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2000 FELAREVE, ZNE TORF AR Y b OMRER EROFE
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BEN—_ZFZ TREDO T —RF— AR KL =a—
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DUSIBUETH D = & ZBRD L LBIT, TNHOR
BEDMRY: « TS FEICONT, REORESRITHNCT
SN - [EEY L I OMREREER b B Tha U,

BBOE ST Il CTIXARMEL £ L DT,




10 , RS CAT ST AT TR o

415 (2012)

B2E iRk ATLEORY FEH

AETIE, £, uRy MCXDEAEELERTS
WL Y AT DOARRRMEREIC OWT, T 7 Z{EED
B ExipEt - BELT, TOREERT, RIZ, AHF
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INRBDZEND, T EORIEVAT AE LTHR
BT RE AV HEIL, ofiES AT AEBRL,
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BRI AEE, B DTSR D B _E O & B
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Ne = INT(Ly / (W—do)+1)
(INTC N/ NER Ay 290 0 $5C =38 800% sk A BE%R0)

(3.15)

LB,
T IC, FEEEOEEEGIEE 10ecm LLED & &L
T, —EOIEEY v F WelZ LV 1EEEIT HHAIL

(3.16)
(3.17)

We = Ly / Ne
ds = W -We

L0, JATRRE ORI RSTY) 1IEEY v F We %
FAWNT,

RST()y = Yo +3W =dr)+ W /2+(-1)We
(1S5 Ne) (3.18)

LD,

EEEDEERK L LTIE, oz, FEEED
1 TR O EBITRRD 1 OBk TOEEEBIES 10cm
THEEL, RAITROEXEERE 10cm M EE LTH
BB RNE -0, FERE UCEEEEEENRE R
DS, B 1T D BRAATIE & CEMENE 10cm ZHERFL T
VBT B NRE— Ui ERBZOND (FBAED 4 1.11H),

B EREOVEERMGE & K TABICOWTIE, 18
VBRI DD OB TH Y, ZDOAEITHE. 9),
(3. 1D Asix, Asx £725,

O EBIIEERE EOBIEMETH Y, (FEXS
ST T DI OBEMENE & L TOEEMET, EA#
PERCEIE, vl N EONFEIERE v —5 U HHEER
OYESEE R E COMITHIMBERE L, (EEBORE THEYE
AT TEEMO TR (EEE) ICHD 2 E Tol
M BEIT SRRt A BRI D NENH D,

Z O FHER & v — & U BHESEMOMEER L E T
DT HREERED fm, VEEMMRRET T2 % TORMIC

%@#éﬁ%%[m&?ék,&%k@%&%ﬁé%ﬁ
DR T EAMENTE PSGsx, PSBax & FABENIE PSGex ,
PSBex I,

<fERE (4 3-6 OFEITRR) >

PSGs.x = Xp0 = 3W —dr) — lrm + Da (3.19)

PSGe.x = Xpl + 3(W - dr) ~ Jrm (3 . 20)
<IEKE (X 3-6 OIBEATRE) >

PSBs.x = Xp1 +3W —dr) + lm — D (3.2D)

PSBe.x = Xbo — 3(W - dr) + Irm (3 . 22)

LD,

72, Da \IVEEHAE D7D OWE DR D BB
BHEEREL, EATHEEICLY, BEREDL T A—=FT
HD,

—75, BEEOETHEZIT O L TREELRD1ER, &

BOBEFN Gsoa, dwald, 3.41 HD2) OFT 4 —
F T AT CRUE LI EMEOEIT L 6, ~ 0, DO b,
FOHROFLEERT D,
<FEK> dsow = @2 (3.23)
<EBE> do = & (3.24)

3) FEELOFIDLEE 1 LBOEE 2 DETRE
ﬂ% .
283 113, \EBOHARMED Ry MEED RIS
B b EAOEEIEEORE E TOBBIOHOETT
B 5, DD EER An) ISV KERNOBAAEIC RS
MW TEELTWA Ry kY, (EEOBRIAES %
BFlczeE1 L LT, B3-TICRNT,
(i) EEMEOFEDON S OERHC L — BRiEE
T IIE T (@)
(i) 45 90° DEREREEZFTV (®)
(i) BRI AT /2R & (E LB AAAL 18 7 W o
TH#EETL ©) |
(iv) [ 3-6 DITEREE 1 OFEIEERE (X6, 18)0
j=1 O 2R’ E 90° FiEEREIZIT> T
@) f=IEL
(v) ZORFIEOERGE LT (©) #1175
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ETEITY, 70p, 22 11CBIT5 90° HEEN, fEEss
FTCRIBRH DD TH 7 L—=5% BV 72WEERI 24T 9,

221 A1) o, iz oWT, ki)
DA 90° FEEIDOBIMANIE & FUEN B Paix & LT, 1%
BRARIF DI EALE N 2 DFYENE L D 50cm B ERTH T
B DG AT B E CHEL, 50cm ML EE T TH 55
BRI B TR D, ZORMEE I II%ERE, »
Ry hOEEMENHIFRE T, 228 1 OEERESE
ITRIEDMEEVEESIRN CIThh, FEMEEERNOIZ
BENTRID Z L ERET, FREFBE CEE L BKE
BHRHE TIN5 2 &2 TEDIATH T TH 5,
FIENE PmxlE, BEEGH)ORIE Rax 2850005
TEHE 200cm OATE & L, =ORK_ EEITO BEH %

s A7 L—F& 7200 90° BRI O fERM AR %
m 3:3"%6 L,

Rux = Xpo — 200 (3.25)
Al = Pl (3.26)
Pax = Rarx + rro (3.27

L0, EE(v) OF 90° FEREEOBIAMIE Py
%,

Pizy = RST()y + 170

= Yoo+ 3W —dr) + W /2 + ro (3.28)
LB,
HEEED
BtAAIE
= [ :;s’k
!!! ................ @ =
@ @

\\

AR D
B8 &
5
i
A
El

X 3-7 E%1®ﬁﬁﬁ%

LFR(v)DZEE 90° FEEISS D%, 1TRRER 1 O1FE
VESEDVEEBIIAAIE F T, FORE FOEITRIT RO
P2 AdE 5 AR ST OB TR 2R+ 27200
BETHY, UBOFHEIEEICIBT 21TRETD 180°
BERI% D%E L F U<, %EREEE 150cm (25T Lz,
2238 213, {HEVEEDK TILED G E Y (EZEOBAAL
BEE CTOBBOZDDOETTHS, B IELEOIEERE
IFRIE4) TR0, BAMNE»LE Y (EEE a5
B OO Y VEFERRE (K 3-6 OREEE 11) OBAAIE
IRIEGOHARfHEDO—ME L, KEFEHEY © 3EDE
DVEEDKTAEDE VIREE 34 ORIRILE S 20—k
(S MIE &9 5, ERIEROR THBIXEEEEOT
BENTFEOEE LB OBE TR, LTI, $HE
3T E L2 2 ORI AR,
a) TR Ne NFHDHE
B, 15)DITRE Ne BEROEENL, BEOEEE
EOKTARENE D EEZ BRLET DALEO SRl ED
lE7250T, B38BT
(i) FEEEOKRTIENS 180° HEEZITV (@)
(i) BEEIE ONLE ZREE & T2 ETICE VA /B
DR 11 OMLBIZETHET, 2F Y rRy Ml
PEEIOICET D CoEBE#E LT (B #ikL

(iii) FrEdERE %Lz (©) #%

(iv) BAMEDRE D VEZERRIE 11 IZRH LA 90° Bl
fEEZ1T->T (@) #1755

FTNZEEL LD, 2B, EE21ZRITH 180° fEH

THEAT b—F A LRWEERIZITV, 90° FeREE
HEEEED FEEED 1
BTHE BRTHE =
(FFHITER) (BT

— = = QA |A
{+]
n%]::] o= O ®
ES
@ ™ > 15
A
H

X 3-8 283 2 OFEITRIR




WB TR LA B0 2Ry h N5 7 X ORR 29

J& 0 R DITREMIO 90° fER & RkklZ, 71—
FEFEHLTORERE LTS,

2278 2 OIREE & A X MBIV, (i) OEEE
ITHERE Razy & BAEIOL 6,4y, £ DIFILALE Poix, KO
1R v MR B ESEERE COMATH R i,
180° FEENIFERIHER rro DIEDERID TS & LT,

Razy = Yn-3W-d)-W/2 + 2rr0 (3.29)
pAz = P4 (3.30)
Paz1x = Xb0 — ln (3.31)

(i) OFE & (iv)D 90° fEENE, 3.6.4HD 1) DIHA
90" BEEIIENHE S TIT 9

b) 1TREH Ne DMEHDIHE

TS Ne DMBEROEET, FHEIEEOK TAIENE
DIEEDBIGNEOIEL ThY, HEEEDKTE, €
DOREBEOEEEEETL @), (IE PexiZELLDL,
ERUG)O%E (©), £290° AR (@) 217> T
1%,

4) BYEEDIEERR

R OIS X E OA0O G An) ~@ (7] Am) 12 FAT
TR A 3JAT DA EREOIEERK A, 1EZIER W,
BEREATREDVEZEEENED d(15cm) & LT, X 3-6 DITHE
BNZEET, 728, TrolEETROKICEEND A VT
v 7 Ak 1%, BYIEEORREERL, #lE, K3-6
DT, 21172, SUTROITEEEORROM 1, 2,
3Dk &7pB,

a) 11, 21, 311738

X An (2 TR/EEITRE 11, 21, 31 ORKBEOBEE
FOL & o 1,

B W RRDUix = Xeo—-W /2
—(k-DW —dr) (3.32)
BEEFNL @ pro1 = ¢ (3.33)

1R N OALE AR CRIZVEEDOBIIAATE PRDk1sy,
T8 PRDrey 13,
11 772, 21 17H273,

PRD]{ls.y = Y1 ~ Jm (3 . 34)

PRD]{le.y = Yro + Z(W - dr) — Im (3 . 35)

3LATREDS,

PRD]{ls.y = Yp — (W - dr) — lrm (3 . 36)

PEDrk1e yo= Yo + 3(W - dr) — Irm (3 . 37)
L5,

b) 12, 22, 32 17%8
X Arz \CATIREEEATIR 12, 22, 32 OREE O EE
FNL @ g T,

BB RRD(k)2y = Yoo+ W /2
+ (k=)W —dr) (3.38)
BEESLL : dro2 = ¢o2 (3.39)

TRy S OER— A TRIZVEEDBRIGNIE PRDk2sx,
%Tﬁ[i% PRDrk2ex l’j:,
1247748, 22 175823,

PRDi2s x = Xbo — Irm (3 . 40)
PRDrk2e x = Xp1 + Z(W — dr) — Im (3 . 41)
32 ATREM,

PRDi2s x = Xbo — (W — dr) — Irm (3 . 42)
PRDi2e x = Xp1 + 3(W - dr) — Irm (3 . 43)

L5,

c) 13, 23, 3317%&

B Ars \Z TR /EREATRE 13, 23, 33 O L O EE
TNL @ s 1,

C RRD(k)3x = You+W /2

® O
+ (k=)W —dr) (3.44)
BERN © proz = @3 (3.45)

Ry b OMEAR— R TRIZVEEDBIARIE PRDissy,
W THIE PRDrsey 13,

13 1778, 23 174228,

PRDik3sy = Yb1 + Im

PRDise.y = Yoo = 20V —dr) + Im

(3. 46)
(3.47)
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33 ITREDS,

PRDi3sy = Ybo + W —dv) + Im (3.48)
PRD]{Se.y = Yn - S(W—dr) + lrm (3 . 49)
LB,

d) 14, 24, 34 1758
K Ara (CATR/EEATIR 14, 24, 34 ORENOH

FEFOL & oy VX,
B OB RRD(k)ay = Yei-W /2
- (k=W -dr)
PRDY = @4

(3.50)

EREDZ A (3.51)

%@Tﬁifﬁ PRDrdex 61,
14972, 24 1THEDS,

PRDrasx = Xpi + Im (3 . 52)
PRDrk4e x = Xpo — Z(W - dr) + [rm (3 . 53)
34ATREMS,

PRDk4sx = Xbl + (W - dr) + frm (3 . 54)
PRDk4ex = Xbo — S(W - dr) + frm (3 . 55)

LD,

7B, BIVATHDHIE 1L OITE 11~14 £ ZORA
DIVE 2 DITEE 21~24 2B HIEEDOR TIALEIL, &
HaEE Y 7 O, BRI X AR TAIE L 0 1EE
BERENETREL 25 TaRy MRS HT oK ES
FUIZELINE] & LTW5D, U, 13EONBMT
IHIFHFORENTRINL TN DHENSZNZ L EEL, K
VESEERSS ZRBSHE B RN D DS TH D, £z, AV
TEEDEMATE TH 5 34 ITROBIZITOVWTIL, FEIE
EOERIBE BAHATIEE THKEA 10cm —ETITo 72 5A
2L, FEEREORKITRL OEEEREENKEL 2D
BANH Y, FOEAITIE, 34 FTIRORME & RV EEE
DHFR LT HBRENH 5,

3. 5 FEAT - EEHIEED

BIEEDZ AT « 75 =0 JECEE - RE LT ET -
VEEERREE EDREEITO, WIEESKRE~B LD

hEEl, BEh, BEY, (EERORRER & OETHIENE
RN 2T O BT - TEERIEERY, 3.3.1 HTH~/Z X
T, TZEELIEVa—)), FEEEEY 22—, 15
E2EVa—/], KR TBRVEEETY a—] 1IZXoT
B L, FEV2—T TREEERIE) < [REEE
A, T180 “SEEIHIEL, [ 90 “HEEHHIAE S007-w ot
WL—F TR OERT AL OIT LT,

PIFIZ, HEYa—/VOME LN ER~, HT 2
HiEL—F 0 [ ] TR il — T o OBRERRHE
70 81 3.6 THIZIRA A 20 8 18

3. 5. 1 TEI1E 2L

227 11, 1BEOBADRMEDO Ry MEEDBRAL
B D EAOFEEEXORKE COBEREITTH D, 5
F1EETTHI AT T EVa— [BE1IEa
—)V| OETRKEE 7 —%K 3-91T8T GEITRIEX
13 3-7 L),

IFHEOHARMEICERFMIZAWTEREL TS R
Ry M, EEOBSES =721,

(1) FHEMBEOFEIDO G An) 5 b OFEREHTR T
— HAE, F23BERT = [REEERE],
[t ]

(i) £ 90° ORTERERE 21TV = (A1 90° FEREHIE]

(iil) LD AT iR & VEEBRARALE 5 I 1A T
CTHEEETL
= [AiEEESE]

FEEEED
FatLE
s ) | =
| — &
= [ As
@ ® [ @wwkE |®
1
L [E&EoGEIENED
mme | ©
@ [ wwEm |@
RoERD i FEDERD
A, i
Rt B | wamn | ©
A

K39 ZTFE1ED1—IILOETEREREIO—




FARATA 1A - B0

caRy b T FDOBRRE 31

(iv) [ 3-6 DITIRE R 1 OIFEIEERE, > v AE.
18)D j=1 ORRFEICFH L, £ 90° AEIERIZ1T
STEIEL = [A0E 90° FEREIHIE]

(v) TOBPTEOERE, ®iELTELTS = [#E
BRI

ETEITI, .

3. 5. 2 ZEE2FVa-—I

7278 21, FEVEEOKTALED D JE Y 1EEDBRIRNL

BECTOBED-DDOETTHD, ZE252FITTEHY

055 T a—)b [F2E2FYa—)V] OEITRE

L7 —%X 3-10 1R GEITRERIEE 3-8 LFIL),

FEEEDKTALBIL, EEEEOITEENGTHOS

A EBHOBETRRY, ITRENFROLEEIILTD
()5, EEOBEIEGH)IDA. PHEENMTOID,
Z O

(1) TN FROEEEEK TALEN D 180° figH
24T = [180° SEmEIHIE]

(i)D7. FERIHOMELZFE LT HETICLY o R
v MRS KEBERO BER A ICE D E TEEE
LT (i)~ = [AiEEERE]

(i1)DA. FTRREMMESROFEEER T EN bR A
MRS REEROICE S FC2EEEL = [
TEELE ]

(ifl) PIERERE ik L7otk, BAMVEORE D IFEERES 11
WD A 907 AEREREIATT S = [AinEE 90° bE

EIEEED!
Th D,

3. 5. 3 HEMEEEDa—IL

(6 (= W%EﬁﬂﬂﬁmﬂDW%%@%%<ﬁ
BV Z, FRNCERE LI EERIR TR - TR
VE¥ET 26D THD, FHTO 180° fEml & &Te—iED
HIEERE R AT T DFEEET Y a— DT e —F v —
F X 3-11 TR,

FOELFIUL, 3.5 1 EDZEFE 1IT3] &N,

(i) X 3-12 O 1 OFITRRE B2, EEEEIT
WIS BHRIEL, (EERLA
MBI B TALE £ CaRiEEE. {’E%ﬂ"é =7
TETELEE I ]

(i) fEERTHRICKFFFHED @ 180° fEEI%ZAT D

= [180° JElElHE]

(iii) X 3-12 ORREE 2 OERITRRKE L2, EFEE1T
WRISHETHEL, FERBNENOKTAEE TR
AREELE - EET 2 = [itEEEsE]

(iv) VEEERR THRICHEFHEIY 0 180° S|l %17 9
= [180° fElmlHlfEn]

ARV & e D, FHEEEMITREOE Y 8T
BTROAHEI(1)TRT L, BITEE VEEITE
TRDOAEAIIG) TR T LT, 3.65. 2THDOZEE 2 13MTh
No,

START
T?i‘@‘ﬁ%?? _
- o [ ) 180° fEE | [ %=1 |
©) <
%ig 1/%%0) ﬁq«a@?%&@ [lel] |% (O R A R E .
BT Ry BHA X E pvIyTRTYyTYT,
(%rm#&) (ﬁgﬁ%&) i? BRAICEZED | (B) [ seEsm |
I:} ) © fl AT B [cz/4) 180° HEE %4
1 l
= = @ D (R DBED ®
- i
5
§ )HE [ wwkE | @
H RETURN

B 3-10 ZEE2EC2—ILOEFEERE 7O—

H3-11 GFHEFELEES1—LO7O0—2
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14

Af4@

< ERER e BEEERIE (RE, IBHE%)
312 BEEEEZOFEERER(FR 3-6)9 %

3. 5. 4 BEUYEEED1—IL

e, BRI R O 2 TR THT S 3
BIOMNEERETH Y, iz ST EE e osMu %
DI 4 AT 7B L 0 KIS O 2 555595
E¥EThs, KEOMETD 90° KEE & g, “EDE
FEET, RORE 4350 TREEEERTT O V—F
LR ESNDEVEEE YV a— DT e —F % — |
%X 3-13 1Z7RT,

JE 0 VEEOBITIEIX KEFEFRICIN 5 BAVE O1E % &
AT, NER NI O JE ) VS T pE A AESE L L7228,
PRI JE 0 VE3E B ke 5 1R, BAMEDE v /B2
FEREIRIC L V1T O N AW 5 HFIE B RIRATRES LT,

IR, BAMNEE BT 5 IZEDRE 0 fEEDFIE -
T THY, 3.5.2 HDZEHE 2 TN,

START

Y /=1
TR /=1
[—
| @00 HEESIfE |
I
[ maeam |
I

X 3-13 FEYEEES1—ILOTO—

(i) X 3-12 OfTRERERE 11 _RIc’R DL, FEHRE DAL
& & BIESMICT DALERZE & RS Y E
UTIC72% & CREEREE 1T, T0%, VR
PER KBGO GER Ar) ONLBIZ 2 5 F T
BT E2ITo TEET S = [IEEEHIE]

(i) ZOEIATEDD, Ry S XEERO
BER Ar2) OFLEIZET HE T, B 11 L2 aiEE
# - BT = [RiEEEHIE]

(iii) PrERERE— L TEIET S
= [HEELEE] ,

(iv) ROITRERERE 12 1T D~/ 90° midERER 21T
ST, BEE1 LIREREE 22175, = [AiE0° iE
), (&)

Z, BIRLUTERINETHDIVE 1 0 1EENMThh
Do

RIZAT 9 5VE 2 DJE D (EEA~DBATTIE, LR D
BIEREREZ £ < LT, (v)DITERKE 21 I0R AL £
90° RREREEI~ & HETe, ROWNEDE D IEE~DBITS
FERIZATOND, JE Y E3IZ 1T D EE/EEITRO/EE
BRAACEY, ZMA 1 LAME 2 TI, 1RSI 1R v
MEHTOXERFR L2 HMETHY, WETIE, 1FEH
NEDHE 212 X DIEEBER NS 15em OIEEEE L%
TefR LT & UTe, VEEEM TACENS, R EHE LTI,
ZOBOE Y VEZE TS I E 72 3R TN 2 A
VR CABE S 7= 58I DVEEEE 15em A HER LT-
PLE L2 275, AE 1 LAVE 2 DAV EETIE, (¥R
BBEHEFREDHE LT, oy MISEIHITHOXHEE
ROMEE BB L Lz,

3. 6 ET-EEOEHOHBL—F
EROBEY 2 — NV EERT D@L —F L, BT
BRI OALERLELT, FERID BEEHAL, VEEDBIMAAIE,
ETAEREDONNZA—4% [5l# L L TH5x5Z &
WZED, BRECHREOEMEEST - (B, HEE, B
RIUIE CTHThIW A 7' 0 7T AL TH 5, LTI
Jo—F o OISRERM AT ®

3. 6. 1 HIEEEREIIL—F
AERERE L —F 208, BEALED B FTEDEITH
THEETOM, vhy MRABEOETRE L2, BiE




WEATA LA B0 aRy N T 7 X O3 33

DT HAL & HER L CRMEOEEEITMTON D K )i
B EITV, EIZATEOME TIEEMTbILS £ D1,
VESEMS DR, HBAEER D BT, #1T/E Loy
¥ MVIEBSEDYEX R EEATON—T L ThDH, ANV—
FrDFTITRNT, HIOREENH 52 b5 RS
Bl LTONRT A—H%, ETORM MEILAE, E1T
RIEONE & BEEITNL, (EEOBRMHETIETH
5o

FE 3. B THDOEE Y a—/MIBWT, FEERICATEL
TaARvy M B LT EEET AT 555,
SEVIREFEEITOBEAND LD, Z ORERET RO
BRREEIEG, IS A0 BAZRREEC B A T ALY
AIRZBIIRE VS OOAREORHEEERIE & R CHlED7
HEEHEALTIT 5,

mR Y M EERE EOEEAZTOE L HIEL, Ih
F COEM OEERIFEFTEICISNT, PID flfElis0 & 5
BEED DML 7 7V 4 Hie=2—F LRy bU—
7 B R LR b OF THEBES AT
%, RAEICHAATERET, BitARKEVERERO
EHEHIEN T s ER 2 T 25T, B
T TR OREORE SIS U THA V& E
T35 2 L NEER R EERE A MR D L TR LR
Bo T, MRREEOBX AR TR T - Lok
LW &R BT D,

ZDX O EEND, ﬁﬁ%;kiém%/b@ B

START

=

| ﬁﬁﬁﬁm%;)///

mEmE 0

[ oxbang

B R E(C
EOEHE

________________

X 3-14 FREEESIEL—FoO7A—2

L EEOLHORR |

DT= D OEBAEFIATIE, BRI 2T ARZED
INS VA DB IR EWIBAE T, U & 0OHI%
THRRTE 5 IEE 2 HIER AR LT, B 3-14 1R L
T EERIEL—F 0%, TEEA LS ETHIEO 7 v —T
HY, XNAV 236 DOAET — 4 L HIER AL b
DIRLT—ZIHESNT, BAEHEMEZ RET D, 7272
L, XNAV 226 DOAETF—F BIEFICZE TERWEE
1, BRI — & DIMT Lo TEITHIIEEZIT S £ 9
LT, Ry MEENTE B2 RERNAT
bind oLz, b, fET—% L HT—2ITHE
S AL OHEE A 0.55 ITFRE LT,
RBT—2 & HT— R ES%, BIEETHZHE
%Looﬁ@ﬁ%t%wﬁﬁ@?é@%ﬁﬁﬂi,l&
5 1R LEVA A U IZBWTRE.56)E AV, BH
EiﬁﬁODQ%é}, B TAURZE A r (D% U CREfe A 1 Xaarn
TEHRMEET D, ZOENHOBRINE, RAEROES)
BT AW ETF N E = a—T TRy NU—7IZL > THE
LT, BEsR % RE LA b s Y b b,
BERHEHOES, AR L CERDa—F ) 77
— ZAMRIEFIICEM L, FOEZ & Y RAET DIERE
AT BB L CHIERR ARG 5 2 EABETH
HELTWA, BEfOa—F Y 775 —R1L, A
WKL 725 L DI RFBNTRE & 25720, &
EdREMAHMRZEAr (¢) BREL 2D L, BHEAIC
BIRE % 5 2 BT ORREIEZ S5 ((3.56)) I0bic

'tJ:Z) & fL-o
BiEAN g BiZEre
A A
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! 1 Ar

(B -6
FHElA

¢ , ——RiEER —

3-15 BHEEEIZHIFEA AR
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g(t) = —aJZAr(t)dt
— A xtanh(Ar*(t) )/ ») (3.56)
ZIT, SO ¢ 1231 BEEA, tanh( )i WEE
PRBE, @, 4, TR A L ThHY, A DEITE
BRIZ &> TIRIE Lz, F85 TRROBEZ) 0 1 XEERIEL—
FUCASTFATH D, RB.56)Z BRI TR L,

i
& = -ay, Arz‘At—ﬁxtanh(AJ‘t*/y)

i=0

(3.57)

At (FHBEORHEAL (A7 v ) THY, 1| AT v
VERTR U7 RS 0.55 10725, B 3-15 1R L4 D
WZAr (D, A gOIFREZ] ¢ \2BT D BAERE ra, BiE
ﬁu¢dk®%%%rbfkw,ﬁ@%%@a@kbf
Fxha,

Ar(t) = r(t) —ra (3.58)
Ap(t) = g(t) —pa (3.59)
Ar¥(e) = r'(¢) = ra (3.60)

r (1), ¢ (DITREZ ¢ \ZB DR ENE L HALTH D,
H(3.60)HD r*() 13K 3-15 IR L= L H 1T, E#prE
Z RHE b T2V RIS, BRI %Zm&é THAL
WCES BEMERE L UCHRET 5, ZORTTIERE £ O
RE S bHHHS A CREE, EBRICE>TREL,

r(t) = —hsin(Ag(8)) +r(t) (3.61)

LB,

Fie, (BT —Z PIEFIZEETE o841,
HRERITALE YD b DOFALT — & ORI L 0 Bl
THIOI, (FEEE v #8AL, rRy hORET~Y

LT, EEAIIRG.eRc koTEE AN S,

B(t) = =’ vsin(dgt)) =4 Ar(t) (3.62)

TRLT =2 X0 B 2354, oy hoRs
MR Ar 1 3FALT — 2 OB N BHEET L UNER S 5,
TIT, BRY FOBTRY 2 TE A7 RESERN
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Summary

Development of Robot Tractor

Yosuke MATSUO, Osamu YUKUMOTO,
Satoshi YAMAMOTO, Noboru NOGUCHI

The robot tractor is mainly made up of a robot vehicle using commercially
available tractor, so that respective parts be remodeled for automatic control, a
navigation system called “XNAV” that detects and outputs robot positioning
information with help of an auto-tracking type surveying device, and a controller
loaded with an operation software which executes path planning and controls the
robot vehicle. The robot has almost the same ability as conventional manned
tractors and is capable of unmanned rotary tilling on a rectangular field at the
same performance and precision level.

To improve the adaptability and the utility of robot work, we developed a
software that enables a path operation different from the one for conventional
rotary tilling, seeding, and soil-puddling. The field test then verified the
performance and the effect of the newly developed software. We proposed a
double-vehicle work method by which robot operation and manned eperation are
performed simultaneously. With this method, an operator was proved to be able to
perform a field work at an efficiency of 1.8 times as that of usual work with a
conventional tractor. The result confirmed that this simultaneous method enables
an effective and safe utilization of the robot.

The robot performance was confirmed to be enough for its practical use from
the viewpoint of labor saving, handling easiness, reliability, and work safety.
Various farm works are done by the robot with work efficiency and accuracy
almost at the same level as those of usual manned operation.

The details of development, results of performance tests and subjects for each
component are summarized below.

1. Navigation System and Robot Vehicle

For the XNAV navigation system used in this research, an auto-tracking type
surveying device “AP-L1” (Topcon Corporation) is set outside the field, and it
automatically tracks the light reflector placed above the center of the rear axle of

the tractor, and detects the tractor positioning information by around 0.5-second
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time cycle. We confirmed that this system enabled measuring the tractor position
at a distance of 500m with an error of 5¢m or less.

The tractor heading information is measured and obtained by a geomagnetic
direction sensor (“TMS”) mounted on the tractor. Errors due to the tractor
inclination are compensated for the TMS output and measured position
information.

For the robot vehicle system, a commercialized tractor (Kubota GL321) is used
by modifying the mechanisms such as steering mechanism, shuttle transmission,
throttle and implement elevation to be controlled automatically. An automatic
measurement system of the outputs of existing sensors of the base tractor and
newly installed sensors was configured, so that the controller could digitally
measure the conditions of operating mechanisms and each part of the vehicle. A
factory computer (NEC FC9821Ka) is used for the robot main controller, and a
custom made controller by Kubota Corporation is used for automatic control and
measurement of each part.

A safety mechanism is equipped to stop operation in case of contact to an

obstacle or detection of any abnormality.

2. Robot Work and Operation Software
We designated a “basic operation method” and called a computer program to

perform that operation “basic operation software”. This basic operation method is
based on a rotary tilling work by use of respective implement.

The robot work for the basic operation method was designed to perform
returning operations in the central area, excluding the peripheral area, and then the
robot practiced turning around operation in the peripheral area, including the
headland, in an almost horizontal rectangular field, which is similar to the case in
customary rotary tilling.

Information on the field lot to perform robot work is obtained through
“teaching” step in which the robot is manually traveled along the operation path
around the outermost periphery of the work filed lot.

The operation software is composed of the “task planning section”, which
performs teaching and path planning, and the “traveling and operation control
section”, which performs traveling and operation along the generated path.

The traveling and operation control section is composed of four modules: the
“off-work transfer 1 module” for moving from the entrance of the field to the work

starting position, the “round-trip operation module” for processing to the central
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area of the field lot, the “off-work transfer 2 module” for moving from the end
position of round-trip operation to the initial position for turning around operation,
and the “circular operation module” for turning around operation in the headland.
These modules are composed of common routines for “straight forward control”,
“straight backward control”, “180° turning control”, “90° turning control”, and

“sideways movement control”.

3. Improvement of Robot Work —Expansion of Adaptability and Reliability
To expand the adaptability of robot work, we improved the basic operation

method and proposed “diagonal operation method” in which the robot returns
straight along a diagonal of the field lot and “round operation method” in which
the robot runs straight forward all over the field along the four sides of field lot.

We modified the basic operation software, in which work is performed as in
customary rotary tilling. In doing so, we secured that the method to set the work
overlapping width and the order of paths were changed and selected according to
work conditions such as field lot size.

For diagonal operation, we developed an operation software to set an arbitrary
diagonal angle on the basis of the basic operation software, by applying geometric
transformation to path planning and vehicle guidance, based on the diagonal angle.

For round operation, we developed an operation software so that path planning
and robot work could proceed both from the outside toward the center and from
the center toward the outside of the field lot.

To improve the reliability and ensure the safety of robot work with XNAV, we
developed programs to perform “self-diagnosis” before starting work and issue
“abnormality alarming” during work, and incorporated these into the operation
software.

After the operator makes initial settings, the robot performs self-diagnosis in
which it checks itself for ordinary acquisition of navigation data and appropriate
setting and operation of each part of the robot. If it detects any abnormality, the
robot requires the operator to take corrective measures. For abnormality alarming
issuance, normal acquisition of navigation data during work and appropriate
setting and operation of each part of the robot are checked. If any abnormality is
detected, corrective measures are taken to restore the robot to the normal state
based on a dialogue between the operator and the robot after the work is stopped
and an alarm is issued. Operation of these functions was verified through tests on

intentionally created abnormal conditions.
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4. Evaluation of Robot Work Performance
We established testing methods for unmanned work and conducted evaluation

tests of rotary tilling in farm fields by the robot, in order to evaluate the work
performance of the robot we have discussed, integrating the navigation system,
robot vehicle and operation software.

We set indexes such as operator efficiency in order to evaluate the effect of
unmanned work we also set indexes such as straight traveling performance and
pai‘allel traveling performance in order to evaluate the accuracy of robot work.

In the evaluation test conducted in the experimental farm of IAM-BRAIN in
Konosu City, Saitama Prefecture, a reference test on manned operation of the
robot vehicle was also conducted. The test results indicated that it was possible to
perform robot work at an efficiency almost equal to that of manned operation in a
50 x100m field. Robot operation was superior to manned operation in terms of
work accuracy such as straight traveling performance.

The handling easiness of the robot was also evaluated by operators
expérienced in tractor work. The results indicated that the operator could perform
the initial setting according to the operation manual, and could start and finish
robot work without any problem.

Rotary tilling tests, using the operation software developed for diagonal
operation and round operation, suggested that the robot could work well without
leaving untilled areas and without traveling out of the field lot. The diagonal
operation and round operation method that we have proposed and developed can

be performed at high efficiency and high accuracy only by the robot work.

5. Utilization of Robot Work — Application to Various Works
For an effective utilization of the robot, we proposed “simultaneous double

-vehicle work method” in which an operator carries out a conventional (manned)
tractor operation while executing the robot work, and we conducted work tests on
it. Furthermore, we developed an operation software to perform seeding and
soil-puddling work in addition to rotary tilling with the robot, and conducted
working tests with it.

By performing rotary tilling work with the simultaneous double-vehicle work
method, it was possible for an operator to perform robot work and manned
operation simultaneously. Robot work was superior to manned operation in terms
of work accuracy, such as straight traveling performance. With this work method,

it is possible to perform rotary tilling at a work efficiency of 1.8 times as that of
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manned operation using a conventional tractor; therefore, we confirmed that this
method was effective and safe for utilizing robots.

We prepared seeding software based on the basic 0peration>software and
conducted work tests in a farmer’s field there, we confirmed that an operator
performed the robot work of wheat seeding and fertilizer spreading with high
accuracy including their replenishment. The evaluation confirmed that seeding
with the robot could reduce labor and release farmers from hard work.

Based on the basic operation software, we prepared a soil-puddling software
that enables arbitrary selection and setting of repetitive work while changing
travel direction. Test results confirmed that soil-puddling with robot could be
carried out along an efficient route with a complete coverage. However, to
improve the accuracy of soil-puddling, a function for an appropriate adjustment of

work speed and tilling depth was considered to be required.

6. Subjects of Robot Work and Countermeasures
To introduce and expand the developed robot to current farm work in Japan, it

is necessary to solve some remaining issues; a lower price, further enhanced safety
and reliability of the robot and establishment of a method for effective utilization
as well as operation of the robot at agricultural sites.

The price to introduce the robot into the market from a tractor manufacturer is
estimated to be about 6.5 million yen, assuming that the price of the base tractor is
2.5 million yen and the modification as well as equipment cost for converting it
into a robot is 4 million yen. Employment of a GPS position detection system for
the navigation system seems promising to reduce the cost of robotization.
Therefore, the focus is on arrangement of the infrastructure, improvement of
performance, and reduction of the utilization cost of the GPS.

To ensure robot work safety, the robot must have a 100% reliable function to
detect a human approaching and then to stop its work; thus, it is necessary to
select human detecting sensors that have high accuracy and high reliability.

The reliability of robot work can be improved by securing the detection of
abnormalities and the control of robot component in detail and precisely; the
operator must be able to understand such a situation from a distance and remotely
execute corrective measures. It is even more desirable for the robot itself to be
able to judge any abnormality and take the corrective measures.

For an effective operation of the robot for farming, we studied and established

a model by which an operator performs field work in a rice paddy, including
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transport and supply of materials.

To model the robot work, it is necessary to consider methods to move the robot
to the field, methods for transport and supply of materials, and for an efficient
combination / coordination of manned operation and the robot work. Also,
configuration of the farm including the arrangement of fields and farm roads, and
increase of farm management size to achieve higher cost performance should be
considered. These elements of model robot work should reflect the present
available state of robot’s function and performance, as well as the current state of

agricultural sites.
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