]
AR (6-45) ~ (6-53), ,
RHEFF LSS R R AT
o
'w,=6,'Z,=| 0
_él_
e
'®,=6'Z =|0
6,
¢ s OffO g8,
U =|-s ¢ 0||lgi=|gc
0O 0 1}|0 0
. . 6-54
07 [-462] [es] [-46 +ss (6:54)
"0, = 16, [+| 0 |+|gc |=| 16, +gc
0 0 0 0
—mlllélz +mgs,
1E= mlllél+mlgcl
0
0
'N,=|0
0
*EFFL MM ek kAR T
o T
*w,=| 0
1 6,+6, |
C o
o, =| 0 (6-55)
16,+86, |
(¢, 5, O _11?12"'831 llélsz_llo:lz'c2+gsl2
0,=|-s, ¢, O|| L8, +gc, |=|lBc,+10%s,+gc,
0 0 1

0 0
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0 -L,(6,+6,)
20C2 = lz(él+§2) + 0-
0 0

llélsz - lléxzcz + 85,

+ l,élQ + llﬂ.lzs2 +gcp,
0
. ) . (6-55')
m,l0s, — m211012c2 +m,gs, —m,l, (0, + éz )
'F,= m2llélc2 + mzllolzcz +m,g¢,; + mzlz(é1 + 92)
0
[0
N, =10
I_O i
SHEAT2 F I BB SRR T
2_f2 =2Fv2
0
2n2 = 0 . ( 6-56 )
mylLc,6, + mylLs,07 +m,Lgc,, +m,I2 (6, +6,)
XHEAFF 1 R Pk R EE R R T
(¢, =5, 0][mylys,6, —mbic,02 +mygs,, —m,1,(6, +6,)
lf=ls, ¢ O] mlc,0 +myls,0] +mygc, + myl, (6, +6,)
0 0 1 0
F_m1l10.12 +m,gs,
+ mlllé1 +m,gc,
0
i 0
1w
= 0
& ) . s (6:57)
| myLil,c,0, + mylil,s,67 + myl,gc), +myly (6, +6,)
[ 0
+ 0
_mlllzél +mlgc,
[ 0
0
-+ 25 . 22
myl;6, —myLL,5,(6, +6,)" + m,l gs,s,,
179 | +myliley(6,+6,)+mylige,c,
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B, i 5 HRA R, B HE:
7, = ml2(6, +6,)+ mylLc,(26, +60,)+ (m, + m)I*6, —m,l1,5,0?
_2mzlllzszéléz +myl,gc,, +(m +m,)l gc, (6-58)
T, = mylL,c,6, + m,L 15,07 + m,Lgc,, +m,I* (6, +6,)

R (6-58) WS HERAAXRTXYUE. EEMMEEAORE. =&, kERN
BERBRBRO TR —NMRIRNEEBORIER. T, — A HABAN6E HERIEEN

A hEHRERAUE R,

6.8 BIEEIMNEAENEGA

B 2 —AH RPN W UR S R AR NELRE, MRERGE
O R 2] of

wEZEHE

L A0 - b 5 B MR B AT o Wi, S hFEF BTSRRI TR
T=M(©)0 +V(®,0)+G(O) (6-59)

AP MO)HRIEB Wn x nAREHE, v(©,0)Rnx INELHMFRIXE, GORn < 1H
HEE. ERZFURGREEESE, REIR (659) HHRE VO, 0) BB T RRGRE™,
MO©)HGO)h I TERR L TRIEBFTA RV BONEES. V(O 0)FRITTHRR
X FOf o IR REE.
ALK R IEB ) H%H Bh AR LRI R 4 R EERE. O DMTFRARELUR
kS - .

6.7V RIEEHIM@O), V(O,0)FIG(O),
& (6-59) X TREBNRRIERMO), ARMOMIFAZTAHONRAKHIS §H
K. At

2 2 2
M©)= [12 m, + 212112m2c2 +i2(m, +my) Bm, + l,lzmzcz] (6:60)
Lm,+LLmyc, Lm,
BIEENRBEEMEMNFRAIEER, HmAE g,
HET VO,0)BATHA SXTHEA XN,
.| =m,h1,5,02 —2m,11,5,0,6
9’®= 2%1%2¥2%2 .212212 _
v ) l: m,b1,s5,67 ] (6-61)

~mlLs,0l B SEONE LG, BAHCRLERENEY. 2mlLs,00, B 5THR HEX
WG, B EEREE R AR EORB.
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EHBCORE THASE N E EeH R, FmA

G(O)= [mzlzgc”n::l:';;% )l‘gc'] (6-62)
HE, EMmREeEx, mE5EmeRLxk.
[
Ri=EsE
W3 % F R BT V(©, ©) B R B — R A T
7= M(©)0 + B(©)[00]+ C(©)[0°]+G(©) " (6-63)

AHBO)Ren x n(n — DRBT R N B BIERE, [00] £n(n - 1)/2 < 1B HI X HERLE, B
[©60]=166, 66, - 6,.6,] (6-64)
CO)Rn x nYr .05 B BUERE, T [0°1&n~ INEE, B

6 62 --- 621 (6-65)

£ (6-63) AWM EAE, FHHCHRSERNERIESLENERY.
EXFERMZ N2 ER, HENEZERRENEFHBENHEFR L, mixks
HOUEBESMBEOMEYE. AT (FmEHHEIISHIRERN), BENRERHHE
HEUAEERERNSHTMES. (HR (6-63) XU THLSHMEXHABEHRY,

3 BAEG BRI S ML R ER.) ER0EFHITREREWNEHAROU RS %
1R . ' ,

K671 h RIEBIBO)FICO) (AN (6-63)).
xtF EoRR R AT REE, B

[00]1=[6,6,]1

)2 -
[92]=[z;2] (6-66)
HkH
B@O)= [—Zm:)l‘l’sz ] - (6-67)
%ﬂ .
C©)= [m2 l?lzsz _mz(l)ll’sz] (6-68)
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6.9 RERIHENHHAELN

Hfi- BRI iR T A H2EARK (6-29) 1 (6-30) LLKIERIZEEAF 2 ML 5 HF
P2 L1, B — BB b B 5 — R R A R TR E R B AR B3
AR, - Boh AR AT LLBEA bR — FhRRERZh R IR b T 5 ik, muhiks B A A
R-METHRBODIFEHE. 58, X TFE-ARETRE, RHTEESINEHHER
FRR. ROXBEIARKE A2 D 2R BRI R, AR AT BB RIS
iR, ELERNE, W5 NICHRA

HETRBETDHRENRSR. BREFNZIRL TUXRTRH

k; = %m,. Ve,V +%iwiTCjI:iwi (6-69)

Hrp B — TR UEAT RO SR B A N RE, 3 IR BEAF R AIE T AR RS RE. B
R R & A EATBhREZ 0, B |

k=ik.- (6-70)
K (6-69) HEIVFl ', ROFI ORIRSB. HMBATTRURIEEHIFRE kO, ©) LR R
Wi B AR EAARR S Y. FX L, RIEMRZIRETLIS K

' k(®,9)=—12—é)’M(®)(9 (6-71)

X EMO)RIE68 BN ton x niRfE BRI R BERE . RAMMER (6-71) MFFR MR
B, R, BXANERBENE, FRAHREH 6 W _KEARM. MH, HTE3E
AGERERN, HEREEREER - E_EREM. EREMHTKREKERIER. TR
(6-71) K{UFHAVBABR T I RERIER '

k=—;-mv2 (6-72)
Khr LREENREEM - ERIEERN, XRUTRESRELE—FX.
FiEATHIHEEx, LA A
u=-m'g"°P. +u,, (6-73)
XHg B3Ix INEHRE, P REUTEREFRONHRE, vy RE OB/MEABE
¥O. RIEBNAKRRAZNEFSEZM, B

“=i“i _ ' (6-74)

i=1

BAR (6-73) Wi °F, ROMEY, HILTTLAE HERIEE A% aEu(0) W IR 4 3% i
BB :

© k& EFHHFEFBDUHBNEEN TOMRSN, RkX M ERAEEN, XML THRETLHM FER
—ABEBEREL.
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DB EARSH T MR ESAESH DEHBOG &, BROBXIRER
BOYRIEMAERY, BI— MR ARLNRMBAEMNEE. X B, BIEBORHNH R
FRA

£(©, 0) = k(®, ©) — u(®) (6-75)
MR EB S
daL 3L
7o 30 T (6-76)
XBrREnx IR HELE. HTREB KRR, HFEEH
d ok 3k _ Ou_ )
‘c};%_a_@*"a—é_f (6 77)

R, X EAw TEOMCOTREER,

{EE6-7Th , RPBIEHEAFRIHIEREA
(1, 0 O
ar={o 1, O

(1, 0 O } 4 (6-78)

E6-7 Hl6.SHHAIRPEIEY

BEEAm Fim,. NE6-THR 4, EFINEL SR INHEREL, EF20 R0 5K
Mok e B Bd,. FIRIKERA A 3 h 2% ok LR E Bz HEH &,
B (6-69), Tfi1vl B HEF 1HIZIEER
1

k =‘;""11129.12 +51u1912 (6-79)

EAT2RIBNRES
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1 242 32 1 N2
oy = 5 my (a6 +d5)+ 1,06 (6-80)
Hit, SshEeh
k(©,0)= %(mll,z + 1+ 1, +m,d] )87 + %mzdg (6-81)
B (6-73), AT EHEA 1RVHEE
u, =ml,gsin6 +m]lg (6-82)
EAF20HRE
w, =m,gd, sin@, + mygd, ... (6-83)
fEixBd, RXEN2MBEKZ37EE. Bk, B%aA
uw(©®)=g(ml +m,d,)sin0, +ml g+m,gd,, .. (6-84)
Hik, kKX (6-77) PRI
ok _[mfZ +1,,+1, +m,d))8,
0 i m,d, (6-85)
& [ 0 (6-86)
00 - Lmzdze.l2
ou _[glmh+ mzdz)cose‘] (6-87)
20 | gm, sin 6,
Bl RAR (6-77) &, #&
7, = (M + 1, + 1, +m,d2)6, +2m,d,0,d,
+(ml, +m,d,)gcosé, (6-88)
7, = myd, —m,d,0? +m,gsin6,
. (6-88) AIFH
2 2
H©)= {(m,ll + I+, +md?) 0 ]
0 m,
v(©,6)=| M0 (6-89)
—m,d,6;
6©)= |:(mll1 + mzd.2 )8 cosel]
m,gsing,
|
6.10 BIEHFILZEPNRELIRERNEFE
LR HFEHBRHERBBRET XA (AIxVER) M rEMEEn SR

MRy, 3
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7= M(©)0+ V(0,0)+G(O) (6-90)

B E G Re BRE TR S BRI RE S DFEHR. AR ERIL
Z AR S T 8% IR B 5 VE RE R AT 88 _LAVE -RILE R D FhAEZ R RMIEh hZE 5.

HRILREZEHE
EFEI0EMFNEHEAED, ANFEMAERIIERN—BIER B RIEBs hEL 2.
185 F =M (©);+V.(0,0)+G,(©) (6-91)

KB F RERTHEAKSITE LM DERR, sl YR ERBITEM
B RILERRY. 5XRTHEASEMAN, M (OREFILERER, V.(0,0) REFILAE
MRETRE, G O_AERILZANEHTRR. HE, ERATREHIITE LR F
Kbk ERCARE N R BB hFER, IR TEHERR

T=J"(@) F (6-92)

X BARTIHAEREJ(©) S F fn X WUAARRAR, IARIRRE R A TRABIRA.
ALUAMTHEEHR (6-90) fik (6-91) PEBZAMIMERFR. Bk, AR
BRI LERK (6-90) 2

JTr=JTM@©)O+JTV(©,0)+JTG(O) (6-93)
£9
F =7 "M@©)B+J7V(®,0)+17G©) - (6-94)
ik, kEVEEMERILERMEEZRGXR. HREILERNELR
x=7Je (6-95)
KB
¥ =J8+J6 (6-96)

KRR (6-96) 186772 A K9 hnsd B
O=J"§-J"J6 | (6-97)
X (6-97) RAK (6-94) 17 '
F ="M@ '¥-J"M@©)JJ0+TTV(0,0)+ ] G(®) (6-98)
B A LB H S RILERIZ D2 AR & WMAIREX
M (©)=JT(OM(©®)J ()
V,(8,6)=J7(0)V(©,6)- M(©)J ™ (8)](8)8) (6-99)
G.(0)=J(0)G(©)

HE, R (6-99) HRRITHERERR (6-91) iy F MR AR, XA SRR
ERRAERNC. HREEARFRUEN, S RILZAZHESBIHELREETESK.

O AHETIFE., WREERILEERR.
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1516.6

HF6. 7RI M FEAME ., kERIIIEABROHHESFR. KEBEETE MR
EFRRBIRR, BHENZDESRE.

BANE Lk TXANMRIEBOZH HEHER (6T ) MMILERE (575.66), XH
RMNEFHSAH '

_ ls, 0

J(@)—[llchr L lz] (6-100)

B e TN A M 5 b R
J—l @ - 1 lz 0
( )_lllst ~le,~1, Ls, (6-101)

RIE A bR X R S,

Sy lce,9, O ’

J(e) = l:—llszoz 0] ( 6-102 )

FUHRA (6-99) 6. TR R#

[ m
M (©)= m2+s2 0]

2
0 m,

—(m,lic, + myl,)07 - rﬁzl29§ ~(2myl, + mylic, + myl, %)é,éz
2

V.(0,0)= (6-103)

L ’"2115'2912 +Am2529192

[ m g <L
G.(©)= L’"’_g s +ngs,z]

2
m,8¢,

s =Oft, BEBLTAREE, HNFHFBIOXERBETEHTK. Hilm, 560
(HUEWE ), REBUTROE RILERR BEEF2RRELRR X, TR LBAXHT K. —
BARUBELE—ANRENFR, EXANFAF 6 LEHRATEN, BESIANGR “E
R BT — BB s R FTRER .

||
RIS ETNNESE
Bk (6:91) Ak (6-92), ALUBEHILZHZHEH RS UL HiE
t=I @M. ©)7+V,©060)+G,©®) (6-104)
# LR S AW THAEY T — S
t=J"(O)M,(©)} + B,(©)[66]+C,(0)[0°1+G(®©) (6-105)

KB, (@) * nin - DI2BHIBE D FRERE, (6,018n(n - D2 < WX THERRE, B



[

150 E6¥

[00]=[66, 6,8, 6,.6,1 (6-106)
C (O)Ren x n B L ABERE, [62] Bnx 1R, hTRAH
67 6; --- 021 (6-107)

W, R (6-105) 1, G(O)5XEYZHREME, H—BERT, B (8)=B(®),
C. (®)*C(®).

WiER (6-105), k6. 7HiH#EIEBHIB, (@)FC, (©).
mEKRH S ©)V.(0,0)HIFH, AR

ml?2 —m,lls (6-108)
Bx(9)= 11 5, 2M1%2°2
m,LlLs,
F0
0 -m,lLLs,
Q)= _
C.(® [m2l112s2 0 (6-109)
u

6.11 B IERI{R R

HBEENE, BIMSHNE HEHBAR S L2HENFTREX LS. BMNAR
& TRIDERGIE D, TAAGSERD. RTEE LR -HBEEZEND, FANNL
FIER RS BB DI . KRS Eh7E EATROSRIE S AR SURIAD, ARV BT AR
9 5 R AR 24 A —— 7 SR T T R Y THRIEB IR 3h HAER25%.

% TER RS R MK Lo, BInx e hnRs (ELRIEMN) 246%
BEM. REANERNEAREEENE, BEENESXYSHEERIEL, BH

T piction = VO (6-110)

XEVEMHEEBRS. AMER DA M RMERETY, REECHR. FOERE—H
¥, ERFSRRTRTHEE, A

T piton = € SEN(O) (6-111)
R cRBECERES. 4 0=0M, clA—BRA1, BERABERRE: Lo=0b, clE/h

Fi, RADEERR. MEMREEXNRE, RAGERSENTRE SRR R/
HA R R, X SRR RERE X, BRAENRRR TERE, TRRA

T picion = € 5E0(0) + 0O (6-112)

EF£BEERYD, BEEHILESXYHEAX. FERERERKE, HRAKOW
S BBEER XY ETEL, B4R R B IR A
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T picuon = £(6,6) (6-113)
SR 5 53 Sk i i h BRI BN R H R b B hE g, BB AR aEasE
T=M(@)0+V(0,0)+G(0)+ F(©,0) (6-114)

5 AR RSB 200 T i 2R . Hodn, RIMEEAT R IR Sk B S B
FEIEL WA (REEDIRIENR). AR XeEnEENRE S ES, COEHTASBNE
(JL3THRI9, 10]). '

6.12 WAZEMHE
hTARERSEHHITHE, BNSHENA LS PR3 IEER. bR
#HHFHER (6-59), wHEE M EKHB) H% 5B R InEE
O =M (@)r-V(©,0)-G(®)- F(6,0)) (6-115)
AT LAREF LR A BUER 3 4 B iR R sy, S B .
LA R S MR &k, BE A TERRR
o(0)=0,

) (6-116)
(0)=0

AFKAIR (6-115) #ATHERY . BERIWHEEESHY. X8, RONARMEE |

H—FsER S i, ROVEBHRS: Me=0FFth, BTERIE
Ot + Af) = O(t) + O(A?

O(t + At)=@(t)+9(t)At+%é(t)At2 (6-117)

b, HTERER, BhE (6-115) HB Kk 6. Xk, BitRACKMI DGR, AN
B 7 AN TR H B MR AR B L 5o RO B -
Bkh By MM (B B, AT TSR B R By 5 Bl E R RA R E .

TR ARO R /IVE 2 8 BB M0 . ArBr 24 /B4 SRR ) B BOL R/ RO A B, fEAX
AELUR AT, BARR i/, DAt ATHFRE R R T K.

6.13 T HBE A

FohHARIEBNS hE B AR, B4 EHREBREE. £%h Rk
WEERB) DR, XTEHRILERZDFENTHRBER RS 2% 30807, 8].

KT B ENTARE T

B0 g r NS AT BRI ST ER R RS, EHRER (6-45) ~ (6-53) HEE
FHATHIRE T R T R AR ECA
126n — 997k Fe i
106n — 92 &k ns:
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A nREFOBE XEELH), REXIMUHREEBARELR, B3N TENTERRS
ATERBIA— BRI hEARMLERHB L. CHR12, BIMYREBHNEHBOE A
ARRHEETE S B IR LRI, XMFEROTFTENTREREA.
32n°+86n°+171n°+53n — 1287k Fe i
25n*4+66n°+129n%+42n — 96K SNk

FERBERT, Bln=6l, - EKEER B EWH ERRF LA BIH %2100 .
R MBXFR G RASHNFRESAN, BEHENERRZLHEN, BREFBRNEH
KAMR . XHERZEABBE S EARSAEROHE. mal, BdXMEEYN, &
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g -3 4
40
35
30 |
25 |
20 -
15+
10+
5 -
0 -
_5 |—
20
=% s

6 12 18 24 30
ik BE
B7-3 —A =BG E . EEREE MG, aGFs kit gt
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BE, REYFREEZLL BN PRA, FLARIZEAAH —FEEm M =k £ KL &
BREREMTTE.

EiﬁﬁﬁmﬁﬂﬁM,ﬂA*@ﬁﬁm%%lﬁ%h%ﬁﬁ?I¢A£%¥ME¥u
BRWEN. MAGEHERE PR B R—ANENXTH. K5, ZEXES
KR FHERE AR =R ST

IWREMERXRYEFRSMHEEE, MB2BTRATE —FHEH =KLMW HE, X
MEESMEIEAREELREFATAET, MECHMEE. TR, X (7-3) WARFHER:

6(0)=8, 205
6(,)=6, (7-9) 206
AR XA — R =R TR A HEA:
6, =a,
0, =a, +at, +a; +at;
6, =a, (7-10)

A 2
0, =a, +2a,t, +3a,t;

kg HRAFa, TLEE
a, =6,
a, =(§0
=-7(9 -8, )— 6 ——8 :
7 (7-11)
a3=——3(e,,—90)+—2(e,+eo)
t t;

R (7-11), WTRHAFAE R MAFL (b6 B AR A MR AATIL 1 E R =R $ K.

MBEEA T A ERBRESEE, BATURRBEX (7-11) KA/
LB K BB S LT . B B R FUCHOMAR ST B FTCABE LA T LR G

L. AR TR AR AR A LS B A A BE R A4 oh ]SRRI Sl B

2. RILA R AT A RIE MR RE R, R A &R RSIEE.

3. R R R A AL R B SR ik, RYE R SRR b IR AXRYE B .

¥y, FAESRA LHREHAREEORTELEER, £ R[SNERILHE
B BREET AHMBEEYEE. MEREBRELMHENPAAELTERECE, WAA
BEBEZACEREEEE. BT - REEREENE, RRALZ—REWRERBE
M. R, SRERAAREEELE—/AE. B, —'/‘jiﬁm%f‘ﬂfﬂ%%
RS 2E83 (HE B RMEZ).

BoMTH%. REEH— “Ekfﬁﬁ%%ﬁzﬂ)ﬁﬂﬁ%‘*@ﬂﬁ*lﬁlﬁﬁﬁ - 4frR A H
o ] AR Y 3 — 36T ORIk R T Bk

FEET-4h, DRAEERT & PRA LR HE, HFREHSREN, XEEELN
il A B A AL RIS, X RIS RSB A TSR R EBRERNER
KRG EMBRN . BAESBIEFRAERRK. MRXEE ROFRED L SER
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S, MEEEEREAE, MRILEENMREELERS, MEBRFHH R LEELE
ARGEEE. XK, RGATLSARESUERIRIE b AAL SREREA h R R .
F=R5iE, REREED IR RGN B E SR RNER A SRR E. Ak, FE—
FhBTHO k. PR ATIRE - ARE, ENKKRIBEMNERRLE, HEERME
BRSSO R R BB R B AR K. ©

04 9o
4
// \\ ,/
// N //
V4 \
/ \
4 o "’//GC
-
1 B N
| 1l i Lt
b 14 1] e tp

Bl7-4 A EI8ARICH SO SLE BN A A R

7.2

RREFHEA =R R R B, (915 2% B SR RE & ih 2o 7E vh a) AU LA E SRR M B
BikhHBA6, PHHALE, BIrmAA6.
T =Rk A
O =a,+a,t+a,t’ +a,t’ (7-12)
B A=k A
0(t) = a,y + ayt+ay,t’ +ayt’ (7-13)
£ — R BN, ,ﬁﬁ\z&ﬂﬁmﬂﬁéﬁiﬂjbhm 2 b Zle=r , Horhi=18i=2.
HEIMRIZIR & '
6, =ay,
0,=ay,+at;, + alzt;1 + al3t;1
90 = a20
0, =ay, +a,t, + ayts, + azat;2 (7-14)
0=q,
0=a, +2a,t,, +3ayt,
ay +2ap,t, + 3a12tf] =a,

2 2a,+ 6“13’ﬂ =2a,,

KSR AME T A RASH ARSI RA SR, 20 =r, = BALIAE

© B, R “Fakthgk” RRRokERN b2 & B2k .
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a,, =6,
a,=0
_126,-36,-96,
at;
-86, +30, + 56,
dy=———=5
4tf

a,

ay =6,
B 360, - 36,
a = 4
I
-126, + 60, +66,
2 = 412
f
80, —56, —36,
Ay = 4—3
ly

(7-15)

—BRERT, M TEEZkd L BRILERD, ﬁﬁﬂ*fﬂ)ﬁ&tﬂﬂiﬁﬁ%}f{ﬁﬁ; ¥

HREFLLE R, o R KRR AR . ZERE Y =M, B TR,

& B & T

A BN 2R RR. B, MBEEREBRERGATELWE. EE

Famg g, WFREA—ARREFAHITHE, 8
0(t)=a, +at+a,t’ +at’ +a,t’ +at’

HLAH KA

6,=a,

0, =ay +ait, +ay; +ayt; +agt; +agl;

6, = a,

8, =a, +2a,t, +3ayt] +4a,t) +5a t;

6, =2a,

8, =2a, +6ayt, +12a,t; + 20a,t;

X AR FMTE T N BAAHTERMOA KRBT BA, HEN

a, =6,

_ 208, - 208, — (89, +126,)t, - (36, - 6,)¢2
2t;

(7-16)

(7-17)

(7-18)
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308, —308, + (149, +168,)t, + (36, - 20 )t;
21}
126, ~126, - (68, +60,)t, — (6, -6 )¢}
2t;

M F—A BB EA A E AR AP, AT 2 FEE R R ZE R (£
TR AR ) o EAR, BARKETNE.

Sl amiEE

B —FhALERI BRI Hik. B “ﬁ#ﬁﬂhi)@ﬁ*‘fﬂ’]%wuﬁﬁﬁﬁkﬁﬁﬁ BHEI%
IH B, mA7-5FR. EictE, REEZFEDE&X
WIB R, HRERRITREE RIS HE—K
TREE

SR, HREREIT SR S B RS A K L RE
EVBEFEEAESE. AT R — & OB R EAESN
SEHSBIEE, e RRtEE, BEEENTBELE
fn— B Pl % a4 X 3. fo

BN RAKER, BEREERMEE TR B SERERRMEETLSEL
Mook A E . B T-6FTR A E FX R s A Y (] BB R
B R BCHF A sk R B A B — S B B SR ERESRERE.

BT AL AR, BIRFSA M S A K BR A AR R SRR X E
AMILA KB REMRGEEMEE (FEHR). mET- 18R, XEREFSM#E, BR
A S R RR T A R S FBL B b A6, I THIA R BA AR ESLASE THABRNRE
FibAR

a4
(7-18")

as =

8o ¢

—

RSy .

. 9,6, .
L (7-19)
Rop, 6, REIGBE SO, T RIAKBRNIEE. 6, AR
0, =6, +%ét,f (7-20)

%
Bearst (7-19) #k (7-20), He=21,, RILAGRE

bty —On1, +(8,—6,)=0 (7-21)
X, REBENEHMNE. HTEELENE, 6, FETERMER (7-21) M
t RIRBEE-4&RB. B, SEEMEE§ . BHER (721), REBHMAEN, . &
BHOMEESBAEHE R, TUWEHATE. REMEEMAGCHMSEHEX (7-21),
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Khgt,
1 8466, -8,)
b= 2 (7:22)
2]
(2]
/2 ittty : !
| |
: |
l {
| i
0 9 ; :
1 1, ! ! ¢
N S -t I f o, i
BE7-6 A Sl A A LR E7-7 A NSNS EER
TEILA X B PNk BE 20 R 44
. 40, -8,)
6> —L 2~ (7-23)

t

Lk (7-23) WSS IR, EEBOOKESBAT, BTREBHFAMUSEKRAR, H
B RS . ARk B BRI AR, MIRLA K BRAK BB z ki . =it
FARBRARSR, B ANEEE LIS A, B2 E S B B St iRIEE 0.

5171 A A B R RARR, X BA WA A SN ESREH 1.
E7-8(a)d, ANEREE § BOEEBEK. EXHERT, XWREME. REHANTRE
3, B, E7-8(b)FRE, BTFAERMERE§HE/D, DBELRXBRI/LFH

KT,
u

REiE AR SRS E SRS RN

B S A YR AW ERERE, KR g TERRRNFHA. BHI9R, X
AL OfE L TR — A AL A, A A I R R B, T & A AR A
WA,

EXEEEROTHS: B, CRUFERSAHSNEREA, CTRAAMEIILA KRN
et i DB e, i T AU 1A () L R B AR 1) TR e, AR (LA OB 18] TR R S, - L
LRBEBEh 0, » TAEAVALIULA K BERIIEBE ) 6, AnET-9FT R, '

L BRI ARG, TEIEFZ WTRERE, UL T B MIAR BAEEE. Smpr
HEBE A0, WA E R, R B R AL E BRI NR 16,1, WA R A
X ERROR A ARGy, . AR BRI 2 S, ATHBEA TAARHHE: 212
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5 88,
&
tdjk
6, =SGN(é,-6,)18, |
. 24
91:1 - ejk (7 2 )
tk = —_—
6,
11
kT td]k ‘2't j 2 L
70| deg 70} deg
65 - 65
. u
sS ss
50 -
45— 45
40+ 40 |-
35 I
30+ 30
25 5
WA L 0 0 A o+ 1y
6 12 18 24 30 6 12 18 24 30
1 & (A
2ol deg/s
15
10
5
0 R SR B | s s
6 12 18 24 30 6 12 18 24 30
EE HE
36| | deg/s? % [ deg /s?
24} 151
1z} 12 [
o} o
-2} [ SE
24 _%‘5) .
k] R R | N =250 1 | L J s
6 12 18 24 30 6 12 18 24 30
pilis:y:3 ik BE
@ ®)

B7-8 HAMHRASRMEBENCE. EMMEE L, ZIN—a

il ERAEAL A X Be AR sk BE 5 T A5 0 dh 2%

B79 ZBRWHLAXBNERRR
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HE, ¥TE-ATHERMEG —THBERHCE LMEASE, BEABRBRRKENE AKX
B A AR BB R BRI R AR .
MTE-TRER, SEMEKBEENRNEREFERMER KM

0,-6, .
2 11 =61t1

7-25
t, — =t (7-25)

2
B Bk AT AR AR 08 AU RO A AL, R SRR 6, e,

6,=SGN(6,-6,)16,
2 2(02—' 01)

h=t;,— |ty —
(I iV d12
; 6,

. 6.-6 (7-26)
0, = 2 :
Lyp— Etl

ty, =l "Etz

ke, M TEE -TEER GEERn-1Zn), 7
6,,—6

2 ....__1" =0ntn (7_27)

td(n—l)n - Etn

g BRIk
6,=SGN@,_,-6,)18, |

268_-90_)
. - 2 n -]
L= td(n—l)n - \/td(n—l)n + 0 .

n

PO (7-28)
(n-Dn = —__T_
Lin-in — Etn

1
Lnetyn = Ligeetyn — 0 — Etn—l

R (7-24) ~3X (7-28) ARk £ B+ &4 K BA RFEE. @%EAHR

Tt b (A LA R A A B BB B . ZEX R T . RGERAA X RIS

. A, HTHERARL, RYETRBBRINGEERFERENE. X TEMIAE
B, MEEESABBRBK, DMEET - AKX BRIFRZAHERBHNAEALRXR.

ENEALBOHE, F “deg” ARMBFREH/BA: 10, 35, 25, 10, =/ BZBHG
Bt i (LB 2 FI2h2s . 1sF03s. BT HLA AL BRIA I BE R A 3B h50deg/s?, HH &R
Mosd R . H0LA X B R HR S A F B 4% X B O FR SRR iR

HE— B, FAHA (7-26) B3

6, =50.0 (7-29)



172 E7#
FIRAR (7-26) KiismabiA K BRIFEEER R, 23]
, [ 2(35-10)
=2~ _[4- 500 =027 (7-30)
s (7-26) KHHE 6,
. 35-10
O =3 0027 - >0 (7-31)
X (7-24) kthiEE 6, »
6,, = 25-35_ 100 (7-32)
RIGHMX (7-24) BE
6, =-50.0 (7-33)
BHX (7-24) ki, 72
t, = =100-1350 _ 47 (7-34)
-50.0
M, (7-26) KHERZE 1A B X B AOFEEERT A B :
t, = 2—0.27-%(0.47)=1.5o (7-35)
KRia, B (7-29) B3
- 6, =50.0 - (7-36)
TF&, ¥ TEKREZE, #IAKX (7-28) ki, /T
—a_ |0, 200-25) _ ‘
| t,=3- 9+ = == =0.102 (7:37)
X (7-28) RHHE 6,
_10-25 _
%3 0050 " (7-38)
g, R (7-24) B3
6,=500 (7-39)
MK (7-24) fgie:
_=5.10-(-10.0) _
t,= B — 0.098 (7-40)
Bja, Bk (7-24) 33
= 1—%(0,47) - %(0.098) =016 (7-41)
t,=3— %(0.098) —0.012=2.849 (7-42)
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DAESH THE MR WHEER. ERTERS, BRERERH X SRR EBHEE
FmEokie, o0 . '
|

ERERNRE, ZERFAMDEIANESERBRKEFIFRALEREDE A, BRI
e X terh [ RS E . BW, RERAINEERELA, NKFE2E SHER SR Rk
FHIE. MAREREBALHEREEIPEA, AFEERETESE SGIANBE R,

R P FHERERH AL AT H RS, WRAGEAROHTREAX,
BFEEMUTHE: REFRIEBAELL MR E AT R MEIH A0 + 14 &
(fnE7-108TR ). RFFIRATEADEEREE. FoRA D A s AL T EEFA O b iR sy
BB E. RTERBEBRRLLEHHAZS, AR ERBIERR -—ENERES
FiEPRA. mRAPBRAHREEE, RERERELYMBERN L EEE. RELTR
(MAR “HFRA") HRRECGRERERERZLNBREN.

[}

i A
/ N

Bk hial

hH 73 : ]
E7-10 Bty mkr=t—4 “‘@dr”
7.4 HFEIL=ZEMRFTE

WRETIHHE, EXTEAPHREHNBRETRIEREBRBIEFRASMBRA, B
xR AR AE RILBRFRIER . T, RRITRESTANREIRES, WA,
KBR2MEAEERRTRESSENEH ST, EXNHRMBEERGTERAEFRL
s % T R BOR MR B ZHR. BHETURER2AZANZRABREBR. &¥L
MBEEREESL, PdbhaERR. ERSHbBEERR. v

BABRZEE B TRSREMAN T LEGBIRANMEMLkRE. EETERLE
BRI BR LRIk ep, TE R BB O & R SR R ROLE BRI AR (LR RS X 22y
RATHSRERIEENBEEARAAR, XBHEEREH (THEM T (SHRMERN, THE
RfTEBEHERRE. TR, BATERIUARGTERRBK, BHAESITR 4500 KH EH
BRMEE RN B ER—EE R ERERRRE, BE—SEldRzsy
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HEHEERET A,

ET VL2 ABFR A (the research and industrial robotics community ) FJSCRER[1, 2]+
ERH T IILFERE RILBREIR G 3. BRG], THHNE—FGE. EXMHERY
B, R R B HITE I 485 Y 9% VT 22 (A1 L 2R/ B A Sk R B O %

HFRILERIED)

Y, FERGRARBETARE, FTANKREZAEESEE). BA, WRE
—&KHK L BERBETF LB PR, ARETE S H R Z ) A RO R S T
#, THREHERS. B, mRELTREMHRBETNS AR ZAEELEE, NEE
hEE—, XFE TR ENEXERESEFRILEREY. ERESREEHLEE
A—BEL EMEFRILESNFE. ZEHE RIS, TUEAERILEEXTHANEE
Rk E R, BER—BRERILEIIRE, FTLITIE M EH S IEZRABEER.

FERRIANA B R LE SRR, BIFERWARDERLANESHEARE. EBRINES
oy, PLRMI A BRELARESREAEEN, FURRITEEEEESBRRETREE). &
i, ARAEGEA A OSSR SUREREERE , W e Bt i e i{E, B —
T RBRER BB AERE . — MR L AR LI R B, TR R RAEREZ R
FHAERE TR BATEMAEE AR RIER R XA . Bk, FLMER S —FEENIoRT .

WA, ERBALRRRRHETURBEASEORE RS, MR EIFMES
MFERH S < INE RV BRR T EMES, BTB26 < IE RILLE SRENERTR
Fith. BEAPEA, AT IIEGUIRRESCA LT « BFRF{AYEXLT —MHREA,

FEZ ARSI IT R B H “Piore B, BAM IR BE. %WekEERE 7T ps R M fask

bi A doR ROT(SR,.60,) — S S K, . 5B A2 REILE < WHRILLE 5%
SRR, TR, B

S SIJAORG
ZA={ SKA ] (7-43)
#r, °K, hitghEe, SHfrsE ‘K, Mk, mMBEENBRABERXHEERER, Ba
AT LA EE MR R AR, XN BRI AN — B2 AT R BBHE T A BB A,
MREARAEHRYRASOELRY, ol A2 AGEBRNHES. 28T b AR,
FIRAT 5 B0 £ BE 5 s B 1T W s 1k ,

HE, WEEREERIL-EE-SPRRFERR, SA—AB58 5— AN, RER
BEIRIE AL —A “SRo” Bekt. MR, % R R A2 R AN T fLUA R 7T AR A
BT A 43 0 R R 1 35 9 28 1A B M RO B 1 5 %

BIMEERANE, SENMALIRARTREBEIETE—, B

(K, 85)=CK,, 85, +n360") (7-44)
Kb, nAERNESER RSN, S8R EEARR S ANSHEP R A B, SREHEN
BE/ME. mR(A)ygkdd K, Bl WABERHEEN K, 58 [°K,—°K,| B/ B,

B 7-11FRAEA T EEH °K, RES8EM °K, ZHEMNER. BiMRE (BR) KBNS
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BIHEATELRE , MTRRIERA “K, S sEa 88/

SKa(-2)

EHBIF, & Koo .

B|7-11 AL R RS ESED

— B3 ) SR T 2 R96/ANE, kv GE I ATTE AT 4800 i B R i Rl B R AR R 3
AT R BRI —A R &N B A BENELAH AL RMER, XREA R
% B M ERRNE B ERRE &AL, BAE A mENLAREHERE, FRLUEILEX
By ind IR A MR . B, ERERA R BRNER R, RiZERR (7-24) HREREE
RO (AR Ts ). ATLARIE S FRE 2 Ml A BRI CUBE i B A g it BB

T ATLAE R 2 Hofe 3 @ ROUB RS SR R s Em k. Kb, FTLMEM2.8%
4%m%d§*%r% Bilam, %RIﬂM$Aﬁm%ZYZ&?ﬁﬁumirﬁ&ﬂﬁ*ﬂ

THRE, LMENS AN SERILESBRE.

7.5 HFILEBEAJLIAEE

T E L A R B 5 RS B 2 AR R R R, FLSRILAN

BRSNS LIEZAME R AR XN & FRE,
B8z —: ATAHERPER

RERIEB RGN B ASER THESANY, HRRE TREEEXMHANES
LAEEEARELRSAS, FlmE7-125RBEEHRFILEARXTEZR. £RHAT,
EAT2LGEATUE, FILVETRRRNPRFEE- ZR, JERAREFREZE. BAR
AR BERSBWTE THEZSiRd, XTI MAZHFIBRAFE. BRMAREEERILE
AT E B, BLRHISRE EHEEREA. EARATELERRT, %*?ﬂ*m
BAASXR, MERLEATHESRGHEESEEHRC.

O HHYILBARKEEHREN 2AHRAERE A TREEOEE, fxdTF 3-SR EARGEKRE, B
WRBERZTHEH AR REXNEH TRRM BN, RERHEHTREIE.
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£7 ¥

EfEZz EFRAHENEXTEE

MWESEALIES, ERIEBHIIEZRAPAEEREME, EXxeiBtTEAARY
FAREREIARPTRES RILEAMMEEE. Fib, FEERE (EHRILREHE
R) RBERRLEHRITHN, X—AHSHE. G, mR-TREBRERILESRRE
ERR — A BAR, ML AN—AREAN XY EETRENELS K. BTHLAN
EERE LR, HEXEEHSFBRERRENZNSGR.

E7-12 #HRILBZREZ—

H7-13 HRILBEREZ_

Bign, E7-13RMT —AEEFAF (FFREHR) B8, MABERREZZHIEBA.
T A EREREUEENS R B REs). BhERTRIERESSHIRPH—
serh A BLMET BRI . AR, BE LHFAREATLEE, HRANEALT

BRZM R, XTIMERERRE. BE
BT XV 1A%, RNINRERER. —
AR bR BN B2 LB B E
DERAXTEEELEFERAN. BRIEXKE
ATREA REIRIE B 2 _EIBRIH R, (HRZ /A H
B 7S (A AR RE A F

BEZ=: FRRTHTEERMER

B7- 14T LIRSS = K. R, F
EFFTRERORA KBRS, BRRNE
FER, X MEHLE A Bk 2 I RO
B, KR LRI G SR A
RNARB AL AR, A NUBAE. WET-14
FiR. RIS RIE S B B A,
(AR RIS . X, BERME

A B

S S

H7-14 HRUBEREZ=
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ARG AT LAGE NS A BRI B s AR REAR MU B AP (1R, Hr A PR

ATRHBEERILZRAELREFENIERE, XZHETREBREHALTELE
XKYimAMERIIIZAOREERSE. RARRkTHam TERE RLZFMBRRTE—
R, U —-BBRAEHXTERARRE. RAELEN, A ERERILZRE 2R
itk

7.6 BEEEHTHAERK

EEHIETRY, BMAERB AW AR, 6 §HErsE, I LARkEBEEERE
BRBHES. BRERBL R REFRETIEUER.

KT EBEERER

RT3 BRI A ILE RS, RERBRAREITRERN AR,
BRI A R AR MRS, 9T NG -

MF kbR MS, BAREEEAEMATSHABTER (7-3). HRXBERIL R
i, AAFBRARMN=kEARE, EFCERT, SEERRE.

* FH MRS O E SRS, BOCEFNEN, B EEE, LRI
MRGERZBNEAEED DAL AR E. ZHARKE, HEAXHNRAETRNT:

0=0,+6,t
6=0, (7-45)
6=0
Hoh, o AR ARG E, 6, OEEREHRMER (7-24) HE. EUAKE,
% SR LB A0 T
t,.,,,,=t-—(%tj+tjk)
6=0j+éjk(t—t,.,‘,,)+-§—§kt,f,,,
=6, +6,1,, (7-46)
6=6,
R, 6,6, 1, Wi, FERBHRBRER (724) ~ (7-28) HE. BEA-NFWERXER

B, $rEER %tk, SRR, HFHRHATA R TRERNBRES.
HRILZEBEHER

T4 BN E THRILEARBHNG M, ERRRE RS eSS ERUAN
BARAML. R, HEAIMNKERTHWREERILEANEENESTHARXERE,
FrLLX B Sk Fn il RILLER B0k, HESRK (7-45) ik (7-46). £
SMBESEE, »hEAEREE TR

220
222
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X=X, +X,t
X=Xy (7-47)
¥=0

Kb, o B EA R AERNEE, Wi % RERSARMAELIFR (7-24) ®HRKH
#. EHEXESD, B840 EhENIETRENT:

1
oy == (51, 150)

. 1.,
X=X, +x,0-1,)+ =X,
. . 2 (7-48)
X=X+ Xl
X=X,
R, %o Koty Fl g, WEEREMRIMTEL, 5XBERMFRTLMHEE.

Bofa, XEERILERMBELE O 1 D BB FRMXNZRANER. HAENT
AR R B s R R E . AR R T T, AR iER
RESKITEAMEES. EXbhhLEEARNERTEA: RIBBEERE, HrERIF
BB R of F~. FFISOLVER Z (W4.8%7) RUEFEHXRT AXEO. RaHBEMK
SHEH g g ©. TR, Bk

x—eT
O(t) = SOLVE(ST)
o) -6 &)
8
O -B( - &)
&

o) =
(7-49)
o=

RIGIE 0,0, AR BIEBIEHIRL.
7.7 ERNBARBRIETHRER

EEERE—HITRABARBIEE. 160 ARBIEAZE TSNS I AT ALEA
MBIETE L. EXEHFh, BERALES, —FBERREFROLEARRIES".

FETHIALEFRGIF, HFS5A. B. C. DFERE “#HR” ARAER, ENRRER
A, Bkl [ DR BSBd XA T RE . BREREBMLEAThiEsh, £XT
R EREERENE MRS NELREED, TUSA

move ARM to C with duration = 3*seconds;

A &BHIMREBLEREE, WTLUBA

© {ERBHIE @ o AMEX BIETIIE, HRTLIBEMEN 6 6 M. AW, ¥FBHNEAEH
REHFEERMA 6 | HHAI T4 6 #HTHE.
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move ARM to C linearly with duration = 3*seconds;
Hoep, #i “linearly” ZonEHW RILELEZ). R ERBHAEEWIE, APTZ
BELE S, TR K BRI R E—HD

move ARM to C;
MEMA—AHEA, WATSH

move ARM to C via B;
BEMA—RpE A, We5%
move ARM to C via B,A,D;
HEE, &
move ARM to C via B with duration = 6+%seconds;
A H T RAS SRR E RIRR . R YL A AT U E Q0 TR X A8 3h A iR 1] B8 b 5> B EL £k ot
251X BRRaRHE] . FEALIES W, FTLCHRA X BB 2 I il E R —fil 40,
move ARM to C via B where duration = 3*seconds;

XA, FIBAIZHINE— K BB IR 3s.
7.8 (ERAZhHFRAREEMY

B, EHUBEN, EEMUAGERARAGRERIERE. KhkE, RIEVE
LTI S s B /MR B D AR S B AT E A R . K% B 3h & MU H A 2 i
B 2 Bk A s B R R Y, TR B R h 4R - R B h SRR Y .

EH R ER, MABEEENTXYTRBEFESNHREAERARMEE, WEHREE
THRAGK. Kbst, ATBABHEZDREHAZIERST, LARFHRIEREKINEEE.
B, AR BRI LR T AN RETE o R PR R 16 B A S PR RE

AASRHTHIRE: mREmRmhTROABSRBE, mAERERABRGKIE
A2k B AR A (R RN REERRE). XERBECESRETETERR T .
X 86 % 18 T NI MR Bh ) 2 AR 3h 3% HO i BE - DALY R £% .

7.9 FRIEHEHR

R REFR HE R BB MR B ETFILEARE, LRKABITRERTFRAR
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TREE RN ARG RRSELNA. ESROAREBRT RN ERIRE RS0
RUAR S TR AHA. —Fh AR R MR M — /5 TR R 8, 24
JRIELE RS E R R 7w, BRifd, X SeH R E KRB R S B R nif
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B EA BRSNS K7 .
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7.2 [13] —ANHRIEFEXTIEAGILERXRT A6 - 54, FEESHER XTI
6=80°. KR ZHH A FEREEEFERAN RSO ERK. BHXNHALE.
o FEE 0 o PR (R R fR R eR 3
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A K B eb (B R B AN BE 2480 /s?. T ORI B . 33 BE R INE BE I .
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7.15 [22] e, =1, HEHT.2.
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7.17 [10] FEM=0Fr=1FIBFEI X [A], A —S = RAES L. A(D=10+90r - 60, KIS
s b AOME . EEMMEE.

7.18 [12] 7EM=0Fr=200 0} A X 1}, (EH—& = kEE KMl 60)=10+902 - 60, KL
e SRR, E B AR B .
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7.20 [15] 7EM=0F) =200t X 1A, R —KRSRHEEEMBIE: 0)=10+51+707 - 450, K
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1 REH—A XA Sk BANBREHNAL. RENEHE-ATRF

Procedure CUBCOEF (VAR thO, thf, thdot0, thdotf: real; VAR cc:
vecd) ;

Hp

thO=07E &R BRI B4R &

thf=07F B BRI LA B,

thdotO = fh£% BRI 2R BE ,

thdotf = fh £k BR & 1R BE
EUABBEBA, M ‘cc” —4N SR RBEEARSH.

BEREZ GREL) MIZEBHBASAHEA—EHRM T LESEIRA(SINTRE
HER(TYh &S, KELLEROAAERG, y. OFE. HTHE, FANdEBRRAEHA
Wl R IR . R AR SR I SRR A N, FIURE M0 R R B EAE F R R
bR E. BT B3 E2.

z%%—¢%%é&%%%,E%%%@ﬂﬁ%&z&ﬁ%@ﬁ%%ﬁﬁﬁﬁﬁﬁﬁo%ﬁ

AR RS VP BRI & SR BB AR . & B SR BR RO I AR el JR P 1 . R UERLEE
DA REFRP M E . EEMMEERE R, ZER AP HEE.

3. — RV S RTIEAE I = AR IE AR . FRFR (TR0 (SR L SRR A R:

"T =[x y6]=[0.1 0.2 30.0]

BT =[x y8]=[0.0 0.0 0.0]
45 B RORT A A1 PG 4 3.0s, FRPEBRUARES Ah

[x, ¥, $,1=[0.758 0.173 0.0]
BEh Lt A R

[x, ¥, 9,1=[0.6 —0.3 45.0]
#n

[x, y, $;1=[-0.4 0.3 120.0]

& L BRA (EARFY, S5EBAHER)
[x, ¥, $,1=[0.758 0.173 0.0]
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SHICE MR, MR/ T KR TEZEER, S50, EHHXT —&.

M S-SHRHISCARASMER , SEAFTEF 2K ER N2, BEHXNINGTRAL,. b
AN, AT ANMRE, KO, . Hd AMERM, Q, &/, HKHE/IMQ, .
ZARVER M B K EERL =1 /2+1/2+d, = l+d,, THEZERERAD—LEH]. Fhd I ERE
k., Hi A
I+d,

QL:M (8-3)

0, W/ MER Il k%, d,=I2h5EEYQ, MB/MEHRL.29,

gt RIFFATIESE

FEHARAL, BEBSAEZ-ARELNEHE, FUERUELEEESHITETR.
Lhr b, EHRANKEE (BEIEZRLFANTRR), BREBBSIEERFRET LA,
B, WEFMEN L, RERETRARE, RIEVBEDIMESNS W EBIHFES .
BaT, CHZMBETUERSTXMER. mRERTIBPRAXLESE:, BTLIER
BRI THEZERAARKRFEFNTFER.

FRAEHTRELH

det(J(©)) =0 ‘ (8-4)

FTLART AR B AR 08 P 50 LU AERE A AT FIZOR MM R IE R R T HE. FESCRR[41R, "THRIER
Wi E LA

w= ,/det(J(e)J’(e)) | (8-5)

w =l det(J(O@)) | (8-6)

T FETURIRIER, Btk
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— N RERRwWEBK, KRG TEZRGEA, ZRETRIRT L.
REMEESHAR[AR (8-6), [HARKMBIRER AR nKE S &E HrykEinge
B AR AR, AsadaVE BURE LR BAERE
M (©)=JT(©)M(©)J(6) (8-7)

RIAEAR (AR E B AL RILT M INERE D k. R H TR ngaiRiEm
RIE MRS 3, nSMERGEA

XM (©)X=1 (8-8)

Rep, nAXEBE. MK (8-8) & HATHER, P
Kkt FM (ORIERENHR L, 55 N &
1F 56 18 3 R B0 465 1 A 0 F 75 AR B 180 B8R 46 A
WK . HIEE TR AR R &M ) @3& )
H W R Ot P BR O — BR P (TN A ! & @%\
HRfk ). Lo @ XN

81200 B 7 R BT T T FIAT R 1 N \f';sg @@%
WA, T HE, MEELITR S
. WIEWATREENE. ETEZANDLE N B/
AR R, X B BN 1 LA & 18

R | o
Hofh ST R A OMETE L ik B2 FWARETERERGLESH, Bx
(6-8. 25] TR (B SCRRIS)). ERER TR

| el & W R AR . RVPRIED -
8.5 TAHMSHENN |

By, ABOBREEREEAFORTRES FOXRNHARRRBET. BEX—FP,
B AR b R RIRRIES .

PR IR TR

BESAEMABEAAHE, BRAFESEBENTRXTEHR—EFL.

XERA S E HENRERDAEXEHBINAS ", T LERRIERDTTE SIS
SRR AN . MRS — R LA RRE H5” RIEWRRRLE N HRE TR
BREGR. AENBERARAEENE, MRBEEHTXTEKRATR/NEFDE
B, FRUAEEATRAMEIEE) S HriEtl.

SCRRI1L, 121948 AL s 25 i B HLADRE T 35 RAL . B, EF—A3RBER
LERAETRIUMAE (YA RMEETR—/FER), BR4A BERXTTRESSE
BB G X LT

8- 1357 R A SRR, 12[HE#RIBRT H f ERRIEE Y. '

TAAHENEAN—AETERRRERLG TR LM BRRAERE. EmB
MEBIROIEE, 68 hERIER R R LM RBERENME, BREMTHIAA
HER, BEEESHARISMBEMLE, DaERBHERREREE.
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—ANEFRE: BB THURIRIE, ER5—-J5HE, HREEETESB/MRYEEE, A
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F=6(1—n—1)+2f,. (8.9)

A, FREVMRMEH BES, REFKE (BFEEE), nRAXTEH, f £5FANXTH
ERHRES. WRIEX (83-9) MR RAR T FmILWAIGHiblerAX (A): RATF
2, WAAB M HRBAAEITaHE).

8.2

FGriibler A X351 B 8- 14FT R IStewartHLAG L R A6 H R E
BEYifnh18 (EBFHB LAATHMXT, 6ABRXN, ABIIXY), EFBIA14
(BABHBARAF, FMm ERBHITRMERE), SHIXT A b ERR36. FHGriblera
A, WLABRETUR B dEBRG:
F=6(14-18-1)+36=6 (8-10)
B

8.6 EEZAR

LBERHSESHEEHNRET, T SEZBRNEEERNERENRITHEIT.
BE, BHR. REEEMEDREERFIMRXEN, FLULAGZESE.

RzhET R

B B D E RS B B AR REHAIEY LSERGE. RSB LB
HAERE DIIE, IR R MR T B SR XS R B HERR .
TRARIES. BHHESRA—: ERDBMRY ZARA ST RRE T,
BT % 15 18 Zh RS B 5 T B SR HURG BE AR .

R, KERWHHHEEE. KHE, FUBRSREAERE. TH, BHBEHAE
RE., MREHBEEELYTTGIREBNEERE, WREBHEARESSUR TR,
Rid sk s/ TRF BT, A, BEEAEHREEEIE0BHERRRT.

ERDBLTEXFOBHELES, RERKTURBEEBRDEXERT L. AEART
RERERASEDRENDRERE—R. B, BRTHMIBHERES. BRERKS
5 ZIRI T E e — R T AL EMBEENEY. MRBRERRAEEERT L, B4
HHRFELIEEREHE. RENERET. RAER®REZBESRE—NEERE. HE,
MRARERNWERRK, WEHBZERTRENELRAKRT .

Eg3%Ed, WRIFMAL T Yasukawa Motoman L-3RY R & H . AX/AMBEH,
EE RN REMNBIHEEXNNEHEM/AN. HR (3.16) FRLEH TEHF MRS
XYir=Ai@ghit. i, BheE2BIPR12. 3. 4E35).

EEDHREFHREZORMAS R EERRFEDRENRYE. BAREHER. HoE
AP BEBECL R T EX B T R R B RIEY LR B R

BERGIENRY |
R R T, TSR, Sk, WREIE T (HER). X
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HO(HAR). MR (WRRBURRENT) FILMEX. TEEMENERARARNABEED.
PSR P B R A

WR AN FEERAREINGIAT BB S ERE. RFRR ST R AR AR AER,
BHEH, SmARREEADN, BHERAENBERALE. MREREES RS
CAVHBRIEIBR, WX kil KA BESE . SR wo s BE A0 D4 58 LA B i I BE 19 &2 58 05 s W LA/ X
g, B fERA LTt

ettt n, KM AR RIRIBGE S B SHERRMBRL . X TRERSE, EXn>1; Wl
BAKE. WiHEE. HEZRANRAR

8, =(1/7)8,

T, =1N7T; (8-11)

Ko, 6, 6, IR EERSMARE, 7. 7 2Bk H AR AHE.

BRRBE TR WA, WAREH. B TEARBOREARESAESIR L,
FRLLIX STt 7 4 BE 5 LB LA Rtk BAIREEA/DSHRERIEK. BTXEEHR
G RAFYE, FULAERTEERERIERERENARSESHR L, HRATROBRD
LA RUFAMMD BLENRE S, SETKRER.

WS RHETLLES AR R LR AR RERE —ZHKR ). ERRGER
IR, AETRARR T AR IR . B, RERASEHRRTUE
Y EMALTULEARARR S MBEMHE D, AR TCLHRTE RS, BRE
B INE BT 5h 4% - :

535 5 RbEHAALL, HEEB AT NSRBI REERMRAIE. hTESER
MRS R R B Bt KB, FILMER SR A& el L e sl B E IR -

TALH . MO, SRS ERBESDRETRUBENIIE. WES-15HT, B
AN 55 a2 B0 Fir,, WHESHRGER “fF3)7 LA

=n -
n " (8-12)

BB LA R E BB LA A E MR TTLR B L KB L5 AR (LES-16). HELZT
RIRIEE R, RERZERKREMN, WLHEREEHHRBRERE. BRLLEEFLAMLL,
B AR LR R AENRAT AR L E), MR ILBERFEMBRM P REIRRDY . RRLLAF R/
HIEEE ), BEE LA 53,

. 3%> gu | N | wu
AR it @ o
H8-15 A, WAL SRS IS-16 HlAHT () RIHERELALO) RRAER

RILAE(E B AR GEH R IETHRE Hfeahtt, ATLMERE SR S5
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8.7 RIESTH

REBNEHMESRDREHSEHNERARSEREFTZHEFER L ENAE. R
HEREARAWRNTEMRA. B, FBARYNOBREBHIESGEYEENE TRARRVE
R mes, BRI REREXTHRESOME, BdEmEHh% Ut ESI T REIRANLE.
ERBIRHOHESER, EFAREANEHRABIERT TE, WRLH, RNEFEES
FhE 5 0 T X 3EAF U Denavit-Hartenbergfi R SRR E & AR . Kk, W EBHREHR
HASBHRE, XAXBRETOEESEAFIHER. Ex—NF, FitRHEURHATE
FERTmEN TR RE. EFIEFHIHEHRAE.

HEMBBRHEETH
wSEH (RMIER.21), FWARIBERL . LA “FBOERR R¥ETHREANIEHD
kparallel=kl+k2 (8-13)
mER “HPGER", WAARIER
t 1,1
kseries - kl k2 (8-14)

ERREDREN, BELSBI—ERERAREEDRES T - RBEREREFF)
ROCRIRUNE DL, Bk (8-14) REMRA M. '

2

—FE LSRR RS, RN

Grd*
k= 321 (8-15)

Kb, dhER, Chik, GRIVEIMHEEE (FHL447.5 x 10°N/m?, BLHEII/3).
Wi

REWHRIORESA, BHKERDRGEHEE—EHRE. EUGERHER (R
MARREZE) FIREA

k=C,br’ (8-16)

R, bAWE, rAfMH LR, WHEC =1.34 x 10°NYm’,
s, B ERTRICERHREMEARIE. MRBEZH (ABMAR) &
RGN ERE, , T4 .
T, = k80, (8-17)
WK LA SE S SRR BE Ak, BR4
7, =k,80, (8-18)

AR ATLAE Bk Bk e R (BRIRHEBRIHE&HRE])
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2

T, k.00,
=—0 =_Ti I - k -
° 86, /M6, T (8-19)

PR b 140 S =T LA K R BE P
8.3
HhROHLES I BE R 500.0Nt-m/rad, Skt #43hK B P A RME, n=10, MHER (B

AWHEEE) FINIERS5000.0Nt-m/rad, REEZ) F SRV HIKIE .
FIAK (8-14) X (8-19), "7

1 1 i
= +
koo 50000 ' 107(500.0) (8-20)
= 3-—010100 = 4545.4 Nt mlrad (8-21)

ERASREHNRGE T, MREF—RBEHLBRK, BATEXFEsH2ATHIREE
WAl B .
|

#
FEABES-1SF RIS 3D, HERIBE
k=-Al—E (8-22)

Ao, ANRBEED, EAWREERE, RFFRZANE A bR ERM LV 5
MR R

EFF

S T X EAFHORI B HEATALAACEE , X BB BGEFF
HEER, WERRANRE, mES-17. MFhEn
Bl R, R R 7 |
k= M (8-23) 5
64l ; ! -
R, d. 4 DBAHRERRONEEINME, K, E
AT R (SIH 2242 « 10"NYm?, 454504
13) 5 MFHREHRE, FLAED 8-17 MARERARBAI R
E(w: - w;‘ ) A H AT RIEE

k (8-24)

41°
A, w. w BCHRGNNSMIREE (LREEE hw —-w ).

—A5 x5 x S0cmify R EEF, B lem, H—Hn=100R# KRB, WAERBE
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#£0.5cm. K30cmfvEIE 5l . Kok 2 100Nt H¥E FEFT SR, Famrs .
B (8-24) XiTBEFLEFRINIEA
_ (2x10')(0.05* —0.04*)

- 5
k., = o =3.69x10 (8-25)
Hit, *F100NtfI$sr, &= EH FREEA
=19 57%10%m (8-26)

link

Bok, 10ONtE#F1EFESOcm K FEF Fum, 4 % L™= EMHAEHASONt-m, R
R RN, (BRMAMRIZETEA

_ (7.5%x10'°)(3.14)(5x107)*

k.. =15.3 Nt m/rad (8-27)
(32)(0.3)
Mg 58 —mE
k.. = (15.3)(10*) =1530.0 Nt — m/rad (8-28)
S5ONt-m# A7 =R AR A
500 _
560 = 300> 0.0326 rad (8-29)

FLA, #Pomf S gt A
x = 0.027+(0.0326)(50) = 0.027 +1.630 = 1.657cm (8-30)

TR R, RIRAFUEF AR . BE BRI B TR R ER ST, BRLAN
Faaifis, RER LmMERRELSRATLAT .
—n

EA R, IR TER. S WLAREFHRIEHEREREAR. XEAXFTLUHRR
EEMTH SEDTHRT. RTEKERMAS, REEBHHEBRELUEEN. EHHR
T, BHRESHBRETEFCEERNER. ki, EBRHRETREBHHRRAEX
HAKRZET (: H#AMNER. BHRXENERS). 82, BTREEEERRAHE
ik, EMRENERSERER.

R FTH AR T UL 5 3 M Wit R LSS T IRIE (CUR L) XA Sk
R—ABRGE, BN TABNRREE.

IxzhaE

FEEERFHBRS, RELMSFHIESIERH A TRIEBRES, BIROSOHMES,
REFAE BB N RBHAENTMLERERL. HIEEERRTREMMERL, AN EME
EREERL. BRERGSHERRHREEZSER, MALKEER. FANEATLILEA
PARCBLACK RN 28 A B0 FE R G 5] -

R, MERAGEFRERLIEE, i K. S, ¥k, ARKEE. WABE
RE—RESTE, EXEGAPAMENA. METMERMILEAZHEARNHIL, ZR
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% 24 ‘

8.5 [20]7E I 8-20th , p—#R B N H W B B IR B — VAT . SEZEAF AR, RE 10K
{1 5% B 48 v 7 BE 0 A B R 2R 30emAb BB AT b . IR 15 14 4 (0 R B I 2R RO AR B LB AR K
SRHEOHE A, T H KB A30cm, R BRI EH B0 R 2.0gH R & ,
B2 FeshiR A £ /D AT LABR B335 5 AR B AL AEO.1 radLAA?

EI8-20 £id NHwRE o i HhIRE BhEAT

8.6 [1514n i 4 5 55 MM B 25 1000Nt-m/rad, SAKFEEIE , IR K 4300Nt-m/rad, A2
8- 207 R IR B RIS A RIEA £ /D7

8.7 [431 M LR GEATHR IR B Pieper iR HH . IR S MBHIBLARE T — RSE F47, W
B TRRN. XA IR R TR, Bkt RRE AL E SRR ARRNE
BEMEISIH, FILARE 3% 2 MR . i6hx B 8- 14 fStewartiLig i th— 42
IRgsie, X IEMIB3h FHER MR,

8.8 (20140 B4k AR IE RO2 B o BE U5 1 36 T B U3 B Pl ERDER B 36717, FIlAGrisbler AT
FES-14FT R StewartfLIRY B B S5

8.9 [221/8-21 51 ;- HPUMA 5604135 A %H4yUEzh A G ™. BB RHERIER
100 Nt-m/rad, HhHOHHEERIEER400Nt-m/rad, HEA KRB ER , BX LMK HRIER
2000 Nt-m/rad. W RIEDHERIH6. CRIFLMMBRGRIERBK, KXT
FORIEE (B e iLehgeBiEmt). /

© fEEANEH, FiA BB KRE!
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#2UH

#3%E #AUGE

E8-21 PUMA S60#fEE XYk sh ZARE (#H123]1), % ER.Dorff1S, Nof (&#)
BEHR (EBFHNLE ATEH4L4)Y FIK Law, N.DagalakisfiD.MyersZd By (HHRAY

8.10 [2S1ANSL1E 31 8.9 FL % Bk J — Gl K RORIBE , 45X AMEBIA IR R £ /0

8.11 [201M4- 1485 T — A IE R HBese 1M — A MBI 1. 28 B3 1B ATV HL 4%
f0 05 590°, A TEA B EAF AOHHLES FITE  OFI180° — ¢, % HHETE Z LM S AEBISA MY
&. BEFEOMETURER360", WREE, HHFTLUEZ (AITIEERFEE S5
HEFI R ) - -

8.12 [18]5 i 82287 ey Stewart Y LIRS S (3B DA, CLARR T HEABARE (B)HO(T)H
B, RMEETORLEERL -d,. "p B3x HORE, &HTHMFUHRR(BIEL
B SR AR E . Tq, RS < IRE, B THX TR (T ELEHS
5T AEROE.

822 >)Ei8.12fStewartiL ¥

8.13 [2016515.3 O T AR AT R FE B U T R LL AT 70 R
det(J(©)) =L,s, (8-31)
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MBEFAFRNREZM +LZ2—TFR, BERES (KHERX (8-6) reX) MREE
BA, LXK ER L7

8.14 [28]1%F FSCARAMN.Z A, BEMEMIMEFZHNKEZA—F &, #HEX (8-6)
SHMATRIEEIS R, RIWAANEFOBREHRIKER LD ERE B 134 B
WA

8.15 [3SIERAR (8-6) & AR {EEE T/ ORIRHTEE TR .

8.16 [1513k40cm, 2£420. lem4B B FE NI E .

8.17 [S1InBR—NHED R A R LR H2.0cm, Bk H12cm, KEKEILL.

A (101G THEAEREKEFEE L, BREBFEL LA AHE? RiX: ZRABEEZH4H
Xt FEHFEL R,

8.19 [25]E8-23 1R A— A ZIRHLR IR — Mgtk . B4OFHEAINTELAMERNXT . Hin
S5#A0EmTEEL AT, WRER, EBMANMERE R, HR&X34H
mEREARARN. Hit, Zoid@d, X LUA3H B ERREXTR
¥. MHGribleraRXITTREANRGEAZONTEHE. ,

8.20 [23)4nE8-24, —/ ikl 3MRAF SHbmi A% . BHRATET — A28 BB R 5ix A
Ptk FRE, BT A3 A ENREEY SHEHE. XNREFLONTEHE?

E8-23 HAFHASNAAEN=HEIMTED R IR Hk

3
S

E8-24 Z1KES.20h AIHIFRHLE
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8.21 [18HEM: MRFMNTEHRFGHEK, WLAXNTRENEZNEHRK (8-14) HE. LiFX

REZERBEEAY, MRANRIEZREBCHE . LOSHRERE, NG BRRE 259
f =k1&1
f=kox, ‘ (8-32)
f=ky,(6x, +6x,)
8.22 [201 5 (8-22), #ESFAH L Tr Fr,. LN MHEEDRERNIEAR.
mIEIE

1. BE—/HHES < 3 ERERTTAIRER .
2. ME—ABRF, FEUMNSEANSALBRENESTERTE0S, BB0EN:
10.25]
T={0.0
_ (0.0 |
SIbBEA:
: '0.95]
T=[00
0.0 ]

%K40.05m, EH—AMLEL, HEHLENEZAIY TR ERIERE (H: JacobianfTFIXK).
CARAR A S s B E ML AT X, S E R TR EE. $T
R AR AR E AR BT TR

(a) /,=1,= 0.5m

(b) 1, =0.625m, L= 0.375m
TRIAAHH —FRRIEB IR RES, AR,

MATLAB3 &

BSHNMBTEIFITANSZANEE. FEINBEANSZHETIRILEANRITH P EERE
SIRFE. xBETEXEEHIAABENEA, BE-ITIRAHE (HMRTRET =4S
RILZERZES: FABEI ). XAHLEE AT LGE I 7E R R EE3 B B ERI3RHL
#Z A (F3-6f1E3-7) LHEMEINEHRTMFIBEENLEE (FEAEEI-BLER
fn-—4TDHZ%) _

%X A EEARELE A, S H3 < AR BT HLEMRRIT RSB . AREAIMATLABR
FaSEESHNGECE (58SEMATLABIIEHL,). SEHFBIERTR *X="/0;
BRXA BB REARERE RS M, EAXNTBRHEERRTE GAMHE,
aNKm¥, OBFED L) . HILATLAME M 4B Y Moore-Penrose Py i 45 R J*

T =0Ty kR ChTES SR kR AR A 0= X, EXBEME
I EARPEBB/NEER (B XM o RFTR B H RILEE X WEU/ME) .

EMRRR—A iR, R, EHERERNE RIILBIHRRMN, FE-TFER
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ATLLRRRACHERE (4 B RAEBE S ROAE @I LM . Ait, bbb
L TAREIANEE.
g4 L=10m, L=1.0m, L=0.2m, L=0.2m,

PIE A
6,) [(-30°
o l6l_| 70
e, 30°
| 0, 40°
ERMNERILEZEE ChER) A
] °(-02
°x =0{ y b= {02} (m/s,radls)
o, 0.2

Rig Rt 2 d EiEtiashd B, (FEER3s, #HiRZKHA0.1s. B,
ER—ATERT, ERRILEATEE- RIS KPNEE), SHFERARTENE&
BIEH.

a) ¥4t (EBHd&BMAHRTE /B L):

1. S PYA- LB 17155 3) f B (deg) ©=16,,6,,6,,0,) ;
2. YAk B B 18] )32 3 3 BE (rad/s) ©=¢6,,9,,6,,6,) 5
3. &5 ARk R TS SO A B I i) o A L A @l (REAHE) ;

4. STHIEAERILS BRI ARSI, X={xy,0) (kol&ftrHrad).
EENTBPFAREEN DB (BIFRAFIRE ), RMRESHSNLRE R0,
b) ¥ fiCorke MATALAB Robotics T LA 7 — R FIE A%k 1L 35T AR TR LRSS
B, RFjacobnOk%. EW: EXANRESR, BWHLEH T ABER FRBLRER

(44 TRIZR (0 HER), TAER T RBBARE (HIEX FRIRFR {0} S5 &
T R A H T A8 AR & {0} o TR ST LSRRI ES R, WidjacobnOH T AR R (4) FHIER .




9T BIFENXKIEEH

9.1 #fid

ETarmENImR, SETMUHRERN BRI BR, X830 B XN TRk
i@ = MEARiag), £FEP, RITEIHRMAA EERIVE SHRTERXEMNEEF.

FEITRIEGG &R T RERH R KA. mRF, SMEEHBERNERTREH
SR FRETRFERNRE. X TRIEEOEH, IS RER LRI
%, BAERERERNCED, BIEBN HEHE—RIBR B & KMo HBERERT. H
B, BESITXFEURRTATH, WX ST kR AT TR Sehr b Bl Am i k.

BE, SEFETELE0EHLBREMEROERHBHAKNEM. RERNEL
P RIE DRI B R —FEO &, ERRASEEGHIMFANEL TLRORE.
%10% IR AN GE R AT HRINE 2 D E IR MR L, bt AT A — R LB A A
A, BRRSEIERAGNIRE TLABLT A EART4T .

9.2 RiRSHTES

BAVERER BRI, EXMAENESXTLRE - ARMBXTROEE
BA— A BESHEN (RS EMR) BHMENEHE. CRREHBEAEBE RN
ERERE, EASEIBALE LB E—ANLERERSE. AHEXTLTEREE
EHEERSE (MHED). REAREDHMEDFREBNAETLNEAS, BRORBREES
LA RE A MBS, LRI VRS R X R e 35 ARERL.

RANFBREG LGN EEENLERL S, HEDERAERBHENELSZS, Bk
A0 R PSR B R G T B S MBS R KRR BB . X OHE
FER LR BRI E K.

B9- 1R T ERBAIBANER. LBANSHAZBRE X HERRT,
BREEEREAFRHBBRRE S EREROMEN HERE 6. H-1hMHAEFSERHTI
HEWHN x 1ERE (NAREBOXRTR).

IERAVE—TH-1PiRA “BHRL" WEAREATHEEE. —FTREMALEA
M hE R (RECE) XitE &N ENEFBENME. HABERBLES,, 6,
fmé,, TRALMRX (6.59) iHE ’

T=M(©,)0,+V(©,0,)+G@®,) (9-1)

R EREERH B AR HEL KB EHGE . R 3 h# R AR & TR,
BEA “BE" RERMTREE, BENEREESHFAX (9-1) B SAMBHRE.

O #E, X THHRTWEEN TBHANTLRARN, R2ZFR.
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RELRER T T I FEUNAZEURA T AN TRERXINHREALH. X
R HIEE RFRCAHFRIREBH AR, RAXMESHFRBAER LS ERBORME. (AIX (9-1)
KO, O, SHMES, AR LRI TORIESL).

L=A0)
040 r

BB '_9'4(1); EH ARG > HLEA

A A

IICD' [

B9-1 HLa8 AmPr izl A SEHE

B2, Br— /e fl R KR — B EREF X RSN RE, mE-1F7R.
AR — Rl L R 6 B AN S PR B 2 2 DA e S 5 D S B B 2 22k T AR AR
RE:

E=0,-0

E=6,-6
XA HASREBRBARIREZHEGIERDBEENAE. BAR, xMELBHEEL
IR 2 28 LA SR /D A RIR 2 . X FFUH RIS RERAMRARL . AE- 157 L
B EHREBNBHARGHR T —AHAR “3R7.

&it— Afﬁ%%MﬁMWﬁ%ﬁﬁ&ﬁmmﬁ%%ﬁ&ﬁi%ﬁ%%i BEAN4R
ARG ERBFATE. Ik, —AMRERGHE LRILE AERRE MR HEE s R4
WHRZERSIRR “8/h, BEEE % b BT, &8, TR AENEHASR
A& ERGEHEETREE, EXAF%T, ARREBKHLRZRL. Bk, —MEHE
KB ENEEESREITNAG () RHNRER - TRENRY; HEKEBERIEXAH
FARGMMERRMEER, Lhl, X “IFH” GF T IR F RSB MER AT
AR AR P EBNSRER.

B9-1vh, FiAES&#iERN x 15ERE, Hik, BEBHEHEER -IMSRASHT
(MIMO) #%iAIEi, fAAZEd, BNRA—FE BN BB EHRSE, BEEAXT
VA — AL RGBT . Bk, S TNAEYOREERR, BiRHNHINERAS
B (SISO) #BHIAS. X&HADKREY T At RANIZIT k. XM
EVEESHEE ML, INRGNEZHHE (FEA/HM) ARMK, MERE
Bon. AEAFEHEHENFENIEN, ELRXTEHERSORERTIIER.

9.3 —Hi&HR%

EPHERIEB NI HIFAE 28, HA1EU—AFH AR REAFIFHITR. E-2RR
AR EAmE) R RYGERE AR AR E . BRI, EI-2d0 ARt T RER
MR E . B LS RESIEERIEL, bRERGZHETALERH
B R,

(9-2)
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i +bi +hx =0 (9:3)

Bk, XA 8 B E RGN IFHRE D FEFEEER B ZH Sl E REG 0 TRV R . o
FHE (9-3) Mg X THIAR RS, EfE T REDR

M550 . HERERERT R RS ONEEE, Mk ai.
BRI .

FAT 1A XA {6 B P BB 2 5 2% Bl ke R — e R k
(AR A . (HR, (URITX A E 8A A B A T e R "
R R SR 2 B . AEB AT ; 7

B, AR R A TR T Oy H RN T . BT
FAMBEH T ESS T ESERO TR, fim, g 00 RMUERORR-NRAS
TR R E R R TR &M AR R BEEXEAE. AXEHERNES
LRRIE S 4]

B9-26 R G B AL T L/ R R RS 30 . B, (B BRI/ (BIkTR /)
TR bk (HIbfKk), MERASHEANBFPHEES, SHUEBORRED TR
I B . R A R R R A TR AR/, R RIS LIRS 4 R 3
B, IR GRS TR (93) ORIEERRT R m. bRIE.

By SRR AR (93) MRIHR SHENBIORAX,

ms>+bs+k=0 (9-4A)
HRAR A }
b b —amk
S =_E 2m
(9-5)
b b —4mk
=0
2m 2m

sHs B FRAOMLE (ARFRERENIERER) REREMSIH . R Ms HER, T
LEGHEAXREDTRARS: mBs s hEHR (MBEHEE), BLAREHFHARS.
R AL X PR 2 AR RS UL, A SR DL TR BT

1. BARASHER. Yo' >4mk R, MAZEEREROIEW, REHRIEEZ
FHALE. XFELARCAERE.

2. B, Ypr<amk BHIHER; WALEEZREREHOPW, REFHIRDS. :zﬁ
HOLRR AR E -

3. AAMBEEIM. 207 =4mk HEEDL; Sl BEEE %#ﬁjﬂzﬂl R A LLR AT A i)
E B MO E . XFEOLRA ST E -

FERER (KSREEE) AMERF: ?%E%iﬂmﬁlﬂw}iﬂkimﬁéuﬁﬂﬁﬁ@
B - 6 B i A H BUR  -

ANTHRENTR

HFRAPZERLR (AERARX (9-3)), REDBIREDE3HH RAH()
x()=ce" +c,e™” (9-6)



212 FO¥#

Ars Ms, K (9-5) M. R¥c M AEE, TEIEM—ACHOMBERETESRN
(BR B SR AR AG s B FNHE ) .
B9-3F R AT WA & T AR AL B AR R R EL . H—A 2 RERIR AR B
AMTHENLRE, RERIARRSHNE LR EF.
BRA— AR S —ERR SN, BRRKIRAETRE, BASS - MRA—ER
AR A s A RRE T . ETRAORSTUY REEENWRE—BGIm,
BEFLME—A = AEBRENARTERRN B RERLTIHHE.

\

Rels) '

Im {s} 4 x(1)

E9-3 1t BRI RGELEENEA ST HR AL E A0 B

KE-2RAKNEE . BIXESHEMT: m=1. b=5, k=6, FEHR (i #HL)
fix = - VCHBEH .

FAEHBA

s +55+6=0 : (9-7)

fRfds=-2, s=—3. HHERFEHIML A
x(t)=ce™ +c,e™ (9-8)
% AR A K Ex(0)= - 1H0 2(0)=01+Bc Flc,. HT7Er = ORMR LR KM, BAA
cH+c=—1

#n

—-2¢,—3¢=0 (9-9)

fEfc=-3, c¢=2. TRAEN Y > OB, RFEEZHA

x(f)=-3e> +2e™* (9-10)
’ ]
b= ]
M FHRAE G BA WA EARE R
5, =A+ui
(9-11)

s, =A— i
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X RE LT R R
, x(t)=c,e™ +c,e” (9-12)
RmAR (9-12) BULEERRE, BAGBRPRESEH. hREARX (R5k319.1)
e” =cosx+isinx (9-13)
#HX (9-12) BRMTENR
x(£) = c,e™ cos(iut) + c,e” sin(ur) (9-14)

Wb, B¥c e hE%, TRIEM-AOmbmaititBiad (ARESRGmALEM
W) . R E e Fie, B Ra TR

¢, =rcosd
. (9-15)
c, =rsind
XX (9-14) WEAKB A
x(t) = re” cos(ut — &) ‘ (9-16)
A
r=4c’+c:

(9-17)
6=Atan2(c,,c))
AR T3 58 H AR RIBHE SR ARIERIEEE XTI T IR
5 —Fh# R R R A R B A M EM R — MR RLE. IWIBEEBMTEH
S BRI DT BRE I

s+ 28w, s+w} =0 (9-18)
FepCHMEE (A TOMIZAMTESNL), o HEAHEC. RALEEXHRISHMRX
A=-{o,

p=w,1-2 (5:19)

X A4 A R A B 4R PR SR A Bh B R IR Xﬂ‘ﬂ:@9-2¢%ﬁ<ﬂ@7ﬁ‘ﬁﬁ)€ﬂ@ﬁ§—?¥ﬁ§
gi, PEJEELFNE AL BN

e b
2+km (9-20)
w,=+vk/m :

s FRBBES (ABidhb=0), HRHH0; HFREFRERRE (b=4km), HELAL,
B 9-4F7 1 b IR WM th &b TR S BRI AME . H—4 2B RENRARA
BERE, RERBAARDBREIRIES.

6 MHENMEARRIAESZ2REEEATIEERSE, ®itd1.0.

[

67
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Im s} x(®

\ A
(VAR

Re{s}

X §2

E9-4 RERJERGAETIA F TR ALE Fh

|

KB 2F R A S MEs. HIRESEEWT: m=1. b=1. k=1, F&EHR (kM
k) TEx = - VbR

FHEHRBA
s2+s5+1=0 (9-21)
N 1,3, o ‘
RIS Si=—5i-—2~t , Bk, R4
x(t)= e—é [cl cosﬁt +c, sinﬁt) (9-22)
2 2
R D AR R 44 5k Fx(0)= — 11 X(0)=0it Bc Fiic,. AT 7Er = ORHMRE Lk &k, BAH
c=—1
g1
1 3
g _gcz 0 (9-23)
, V3 s
ﬁ@f‘%(:l:_l’ C2=T° Elll:tﬁl‘)()ﬂrj‘s %%E"ngﬂj}
B, BB, -
x(t)=e 2(—c087t——§-sm—5—tJ (9-24)
XA R ATEL S 3 (9-16) RUTER
xtt) = 3;/_3.3_% cos(l/;—t + 120°) (9-25)

ATMEERLH
ARSI (BER) RAK (9-3), BIEBXS
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x(t)=c,e" +c,te™ (9-26)

b
EFMEOLT s =8 =-7—, BEK (9-26) "[LLGHK

b

x(t)=(c, +cyt)e 2" (9-27)
XAMER TRREAER, FIRHEBEENYRKHc . ¢ fla
}i_{g(c, +c,0)e =0 (9-28)

E19-5 B AR A4 S0 T WIAR s L B A R BOR IR BL . 24 B RGERI R R R B A
FHIEKME . RERIAWGRLRIZZ), RICRFLLBSIIR ) 2 20 67 B T A B4R .

Im {s} x@)

Si2 Re(s} t

I9-5 It FRPEL/R RYEAERAA S F TR AL BRI FL

REI-2FRARYIRNEE) . RIZESEIEWT: m=1. b=4, k=4, FER (WiaF#L)
FEOL Bx = ~ b BRI

FEH A
s +4s5+4=0 (9-29) .
WRAB IR s =5 — 2, BRI RGHIIR N |
x(H)=(c +c, e (9-30)
AR T M5 & (0)=- 1 2(0) =0, t8c Fic,. BT =0HR Lk &M, BAEA
c=-1
73y
~2c+¢,=0 o (9-31)
fRfdc=-1, c=-2. HkAr>00t, RENZEFA
x(1) = (~1-2t)e™ (9-32)
_m

MBIIEIBI9IM A AEEBER . RE-2XHMNRZNARAREXFHFI. XFHILMER

268
1
269
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SR B A I HOReE:
m>0

b>0 (9-33)
k>0

ET—Hivh, AIBREHALENERLE ERESEXEREIN—-ARENME. HLLLH
ZERHWRGARGRAE.

9.4 MRS
AR WU R oW R AT R AT E R,

Bl R B ARGRE KR AL SRS AL, TR gi»
EEERARES: RERANBETSME

(k=0), BMMZH AT, RGKEMLTEE BT P - b 1
v=OROE . 2B (SRS . IR BRI ' ; 0000™
Ge, (ETTLLR BT RS B Y

E9-6FT R A— A R BRI R & -
BR%, BHRLRBIEN—AHf . BRHER
tHanTizzh 5 & ‘

-6 HEHEBHBHAHERE-BERGE

mi+bi+kx=f : (9-34)

B A mT DA 6 R 28 T IR B e o B A . BUAERMNAH—FEEE, EWUHEHRE
ZhEE R M HEINA R EIRM S, XA DRA RS RIRII RS

f=—kx—kx (9-35)

B9-TR—AHARAKNER, BhESELNRy AERALE GRFETHELLR), &

BABHIE S A2 H ARG, B RARFHE R R E R ESUR BRI MA G
BZAlpHEEO .

T

E9-7 HIEHIAL, HHHEN (BRIRS) BRBUSRERARSHARDSRUES

RIOVFRHVBEHRGELE T URRERLE —XHALERRZRERERERE—TEE
Mpr®, MAEERERZHAMTRD. ETFT -1, ROBELE-TREREEEERSE,
{s B R B AERRBE A R AL B LB 3
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B FRah hE AR (9-34) fishldX (9-35), BMAILVRRIMRRG S BT

mx+bx+kx=~k,x—k,x (9-36)

£
mi+(b+k,)x+(k+k,)x=0 (9-37)

%
mi+b'%+k'x=0 (9-38)

Rf b =b+k, k' =k+k, . MR (9-37) F1X (9-38) AILABFN, EiditeRsilig f
k, AUAEARREEREMPEN M AGEE. 2R BT EBMBREBEREE
(B0 &' =24mk’ ) FECARELEH k7 £ HH A S 2 R R R

k Fuk AIER, XABRREMBEREN. WM o' & A RMN, ERHAGHRS
BEm. BN S EIR (X (9-6). & (9-14) HFR (9-26) WIER) TLAHEEH
PR, EREACAREEH, MR b %k AN, FRIREG RS RTARERD.

mE9-6 BRI ARG, &5 By Hihm=1, b=1, k=1, K{EMIRRIE % 16.08 HIE 7R H
S B RS TE 45 IR 25k RIK
B & =16.0, B2 0 TihBIERER, WEE b =2Vmk’ =8.0. k=1, b=1, TRH

k,=15.0 ,
(9-39)
k,=17.0

9.5 EHERNSR

TR E AE MRS REHE, RO E-6rhfiEhl R LML —LEL. B
HIZ sy A B FHEEOESIB S FAREHBS . XHERKHNSE (Him, b, k) UHAEET
MRS S, Wi SARSHEsRELMIN. EAEP, XITEKIBEHAEE, A

HFE0ZAPIEERRAERTEHEIRBEIEEEET . A B EERAXIMEHERS

ﬁgﬁ&O .
REFHREHHER
mi + b +kx = f (9-40)

XA BGRB8 O HFA sy . B, R TR HE S AR 2 S Eon,
bFk, FTLLH £ % AR —AE4KF, FI9.5UH TXAEE. NS ZHoF AR R
Cskakds RAMIKEYE. IR E TEYOREES B ARELR A BARE, RicRRE
HIRE Y RISt bR E W T — (B e, EHl - R R RBRRARE (BIRA
PEBEAIHIEE ) .
EfEfldET, & TR GRS .

f=of"+B (9-41)

A oBRAKKES, mBRW f EANSAGRSN, BT ERHMBRARM LY ¥4
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BE. MTEMEHREN, REHE (KR (9-40) Rk (9-41)) %

mi+bx+kx=af +f (9-42)
B, A TERA S REREARALRR, XA RSP ofIfEEm T
a=m (9-43)
B=bi+kx
B ERIEEHERAR (9-42), BARKHTE
273 X=f (9-44)

XABAMRENBI R, X (9-44) AIEABHBRKOFRG DEFE. Ramn s —
R ERARSRTE

fr=-kx—k,x (9-45)
BixA-EhlaER (9-44) BT
X+k,x+k,x=0 (9-46)
R EY, EHEGRIREIREH R, mESRKSEMsr, )
b=2k (9-47)

X R Tl SRR . F9-8FT R KIS T B 9-6 5 R AL 4 R Il SR HEE

y +

'®4
|
e B e
3
!
g:l
v
x|l
I
1
i .
1
T
Y
|
:

s
O

PH9-8 SR IS MR DT BRI M I R 4

BO-6 iR RRS ] B hm=1, b=1, k=1. B BT GIE, REFRRREND
16.0. REAMFILEREN e, BLAR ML Fik .
vt 2
a=1
B=x+x

fREmMA f M REELAH—AMRR. REk HMEAFRRIERME, Hi%ERGHERH
B, k=2, -

(9-48)
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ATt
k, =16.0

k,=8.0 (9-49)

9.6 PLiTIREREE H

BN ERRBEBRBENEME, AFEY RIZEHH6E, FREEBHR
B-&dul. Badilx, ORKAMEK, RARRPEME. RIFELLHEN (-
N SRAFE), FFRBLER A B RARR G 4y, %, WX, o ZUEAMRIREe=x, —x
MR S KRR 2 % . mfa RIS SR A H AV BLE M T

fr=%;,+k,etk,e (9-50)
— A E YRR (9-50) GafREiaah R (9-44) Koo, #HE
=¥, vke+ke , (9-51)
%
é+ké+k,e=0 (9-52)

AT XA TRy H R RS, BT AR IHMEMEsm . CREREERME). Akt
BixRHRARETEAR, A EHR THM TREZNEGREMSGT. E-OAPBREE
Hl 2R AHER :

WEER (A% Tm. bRIKAIE) RIEFH, HFHBEARFRNDAIRE, REJFETRER
B EAEEE . MBHEDHIRE, XANREEZIEME (R (9-52)), WEEXANHRE
PR R R B

bx + kx

E9-9 ME9-6HRARAMMAMERSIS
9.7 HiFH

HHARLENH— T EARRRERTRIESD, WFEEIMSTHIZRENR R, (R
RAFROHERE (BIUR/MR2). E9-108R b BA K i A—T A1, B BERiEHS . @
xR REHT oW RHRET R

ét+k,etk,e= fu, (9-53)
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& (9-53) R— A HHREBHMs HR. mResS, RERN—EEFHaER

'mfledis:(t)<a (9-54)

XA R Re(DLRE RN . INEREH-ARABERAN-FRAMHEBIBOREL
HRG MR EEREEHAS 0. M ERLEREN, EREANTRT, EOEBRIERE

REEMN.
/':disl
ta ) A m tz L. EX
‘ M L{+ —
kl)
_ bi + kx
e
=)=
E9-10 EATHRIERMSEREEHI AL
RERE

LA — R AT IR M Bl—BIF,, RO, XFHRT, Bl HERREN S
¥ (ENFE RS RISHARA0) HTEERMT. &R (9-53) FHFHA0, BEEHRA
k€= fus (9-55)
=E ,
: e=fi. !k, (9-56)
B (9-56) A RHBBIREANE. BB, EMEL A, BERZRL/D.
Bt BnER 53
SHSREAIRE, AR B ERE. XM ERERHETR— AR, B
=3 +kvé+kpe+kijedt (9-57)
MR ZE T A |
é+k,,é+k,,e+k,.‘|'edt=fdlist (9-58)

WX —H A RLEEE THERL T, AHRRERE. mR<0be@=0, A4 >0
(9-58) B - ‘

E+ké+ké+ke=fy, ©(9-59)
BE GHTEZETH]) B, ERXES ‘
ke=0 (9-60)
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B e
e=0 (9-61)
MPXFERE, REERT —NZNRE, REHEAO=HHr 58, TLARH %
U TRAEMMEL . BHEE ER/D, ERINTEMREBRARSTN LT N2 &

gt (BNNFHATERAHT) . HIAER (9-57) BFOHPIDIRSIME, B “Hel. Bl #sy”
EfRe. AREEL, AETatinEt iR —RASAERS .

9.8 FEZERT (a5 B A a) e o

FERTE TR ARG, R s Bl 1+ T AL 52 A WA i BRI 40 (BPTERRER ).
FUARRZY hf BIERE RIAES RS . SYREXHFHRY, HEBTFE—ENRE, Bt
HIhiEAR - EBE B R o FAEPRMEASH RN REERR. MRS
EFHEEARLZERENEABRRIB L, BLXMEUREEEH. wk B EES
SEFEFGE, #ATRESH, FAHETXMEM, TR BRI AR EE

EEBRIZTEERERBRUETHAZSEERERGEMN . h™ET - RE: R
FRFEL 2R HEEFENAR (SRHE) BERBRUFEZELLITILA: '

BESERAN HMEMARSZEANMELEEAE T REERNHIT TR, REHRE
BEOABERMAREAFE. HXEFHARREEE,

HFH: M TFRTREE, HAESERELE T REERN ER. MmRREFMLTHR
e (RIAHBILTHRMGEITER) NFSERER, BaXETRESZHEMH. —FHR
(1 75 85 A A SR A% TR /1N T P e 8RB iR 02—

MR REEEERFEPERSLEES, RSHABRAR, RIEFRINEHH™
WIRBIEHEEEN. KEBWERT, FEJEFRHWTERRY, FR R EREmBAE
BEBESRIRRE/D.

gtz EHREVNNHHFEFEPRBET T, Kb ELFAILANRIERRS R
7, HksHREMERE. mRLIMGEX SRS (BERE), BoLAFEREAME
FEAOABEALRMEHOIBRE . FRFEHFRIHEIRAEE.

9.9 EXYRIEBEFNE G

AW BN A R LR R AR B LIRS R A B EA
“HrEt RS M TEREMRDETER, LBZEICES).

L TIHEANEROEZRLER (DC) HEERPL (AES8-18FR). HBLPRESIHY
sy (BF) BHLEE. HhAK, AABBREBSAR. BT PRkt —/ gl Bz
B4 (%F) Wy, HThaBisfmsBoaAan, i SBLad s ezt
B, L 5K S BMOERMEALZBSE. Hn R 5B LB (hikA8EE) LA
FFR G RAE B = AR E T M. ﬁ%ﬁﬁd%l%ﬁﬁ%ﬂ*#éﬁﬁ%%ﬂﬂﬁ”
"LARRA

F=qVxB | (9-62)
X B A q LA BE Vil L R 58 B A BRI R P — A HF . A AE S SRS R F
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Bidp o FRAM = A . — BT, WL AESENGE A BRNEESRR R, BiRXaREH
HESRI R R XA A

T, =k,i, (9-63)
we HLEEEDHE, MIBA—A KRB, ERE LA -ARE. SIS 1%, RERE
ﬁe,%%%i%ﬁHFEWQE

v=k0, (9-64)

— ki, BB Kb ER—ATFR, BERTED R L BOH T A, A
M ER . REAXMEMREE, [B@%XMEMT 2T (REFAHRT, B
AR E R A M AR, BDMEE S TR, R RAR YRR ).

HH AR R

BO- 11 Akl . BEMM Ry RERE Ay, . RRSEARETL. BHRESAN
Wy, CAR P e R Sy, XA B B an T — ey 5 R AR

Li, +1i,=v,-k0, (9-65)

— SR LR Sh B PRI LR ERSE (TSR ). K o I S 5 A A el AR el 3R B 1 ol
W R, DL i ot el R P Pl 3 A S R LR KR
BARHRRERARA BB ST ERER R

VN o
G, R HLERHLL AR LR L BRy, AR . , +
MRS LR R . LB LAY T TERE MR %(> ‘:::> ki,
4R 2 AR MBI R > i 7

KR, &R AL R T L2 .
st VSR 5 e B A L T 1 T A5 ety
9-11 3
R 2 2 s B B GBI BRI R, 3% BIS-1L MDA BRI
MR A o A A R — R M, X B T B
W, BAGERA BT (Fiank ), 805 A4 0 E B0 T L B WA S 1R

FHiRE

E19- 1257 57 S i ok thr e i 2% S5 5 ek S AR MY LI AE LR -1 R . X (9-63)
FoRER THFIOMET RERKET M@, F3tk (n) TR&EBHOEADE. BEER
HBHEH, B TRER

T=11,
6=0/m8, (9-66)
Kotel. BIEET DS RN DGR BT
t,=10,+b,0,+1/n)(0+b6) (9-67)

e ‘“emf” fRFEMmzhHh.
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B9-12 i tiddukid 3% SR A B R BLOR D A LAY ) 2R

Al Flsy §IA i LEE FIR B GURET &, b, F0bsy B4 LEL T Rh AR B B K ARG BE
A B (9-66), HA (9-67) BB ERHEN

T, =(Im +L2) é, +(bm +—b—2) 0, (9-68)
n n
HRBOHBEREE N
t=U+n*L,)0+(b+1b,)0 (9-69)

oL AR ERIE R B e GEAFN) WERIRE. R, bbb, BRIEERMEE.

R, fFEXEL (Bn>>1) BRRT, Rl FRERARAARBETNEENy. ER
XA FHEBRAA GRBERITERBMELE %K. dF6E T, R VREILIHR LR
E LI REAELN . ATEXESLIPLEAND, IR T EREZHRIE
B (Ein=1). AHHERENEFOEHKERHKER, HERABRETEENEAE;
I, . XFEATRIERSEEEMER VR AR EESZ LR, ER0EDFHNEEETRE
LB E A LR (R

{59.6

IFGEAF IR BRI ~ 6Kg-m* ZAIEAL, ¥R =001, f&3hkkn=30, KRAMMBENIE
KIEFH/ME. _
ARBRIB/MEH
I

min

+n°1, =2.0+(900)(0.01)=11.0 (9-70)
¥ N b

1.+, =6.0+(900)(0.01)=15.0 (9-71) .

HEFTUAR S, AT EHRREOLLS, 8 BoH & E 3R/ T .
|

FEWEEM
EREEERPNE A EERIETRMES . M. SR RERAEFBRA L.
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b EX TR ER R ARG, HibERERER, ENOREHRNRENNTR. X
FREREEREROERE, NRRENERK, ILRBREROEAGMBHIEES,
5 DB I AR AR EL FT LA ZRE R I © . b T REATIE IR L BT RnE i, kB
B hR ERK T BMEX ST AT LSRR (9-69) X — B S gh

EAEE R R S B RLKHNE N R, BRSAETARMEAEXEIRES. 217
HOh: MBBRMMEHLRAE o, 2L T RREFFEFHE

1
o, < ‘z—ﬂ)m (9-72)

ARSI MR T RIE. RNRARSHESMERAWE . BMRERE, N
Tl Lz AR S IR G T ARG A . S8 T b HL8% ARIESH3LdRTEE 4 5Hz 2125 Hz ™,
Bttt R R B B IR A 5 R T LA 4 R R AR S R R R Y, AT AL ABIBIR
i IR 5L = B T0HZ .

BO-THiREAMASEIER: m=1, b =1k =1. W5, CORGERBENHMILRM
2 H8rad/s. Ko, PUAK AERGESI MR LRAM BRianEe ik . BERBEEER
WG, RHKMIFFRIER .
i1
a=1
ﬁ=k¥x ,
ERDEA fERT, REAMAI—SaRE. FRSRAER (9-72), RAFEHAR,
=4rad/s. gi15% (9-18) Fzk (9-46) Bk, =0, , TRHE

k, =160
k, =8.0

(9-73)

(9-74)

firitakiRsmER

SR RME R SR8 EF MM RLNEEMERE. EEBREERBIRIINVERT,
P FESA N RS E B R R RARMBAREAE, W2 TR 4.
X (9-20) HHAEERE-RRERGAILLUEUSE L REIE A ME

o, =~kim (9-75)
KAkh R ESHERIRIE, mARSIRENFIRE.
119.8

Hih (RIZTHEE) KR H400Nm/rad, JEZh— 531 & AH1Ke - m By, mRE
B F BB P AN ERIRIEE, IAXA REBIRARR £ D7

© xEA L SRIVEM M TRILBHENE A, mREEXER R, BaRKHHKESRE.
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FAX (9-75), #
o, =~400/1 =20rad/s =20/(2n)Hz = 3.2Hz - (9-76)

SRR R T BARRSAIR, 22 CRI0IZTCRAKDRRME . 41 RinkhE
KA EARNECHA; EPREEMRETHRERARHTVIRREIARRNE. B
9-13FR AR % SRR I101F IRE R T4 5, XA TR U — AL T RAR R R & H0.23miy
RAERBRERAMNE, FE, EHRENETRECIBMESMREL.

j - |
ﬁ — 023m
Z

y I

%‘ —> 033171
Z

9-13 AT T SR £ 3L IR RN B R R B

— AR B HA.347 KgiEAF, F I HEr 01 BE H3600NYm, fﬁx&%m%%%méﬁﬂﬁm i
TRV R RS AR HNS, Ro,.

AT KRB EEF LB O K, RAESBRWHE, FHRR
# (0.23)(4.347)=1.0Kg , HIREHIHERA '

=/3600/1.0 = 60rad/s = 60/2n)Hz = 9.6Hz (9-77)

MREFEXARANAREEE TR (9-75) PHRARHRE, BoLHEMTEHIRE
AHEMARGRA G BEEMEE. XHELTRENEERBYN, A6 &R
BRENE 2, XRRRT R T U IRXERBRAE, ELTHAFR™ .

PR EH

CRER QU ?kﬂ]EiTTEJ_"iiﬁli

1. HHLA BT, FTLLZNE

2. BIEREHHEOER, HEAREA-AF, B 7L,

3. R TTLERE, BARS M tRA R o M TR AR A AR BLER S

R B, LA TRE HN RS — R RIEB R
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a=1m3x+n21m (9_78)

B=(b+n’b, )6

U=0,+ke+ke (9-79)
REMRRI HEHRERN

.é + kue+ kpe = Tdist (9‘80)
T O 25 L

k=0l =,

4 (9-81)

9.10 TJk#ZAEHISRAISEH

AN, 3%A18 % T #8— T Unimation PUMA 560 TV HL25 NS HI R AL M. tnE9-1457
7, WEPEEERI sy AFA B, —&DEC LSRR BB “Fis” R HiE4 64
Rockwell 6503f4bH 28, 5AEITRMEHIEEAR, B4 T8i0H % % FPIDIS fil H 4
— /ML ¥Y . PUMA S60LE ARIE— A XN RER — M REHERRDS. XFHRESE5—
A RSSO, MOeEBTTCIERENN YR E. PUMA 560818 A LEAHEL, W
Bo@ AL B AR E AT E 2 RB R TEE. A TIRMERDERIR D, Mt
W ANEsEE SR (DAC) #:0, FHEARKERZZREYER. HEEEaL AT BN
T e RS L B P B HLRL IR, AR PRI B R L . B O-15 XA REERIHERL

EE
DEC | ﬁi:l 2 s @
s [ o G

]

E9-14 PUMA 5604185 MERI R LRI H BHLr RIER

b ] 6503 | DIA |—» BLIKHKR :» Bl 50

by

FE9-15 PUMA 5608125 A XYzl R MThREHE R

O XEFRMSEI AR BRI A . BAEHLE ARRHISE % ER A2 M.
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LS AL E28ms K& A FMML BIRA (BELA) FIRTHACEE. LML ER
Rrefy BEAAH0.875ms, FEXAN AN, GUCHEBFRTHEM R ANENSE, HRAR
BRE, UHRPIDEHIALLR R R ILKE —A i DEE.

LSI-UNIHENBATEA R AENHIE "SR 8. 8%, HRAFERVAL
(Unimation¥L#3 AGRREIES ) BFMSEAETRE. ERITES3ESHIHRIER, L1111}
BT LB EHEIE, STHEREAY, HES28m R H S LR - ARE
B

LSI- 1 BHLE o] Shr sk e im ik S ik A W BN . B, HRELEH 5RE
RRHENED. BEAREER TTHOEHE, BEZTURATESEUERHEHEX
PERINLES NiZ5h. Bildn, PUMA 56074 fo i A il /8 i B 07 SULE L 88 N A2 36 8
AEREERILEERTEB. EXMEXT, TUENLSAN “ATE" B, @dn8& b
BT IR, JRPUER 4 I T ROA B SIS R AL A
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s, = A+ i
s, = A—pi
TEBEHE R A
x(t)=c,e™ +c,e”
BES)

x(t)= c]e“ cos(ut)+ cze’u sin(ut)

9.2 (I3 B EI- 2B RRENZE), WRBBUES I A: m=2, b=6Fk=4, FHHFEE&H (P4h
eIk ) Max=147 BB
9.3 I3+ E - 2B R RLRIBT), MRESEES . m=1, b=2f0k=1, FHHFRESR (4
HEE k) Max=44r BREM .
9.4 [131HHEE- 2R RAKMIZE), MRSHEIELHIh: m=1, b=4Fuk=5, FHEEHR (Wi
BiER k) Mox=24r BB
9.5 [ISIHHEEI- 2B R RLMER, WRBHIESHHh: m=1, b=THk=10, H-HRES (%
IRETER L) Moa=20r BB
9.6 [151/R: (6.60) HISEEDLD), HEXAHILEALEMBELN, XHIHSFAMBEHERL
(LABKIER B LRR). RALTHIE
1, =1,=0.5m
m =4.0Kg
m, =2.0Kg

INHHLE AREBEZN, B8 T ETH AN,

9.7 N7IEFHEIEE.6, HFMIEASARESR (Bn=20), A% FHREHI =0.01Kg - m’,

9.8 [18] % EE9-6F PR AY, MESRES A m=1, b=4Fk=5, H}HREMKEB ISR
Hide Ao, =6.0rad/s. WyAERIHES B oY 0Bk i R YNGR R M5k, Tk,

9.9 [251@9-12FFRINALL, ABIRMRIAE4~5Ke - m* 2|, HFREN] =0.01Keg - m*, 153}
Hon=10, ZRGHREEILIRMAEHS.0, 12.0, 20.0rad/s. BHHREEZHEHIB Mo,
Kk, Fk (1E, ERARGSHIAKMEHAAHFERR, RBERTEX.

9.10 [18] R IR FH L2 AR, TREERLEF A &M BB RMRA ™ ERIEH R E
BRI ER . REEEEUERE S HEBENR, R-THS5x5x50cm, BEY
lem, BREH5Ke, 8o .

9.11 [15] —HERFHHLE ARIEAF, HNIE H1000Nt-m/radfIsIRAY, EAFREH1Kg - m2,
HE R R ZEAT, Ko, B

9.12 [18] HhEyRI B 5 500Nt-m/rad, Wzh—RibksEE], f5ahbhn=8. WE% A0 HMEE)—
B H 1K - mEIRIEER . kRSN £E7 '

9.13 [25] BhE9RIBE % 500Nt-m/rad, BRzh—RIdE SR E], £3htkn=8. AR H0.1Kg - m?,
R 25 R R B — R B Y 1K - me IR, SRR AN, &5

9.14 [28] fEE9- 2B RN RSP, BB RIEA~Ke - w20, HTHEMN =0.01Kg - m?, %
A N=10. EFFREERIE #H2400Nt-m/rad, HL RGRAA RBBIR. R REmhE
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BB, Kk ik ME, EREZAKIHIAKER, HASHFERR. BERTIEA.

9.15 [25] —KBEH30cm. B Z0.2cmBINEHIK 4 n=8od 25, R 542 0% Hi o R 3
—AKEH30cm. HR03cmiyNE, AR ABMEBEL~4Ke - w2 B, REMNEE
P LR R £/

RIEIRE

S —A Z AT R R E AR R IE R R A HTHE. EHRLHEEPD (L+
By ) i, ARk sTEE. MR35 Bk E AN, RGN HIRRI
FE4175.0, 110.0%120.0, {# ZLEELLIERHERE.

R FUPDATEf ERBFH— A Bk RFERALRGTHE. FAREES100Hz, HEILL
100Hz 5 M A 2 DA SUE TR AR T B Hld. BT ERHXAEH RETRR:

1. f£0=(60, — 110, 20)F FEFNRIVES , YL AR EL2]0=(60, — 50, 20)i}, &l
TERB XA B B E 3.0, XEERRA X124 60deg BTk A . IERB—1 K
FiRt R ZE .

2. BEIR BN EREIE W = REAMZNATET. BRE-RITHREIRE.

MATLAB 3 &

A& FERIINASAKI/\FHAAI ARMIIE /58 (Advanced Research Manipulator II)
My S (3E%2) BTSN X BHINNE (LBXMR14]). BRBMAEER LN K5
EEIAS, BIEREERMREHA . RAMATLAB #) &P M /- 5 i Simulink..

E9-16Pﬁ%%3EE~4\EiiﬁiﬁlHE%%%*IZ#’%’%’I%%EE&JE‘JARMII%%E%%/i@ﬁﬂﬁﬁ'ﬁi%%
REMT HEREA . FRGADBEREY, GBI BORB R aREE), FRndhm
Hi%E fyThetal . X R —ARIHEHIMNERE, BHRRTEEFREDSRBABMEAMA.
HPIDEHBRERBEREE. RPAHTLRAESHNTER.

TauM 1 OmegaM Omegal. 1 jThetak
n . T |
Js+C )

HREEE man

ICHHLE H R
R 35)
ey
N
FERHLERKIER
ThetaE ‘ Plb s Int Outl 9
i PIDIS IS Thetal

WAL
A R HIHER

B9-16 /> EL{f (Rl R A ML AX 4% ) 38 SR B AU ARMII i, 30 JR % TiAEFFRIERMEFF 3R RGERT Y 1 # R R
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AR BRI B AIRILE R B L, AR B BA R A B BlhT=J, +J, (DI
C=C,+C, /m. BT {EahtbniRA, B EHBIESEIMIR B RBRAERKE.
A, BT EHHERNTUZ®KS USRI/, OFRWLBENR, EH -2 T
BfEaper.

MIRO3)SH TARMII (IRXTTHESH &, WU HERMAEG R, FAEZH
RGN NS 1. B, S THATUERdeg h A, R84 HrSEMK
B4 37— 4 Simulink BESREGURSCTISHIRE, MARTHENSH. FEFEHELT,
hERE RPN YRR (AEREIAE. IR, @AM R E), Rl kAR
EPIDHER . 3 F0FI60degIBT BRI , AR RATIHH . LMl mlE-FRxA

288]  MD7 EL kLA B fgidh o R - B D S R Lt £k . oAb, Al — NSO E—BEa
HIEV, GEER X RS (ER—1EY, HHRBAHY,).

®9-1 ARMIBXTERBH

V(1) B L 7, (D s HLiE H 7,() ikt

L=0.0006H R AR Rk 8, LA ES R 0,(t i

R=1.40Q ER IR o, (1) R ALl A0 Y o, (1) i R

i, (1) AR LA J,=0.00844  EHLASRITE  J,(0)=1 S AR B
lb/-in—sl lbf -in-¢?

V. (1) IRk C,=0.00013 L HLHRTEPRE C,=0.5 s dh ke R 5
Ib -in/deg/s EY 4 1b, in/deg/s

K =12 KRS n=200 a0tk g=0in/s* HFH (HrZBES)

K,=0.00867 BB B K,=4.375 HEF 5 K =1 40 2% S He iR B

Videg/s 1b-in/A

BUAE, oA —Se 2 —SimulinkfRA 5 LB S Bk 2

1) BT 6 2 R BRI A S, FHEIRRATRRSEA R A R fs
JE 41.5s P A OdegB|60deg, SRJ5— B fRFF{E60deg, KT1.5s. EFIXIIPIDWMEHE
FiE.

DA REBRLARKPRACEE (RRALLIRARL LA RE £— XA BRI R
[ HERR) 7
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Pascal B2 sk o] LARR R AL 2% A 004 11 ok % b 5 M) i RO FR2 7. 3E [E Cimflex 2y Bl H)
AR-BASICIE ZERXF#E—HI T, Lbr ek HrEBASICH ARFHFRFE. |
NASAMIBE L L0 EIF A ITARSIE & (B & X A —Fik TPascalif S HIPLEE ARERIE ST

3. NAHFNERESHNBABRFE. XA AREIESOIF KU —FH BAEH
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EEEARBNERM, RFRE-ATE KIS NTHYFREFE. BABBHLE AL
KWRAPIDIEF", LIKRIBMZ 6l R HIAMLIE F"FIGMFYLEE A 2 ¥ & FIKAREL{E = 930
RX ML ARBIESHHT.

FHHLEE A LA o0 SEbs B FIRFR R, SRS IERHFARILEABEANT,
R, FERLEHEIEANRRPBHHTWRL. ZHAR . ERALUBIRFE. FHik, LA
EEMERBARRHTELZANBSARBESHAR, MEAESFENSTRRR, F
i EIRAEE2RMEIREE

ESRHIBES

B ARBETENESNRENBRAGGIAEESEKREIEST. INESLER M EHE
AEMEESOTHIRES, TMARFEBENEANE - ERT . SEHERIE NG
BIESMIL, AXHERNRLT, APrRESEER T LaHERARFORS. —TMEFEMN
2 ARBRASHPAE AHPITESESARBRED. Flm, mRELEH “YEEET B
54, RELTUHBRESTIR AR, EHaeS A ENEMRERYREE. HosEgReT
FHPEBEABOIRMLE, BLBIERT. R, S THERILEAREIES R,
AR EEFETEREE KTK. _

PEENBENRBESSESFANGRIBEZANR RIS REN. BAXMHIER
BAGRETOAWSEL Y FERBEL, BRTEAAXELER - MESRRERL
M4l ERsy . BAEBEAEEHREBESSHRIES, BERACOERHLEA N HERB
TR, FHFESRTHIBIT

12.3 RSB

1228 R E R TERT, £ EORE L R R — 4 TREL R,
EATERTH TREBAER: —GEHENEH THREREGRZNL —BAT2%
AL LT, BSMERGEREEI: —ARAARDERBNTLNEA (B
th HPUMAS60) ; —ibr T TG REWARIESRETHNEHE —&HENRHNE
HHL, BRSNS AR — A THLEA LR A

o R E BB P 38 RO (Rt A

L BRGERL A R D, AR S BRI EROFERE , WAL L.

2. Wit FFNEAER AN L BAES, I EXHERE RN, PSR
25,
3 RSB, RS AAEO IR, SUERZANES, BREL
EuEaIME. B, FLEABEHERS, 3BT RENIES.

b OBEEBTTHREO A ZHER L, EXMEE, BANESER TR0
BAEE, NEISRB2SEEE FSEREMIE.

5. NEARHE e IRER AT, 854 B ASERE L — BRI, DS T AT R EA
e, FFEAREXMRENZRER (RHTANBRSN, BAERRIES, AR
IE%— SRR R BH L IS T T,

6. M2 AYUEE A BOTE —RIFERAIBIET, FEHAJE DAL
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E12-2 —AEFTIHLE AR A SRR TR

7. AN R A RS, BWTEARE, EIEX. S HMERS TR, e
KA B R G2 B L AT R AR,

8. iliit BB BMBHTEAMBEILETEY . BERRNERFHITNANRED, 3#
LA LRI B4 U BT 7EHE A A2 i,

0. MEFIMFERLRER, NEAEBREBERAFLE/ORES . MERECH,
LRBEERUEE. NEERATAER, EANEALERHA.

10, —BE2% (EIATRIEPRETFGI) 2R, BERS.

R M T LR AR S M — A BT Bkl , Bl SRR FEREREA
ARERTHN. Bk, ERENRIET, MRLAETFEIANRERRL RN W
B, BT M R R AR AR, AR E R T E . o, B
R R 1 B A LA R B A R RS R R R AR LRI TS, &
BRARATTRG. RTSERAT, BERIEARRIESLARBHE LALE (2R
H12.5). HAiER, T HAEAES RARIES R, EERTAKHRIERERE 0.
T A B LU S R B S, (R MRS A GRS M
o, S KA B S .

124 NBARBESHLESEH

ety tidl

WEEY, BEBFBRAU—EL=HZAMNEHYE, BR, EMILEARBIESL
BAAFRXFTAHRITIEE. NBAGRBRIETEEANERRE —LL 1M JLAHRE. Flm,
SIABEUBR—RFIRY A, HRIVIEBIRA . HkE AR S ol LA X LB R 53
FAERERE. EE3EPNEN RESRR" WL —FATRRMHFELY, RAEHOE
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F T A Z AR R T HABARR PR, @5 LR R AR SR — AR W LA o B AR
L : _
S — P LA R I HLEE ARBETRS, AT E— XAk, @l e X4
R, MHLEALIR AL . T4 KAETERE. BI12-3F0RA 5 E TR TH —§#
5y, EHXREFIMLE, BT8R EAFARFY, B—TURAFHER "SRR
M B,

y T

y

B12-3 —/ T Ak e % MM IEM Rtk R bR R

EFZIZAREREBES T, EXEMILARMENLALER, HEBRFHIHFHEN, &FH
RE M TR BRI ER. B8, WhOKEERAREFEANN 8, FHFERER.
AR, RERSE KA R R RN 8. ERHHLSARBRGEN, EHFLIR
ZNEBHYERENED RN EREREZ - SRS HRAG R H AR
L LR .

—se it R R RFE A U Z AR ETY —H, EmRgETAERIHES
HaXpECeBERE—&E, Wk, mRA—-FE08zs— 1Yk, B EFARER LY
et ERE Fizsh. Hik, ERAG, —BHTHEEARENLY, BEMRE (GBd—
NMER) XM LKA, ERMENEs) (“fER” ZTRAREREL) X
ERFH) “HETT ERERZHETEN.

EEAFLT, —MHAENAERESTFSRIEBLACENDHEEMBIEEE S
RfER. Blan, ZBE-ARE, WHERSEDHCADERRER, EidE kb, KE
R EBRER - MR ERER. REMAXEGREE, REBLAESARERE
HIVF £ hek. XETREHES BB #—PItR.

EES

NENRBIEFBEEANINGERR T RIS AN EZE). EREESHERE3
B, MPrERETEN BN R EBREANS B EEREEN . E3hiEuniri e
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B, BRAURRGRAXTEMSHEES RILZRAER S . o, Mo
813z 3 B o B SR I (]

HT RS MERZHNIEDS, TUTRBEBNEIHAE: (1) BEREHE “Bisl”
MR, (2) REBEHLEHE B2 RAE, (3) #8ashlid “Besl” 2 “HiR
37 M EE L. BECEXMIAXSREHTRBEREOER, XMEFBRAIEA:

FIVAL IIEE,

move goall
moves goal2
move vial
move goalld

HALIES (XBEZHHEREE “garm”),

move garm to goalil;
move garm to goal2 linearly;
move garm to goal3 via vial;

m bR, MFRBEFHEY, AEKIESRAMCUMNEZ. B TR 7L
DEHIENREES ZREEAEZIEY LXK

LR R BESIARRR . REMRHERED.

2. RUFAARFR, LLULFR R R # AR SRR LA S ae
ThiE.

3. A B SN RIS ) AR B R D — B, RE RV PR R B RUR
L B — AR AR S RS R SO R B kR R BE

4. FaxFARRLFR A BE HARIGE S, QAP E XL RS P RS ERR (Fildn
FEHEYL L)

RIEMRIE

B2 LGN EIERIESIH, IRARERELTFHPREZRIERE—IAYE
HBARBESHHLANR. 53X BHRURGRFRFEETEFHS.

5% £ EHL ML, L IERTH, R TREEHEE. &%, £—-1TL
Ve TTrp &% B RF A B E ZHHLE A R TECAR /AR IE R, BOGEAE 40188 AR R
A, P 12-20h FOREEIL, HLAE A3 LALAHAT R M 5 — A DRI IR E . Bk,
B ARBIESHEHAHG S RTMF A RT, AWEAENETROITRIELH™.

F—MELOERESERAEMRERELNMNEFRE. RF, BdhWHfEiy, HLE
A F SRR BB NS SR FA M. —SHlE A REIE SRS, EihiR
HEE - B RIERE = .

HTRIR

RAEMIENIES — 8, REOKEFEESRGREA AN THERER. HREBRE
WERK, FEARRE, FANEENTF2HRETREONK. A garEREE
TRFH “GR—mE—B1T, WARBRREMREN. Bit, AEXSENEANREES
RAMAERIES, UEEBFARMARN KRBT —&150. HFEIE0HSTEX

I EL A FFS 2 )
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HEEY, WEXEEOEANEEREWIE, EHit, TUZBAH. ELHFER RN
REXFFRSE, Gk, WIRSURIERS.

teREMS

LB AGBRGY AR EENR)MEFERR SERENZEAM. IMALEDH
feih S a4 BB RN D (5 R AEIR, LAKAEIERR ¥ b Flif-then-elsefiy . RAFTTHIHAF
BIBIEE & Bl REBESHEL, I DRERIERHHN.

M ERBRERFURERGE MR DEOLRRRSREERE. Hlan, EATHEHG
MRS, — AR ARGREHREREE HTANEE, JRRIERARX T EEHLA AL E R
YR E A HEEEEIR . AR T EELRANERILRR, BREGRIXLEEE
B H BRI AR B AR AR R

e R T RER A LR —EBsy . B, —EHLE AEHIE R AM RN E
IS RBIOMIA, ERIEEEBEEEANIES), AthRHEs R TREHIER".

e o sh e B h kR 1 Aeag B it B 1B AR VF R P IR DR HIRM . KPR 12
W A 0 R VR B R R B R 4y L — AL B A RIE E DU b R T RERI B D
FIE L3 H G TTRENE A TR % EAA KRR, SRS s P REE W
NEIE AT RRRIRES .

EXHEFHEENRGED . WRER DR D REEH RN —HS. ALER
EiteEe /AR & (3MEBRIERBARE) fFi— Ml , HREFEHHNESD
FEE, R, HRIEBRSMNERIERETHRENT . ATHRM—A0, BHEEED T RN
ERAMNE, FREE-MlT, Bl

move garm to goal

with stiffness=(80, 80, 0, 100, 100, 100)
with force=20*ounces along zhat;

12.5 HB/ABREBIESHVSTRO

EJVSERR R BRA Y THBILE ANER, ERTRBILE AR .
HLB AGREE THA SR EAL AR R, LR B SeBbrfl SLRZN 5 | A2 H b bR 2.

ot AT 5 M P SRR IR N R

HLE A RB AW T B AR RN P B AR R AR . B4R R R R
%A, RTMERIEXAER 5 A KR EFASERM L RDRTERSEE. AE
BRSNS B BR I 2 W E R A STENLE AN A R R R kM, RN, LR
B RAZE ]

TEGRI A B, BRI AR 5B RRIE 2 AR —8, HRIERETED
BIFBT LR . ERRRIEROMAN B, —RA RS R ERF P HEORES T
R TRRERER - . FRATELHENGE, ENEARET, AERTANEER,
FERNRT REFAERDOIRBERE, ikbriphrREEF R EREFRE.

% T aA ki B E AR BRI, BEEA SR ESSMERERN. BTN
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ZRLEGHEERBEBNZHRES THASREEBOEE. (HLLHETEAHILNERRS
B, SEERAERTREBWEMEE. AMEAERNIAELE, EFRIEBWEELEE
M LERRNEEIH.

LAk MR B R, RGBS BT RA ST L 2. HIEE
BREREER (FlailEk B, MitfssRe) TSRz E LM I HIRE.

EREBSBFOIRRG, MRFRHTEER. FOURRERHRAEELEN. EHTE
REBMBREOHERE ZHEMIRE. AT, EXEpERERESD, BIES JRRERE—
A, B—RIAES. GImwik. 8. SRR, ZERESSIEBRIEN
KHxRbERAR AL, FLAPFERBRIEMRO—AFORFE I, CRFORESH
. B, 7EEMRIERBRIRAI 28T, MRS E RERBERRE, FTRHERE
B SLE MR

EFFATERREYE

HTHLMRBTELE FHASRYUNENRFOET &, EXMT3R, —REHF
RMRRBNBRFR, REHXEBRFRILER—TBEANBFER, BERE—ERN
B, HFxmyE, —RNBRBFOBGTEOZARMEMEXY, BELENIERFR
PATH A AT AR JE MR . Tt FHIEMMGER, BW AR EKFEI, €38 MNAN T
T MBF R, MELE TRANBFECATH, $ES%%. XEHTERTIEA
GEERT, ZFVRIEH B3 AR BRI R MR K.

ML EAE R R R B —Bl, REBHNBIE. WRESHFEINE.
BRIEBMEEE b TRUMBEEE— SRR EHE RN IHEE. flw, HTFHETES
Vot BB M B SR A R N A IR AR B B AR LR UL, X BT RRRE ALY . X
A e E AT R LA AR D, R RE R AR RS R ERZE, IRAREFAS
B, T HiX ST AT R R A .

BT RESEERAS, FEALEANTETURERHNRFR, AR THMBL
BRHATRE - FRIER, BARESEEHAR (A EBFRESEHTRUNTE). £T
Ve 3 ST AR 1RO B (05 (036 5 RS B B AR B it B BB A R . XFETIERTA
WrHR R EHBEH EAO D BETURRBRERSHEEYMARAEMREEURK LN
HEMRE. xREHEVSTIRBEYEHIVREL—Dm, WERHEAERBRM
B BB T RED . Hoh, XSRS TR BRI IR R A B/ MEEE )RR
KIEEEBF.

4 B TES TR A N R K IR R, 2 ASLE R ER rTRE S . XX
A AEF AR, (B RAHERILBEER A &b SRS R0 BT R R AR
F

USRI I AT — VR, R R RN SRR RETRIBIZH. Bk
4 R TR R S B A bk R R RE R, SRIEH AR R LR R EYER), WIS
WAL EMBIEENZEE. BREBERETSIVSERE, —RHEMWNRIETNE
M. XEBTREATIRLEEH R AT L. MTERRAEBREPERN, 1F28F
SRR R ASATARANGRRIZEE. A, EAFEMIFRENDEGHBLT,
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AL E A 57 2 i 1 B Y ) 95 I SRR
BB & R VE OO AR BB FAE R R . B anfaf 4 4 S 78 — A~ B e IO G T b 1R
BREBEEOR T IR, X YL AR FRIRH R — AR REE .

IRERIE

REEESEBR I 5 — A AR SR iR AR e E, ik, SFgEEs
B REmt R AWM. EREBREDMRE2HEEXENE, HAFRERIER TR .
B2, REwmL, RECATRTE, HUEEBREN - TEEHERE M XLERE
TR IE

mTF&FERERE, APRFHEREshEF LA e IR, & AR R A
BERDSEMIBRF P BRE. ENARMERAR . AHARENEERERARLRA
REME X LEEAT AL

X FIREBRENEERER IR - NRERCHHLALE. FoALE AR EMIEERESH
— o AR, HikiEEAAEESREERN. HTRM-NRE, ILEARTFHEAEERE
FERABIR . AR TR ERESHOME RS TE SHER; fln, RIEBEHRT
—AEARER, (CEEATL, RoRARERA FRERR, mAEREAK, MERBATHE
AT MARBBALAREDECL2 MR T HEE. mRARERRERALAUEIIE,
Mo, ERWLUABHGEDERROEE, WRYEFE, TUREENELE. BIMNEFTLL
R DM, FlaEE N REE RN ERRTURED SRR NEIRTFHIRERE T, R
HLEZN, BEEMDECREERENTEN.

ERF PG - KiSaIEMBTRE R, FUXEAUNMRETRREN, HA TR
bR AR sy 5 B £ 001EM s E . RECETA T RRRIRERIER RN, &%
FhicA W RE R IE AT A . TRIULAE AR R AR — 385y ATRER S, ERBITRH
B, BERLIHLEE ASEST R EMIANLEE B LA R 5 B .

—HEMHIRZE, RESEHETKIE. XTUERFEH TE2HREBRT, &EFH
APt ALTFH, EHEEEEH#T. HAEMERLT, ERIESRS A EFIIRE.
B0, wflEd mERREREVTREARIERRENEELS .

R B p R TR TR AR ZEREEME . YL #HBRRMET, HE
Hep— M RBRFERENTRREEWHMER, EFSHLT, RTRE&EHZ M HENLE,
i e VF et B Ak EE BT . A, LB LA R Ms TR TR (L.

2% 30k
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121 1515 H—BHLBARF (A%—-FiEE), FUBARE-/MRER, JFFABLBEN
#B,

12.2 {201 PTBET BRML 28 A SR 2L RHAO 16 S0 IE R A R RERHX A~ R

12.3 [321i&F—FH R OIS ARBIESWIEE. QEAHESHYERHFER EMERE. 5t
ik & /O . LML RMIELSUARKH ARAIKNES (RIEXLEZF)).
ALAR % & D HIL B TR IR T (BAEESIE12.49).

12.4 [281i@ it AN D B I S AT R R 1B 8, A SIE12.30 MIFTRUAL 2 N RIS S LTS
V&

12.5 (381 — RS SALRIBLE AGRBIE S5 —BEBF, SUHF123Th iR ESE. &
ot AH 3 /0% AN Ath B ) A8 AE frl i ER AU (R 1

12.6 28JRHEM—FNBAIES, E-BREFATETERR THE LOTH, mMRRLE
2N, XAERFRAERERAMA TRESNESH RARTRERAEN. REFHEE
BERH L.

12.7 [35] REM--MILBANES, S—BRFATHTEERTRRE LNFMH, HEHER
BERTERRETEATE. MRERARZOUE BiRRARNKN, XABF G
B AN TERIES OGS RARTRERN.

12.8 [35] FIEM—FBHREMILEBNIE S, S—BREF, RAHEH, E-AFHEPEHR
20 FM. RIEEIEEIEELA0.250, IBLXNSHERTURTHLERE. BRET
kL, — MR RGE TS HE B LR,
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12.9 [35] F{EM—FRERHLEANIES, 5—BREF, S —-HEEREILTRTI AR,
AEH (FH. ERR. AR, FASTURBIES) RE-NRAAN, I/ F
R —AEE LR EF BRI, BRiA - MREMBEFRIRE. M
HALEMF RSB R,

12.10 3315 —BHBABRF, SHRAREBHEH. Kb 1EAGARM, BRIt
ERLEIRRBITE . B—A & ABARM, BRI —MER, H EREH—-IBA%E
B2, LIEARIERT, B L HE SHGARM, LA,

REIE

FPascaliESHE LN TEE, ARFRNEFR—AHE SN, SAEXERFR, “H
P27 BEATLAS —-PascalFat ARFHEAT IR, AT AT LA —A2 B e BEHLE GEAT DT RRAE
REME Y, RFRPIRERERIRRI T ALIRR—RD,

setstation(SrelB:vec3);

settool(TrelW:vecd);

Jtrh “SrelB” A THMFILEALSRANEZSIRR, “TrelW” L% THMN TRIER
BEEb LR R TR R . HEMIEH

moveto(goal:vec3);

moveby (increment:vec3);

Horp “goal” B THIMTEEAIRRMN BEREFRR. “increment” B2 T AR T 2437 TR AR
AN ERSRERE. MASE kAR CBREERT R, LU BRBRSTHEE. B
5, #gEshad £BRERA, HEREAAY Birike” —B6im,

pathmode; (* enter path mode *)

moveto(goall);

moveto{goal2);

runpath; (* execute the path without stopping at goall *)

WE BRI CRIR B, ERXARGITEHREE SRt E.
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13.1 #if

BARRERG (OLP) R —FHESHMIIERAN . DI B EMS: b AL OIS A BB
B, TGN AR ENIT RIS R R L AR S FATC . RIS
AT ADEEEORDHETR, TRVAEANRNTS, BASERAGBAARENY
X R RGH, BELEFSAE. EX B8, ¥k,
I TR A BT RABIR .

(et L0204, TUHLE AT HIOR BRGNS SFMGBELE. — A EEEA
£, HLBAGERPARKE, ERHRE-GNEA, URERXARERTAESEE,
FERBRWOM ARG LR, BT &R, XHEGELLEN R BEER S, Hit,
ROVEE LR AR (BIATRIRRINER ), HLE A A Zh8RIE L £ 30 A R P LRI & R R
HEL (n BR0). BAREZ T LEIGONEAREORIES, RE RSB TS
AFIRERITEM . HlE AR, LU ERERET AN EANRAEE, MRESAAR
MU IUXAEok . I BLA MK ML AE & R 2R e 7 40 R ST, 5X
FELREY], A TALALE AR RLUE 200 S, B R

mTREERERLEABRRE A EEEROTE. 5%, AEARRAR LS &
HEHLGRR R AR, BEIENL S AR b R AR S i EALGRE h BB . AR
HL33 A SRR 8 17 T 450 R AL 25 177 00— Sk [ (0 75 A 72 M 46 B P O T 2 7 S A
EMBAER BB, KRR B2 1 THLE AR IES 5 1 57 £ /) S BR IR B A
AR AR, IR A ERORR AL, LB E MR R R KRR it
R, FRGH GG &M ORI ERFIRT R AR, FEAEABRFFRL
Beb (BRI RS ), SR IEALE A G5 Seh 2 1A SR 5 HL%8 A B R
BHEGRE B ERXEHRFRBIEERAN, BESEMA LIRS ATRER
A—TH. NASLFEREENODEEE. B AR — R EA TG T
BIERT (BImSETL e SABEH)), PRI EB L DER (HHANIEERSR). %
bR SR A AR B B R M B R ER T BT, A LATRERA Y
4 F SRR SEA T i B e o |

BAREHR TR G R R R, HETEEA, SR AL RIS ER.
AR ERBTRMR, DR EORHENNRTR, HERTRHFREELE. &

6 FDBEMANABBAMEIEI: — B H International Symposium of Robotics Research,R.Bolles and B.Roth
(fEE), 1988 (WLEBZUHRILY) 5 5 —E45 0 The Algorithmic Perspective,P.Agarwal et al. (fE&), 1988
(W22 HR021).
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EXABREREROHA. BR, A TH-FEENA TR AL EREE S, BaxF
ik T EIREALAE A LUK A B IR R

EHLEARBERENFRT, REERANERUTSHBIESHZ BHNHBERARER
MAEEXR. RHNXNER RE IBRARKEERTRBUERAEL, REAkBHE
[RORBEEHWHREAATE -BES. —/MEIEROIEAEHBOE TEs2HRY,
HEREELATABYAH BT X T ZHRANZANE RIS . MENLEARBRIES
(RPLs) Mk, HEialAXHRE AREIELMEE, KRBT EERARET
FEEROEEMUENSRANEE). —2BARRIES (RPLs) XA BETE
LoD, HLanPh . DRUEZHAAHE KR, DUR Hofb e,

ARIFARBIES TREZUE “‘EXRBEIES", RENE-THERLAHRIET
BITRE. B FMREEIAESRERRE (TLP), £XFEXT, KERARTEAF
Brid “TA—MERT. BEFLE “By—MRBEAHE SIHNEGRBRED. SHASLHE
MATERE AR B3 A Bz R R Rifi, XESRNESRESESHRAE, A
EFFRA RIEEX X RGN &M EITHAF R . EFRABBRAKETE—NERTEBOIL
2 AN RCUR AL ES A SRERERY A REHE 1T B shAR R B

BARARALEE LREERITRILE ARENRFERE, HEKRERAONMSC
VRBI T REM A LAGRERES. —MEENRAINY: BRABRAKRETEERHREN
AU G AP RE, B, BT o TRIEAE BRI TAEPRE. BRI
s R R T LA B (CAD) BdBEEKhF -G A RRARLK. XL
R, X R A HEAE I CADIR LR Y 77 ik PT LAK R WD il i 15 2 B R RO G R B T

YL AR GELEA IR A, HLEE A P IE H ¥R R . RINEL1
W7 L AREBRIME, HhAEs SIS ABRFERIRSMNEKE TIERTER. REN
REFARBRIEIE RN EE. LR ARBRHRAEARNAGE LERTETR
PLNES—HB L T M. EXHERT, FEILEARERARBR R .

BARRAGEN AEANERXRBERAIESRABRRENERRBRE. REANBER
BEGRARNSARBIESHEBY R, ATbLEBEHET RIESRRERL. ETH
ZERTFESREADGMRG R (NLXEMIHREAEUN), RFULRABARAEHHEFET
X BT KT, EALBRHTRXMY . ERBBIESRRENT LBz, A/
ARBEREIFME B DL FHES, HESMNABRFHFR. IRER, BERABRER
HTHESFAMNAETFRNEEER, S8, ATIRIHLTE, FERFARELTET
EMBEEEBERENAG (Fn=%. BEESNEFELES). Hit, BRRERS
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AT RERENSEERR, IHERBLTHERBARNTIER. AHRMNKHEH
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AR, MAZER T SHT.
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SRRk AE FITE AR, AT AAAR A ] R A (R R AR =4 5T e 1]

MR EH VOB BRI ITRE, A XEREHHERMRIERXR—ZETTLL
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MOVE TO pick_part
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affix(gripper,part[i]);

MOVE TO place_part

OPEN gripper

unaffix(gripper,part[i]);
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131 TSR TNE S EAEA kB

RERE LA EMEE I FaaE | skt
FU 1871 7.03% 8.91%
FD 10 600 39.80% 44.29%
TP 648 2.43% 7.42%
BT 33 C0.12% 8.19%
SR 6 467 24.28% , 15.90%
SL 6 583 24.72% 15.29%
AR/AL 428 1.61% 0.00%
it 26 630 100% 100%
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start and goal reachable in different solutions (A<[Ff#
THIRGAR R IR ), 221-222
Cartesian space (f5-KJLZ3iE]), 6, 76-77
formulating manipulator dynamics in (B3I #IE®Z)
1255 2), 185-188 :
Cartesian state-space equation (HEJLIREZRER),
185-187
Cartesian trajectory generation (i RJLBLBAERK), 10
Cartesian-based control systems (2T & JL22 ] iz
A%, 307-311
Cartesian decoupling scheme (& FJLEBHE),
310-311

defined (@3 ), 308
intuitive schemes of Cartesian control (&R JLZiAH
HEBERIAE), 309-310
joint-based schemes compared with ( 53 F3&75%2a]
Tl Ry bbER ), 307-309
Cartesian-space paths, generation (HRJLEHBR, &
Bt), 223-224
Cartesian-space schemes (-RJLZRIFL R G E), 216-
219
Cartesian straight-line motion (R JLE£kiZ5)),
217-219
Cayley’s formula for orthonormal matrices (1E3%EFERY
PLEAK). 40
Centrifugal force (#.0>7), 181
Chain drives (5§{¥3h), 246 '
Characteristic equation ($fEHR), 265
Cincinatti Milacron (%3¢#h# Milacron), 238
Closed-form dynamic equations, example of (#fHIEX
Kish h¥£FH 2, @), 177-180
Closed-form solutions (MR M), 106
Closed-form-solvable manipulators (& HE#ES),
114
Closed-loop stiffness (HIRRIEE), 272
Closed-loop structures ( Ff{EREE#H)), 242-244
Griibler’s formula (GriblerAR,), 243
Stewart mechanism (Stewartifl¥y), 243-244
Closed-loop system (PZFRFEHLE), 264
Collision-free path planning ( FEREMEHEHR), 225
Co-located sensor and actuator pairs ( FRFEBRE 5K
HBAL), 252
Complex roots (EAR), 266, 267-269
Computation (i1%), 52-54
Computed points (H-BE L), 127 _
Computed-torque method (8 HiELk), 290
Concatenating link transformations (ZE&ERIETERR),
76
Configuration-space equation (JEfrZ2ial &), 181-182
Constraints (£)3):
artificial ( AT#J), 320-321
force ( /3f4), 320-321
natural ( B3R[Y), 319-321
positibn ({r&ey), 320-321
spatial (ZI[E]AY), 202
Continuous vs. discrete time control (3ZERtH A% 58
R ER), 277-278
Control algorithm (#sH®a:), 11-12
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Control gains ({Ff#i1#425), 272
Control law (#5fl), 271
Control theory ( }"ja'fﬁﬂﬂ.i’k‘. ). 3
Control-law partitioning (5 HI&tHI9#8), 273-275
Coriolis force (¥ K /), 181
Coulomb friction ( £ EE{z), 188-189, 293
Coulomb-friction constant ( FEASEERHH), 188
Critical damping (5 5-BRLR), 266, 291
Cubic polynomials ( =k £Tz.), 203-205
for a path with via points ( E.# o [H] HARUEE#E), 205-
209
Current amplifier (HLFBOAEE), 279-280
Cycle time (#E3RRFiE ), 233
Cylindrical configuration (fesBEr{iff), 236-237

Damped natural frequency (BHEIRZWEH ), 268

Damping, effective (F#&HJE), 280

Damping ratio (FLJELL), 268

Deburring (ZE#I), 318

DEC LSI-11 computer (DEC LSI-11 {/&#L), 284-285

Decoupling (f###), 295

Decoupling control, approximations (@B #, LIS
#), 303

Degrees of freedom (HHEE), 5, 231-232

Denavit-Hartenberg notation (Denavit-Hartenbergf¥5 ),

67
Denavit-Hartenberg parameters ( Denavit-Hartenberg £
), 127

Descriptions (§#iif), 19-23
defined (&), 19
of a frame (#FRFR), 22-23
of an orientation (F5{ir), 20-22
of a position (Hiz &), 20
Dextrous workspace (RI5L{EZa]), 102
Differentiation ({47 ):
numerical (${HEI), 252
of position vectors (i E& &), 136-137
Direct current (DC) brush motors ( BELI% A Rl&.3h¥L) .,
251-252
Direct kinematics (1E () &3)%, sz ZFERHS),
101
Direct-drive configuration ( EiEWFI(LIE ), 244-245
Direct-drive manipulator ( AR ZHERIEE ), 281
Direction cosines ( 5ia#i%), 22
Discrete-time control (3% &} ializkl), 277-278, 297
Disturbance rejection (L TF4E), 276-277, 278

addition of an integral term ([ InEis5r5), 277
PID control law (PID# %), 277
steady-state error (fa&iz2E), 276
Draper Labs (Drapersz3 %), 333
Dual-rate computed-torque implementation (BEZHH
HaEF k), 298-299 ‘
Dynamic emulation (#hhZ{HH), 358
Dynamic equations (g5 ):
configuration-space equation (JE{uZsi@ &), 181-
182
state-space equation (IRZAxZZ A5 FE), 180-181
structure of (£5#g), 177-180
Dynamic simulation (&) h2%{5H), 189-190
Dynamically simple manipulator - ( &7 - #918 B8k
), 191
Dynamics () h2), 9-10
defined (X)), 9
Dynamics of manipulators (¥{E&EZ)N%), 165-200
acceleration of a rigid body ( RI#EO#E ), 166-167
computation ({+#), 190-192
efficiency (=), 190-191
efficiency of closed forms vs. iterative form (3$H ¥
A5 M), 190-191
efficient dynamics for simulation (#3RIzhhF#H
H), 191
memorization scheme (FEfiEHER), 192
dynamic equations, structure of (B h¥H8. &8).
177-180
dynamic simulation (ZhhEHE), 189-190
Euler’s equation (BRhiFEE), 171-172
iterative Newton-Euler dynamic formulation (4=#§-BX
Pk B HEAK), 173-176
iterative vs. closed form (EREREHHAER),
176-177
Lagrangian dynamic formulation (Bi#BiHZIH%E A
), 182-185
mass distribution ( iEYAF), 167-171-
Newton’s equation (4 H#E), 171-172
nonrigid body effects, inclusion of (it R JERIERE ),
188-189
Dynamics of mechanisms (¥L#3) H%), 165

Effective damping ( HAXEL/E), 280
Effective inertia ( % &), 280
Efficiency (3 ):
of closed forms vs. iterative form (& FER 5i%k{LHE
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), 190-191

efficient dynamics for simulation ( F&MIzh 1 F#15
H), 191

historical note concerning (- BFRE ),
190-191

Elbow manipulator (HEBRER), 235
Elevation ({fh), 7
End-effector ( K#thire), 5
End-of-arm tooling ( TH¥), 230
Equivalent angle-axis representation (Z:%hhffiskinE &
SRik), 46-50
Error detection/recovery (IRZEARMEKIE), 349-350
Error space (i##75/d]), 275
Euler angles (BXhiffi), 44
Z-Y-X, 43-45
Z-Y-Z, 45-46
Euler integration (Bkhi#isy), 189
Euler parameters (Bkhi$%¥), 50-51
Euler’s equation (BXkiHR), 171-172
Euler’s formula (BRkhiZA:), 267
Euler’s theorem on rotation ( ExHikgREZRE), 46MiE
Event monitors (ZE#:WMN), 346
Explicit programming anguages (BRBEIES), 341-
342

Feedback ( Ri#t). 263
Feedforward nonlinear control (IEk¥ERTHIESI), 297-
298
Fictitious joints (E#1%5), 232, 238
Finite-element techniques (FMRmLik), 250
Fixed angles, X-Y-Z (X-Y-ZEZ fstrR), 41-43
Fixed automation (& JEM A shfbEsR), 3, 14
Flexible bands ( FH:H#5), 246
Flexible elements in parallel and in series ( 3FBEFNERBERY
RtEi), 247
Flexure (P TR ), 253
Foil gauges (p&it), 254
Force constraints ( j£93 ), 320-321
Force control ( 3 %), 13
fiybrid position/force control problem ( f/frif& ¥l
[B)E8 ), 323-324, 328-333
Cartesian manipulator aligned with constraint frame
{C} (HHRLERACHHMIERILEBREYE), 328-
330 .
general manipulator (i@ F#RfER ), 330-332
variable stiffness, adding (Bna]2sRIEE), 332-333

industrial robots, application to assembly tasks ( Fi-T
FRfEA M TkHLEE A ), 318
industrial-robot control schemes ( L i/ #Hl.%% A#&lH
&), 333-335
compliance through softening position gains (it
AL B W25 BRI R ML), 333-334
force sensing ( 13t ), 334-335
passive compliance (#zhFMitk), 333
of manipulators (#{E® ). 317-338
of a mass-spring system (i - W EFRH), 324-328
partially constrained tasks, framework for control in
(BELIRES, EhlLErR), 318-323
Force domain, Jacobiansin ( ik, falH), 156-157
Force sensing ( 88, 1), 253-254, 334-335
design issues (iRit[AIRE), 253-254
flexure ($iLH), 253
hysteresis (#J5), 253-254
limit stops ( BR{fz#4dk), 253-254
overload protection (iZ#fR#), 253
Force-control law ( A48l A1), 13
Force-moment transformation ( fj- HE2H# ), 158-159
Force-sensing fingers (& HRMFH), 253
Forward kinematics (1E (1) B#%), 4-6
4-quadrant arc tangent (4R IEY]), 43MHE
Frames ($45.4&), 4, 34
affixing to links, convention for (FHNBIEFF, ME),
67-73
base (E @), 5
compound (iB4), 34-35
defined (), 23
description of (3R ), 22-23
graphical representation of (EEF~=), 23
with standard names (Br#Ef¥4 ), 89-91
tool (TH), 5
Free vectors ( B ﬂaé&i ):
defined (& M), 51-52
transformation of (Z#), 51-52
Friction ( BE#Z), 245

Gantry robots ([ TXHLEEA), 234
Gear ratio (¥21%aHL), 245, 246
Gears ($5%5), 245
and stiffness ({IHE), 248-249
General frames, mappings involving (—R3BERE, B
), 27-29
Generalizing kinematics (J~ i&zh%), 91
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Geometric solution ( JL{A[fi#), 106, 112-113

Geometric types { JLfA[2%), 344

GMF $380 ( H #*Fanuc 2 F]#JGMF S3806L% A ), 340

Goal frame (G) ( Bf#4rR(G)), 91, 125

Gravity compensation, addition (& h%MeZ, M),
302-303

Grinding (BEHI), 318

Griibler’s formula (GriblerA%;), 243

Guarded move (i&zZh¥¥s), 334

High repeatability and accuracy (S EEWESEMH
), 233
Higher-order polynomials (&Kr £ HiX). 209-210
Homogeneous transform ( FekAE#H), 28-29, 34
Hybrid control (JRA&fEH), 13
Hybrid position/force controt problem ( /i {B &5 %)
Bi), 328-333
Cartesian manipulator aligned with constraint frame(C)
(#bn & (CYPAIE RILERIEY ), 328-330
general manipulator (—A¥#R{EH ), 330-332
variable stiffness, adding ( "[ZEWIEE, Bifm), 332-
333
Hybrid position/force controller ( H/{LiR A 1EHIE),
317
Hydraulic cylinders (JEMEHL), 250-251
Hysteresis, eliminating (JHER#/R), 254

Independent joint control (Jk373&i+24l), 264
Index pulse (FFfERKM), 252
Individual-joint PID control (¥h-7.3:HPIDE), 301-
302
Industrial robot { TAEHLEA) :
applications (i), 1-3
as automation trend in manufacturing process (ili&
Bt R RES), 1
growth in use of ({FHEMK), 1
Industrial-robot control schemes ( Tk HL3 A$E#H 5 ),
333-335
compliance through softening position gains (M
i b B 48 25 SRBLAY R Gtk ), 333-334
force sensing ( H%t), 334-335
passive compliance (#zhE M), 333
Industrial -robot control systems { Tk #L28 AIBHIRL),
301-303
decoupling control, approximations of (&,
SEAFE), 303

gravity compensation, addition of ( & f %Mz, Kim),
302-303
individual-joint PID control ( $k373:%5PIDIEH]),
301-302 '
Industrial-robot controller, architecture of ( Tl HL28 A
s, &), 284-285
Inertia ({8 ):
effective (&H%XHY). 280
mass moments of (i EH), 168
mass products of (#&), 168-169
moment of (45), 167
pendulum (%), 171
principal moments of (3:45), 169
tensor (k&), 167, 171
Inertia ellipsoid ( HPEMHER), 241
Initial conditions (¥ &), 265
Inspector (M%), 367
Instantaneous axis of rotation (BEBf¥:zh4H), 143
Interactive languages (ZZHAIEH), 356
Interpretations ( f#EE), 34
Intuitive schemes of Cartesian control ({§-KJLZ=EIME
HEBHE), 309-310
Inverse kinematics (3 () &zh%), 6-7, 101
Inverse manipulator kinematics (#RVE8 1 () iZ3h¥),
101-134
algebraic solution by reduction to polynomial (Aitft
Bich 2O R M), 114-117
algebraic vs. geometric solution (fR¥fRE:5S JLITME
#%), 109-113
computation (t}8), 127-128
examples of (HiF), 117-125
PUMA 560 (Unimation) (PUMA 560 (Unimation)
HELEA), 117-121
Yasukawa Motoman L-3 ( Yasukawa Motoman L-3
KHLEAN), 121-125
manipulator subspace (¥{E'B FZ 06 ), 107-109
Pieper’s solution when three axes intersect ( =%
BtiPieperfigit ), 114-117
solvability ( "J#g#k:), 101-106
existence of solutions ( fRIfEEM:), 102-103
method of solution ( #&#%), 105-106
multiple solutions (£ EMg), 103-105 ’
Inverse-Jacobian controller (%] LbiSHI5%), 309
Inverse-kinematic formulas (W3IEZNEARK), 377
Iterative Newton-Euler dynamic formulation (4-4fi-Bk$i

Rz HEAK), 173-180
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closed-form dynamic equations (¥ WMz HEH
£), 177-180

dynamics algorithm (Z) H$8ik), 175-176

inclusion of gravity forces in (i+REH), 176

force/torque acting on a link ( fEFI{E:E4 L83 H/H
), 174

inward iterations ([RN&R), 174-175

outward iterations ([@&hi%kL), 173-174

Jacobian matrix (FEwTELEERE), 135 M
Jacobian transpose { g PTELEERE ), 157
Jacobians (FEFTEL), 7, 135-164 '
defined (X ), 149-150
in the force domain (fE KA ), 156-157
frame of reference, changing (B %BERRANEH ),
151
velocity “propagation” from link to link (i [HHJ
HEE “fER7), 144-149
JARS (JARS{EE), 341
Joint actuators (W IEZHLE), 9
Joint angles (%), 5, 66, 185
Joint axes (X%5%h), 64
Joint offset (FXYifREE), 5
Joint space (¥%23iE), 6, 76-77, 185
Joint torques (%5 h4E), 9
Joint variable (iR ), 67
Joint vector (XFiRH), 76
Joint-based control schemes (3 T3¢ ¥z RIMEHIH ),
307-309
Jointed manipulator (3 RIBIET ), 235
Joints, (¥%%) 5
bolted (R#EEE), 254
press-fit (JEALA ). 254
prismatic (#zh.), 5, 63
revolute (#zh), 5, 63
welded (4743%), 254
Joint-space paths, generation of (X RIEE, Hm),
222-223
Joint-space schemes (%¥5Z2iMMFRIA ), 203-216
cubic polynomials ( =& £IHRA.), 203-205
cubic polynomials for a path with via points (B%&H
B RBRN =k E£H), 205-209
higher-order polynomials (@B #3.), 209-210
linear function with parabolic blends (&5 #ispeRitl s
Mgkt ¥, 210-212
for a path with via points ( BA & RIANEKR),

212-216

KAREL (GMF Robotics) (KAREL(GMFHLE A)), 341
Khatib, O., 332
Kinematic emulation (iZzh#{5E ), 357-358
(zzh#)
calculating (&), 91-92
defined (2 3), 4, 62
link description (GEAF#EER). 62-65
link-connection description (E#F iR ), 65-67
of PUMA 560 (Unimation) (PUMA 560 (Unimation)
PLEAN), 77-83
of two industrial robots (G4 T L2 A), 77-89
of Yasukawa Motoman L-3 ( Yasukawa Motoman L-3
BLEA (%)), 83-89
Kinetically simple manipulator( iz b HIE HIRIEH),
191

Kinematics, 4-6

Lagrangian, defined (RitgBAH &%k, L), 183
Lagrangian dynamic formulation (Rik¢Bi A 21 AR,
182-185
Language translation to target system ( BHiERK BRAL
FHEE), 359
Laplace transforms (Hi¥HiiiaEH), 265
Lead screws (5@ 2241), 246-247 .
Leading subscripts/superscripts, in notation (% Fir/Z
AR, £3), 16
Length sum ({EEFN), 240
L’Hépital’s rule (#&4253500), 270
Limit stops ( PRk ), 253-254
Line of action (fEf£k), 51-52
Line vectors, defined (&8, #BEM), 51-52
Linear acceleration (£%nafiBE), 166-167
Linear control of manipulators (#{E¥ExdEiEMH), 262-
289 ,
closed-loop control (F¥h{%H]), 263-264
continuous vs. discrete time control (EZEREIIEHS
B W), 277-278
control-law partitioning (FF#l@#ts-#), 273-275
disturbance rejection ($LFK), 276-277
feedback ( BLiit), 263
industrial-robot controller, architecure of (TkHL%
NG, GiH), 284-285 .
second-order linear systems ( Bkt &), 264-
S '
characteristic equation (4&fEH5RE), 265
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complex rtoots (E ), 266, 267-269 Links (3%#F), 5
control of (#4l), 271-273 convention for affixing frames to (&HEfIMALERFE R
initial conditions ( M#a%H:), 265 %), 67-13
Laplace transforms (i E-hifiE#f), 265 first and last links in the chain (GEMSH Y EE
poles (HR &), 265 #F), 68
real and equal roots ( FAFEEHILH ), 267, 269- intermediate links in the chain (ENBF A%
271 #). 68
real and unequal roots ( FA AR L), 266- link parameter summary (ZEFFS2ENITH), 69
267 link-frame attachment procedure (Bt i73E+FBIRRAT

single joint (#.3Y),
modeling/controlling ( At/{H]), 278-284
effective inertia (MR ). 280

estimating resonant frequency (fhit#:iRME), 282-

283
motor-armature inductance ( HLHLHHEL), 279-
280

unmodeled flexibility (FH#iRH), 281-282
trajectory-following control (#LEERERIEHI), 275
Linear function with parabolic blends ( S#itpLkitl &1

tEEE ), 210-212
for a path with via points ( B hiA AR EZ). 212-
216
Linear position control (£({Efy BigHl), 11-12
Linear velocity (£ H ), 138-139
simultaneous rotational velocity ( 5 i B R 77E) .
140-141
Linear-control systems (£R#:isflR4k), 262
Linearizing and decoupling control law (£&t:{t il
H), 295
Linearizing control law (ZtEffil ), 291
Link length (K EE), 64
Link offset (3EATRIEE). 66
Link parameters (5% ). 67
of a three-link planar manipulator ( =% 4F T #4E
M), 71
Link transformations (GEH2B#t) :
concatenating (E£EfM), 76
derivation of (#:&), 73-76
Link twist (GEFFE ), 64-65
Link-connection description (GE#FEIERMNR), 65-67
first and last links in the chain GEHAFEPHH RE
), 66-67
intermediate links in the chain (GEAF&EH 83 E
), 66
link parameters (GEHFR%). 67
Link-frame assignment (:E#F2EIREMIR), 72

FRR), 69
and stiffness (RIBEE), 249-250

Load capacity (fi#gE ), 233

Local linearization (JR&fgkik(t), 291

Locally degenerate mechanism (HLE)JREBL), 9

Lower pair ({£g1), 62-63

Low-pass filter ({EBIEHK2E), 279-280

Lumped models ( du i B®), 282-283

Lyapunov stability analysis (¥ KREWEIT),
303-307

Lyapunov’s method (ZERYEERGH), 290

Lyapunov’s second (direct) method (% ~ &M &K%k
Fik (H#EE)), 304

Manipulability measure ( wJ#{ER ), 241
Manipulator control, problem of ($##fE#isHl, l).
294-295
Manipulator kinematics (#IEBZEE), 62-100
inverse (i), 101 - 134
link transformations: (GEHF25#t), 76
concatenating (EZEfY), 76
derivation of (5:%), 73-76
“standard” frames (“brME” LERFE), 89-91
Manipulator subspace (##{E¥-T22]), 107-109
Manipulator-mechanism design (¥ B AHLMIELH ),
230-261
actuation schemes (A FHK ), 244-247
actuator location (JRZHZWBAMHE), 244-245
reduction/transmission systems (B EMEHRE),
245-247
articulated manipulator (§ZiERIIRIEH ), 235
basing design on task requirements (B T{EHERA
xit), 231-233
accuracy (ELLNEEE), 233 .
degrees of freedom, number of ( [ gifE, ¥ B ),
231-232

load capacity (f#gEh), 233
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repeatability (EERE), 233

speed (@), 233

workspace ( T #E%2lA]), 233

Cartesian manipulator (5 RJLERIER ), 234-235

closed-loop structures ( f13R%5#), 242-244

cylindrical configuration (BB EIIE), 236-
237

force sensing ( f3it), 253-254

kinematic configuration (GZzIfiE), 234-239

position sensing (B W), 252

redundant structures (JU&&5#)), 241-242

SCARA configuration (SCARA{I}/), 235-236

spherical configuration (EREALAR{ITE), 236

stiffness/deflections (NI# /), 246-252

actuators (3Ezh3%), 250-252

belts (#), 249

flexible elements in paraliel and in series { FFBEAIS Bt
HIEMET). 247

gears ({hi%E), 248-249

links (E#F), 249-250

shafts (%), 247-248

well-conditioned workspaces ( R#F &I IEZE),
241

workspace attributes, quantitative measures .of (L{E
ZREYE., wEME), 239-241

workspace generation, efficiency of design in terms of
(R TSN, &8 WHIIBR ). 240

wrist configuration (BE%H{uif), 237-239

Manipulators (#E%), 3

accuracy of (GELIKSEE). 127

control problems for (§F&lEIE), 295-296

design (i%if), 10-11

dynamics (#hh%), 9-10, 165-200

force control { HiE%), 13

forward kinematics of (1E ([7]) &zh%¥), 4-6

inverse kinematics of (¥ (W) Z3h%), 67

kinematics (;Zzh%), 62-100

linear position control (4L BfFHI), 11-12

mechanics and control of (HL#5EH]), 4-15

nonlinear position control (JEektEfr BiHl), 12-13

off-line programming and simulation(# £k B
H), 15

position and orientation (¥ H&#), 4

programming robots (W[ ZERHLEA), 13-15

repeatability (EEFHE), 127

sensors {f§M#), 10-12

singularities (F R, #FHA), 79
static forces (##h), 7-9
static forces in ({E A< I8 H ), 153-156
trajectory generation (#,i4 &), 9-10
velocities (R BEF), 7-9
workspace ( TYE%E(E]), 102
Mappings (BE§t), 7, 24-29
involving general frames (%F—fRBIrE), 27-29
involving rotated frames (% THefstLdrEZ ), 25-27
involving translated frames { X T EBRERE), 24-
25
Mass distribution (JRE4rAH), 167-171
inertia tensor (#R{tEIRE), 167, 171
mass moments of inertia ({R &%), 168
mass products of inertia (#f{&#), 168-169
parallel-axis theorem (‘EfTipfhi), 170
principal axes (¥ %), 169
principal moments of inertia ( &%), 169
Mass matrix ( EHERE), 177
Mass moments of inertia (#{#&45), 168
Mass products of inertia (##&M ), 168-169
Mechanical impedance (HUBEBHBT), 332
Mechanical manipulators, See Manipulators Memorization
scheme (FLORIRIEW, RBIEBEFFEHEHIE).
192
Micromanipulators (f¥#¥{EHE ), 242
Model-based portion (T HAMEHIEs), 273
Moment of inertia ({{#%E), 167
Motion specification (iBEHE4 ). 345-346
Motor torque constant ( HLHLLHEH ¥ ), 278
Motor-armature inductance ( tiPLEL X &HL), 279-280
Mouse (BUbr), 356
Moving linearization (iZzhektt{t), 291
Multi-input, multi-output (MIMO) control systems (£
WA SRHMMONSHIFRL), 264, 295
Multiprocess simulation ( £ B{HH ), 358

Natural constraints ( § #2223 ), 319-321

Natural frequency ([El#& 5% ), 268

Newton’s equation {4~ 5F), 171-172

Noise (®j5), 276

Nonautonomous system (JEEIRER%), 305

Nonlinear control algorithms (JEetEiEMIM ), 12-13

‘Nonlinear control of manipulators (#{EBIELRMEiEHD),

290-313
adaptive control ( HERIEH), 311-312
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Cartesian-based control systems (T RJLESHEAY
PEHlREL), 307-311
Cartesian decoupling scheme ({5 )L 22 ial figé #8147 Hi
Fix), 310-311
defined (&), 308
intuitive schemes of Cartesian control (i -KJLZ38]{HY
Higtedilhi). 309-310
joint-based schemes compared to (5322 HIY
Bk ), 307-309
current industrial-robot control systems ( 2487/ Lk
HLEE AR FRSE), 301-303
Lyapunov stability analysis ( ZHE# & RBEW 08 ) .
303-307
manipulators, control problems for (¥{EE, &l
Bl), 295-296
multi-input, multi-output (MIMO) control systems
(£5 A £HHMIMOMEHIRS), 295
nonlinear systems (JE&tEFRSE), 291-294
practical considerations (3Br[RIfH), 296-301
dual-rate computed-torque implementation (I E#
WHEAHHEBE), 298-299
feedforward nonlinear control ({ELRH:niitEHl),
297-298
parameters, lack of knowledge of (&%, fik
e fE BMOIEDL) . 299-301
time required to compute the model (A HEE
IF), 296-297
time-varying systems ({38 &%45), 291-294
Nonlinear position control (kM BiEHl), 12-13
Nonproper orthonormal matrices ( IEbR#EIF34ERF), 40
Nonrigid body effects (JERIAZR), 188-189
Coulomb friction (& {£EE#2), 188-189
Coulomb-friction constant ( 4 EEi# %), 188
viscous friction (khi{EEE#E), 188-189
Notation ({55), 16
Denavit-Hartenberg notation (Denavit-Hartenberg
ne), 67
for orientation ( /5{r, &&/), 135-138
for time-varying positions (357 E), 135-138
vector (&), 16
Numerical differentiation (#{{& &%), 252
Numerical solutions ( #{E#%:), 106
Numerically controlled (NC) milling machines (##%
(NOEEK), 3
Off-line programming (OLP) systems (B &REB(OLP)F
#t), 353-371

automating subtasks in ( HZ)FE£F ), 367-369
automatic assessment of errors and tolerances (i3
fa R EFE), 369
automatic planning of coordinated motion (44ri&
i E ERRI), 368
automatic robot placement ( H ZhHEN.BALITE),
367-368
automatic scheduling ( B F#LRI), 368
collision avoidance and path optimization (¥R 5
#EmiL). 368
force-control simulation ( HiZHIHFE ), 368
central issues in (#.0R)8), 355-360
defined (L), 353 ’
dynamic emulation (zh HZ#{FHE), 358
kinematic emulation (iZZE)¥FE{HE ), 357-358
language translation to target system (I BIRARL%
HiEsE), 359
multiprocess simulation ( Zid R E), 358
path-planning emulation (BEHRIHE), 358
Pilot simulator (5| S HE), 360-367
sensors, simulation of ({H#&%%, {FH), 359
3.D modeling ( =%HEB), 356-357
user interface (fHPHEM), 355-356
workcell calibration ( TYEBTTRE), 359-360
Off-line programming systems ( 4B AL), 15
Operating point (##Es{), 291
Open-loop scheme ( FFERIFHIHR), 263-264
Operational point (#fEs), 14
Operational space (#fEZ3iH ), 6B, 76
Operators (HF), 30-34
rotational (Hg#%), 31-32
transformation (2§ ), 33-34
translational (E#}, 30-31 '
Orientation (F{r, &&):
angle-set conventions (HiftrFRFREL), 46
description of (#§i), 20-22
equivalent angle-axis representation { %%k fBARA
Fonik), 46-50
Euler parameters (EkhiZe¥), 50-51
notation for (##%), 135-138
predefined (FEX), 51
proper orthonormal matrices ($nAEIEASHRRE), 40
taught (;r%), 51
X-Y-Z fixed angles (X-Y-ZEEBLIRER), 41-43
Z-Y-X Euler angles (Z-Y-XBkHif), 43-45
Z-Y-Z Euler angles (Z-Y-ZBkhi ), 45-46
Orienting structure (Z[RIZE#)), 234
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Orthogonal intersecting shafts ( 1E33%h), 245

Orthonormal matrix, property of the derivative of ([E%
HHRE, SHMMR), 141

Overdamped system (iEPLERZE), 266

Overload protection (GE#{R$H), 253

Parallel shafts (F-47%d), 245
Parallel-axis theorem (EfTf8%hEH), 170
Parallelism (3-474#4E), 358
Parts-mating tasks ( FfF3EAES), 318
Pascal (Pascalif& ), 341
Passive compliance (¥zhFEMidk), 333
Path generation at run time (BRZ2RIERAER), 222-224
Cartesian-space paths, generation of (ffi-FJLZil#%
%, ), 223224
joint-space paths, generation of (XH=ZHEE, &
), 222-223
Path generator (§&124E3%), 216
Path planning (FZZ2HK), 224-225
collision-free (CRE#E), 225
Path points (#&%4{), 202
Path-planning emulation ( B#Z#IRIFE ), 358
Path-update rate (JREFHHR), 201
Pick and place locations (JRBFHEMLR), 233
Pick and place operations (JRFFH E#IE). 318
PID control law (PID#s#l#), 277, 284 -285
?ilot simulator (5| G5 H %), 360-367
adjusting probabilities as a function of drop height (F
T B RS IA T ), 362-363
alignment of the part during grasp, computation of
(P B FHmHE], HE), 364-365
bins (37 F74k), 363
bounce, simulation of (&3, H#L), 363
computing which part to grasp ( IFFTHMHTRE),
364
connecting tray conveyors/sources and sinks (#£# &
EHL. RS BAEABUS 2 RIRERE),
365-366
default grasp location, computation of (&AL
B, iHH), 364
findspace algorithm (ZZ (AR H ), 364
inspector sensors ( WHlfE k%), 367
part grasping, geometric algorithms for (F4:40$%,
JUAIE), 364
part pushing, geometric algorithms for ( 4k ¥},
JURI%E), 365

part tumbling, geometric algorithms for (F{-#%%,
N %), 361-362

physical modeling and interactive systems (4pHigi#
55 %4%), 361

proximity sensors (3L {EHkaE%), 366

pushbar (#4T), 365

pushing of trays (¥£# LX), 366

sensors, geometric algorithms for (%88, JLAIR

#), 366
stable-state estimator algorithm (FBaXfEitEik),
363

stable-state probabilities (FaZSHE#K ), 362
stacking/tangling, simulation of (MEFRFIEE, (FE),
363-364
tray conveyors, geometric algorithms for (FE8 %%
ML, JUEBEH), 365
2-D vision systems ( —#¥ R4 ), 366-367
Pitch (M), 41
Pneumatic cylinders (<L), 251
Points ( A& ):
computed (it%), 127
operating (#2fE), 291
operational (#fg), 14
path (¥%12), 202
pseudo via ({4 fEl), 216-217
taught (;R¥), 127
TCP (Tool Center Point) (TCP ( TAH.LE)), 14
through (£it), 216 .
via (vhjd]), 10, 14, 202, 205-209, 212-216
wrist (BEX5), 234
Poles (#/%), 265
Polynomials: and closed-form solutions (&M
HANM), 114
cubic (=), 203 -205
higher-order (#Bt), 209-210
Position constraints (7 B#)%k ), 320-321
Position control system ({rRIZHFELK), 11
Position sensing (L REM ), 252
Position vector ({ B ), 20
Position vectors, differentiation of (fr B &, #sr),
136-137
Position -control law (it BiSH#EA), 13
Positioning structure (EfLrE5H), 234
Position-regulation system ({fBBEZAL), 271-272
Positive definite matrix (IF Z4EE), 182
Potentiometers (Hfrif), 252
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Predefined orientations ( i@ L &&E), 51
Press-fit joints, and hysteresis (GI&A S XY, &E),
254
Principal axes (3F:%h), 169
Principal moments of inertia ( &4 ), 169
Prismatic joints (¥z1%%), 5, 63
Programming environment ( HfRER%), 346
Programming paradigm (ZH#&E5 ), 360
Programming robots ( 5[fEHLE AN), 13-15
Proper orthonormal matrices (fr¥EiEA4E), 40
Proprioceptive sensors ( A& ), 230
Pseudo via points (f4pials), 216-217
PUMA 560 (Unimation) { PUMA 560 (Unimation)? U §,2%
A), 235, 284, 357
defined (323 ), 83-84
inverse manipulator kinematics (¥{EBELIBEI¥E),
117-121
kinematics of (;Zzh%), 77-83
link parameters (GEFFSE), 80
solutions ( f#), 104-105

Quadratic form ( T/k %), 182

RAPID (ABB Robotics) (RAPID (ABBHLE AZ+F]),

341
RCC (remote center compliance) (RCC (& fm.LFRM),
333

Reachable workspace ( ®[3k LIEXia)), 102

Real and equal roots ( BANHHZERILH), 267, 269-271

Real and unequal roots ( PIA-ANHZHITH ), 266-267

Redundancies (JU4%), 241-242

Redundant degree of freedom (U4 H HEE), 231-232

Reference inputs, tracking ( £%% A, BEZ), 278

Remote center compliance (RCC) (#R.OEBRCC)),
333

Repeatability (EE¥HE), 127, 233

Repeated roots ( A1), 269

Resolved-rate algorithm (432 R EHEHIE L), 163-164

Resolvers (M2 8%), 252

Resonances ( 3t$z), 246, 247

structural (#5#3), 278
unmodeled (REEN), 281

Resonant frequency, estimating (Jt¥#R#E#E, Fil),
282-283

Revolute joints (¥z5h%%7): 5, 63

Rigid-body dynamics, form of (Ritkzh h# 5B, X)),
295

Robot (HLE& A ):
specialized (£H/H), 11
universal (GEFH), 11
Robot programming (HL28 AZRRR ):
levels of (&%), 340-342
teach by showing method (;REH#). 340
Robot programming languages (RPLs) (HlL#% ARBIES
(RPLs)), 13-15, 339-350, 354
categories of (%), 341
defined (X)), 342
description of paths with ({# -+ WAREER), 224
explicit programming janguages (F{EREWBIED) ,
341-342
problems peculiar to (4% MR)E ), 347-350
context sensitivity (F2FERTIGRIXEEM:), 348-349
error recovery (IRZEBIE), 349-350
internal world model vs. external reality (NEFHER
R GHMNECRRIREMA R ), 347-348
requirements of (% &K4:), 344-347
flow of execution (¥tEiKRE), 346
motion specification (i&zh#4 ), 345-346
programming environment (ZFEHIE), 346
sensor integration ({5 E ), 347
world modeling (#tR48%!), 344-345
robot library for a new general-purpose language ( Ff
AFEAIESPIBARFE), 341
robot library for an existing computer language ( F7
SAHUAILIESMILE AREE), 341
sample application (FFISKH), 342-344
specialized manipulation languages (¥ F#FIES),
341
task-level programming languages (EHFRARIES),
342, 354 '
Robotic manipulation (HL3% A#{E), 19
Robots (HLE A):
gantry (EITX), 234
motion of the robot links (HL3 \EATHIES)), 144
programming (Z#g), 13-15
tool, position/orientation of ( TH., fiR/ZE), 91
Robust controller (& B{EMHlzE), 298
Rodriques’s formula (RodriquesA3.), 58, 373
Roll (%), 41
Roller chains (f&zh%E), 246
Rotary optical encoder (¥ ¥EiLE), 252
Rotated frames, mappings involving (BE#edRER, X
e West), 25-27
Rotation matrix ( Fe¥4ERE), 21
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Rotational operators ( BE#EH 1), 31-32
Rotational velocity (#6§), 139-140
simultaneous linear velocity ( 5kl ERIMHFE),
140-141
Rotor (¥+), 278
RRR mechanism (RRR#L#), 69-71
Run time (G ):
defined (&), 222
path generation at (B{EAE K ), 222-224

Sampling rate (RALHE), 297
SCARA configuration (SCARAJE), 235-236
Second-order linear systems ( ZBr&ktE R4 ), 264-271
characteristic equation (4{EH#). 265
complex roots (EH), 266, 267-269
control of (¥8%), 271273
initial conditions ( FJ#&4&:). 265
Laplace transforms (¥ HifiEHe), 265
poles ($Rs5), 265
real and equal roots (FH/MHHZERILAR), 267, 269-
e
real and unequal roots (FAAFZEMELH), 266-
267
Semiconductor strain gauges Sk pAEH-), 254
Sensor integration (fERRF[AA ), 347
Sensors ( fE&2%), 10-12
proprioceptive (A=Hpy), 230
simulation of ({5H), 359
wrist (BEES). 253
Servo error ({allRiIRZE), 264, 331
Servo portion ( {aIAR$EHIER ), 273, 292
Servo rate (fSfRRRE), 277
Set-point (Ef74), 285
Shafts (%), 247-248
Similarity transform (fH{LIZE#), 57
Simple applications (B8R A), 318
Simulation ({FE), 9
Simulation specific code ({FHEH{T), 360
Single joint, modeling/controlling (#3545, BAEAEH!),
278—284
effective inertia (AR E), 280
estimating resonant frequency ( JtiRSAHFfE), 282-
283
motor-armature inductance (HL¥LAMKEHL), 279-
280
unmodeled flexibility (FREEXH:), 281-282

Single-input, single-output (SISO) control systems (£
HiA K55 H(SISOMEH R L), 264
Singularities of the mechanism (singularities) (HLARIE
RUE (FRRE, dRHE)), 9, 151-153
workspace-boundary singularities ( T{EZE)8 R4
. RHiE), 151
workspace-interior singularities ( TYE23 R AEEAIAT
L), 152
Sink records (i), 365-366
Skew shafts (¥EL4L), 245
Skew-symmetric matrices ( 5 XHREERE), 142
Softening position gains, compliance through (FE{KALE
W, EMWHE), 333334
Solvability ( =] f@¥k), 101-106
existence of solutions ( fEHYfFEME), 102-103
method of solution (###:). 105-106
multiple solutions ( £Ef#), 103-105
SOLVE function (SOLVEH$), 126
Spatial constraints on motion (B35 I HIZIHK), 202
Spatial descriptions (Z2(H##fik ), 19-23
defined (%), 19
of a frame (M4RAM), 22-23
of an orientation (Z#&%, HHr), 20-22
of a position ({#%), 20
Specialized robot (FAPLEAN), 11
Speed (GGEE), 233
Speed-reduction system (MR &%), 245
Spherical configuration (ERETAHRHIIE), 236
Spline (#4), 10
Spot welding ( AU#2), 318
Spray painting (i), 318
Stable system (FaZRH). 264
Standard frames (briEBFR%ZR ), 89-91
base frame (B) (EA+FB)), 89, 125
goal frame (G) ( BbrFRFRG)), 91, 125
location of ({if &), 125
station frame (S) ( TS %IrE(S)), 90, 125
tool frame (T) ( THAIRA(D), 90, 125-126
use in a general robot system ( —REIPLE ARG HHY
R, 125-126 ‘
wrist frame (W) (BSRSBERREW)), 90
State-space equation (RZRZI/A 5 ), 180-181
centrifugal force ( #.0>J2), 181
Coriolis force (EEKh), 181
Static forces (&), 153-156
Cartesian transformation of velocities and (HRJLE
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BEx#), 157-159

Station frame (S) ( LIEGHHRFK(S)), 90, 125
Stator (EF), 278
Steady-state analysis (Ea&44r), 276
Steady-state error (Fa&iR¥), 276
Stewart mechanism (Stewart¥l$4), 243-244
Stiffness (W ):

actuators (Wzh2%), 250-252

belts (#%), 249

flexible elements in paraliel and in series (FFEEFNEHEE

RERHETH:), 247

gears (PH#), 248-249

links (3%#F), 249-250

shafts (%), 247-248
Strain gauges (R;A5if), 253
Structural length index (&5#y+ E#g4r), 240
Structural resonances ( Z#3L#R), 278
Subspace (FZ[A]), 107
Sum-of-angle formulas ( ZffAXK), 82

Tachometers (#%1t), 252
Tangle factor (FEEEHT), 363
Task space ({E%22]), 6 Bk

Task-level programming languages (fEHRBWBIEE),

342
Task-oriented space (fE%%2MA]), 76
Taught orientations (7RELEE), 51
Taught point (/R# M), 127
TCP (Tool Center Point) (TCP ( TEH.LA)), 14

Teach and playback manipulators (;R#-FBIRES).,

127
Teach pendant (GRZ(E ), 285, 340
Temporal attributes of motion (izzhAIBER B ), 202
Three roll wrist ( Z#ZiBi%7), 238
3-D modeling ( =#kE4H), 356-357
Through points (231 %), 216

Time-varying positions, notation for (M E, F8),

135-138
Tool frame ( TEM#RFE), 5
Tool frame (T) ( THAB$RAE(T)), 90, 125-126
Tool, position/orientation of ( TH, iz B/&EX), 91
Torque ripple (¥44Hi#kzh), 279
Tracking reference inputs (FRERZEMA), 278

Trailing subscripts/superscripts, in notation (4 Fix/A

LR, ), 16
Trajectory, defined (¥, E L), 201

Trajectory generation ($LdiA=gK) 10, 201-239

Cartesian paths, geometric problems with (f-RILE
2, JLfaE), 219-222
Cartesian-space schemes (-RJLZEIRIFH ),
216-219
Cartesian straight-line motion (&K JLE =5,
217-219 '
joint-space schemes ( XYz @M R &), 203-
216
cubic polynomials ( =&k £W#.), 203-205
cubic polynomials for a path with via points (B4
o A BRI Sk £ W) 205-209
higher-order polynomials (&M £MHX.), 209-210
linear function with parabolic blends ( 5kl &
g tEk %), 210-212
linear function with parabolic blends for a path with
via points (B4 il HEBE S RSl &Ik
YRE), 212-216
path description and generation (2RI EA
&), 201-203
path generation at run time (¥RRILRTAERK), 222-
224
Cartesian-space paths, generation of (Hi-KJLZSI
B, ER), 223-224
joint-space paths, generation of (XTI ERKE,
HR), 222-223 :
path planning ( BZAHR), 224-225
collision-free ( TTHEJE ), 225
robot programming languages (HL.B¥ AREIES),
224

Trajectory-conversion process (L% iz ). 307-309
Trajectory-following control, defined (#iibPRERSEMHI,

EX), 275

Trajectory-following control system ( 8,5 ERER{ &l &
%), 272 '
Transducers, flexibility in ({5825, Fi), 254
Transform equations (ZF#HE), 37-39
Transform mapping (2E#:Mst), 34
Transform operator {F#HH-F), 34
Transformation ( A5#t ):
of free vectors ( HH&®&), 51-52
order of (MiifF), 53
Transformation arithmetic (B#it#®), 34.37
compound transformations ({E&%F#), 34-35
inverting a transform (;#7%F4#t), 35-37
Transformation operators (ZE#¥E ¥ ), 33-34
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Translated frames, mappings involving (EFE4&4RA,
KT MLgt), 24-25

Translational mapping (FEf8Bst), 24-25

Translational operators (“F#H ), 30-31

Transmission system ({&zhF %), 245

Transpose-Jacobian controller (Bl Lbin41% ),
309

Trigonometric identities ( =A% ), 372-373

Types (E#Y), 344

Underdamped system ( ‘RPELERL), 266

Unit quaternion ( #.{709c% ), 50

Universal robot (JEHHLEZN), 11

Universe coordinate system ( {H:F4B45%& ), 19
Unmodeled flexibility (Rg#FHE), 281-282
Unmodeled resonances (FRgE#tiE), 281

Unstable performance ( Afa@ (¥£)). 264

UPDATE simulation routine (UPDATEf; EH#/F), 287
User interface ( F P 4E11), 355-356

VAL language (VALIE 7)), 285, 341, 345
Vane actuators { {1z ), 250-251
REXFE), 142
Vector notation (% &% 5), 16
Vectors (%8 ):
actuator (WRzhzs), 77
angular (ffi), 137-138
position, differentiation of ({ii & ., s> ), 136-137
Velocities, Cartesian transformation of (&, & FJL
Aadh), 157-159
Velocity (i ):
angular (ffi), 141-144
linear (&%¥E), 138-139
of a point due to rotating reference frame (| &%
RIEHNSN), 141-142
rotational (#zh¥7), 139-140
Velocity transformation (;# 254 ), 158-159
Via points (rfial i), 10, 14, 202
cubic polynomials for a path with (B2 =k £ i),
205-209
linear function with parabolic blends for a path with
via points (BLA (o] sl AOBR 12 5 il R HL & O £
YERE), 212-216
Virtual work (EEZf), 156

Vector cross-product { K- &4,

Viscous friction (¥54:EE#z), 188-189
Welded joints, and hysteresis (fF2%%, # ), 254
Well-conditioned workspaces, designing ( R4F&FERT
fEsSial, ixil), 241
WHERE function ( WHEREg %), 91
Work envelope { T4E%S {41 ), 233
Work volume ( TE=SRI{AH), 233
Workcell ( THE#T, 1), 339, 344
calibration (¥gE ), 359-360
Workspace ( L{EZMH]), 7, 102-103, 233
generation of, efficiency of design in terms of (A:pK,
E°3:.: SELEE iR R, 240
and tool-frame transformation ( L HABFRZEH),
103 )
Workspace attributes, quantitative measures of ( T{EZ
B EME, ERWE). 239-241
Workspace-boundary singularities { T.{F %2 /8] 11 58 F R4z

), 151
Workspace-interior singularities { T {§:%3 e N &8 2 5 47
E), 152

World modeling { #5145%), 344-345

Wrist configuration ( BExkE), 237-239

Wrist frame (W) ( BiEisBtr & (W)), 90

Wrist point (BEX Tl ). 234

Wrist sensors (g H{#@3%), 253

Wrist-partitioned class of mechanisms ( i &L 44 &I
&), 234

X-Y-Z fixed angles { X-Y-ZE @ fshinER ), 41-43

Yasukawa Motoman L-3 ( Yasukawa Motoman L-3 %l#|
®AN), 235, 245
defined (&), 83
inverse manipulator kinematics (¥fE¥% () =35
), 121-125
kinematics of (izzh¥), 83-89
link frames, assignment of (GEAFL4:E, B, B
&), 87
link parameters of (VEFFZ%), 88
Yaw angles ({m¥4f), 41

Z-Y-X Euler angles (Z-Y-XRtHhify), 43-45
Z-Y-Z Euler angles (Z-Y-ZBk+ify), 45-46
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