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Illumination estimation for near light sources®

Takahito Aoto

Abstract

Estimation of illumination environment is essential for photorealistic render-
ing of images, and inverse rendering that estimates reflectance properties or an
object’s shape from images. It is an important problem in the field of computer
vision and computer graphics. Conventionally, various methods for estimating
an illumination environment that is being lit by a far light source have been pro-
posed. These methods estimate a radiant intensity for an illumination source,
and estimate the direction of the illumination. However, in the case when an
illumination exists near an object, it is necessary to estimate the illumination
position and posture because the incident direction and distance between the
illumination and the object may change at different positions. Also, since we
must consider the effect of an illumination’s size, it is necessary to estimate the
anisotropic radiance distributions. On the other hand, in the case when radiance
distributions are calibrated, it is necessary to estimate the light source positions
in an illumination for estimating an illumination position and posture. In order
to address these problems, this thesis proposes a method to estimate , which
are the anisotropic radiance distributions, and the light source positions, which
consist of the illumination position and posture.

For acquiring the radiance distributions, we propose a method based on inverse
rendering that estimates radiance distribution by decomposing the observed in-

tensity into light ray intensities. the proposed method transforms the ill-posed
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problem of inverse rendering into a well-posed problem by introducing a visual-
hull constraint or alternatively constraining the light ray intensities to be non-
negative. By introducing these constraints, this method can achieve a stable
estimation of intrinsic illumination parameters from a few input images.

For estimating the light source positions in an illumination, on the other hand,
we propose a method which uses a clear hollow sphere for estimating positions
of near light sources using two kinds of reflected positions: outside and inside
specular lights on a single clear hollow sphere. This method has the following
features: (1) geometric calibration for multiple reference objects is not required,
(2) positions of corresponding reflections are observed on an epipolar line and
thus it is easy to find corresponding pairs of reflected positions, and (3) position
of near light sources can be stably estimated by minimizing re-projection errors.

This thesis is organized as follows. Chapter 1 gives a perspective of the present
study. Chapter 2 presents related work to show the contribution of this thesis.
Chapter 3 describes our method for estimating intrinsic illumination parameters
from observed intensities. Chapter 4 describes an estimation method for extrinsic
illumination parameters using a clear hollow sphere. Chapter 5 demonstrates the
effectiveness of the proposed method by an application of the proposed method.
Finally, Chapter 6 summarizes the presented study.

Keywords:

near light source, inverse lighting, triangulation, clear hollow sphere
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000 5(c) 0000000000000 00000OODOOOODOOO000OO
0 [9,22,75,76)]0 00 00000. 000,0000000,000000000
gobbobobb,bbbououoooooobbbbboo. booooooob
000000000000000000000,05Mb) 00000000000
O0000000000000000000000005(d000000ooon
000000000 0OD0O00OD0O0OO0. 00000000 [23,24,32-34] 0000
goobbouoooooboobooooo,bbbooooobobbbooooon
0,00000000 [rrj000000000000000ODOOO000OO00
gb,bogggbobuoogobbobuoogaob.

gob,g0bbogbobooobboogbbuoobbooboobooob,
gboboodgbbogbboooboboobboobbooobooobboan
gbooboobooobg. bo,budgbggbooboobobobobbon
gobobobobobooboobobobobobooo.obob,boon
gbbobboooodgbbbb,gogubbbbuooobbbbbooooob
O000,00005(f)00000040000000000000DODO0ODOO
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Spatial Distribution
Single Multiple Continuous

a). Isotropic Point b). Set of Point ¢). Surface Light
Light Source Light Sources, - x{

4

\
NY -

Isotropic

d). Anisotropic Point e). 4-D Light Fiel f). Ideal 4-D Light Field

Light Source .7

Angular Distribution

Anisotropic

05 000000000.a)0000,0000000000000000,Db)
0000000000000000,¢)000,0000,d 00000000
O000000000,e)4D000OOO0OH000O04DOOOOO0O. OO (e)
O00000000o0000oDooo0oUoooooOoooo. Oooo (Hhoooo
gbobooooooboooobobod.

ooobdoobo. 40000000000 0000DODOODOO,b0b0obO0
00000000000000000 [3942). 000,40000000000
goboboobobood,duggoogobbobo. bbbboddoooooon
000000000000 43,45, 000000000000 [46],00000
000000 44)|0000000000004000000000000000
gbooboodbboobboooboogbboobbuoobobooobboob
goo.
gbogboboobogboadg,ggboobogbooboobboob,n
gobo,bodooobbbbodooobbobboooooboobbouooon
oboobgo4b0b000b0boobobooboboobobooboobon
gbbobooodgb.bboooobbbuooobbbooobbboooon
goboobbbboboobobo,o0oobobobbbbbbobbbbbb, oD
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O000000000000000000O,00000000000 [34]. 000
gboboboudg,gbobbbbooogobbbbuooobbbbbooogon
U,0bbugggbobbbbogogobbbbuooobbbbooooon
oobo4000000b0o0o0booobooboobboobbobbob. boo
O0000,05(e)000000,00000000000000DO0OOOO,00
gbooboooobbbouo4000bbboooooooboa.

3.2 Jooouoboooooobboood

ggob,bugogbobobbdooobbbbouoooobobbouooon
goboobod. gdedguooobbobbbouooog. bbboooooon
O0,00000000000000,0O0000O0BOOODOOODODODOO
gbooogogo.

ggbobobobooooobbbbuooobobooooobbb,oooon
OOoboooobooooo cobooo20bo0boooboooobobooo20n00
g400000000obobooooobob. bbdooobobbuooon
goobbooooobob,dggobbobbooooobobobbooooon
gobbobbbod. doooogobobbbbboud,ouooooooon
gbbbuoooobbbuooobbobuoooobboouoooobn.

ggbobobo,gogbbobbouooobbbbouoooobbobbooooon
goo.

e OO, 000DOUO,bDDLDOUOOO0ODLDDLDOUOODLDDLDDOO.
o JUUOUOOOOLODODODO.
e JOUOOODLODOOOODLDDOO.

e JOUOOODLDOOOODLDDOO.

gobb,djdodoodooooooobbbbbb,oodoodooooobb
gboboodbbugobboobboobboogbboobbuooobboon
go.
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04 Camera

Difster@

g6 obgoogooo.
3.2.1 JO00Oooobooooobobobooo

Oro0obOoO0D,40000000000D0O00DOODOOD £cOODO
(v,v) 000000000000 (p,)000000. D0D0OD0O0DOODOOOO
Oooobobo 00o0boboouoboobotw,e000,00obobonon
OO000Doo00bbDw,v00o0o0O0oboo0ooboob e, 000, DO00O0O0
goboboobbD 0000000000, 0,0000 12, 000O00O0OOOO
Dbobodoboobgooboooboobn.

o = o fai(j)s(d)dj,
Jj = (uav7¢a9)T

000 () D0000000O0O0C0OO.

(1)

o) = 0, if ray 7 hits x; @

0, otherwise
000 «00000000000000000000D0. s(yj)00O0O 40000
O000,p0 ODODODOOO BOOOODOODOOO.ODO0O,000000 BOO
NOODOOOOO {zy,--,2xy}0000,0000 o= {0y, -+ ,on} €RYN OO
000000.004400000000000 (w,v,0,)YO0 MOODOOOODO
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0000000000000, s={s,---,sy}eRMO00000000000O
Doboobogbdoboboobdooobdoog,ubdid s, dbobogodod
goo.

s;= / / s(3)d0dpdudv (3)
u,w€el; J@,0€d;

OoOo,b000000b0o000b co00ooobooooooonD,qo0nDo 4
gbobbobbbuooooooobbobobboud. o0, dibb o
b0 sO0boboogooboouooooboobog.

o= As (4)

000,A:RM—»RVOOOODO00O000O0000O000O000OO0O00
O000000ooo,00000000ooC0. boooooooog, o @
gboobuoooobobooogoobn.

3.22 00O OOO0OooobbObOOoooon

0(4)0000,0000000sO00000DODO0OCODODDO £LO000O00O0O0O
goboboobboogooodg. gobob,obbbobbbouodoooooon
gobboobboodogodo. ggbobbobobbbudooooo,goon
gobooboobooboboob.boobooboo,oobobobobbon
gbobod,bbugobbuoodbbogdbb s, godbbuoodgbbi
000000000000000000000O0O0O0O0OOOOO0OO0OO0 [78,79]
O0o00C00O00.0DDo0O0,0 3)U0oo0D,0000000U00O £o0OO
000 04,000000000000000s,0,0000000000000
goobuooooboboooooboo.

F  +g

si=Y > Cirgld,0)ysg (5)

f=0 f=—g

000,y,00000000000000,¢,09;,00000000000
0000000,H=(F+1)?000000000000.000,000000
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o7 0000000DbO0ObL  0000bDO0bOobbooboooDooOoDboOoD.
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000000 HOOOOO. £0 LO0O0O00O0000000,0000000
0000000000, H=HxLO0D0000000 ¢={c, - ,cy}t € R
000000. 000 s0¢0000000000000O0.

s=Yc (6)

DDD,Y:Rﬁ»—>]RMDDDDDDDDDDDDDDDDDDDDDDDDD
0.0(4)00((00000000,0000 000000000 c0O0O0O00O
gbooooggn.

o = AYec

= Bec (7)
b — Yi,j(¢,0) R(w)
LV D(u,v,z;)?

DDD,meDDDDDDDDDDDDDDDDDDDDDBGRﬁn—HRND
00000, Rw)00OO0D0O0O0O0O0ODO0O0O0O0O0O00D0D,wOOOOOOOOO
00000000000000000000, D()O000D0D00OO0O000O L0
00 (u,v)0 BOOO 2z, 0000000000,

3.3 oo uobouoooboon

0000000000000, 0(nHooo0o0DbooO0o0ooooOoooOOoOoO
gbboggbboodgbbo.odgbbsssbuoabooo,gbbuoggn
gbbobuooobobbooogbobobuoooobbbuoobobbooog.
00, 000000000000000000000000 (7)000000Qd
OO0 pOOOOOOOOoOobOoOobOoObOOoDOD.

3.3.1 UJooooood

goodbododoboobodaodo,ooybdbod s, dooooagoan
OO0000000. 0000000000000, Doouooga)ooonoo
O,0000 o0 00DO0OD0OODO,BOOUD wOOOOOOOODOOOOOO
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a) If an observed intensity is O

on one position, all intensities L\ e IT-’;I—I
of the rays passing through this /' K
position become 0. ’ I
1
1
2’ 1
[ |

b) At least one of observed 1
intensities on oneray is O,
the intensity of the ray

becomes 0. Bl | ntensity is not observed

Intensity is observed

08 0bbbbouoddouodd. goooobbobobbbuodooooooo
oboboboo,ogbooboobooboobobbobooboo.

o0O0O0. 0O0,08b)000D0D0OO,D00 ;000000000 BODOOO
Dobd,gbobdbodbodgouboabdabdbodo,bdod s;0odod.
c#0000000,0(00Y0O0O0OOOOOODODOOOOO.OOOOO
gbbobobouooodbobbb,ddddodbbbbtbod ebbboogon
gbooooano.

o= Bc (8)
0 ;if(s; =0

o (5,=0)
b;; ;otherwise 9)

0@®OD0O0000000 00000000000, 000000YeOOOO
goood.
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3.4 000000 OOOODOOO L,OOoOooooooooboo
oooon

oooooOoOoOoOoOoOoOoO,0(nmOO0O0DO0D0O0DO0D0DO0DODODO0O0DOOO0O0
gobogobboogbbooo.gooo3srroguooog,bboggn
gbbbuoodgobbbooodobbbooodobbboooobbbooan.

000,00000,(00000000000DODDOO (h)OOOoOooo-d
oooooo ,b00b0boboobobobobobobobo.oooooon
I A 1 o A I
goobobouoooooboobooooobobbuooobo,bbbuooon
Dboobodobogoog.

3.4.1 000U

goooobooboboobb woooobuoobooboboobuoooboobo
gbbobooogoobbobodaod.

arg min{|lo — Bel[3 + Alle/li + w(Ye)} (10)

gobo,b010bobbddoooobobbooooooboboobobboooooon
ooobOd.0200000000000D0 L,OOOoooo, A0 L,00000
O000000.00,030000000000000DODOOO,w(nHO0
gooooo.

0 (lo)ooo00o0ooooo0oooooooooooooooO,ooo
O00O0. 00000, 0 (10)0o00000, alternating direction method of
multipliers 80|00 0 0. 0 0000000000000 0O0OO YeOOOOO
googg.

3.4.2 L,OOOOOO

ggbobbbouoooobbobbodooooboboa,gobbbbdoooon
00000 L,,00000000000000000 [81,82]. booooOoog,
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clO0000obOoboboOoboobuo. b0 L,obooboobuoobooooo a
gbbobobouooodgbbbbooooobbbboooobbbb,oo0on
Ooooooooo. obgbo axbobobooooobooooobonD, o
Oooobooooooboobobo Aobboooooo.

3.4.3 U0UU0Ooooooon

gdooodooodgooodoo,dgdyjo0000 s;,duoo0aood
oboobuodb. obgoboobboobooboobbooboob. o
gbobooogbbbooad.

5;>0 Vjcj (11)

OO0,0e60000000,0000000000DOOO0ODOOOODDO BO
ool 00000, 00,000 ;00000000 s;000000
oobo.bogbodoyjouboouoodoodaoa,osuodgood,di s; 0
000000000000 0,00 =A4;;s5;00000000. 000, A4;,00
(40000 A0DD0O0OD0OO0O0OOOO0. 00000000 ODOO0O0DOOOO,00
b 0booogoboobog.

0; = Aoﬂ'So + Al,isl +oeeet Aj,isj (12)

00000000000, 0 (12)000000000000.

0;
s;<~ (13)

7,0
0 (11)00 (13)00,00000000000.

. 0;
0 <s; < min(—

1€EX) g

) (14)

000, 0000000 BOOOOOOOO ;0000000 ;00000
0. 00000 seyOOOOOOOOO. O0OO,VYOO00OO0OOOOO. O (6)
gbbogg,ugobboodobbuooobbuooobbuooobboogb,
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Light Field Plane

/ Range of radiant intensities
/ is limited as follows:

’ . 01 03
0<s< — =
/ = o1 =i (A11 A31>
/ 04 O
/ 0<s, Smin(—l,—2>
/ A1z Ay,
0
v OS53Smin<A—1,O>

13
S o [ os

g9 ooboooboobbooboooboobb. oobboobooon
gogobobooooboboboooo.

gbobgooooboboboboob,sbgbobdgeboboboob. O
gboo,bgobgoobobbobooboo.

YececV (15)

00000,000000000000000 w:RY -»[0,c0]0000000
gogboobobogooon.

0, ifYeceV
w(Ye) = (16)

0, otherwise
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3.5 U0

gobo,0bbodbboodgboobobuoobboodb obobboob
goboobO,bbbbbouuoooooobbbbobboouoooooob. b
U,bogggbobuogobobuooobbboaon.

3.5.1 Jboogouobouoobbuoobbuoobbuoobboobbogbo
gogbooogd

gobb,dbbuodgboodgboboba,bboodobbooobb,od0n
000000000000 00000O0OU0oooUooO. coooo, O 1o(a)
goboooo,boda,uod,gggobooo3bbobobo,bougooogon
O0000000.0000000000000L-G-I-H-TOCOOOOO 10 (b)O
goobboooobbboogobb.oogobboooobob,0111bouoan
O, 0000b000oboL-I-G-H-TOOOOOoOoOoooobooooooboooboogoo
uo.

ooooooboobobobooooboobobon POV-RayO OOoooono
goo,dgdgbboboogobbobuoooobbboooobbbooaoann.

U120, J003tdddooooououoooooobobobobbobobobn
obobooboooobg.

(i) 0000000000000 o0ooooooo(ooog)
(i) 00000000000 oOOoOoOoOOOO
(i) O00D0ODDOO0O0OO0D0D0D0DO0OO0O0ODOOO0OO0DOO0DO0DO0OOOODOOOO

000,00 )0000000D0000l0000OO0O0OOgo (250,0,100)0
gobboooboboboooogooodn ebogg. gg,0dgoooooon
OO0 fc00020000000. O11,1200,00000000000000
0000000,0000000 (()OD00000O000O0DO0O0O0OOOO00OO
gbbboodgbobbboooobbobuoooobbbuoob.bbboooon
0000 )0oooo0o0ooo0ODODO000000,0000oooooooo
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0000000000 210mm, 270mm0000,000000000. 0000
190mm, 300mmO000000,0000000000000000000000
0000000000. 00000000000000,0000000000
000000000000000000000000000. 00,00000
000000000000000000000000 (H)0,000000010
00000000000000000,000000000000000000
00000000000000000000.0130000000000000
000000000, 0133), (i)00,00 ()000 (()0000000000
0000000000000000000000. 00,0000000000
00000000000000000000000000000. 000000
00000000000000,0(@)000000000000 BOOOOO
0000000000000000000. 0

352 JUuboobooboodooououooobobobobbooooooooon
g

00000, 00b0o0b0o0bo0b0oob0oooooooooooooo
O00.0000,0 4)000000000,0 14b)0000000O0OO0O
O000000O0. 000000000000 bO000bO0O0o0DOO0o0DbOoO0DbOon
O0,0000000b0d0, bbb oooobboooD. booo
O00odob0obOob0obOoboooobooooooooobobobn pPrPOOO
ooooooooo.

O1hooooooooooooo 400mm, 500mm, 600mm, 700mm O 0O O O
00000000000 DO00. O0b0o0,b00b000b000bD £cOoOOO
ooOooobooboooboo. b0, 00buoobobooobooboon
OO0s5xs00, 0000000000000 20mmx20mmO00000000
O0.01le0dbboobuodbooboboobboboboobuooboon
Oo0odoobooooo,01robbodbboooboobooooobooon
O0o0o0ooobobO.0lle0bbo0ooboboooooboo0o,bbooon
ooooboobooboobooobobooboboob,oboobobobDbOon
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gooboooobbboooobbo.ogo,o1vobboooobbooon
gbbboodobobbbooodgbbobuoooobbbuooobbboood. b
000 (7)Oboo0oOC0O0O00OO00O0O00O0U0O0UOoUUUOoOoooooog.
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Position settings of
diffuse-reflection board

1
. ' ‘
virtual plane [ 190 220240
X[mm] o]

Z[mm]

camera

o
o

100 210 230 270 300

() 00000000000 O0O0OOO0. D00D0OUOUOOOOD
oo00,000 L-G-I-H-TOOOUODOOODOOODOOO,0000
ooooooooooo0oobD cOo0obOoOoOoOoO.0oogoOooDo
obooboooooooboboooooboobobooooob,ooboo
oboobooboooooooooooooooooooog.

Y[mm]
200

100

0O O—0O ©

-100

-200

40 0 - X[mm]
(b) DDODODDDOOOOD £0000. ooootPRd00ooD
000,00000 L-G-LHTOD00000000000. 00
D0000000D00000000000D00000000O.

010 O0D0oDooDOofoooooooono



190 mm 210 mm 230 mm 240 mm 270 mm 300 mm

iz 3 0 0 N
y y

<-1 0 1<

011 gbobooboooboboboboobooboobobboboob. oo
gbboboooglgbbboooobbbogd.

190 [mm] 210 [mm]| 230 [mm] 240 [mm] 270 [mm| 300 [mm)]

012 0000000000000 O0000OooDoOooOoOOgo. (i): 0000
0000000, i) D00DD0o00O0. (W 000000oooooooooo
gboooooooooo.
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<1 0 1<

013 00000000000, ()-(i) 00 1200000000000.000
gogoboboooobb ogobbboooooboooobo.
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() 000000 () DOOOOOODOO
0oooooo

U014 dgboogboobooboobobboboo.

(¢) 600 mm (d) 700 mm

U 15 0bbogogbobooogo.
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400 [mm] 500 [mm)] 600 [mm] 700 [mm)]

016 0000000000000000000000000000000O0.
() 00000000000, ({i)000000000. ({i)000000000
000000000000000000.
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017y dgboobooboobobobooboo.
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3.5.3 UUbboooboogobbuoobooobuoobbooboonobuoobo
ggoboobod

goboo,gbbugboboogbboogbbuoobboonooboooob,
U1Rpoboobobboboodggooogobobbobboboddooouonon
gobboobbooooooooobboobobobob. bddoo,goooooo
gbbogobbuooobbuooobbooob,oobbooobbooatb,
gboboodgbbogbbuooobooobbuoobbuoobobooobboon
gbobuoooobbbouooooboboobooan.

0180000000000 DO0O0O0D0O0. 000000000000 oQ
goobboooobobbooooobob,boooobbboooooon
OmmO0 300mmO0 ImmOO000000000 18b)D0OOOODOOOO
OO0D.00000,00000000000 642 x 5140 ViewPLUSO O 18bit
OooboooooboboonD Xviidoood. obgo,0b00boobooobgn
gobooboooogobobba,ogoobbobboodg26bdggoon
gobO,b001le00ogopboobbbodooog. bbo,bbbodogoooon
00000000000000,0000000000000000, 0 18(c)0d
gboboob,buooooobid ImmxImmUuiooooboooooog, 0
gobboooboboboouogooooobbb. bbb, bbbboooooon
OO0dJ40,000000000000000DOD00ODOODODOOOONMMOODO
Oob0O.D00,000000b000b0 co0bobO0ob,0b0Dob0ooobooOobDo
Od=00000000000000000000000000000O0. 00
00000000000000,0((lo)boooo0o00O0 A=00100,00
Dooobooob FO3dobooboobboobobooboobboobon
O.0o0,0b0bogoboggbbogbboodobbuooob,ooboon
gboboodbbugobboobbugboboogbbuoobboooboboon
oo.
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() 000000

() DODOOOOO (0000

018 0000000000000 00000000000. a)0000000
000000ooooooooooooo,b) 000000 O0O0o0OonO 100mmO
O0000000000000000,¢) 0000000000 0OODO0OO0O0O0
gbogboggogoogn.
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O000,0 18(a)000 LEDODODO 300000000000 ODODODOO
gobbobbboouoooooobobb. bbood,ouuoooooon
O,0000000000 f00000b00DOODOoOO0O,00bO0obOobOO
D000 d=0000000000000000DO0ODOODOODOO
gooob3douu, gguboobooooobosuboobooooon
gooboboooobbbuooooboboooob. blogoob,bogaon
gooooooooilobobobobobobobbobobobouoboon
gbboooobboooobbo. odgb loooobboooobbo,don
d = (60,90,120,150mm) 0000000000000, 00000000OODOO
oo.

gogobobboooo,obbbuoooobbboooooboobboooon
DboboobooebO0obbODOO,00b000DL000DObODOO.

() 000000000000000000 (00:4-D(L1+PC)00D0),

() 0000000000000000000000000 (00:4-D(L1)00
0),

(1) L100000000000000000000 (00:4-D(PC)000),
(IV) 000000000000000000 (00:4-DLS)000),

(V) 000000000000000000000000000000000
oooooo,

(V) 00 0O0D0oO0o0o0O00ooooooooooooooooo

000,0000 D~(I)00000000,00dV)00000000000
00! 00,00 ((V)0000000000000,00 I)~IV)0000 30
00000000000000000000. 00 (V)OOOOO0O0o0ooooo

D Eq (7)0000 BOOOOOOODOODODODOOOOO,00000000000000
uboboaoood. oboo,gbbooabboobboobboobboobboabooo
obooobOoboooobooooon.
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30[mm]  45[mm)]

Captured
Image

019 0000000o0o0ooo ()-(v)ooooooooooooooooo
O00000ooooooOoOo.(hLloobooooooooooooooo, (I
Ligooooooooooog, )y oooooooooo, (Iv)oooooo
O00000,(V)0ooooooo0ooo0o0o0o0o0o0oooooooooog
O,(V)OOOoooooooooooooooooooooooooooog.
OO0 ()-(v)bOOoOoOoOoooooo0oooo34000ooooooooood
g.0bbodgooboboooobboboooobbbuooobooboboooon
ObO.0b000bgoboooboboboobo.
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000 £000000000000,018)000000000000 91 x 64
000000000000,

021000 (D~(VI)DO0O000000000000000000. 0210
0,00000000000000000000000000000000. O
000,0000000000000000000000000000000C
000000,0000 (I)~(V)0OOO0000000.

0000000000000000000: 0190,021000000000
000000000,000001000000000000000000000
00000000000000000000000.00,0220000000
000000000000000000000000100000000000
00O000.019000000,00 I)~(IV)000000000000000
00000000000000000,000000000003000000
00000000000,000000000000000000000000
000d=1[30,4500000030000000000000000000.0
00,000000000000000(V)0O0O0O000000000000
(V)00 30000000000000000000000.00,022000
000,00 (V),(V)OO0OOO000000000000000000 (I)~(IV)
00000,00000000.00d=[60,90]0000000,00(V)000
0000000.00000(V)000000000000000000000
0000000000000000000000000000000. 00 (V)
000 (V)00OO0O00,0000000000000000000000000
0000000000000000000000000000000000. 0
000,00000000000000000000000000000000
000000000000,

O00000000: 01900200000,00d=160,165]0000000
00 ()~(IV)DO0O0O0000O0O000o0oo0o0o0O, 00000000000
O000000. 000,0000000000000000 d=1{30,45]000,
OooooooooooDoODDODOD. 00 ()~(IV)DOOOoOoooooooo
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90°

Positive

180° 0° 180° 0° 180°

Negative

270° 270° 270°
(I) 4-D (L1 + PC)

90°

Positive

Negative

270° 270° 270°

(1) 4-D (L1)

Positive

180° 0° 180° 0° 180°

Negative

270° 270° 270°

(I11) 4-D (PC)

020 000000 B)DODODDODODOODODODODODODODODDDODOOODOOOOO
gogobobh.oogobbobuoooobobbuoooobbouooobbogao
goobobooooooog.
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Positive

Negative

270°

(IV) 4-D (LS)

Positive
Positive 200

Negative

Negative 0 - -
0 100 200 300
X axis [mm)]

(V)2-D (00000000000 (VI)2-D (00000000000
000000000000000) 000000000000000)

021 000000180 0000000000000 00O0O0ODODOOODOO
gboobod.gdobobogggbobobuooobbbuooooboboooan
gooooogooobooa.

000000000000000000000000000000000000
0.0000@1V)0000000000000000000. 000,021 (1V)
000000,00((IV)0000000000000000000000000
00000000,000000000000000000000000000
00. 00 {1, 1}ooo {1, (Iv)}0000000000,0000000
0000000000000,000000000000000000000C
000000000000, 00 (D), ), ()00000000000000
0000000000000000000000000.000,L100000
00000000000000000,L100000000000000000
000000 ()0000000000000000000000000000
0oooooo0.
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goooboobobobbobbbbobbb:. oo ooooobn
obooboobboobooobdoo. b230b00bboobo0 FOO
0000000000 () D00oooooo0ooooooooooo. 0230
ooooooobo FoOdbO02400000,00b00Db0b0obO0obLOobLOobO
goboobobooooooobbbbb. ogdg,0240bboag,0ooon
OoobOofrFO6eO0O000,000D00DO0ODOOO0ODLOODODOODODbO
OO00000LEDODODOOOOOOO. O02000000,00000000
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