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10 oottt 3dguod

gobobooobooobbooooobobuooubboobboobbooobbobboon
jobobooobooboboobooobobo20b0b0obo0oboobOobDboOobOoOobOon
obooobooobooboobobobooboon

goobobooooboboboboobooooobbobobooooboobooooobooo
goboboobbooobooboboboobobbobboooboubboobbooobo
gooooooboobooboobooboobooboooboobuoobobobobboobnooobag

oob2000000 3000b0o0o0obboo0obboobbooobooboooobOoooo
00 30000 (three-dimensional reconstruction) 0 0003000000000000000
00000001 0000000000000 30D0000000000000O0OA0 single view
geometry 0000000000200 00000000000000 stereod O OO epolplar
geometry U0 0000000002000 00000000000000000000 (mutiple
view geometry) 00 0000

gobobooooboooooboobooobbooobbooobobooobooobbooobo
ooobooobobooobobooobbooobboob0booboboooboboooboo
Hartley 0 Zisserman 0000 [40 MaOOOOOO [5) 00000000000 OO0OOO0O
0 OForsyth0 Ponce 00 20000000 30000000 (9,8, 70000000 [6, 100
gbooboooobobobobobooooboboboobooooboboooooboobobo
ooooooboboboooboboooobobobooobOosboboobobuoboboobo
gogooooood

g 1bbbbbbobbbobobbboobbobbbobDbbb
gboogbdooboboobuooboobooboobooboboobobobobDboOobOoobo
oboobooboooooboobbobobobooooobobobobobooboooooboobobo
gogobodobbooobdooobooobooobooboobbuooobooobbooobo
goobbooobboosgubbbdouboob bbb boobbo
gboogooobooboooa

goooo3boooboboboboooooboboobo0oboboooosooobobnooo
goobooobooooboboboobboobbooobbooobboboobbobbo
gobooooboobooboboooboboobboobobooobboobboobbooboboo
ooooooosoboobo200boboobobooobobobDoob0obobDoboboOobo
oooooboboboboboboobuoooobobobDooDUooUobobobobobobo
goobooobboobbooobooobbobbooobbobboooboobbbbo
gobobooooboboboboooooobobobooboooobobobobOooobobo
ooooooooboboboboobobobobooobobbooobbuoboo 3soobobo
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gbobooooboobooooooboooboobooooooobooooboobooooooon
20000 30000000000 0DO0O0O0O0ODO0O0

1.1 Oboobooboobouoobuood

gboboz2000 300b0b000obo00obooobooooooooooboooooooon
gboooooooooboobooobooobooboo3sbooboooboboobooobooboooboo
0000000000000 00000000 MaOOODOOO [B)O000000O0OOOOODO
gboooooboooboobooboooobooboooonod

1.1.1 30000

30000000 (point) p0 000000000 300000300000000 X,Y,Z0O0O
0000 pO00O (coordinates) 00 0000000000000

X=|vY |cR® (1.1)

000 XO0OXYZ0OOO (coordinate system) 00000 p0000000000000000
0000000 X =(X,v,z)’ 000000000
0pO00¢0000000000000000 (vector)vO000000000000

v=Y - XcR? (1.2)

000 X, YOOOOOO p,q000000000000020000000000000000

ooooooooooo
oo0000o0o0o0O000000OOO0000000O0OO00000O0O000000000

0000000000000 w,veR}0000000000 (linear combination)

au+bv €R3 a,beR (1.3)

gboboooboooboooboobobooobooooboooooooobooboooobooooooo
gboobOobooobooboooooooooboobooboobooooboooobooooboon
oboooooboobooobooboboooboo200 23000 800 11000000700 340
obooooooobooooooboobo

0000000 u,vo € R®O00 (inner product) 00000000000000000O000OO
gbooooobooooooboooobobooooobooooooboooooan

<u,v>=u-v=ulv=uv + usvs + usvs (1.4)
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aoo
U U1
u=| u |, v=| vy | €ER? (1.5)
us V3

gbooobOoboooobd«wO0«000000000000DbO0000

oood
00000000000 (morm) 0000000000000 O0O0OO0OODOOOOOOODOOO
Oo00000

[lv]] = Vu-v (1.7)
gogoobobobbooooooo
[P =u-v=uTv (1.8)

obOooooboooooooboooboobboobooooobooooboooboboooboooooobooo

oooooobooooobooobooon
ubobobobobobobobobobobdbw,v00O0O0O0OO0OO0O0OO0OO0O0O0OO0

gbooobOobsooboobooboooobobobooooboobOobo0ooboOoDbon

ulv<=u-v=0 (1.9)

gboobosooooo20b00o0oooooobobobooobooooboboboboooboog
oboooboogoooboooooobooobooobobooboobooobooooobooooboonoag
oboooobOoobooobOobobOooooooboooboobOooooobooobooo3boononoo
obooobooobo4000 5000 100000000000DO000O0O00O0DOO0ODOO100000
obobobooboooboob0obOob0obooobo0oo0obOo0o0obD0bUODd sine O cosx
obooboooobooboobooboobooboooooboooooboooobooooboobbooog
sinz0 sin2o 0000000000000 O0O0O0O0O0O0O0OOOOOCOOOOOOOODO00O0
oo0oooo0obooow,vOODQOOODOAOODOODO

u-v = ||ul] ||v]| cos@ (1.10)

gboboobOobooooobooooboboooooboooobooooboOooboooon
0000000000003000000000 w,o000 (cross product) 00000000
oood

U2V3 — U3V2
uXv=| usv; —uivs €R3 (1.11)

U1V2 — U2V1
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gbobooboobobobo«0o0000030000000000wO00»0000000000
goo

gbooooobobb«0o000000«.00000000000000O00O00ODO0DOO0
gbooooooooo

uxv=—(vxXu) (1.14)

oood

gboboobobooobobooboooobooooooooobooobooooooboobooon
000000 «00000v0000000000000000«w0000000 wx0OOOO
ooo

u X v=[ulxv (1.15)

gboooboooboooogoboo

0 —Uus U2
s =] w3 0 —uy | €R¥3 (1.16)
—U2 U7 0

obbooooobooobooboooooooobooobbooboooooooobooboboOoooon
obooooooooogoo

[u]}e = [u]x (1.17)

000000000000 000 (skew-symmetric) 00 000000000000 O0O0OOOO
goooooboooobooboooooooboooobooooooooboooobooboboobboooobooo
gbobooboboobooboooboboobobooboobooooooobobOoboboonboonoog
gboboooooooooobooobooobOobooobOoobOooooooooooooooooon
oboobooooboooobooobooobbooboooboooobooooboobooooOoooboOoon
obooobooobooboobobooooboobooboobooooDbon

1.1.2 0J00000oobooboodg20000d

gboos3sbooboooooobooobooboobooooooooboo 2000000000
gbobooooboobooob3gobooooooooooooooboboooboobooooooooon
obooooobooooooboooboobooooboooobobObo20000000000000 20
goooobooooooobooboooooobooooooobo sobooobboooooo
gbooboooboobooobooboobboooooobooobboo 200000000 O00000
gooooo
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A .p
R — 4 p

(a)

A .p

>
(b)
A p
A/ .
[ J p7
0 >
(c)

A
, 4+ p
L *
07 y?
0
(d)
4 p
.

o,

(f)

U 1ll:200000000000000000A0

15



16 10 0o0Oooboo0O300b4ad

2000000 p=(z,») 7 00000000000000000 Y =(@,y)’ 0000000
000000000 1.1(x) 00002000000 0000000000000000000 p/
0000 («,¢)0000000000p00000000000000000000000000

00000000 1.1(d)00000000000000000000000000000000
000000000000000000000 000000000 0000000000000
0’000 200y 00000000000 000000000000000000000 pO
000 («,y)’ 00000000000000000000 p00000000000000OO
oooooooo

000000000000000000000 1.1(b)00000000000000000p
000 0O0000000000000000 90000000 Y 00000000000000
0000000000 («,¢)00000000000000 1.1()000000000000
000000000 00000000000000000064000000000000 O'0
000000000000 00000000 (+,y)’0000000000000000000
0000000000000000000000000000000000000000000

0000000000000000000000000000 1.1(c)000000000000
0000000 p00 p 00000000000000000000000000000000
00000000000000000000000p0000 (,¢/)’ 0000000000

00000000000000000000000000000000O0000000000
00000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000
0000000000000 0000000000000000000000000000000
00000000000000000000000000000000000000000000
ooo

0000000000000000000000000000000000000000000
0000000000000000000000000000000000000O0OOO0O00
0000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000
ooo

1.1.3 2000000000000000

00000000200000000 (coordinate system) 0 0000000000000000
0 (frame) 0000000000000000 Craig[1]000000000000000000O0
O000o00O00O00o0o0o0on

000 p0000 X0O0DO0DOODODO0OO0OO0O0O0000000000000000000
000000 ADDDDOD p0O0D00 4AX =(AX,4Y)'00000000000000 AOO
00 0,00000000000000i4,j400000i40 j,00000000000000
000000000000000000000]|iall=]jall=10000
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A
A
X
AY [ .
oA
0, Pi, iy *

> i,
(i 47ip)=li sll[li 5l cos
(d)

g 1l2: 20000000
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O00000000000 1.2()0000000000000000000000
AX
AX = =4X ia+4Y ja (1.18)

0000000 A0,000000000 4X0j,0000000004Y 000000000
0000 pO0O00AX0O0iyn04AX0O0j,04Y000000000000000000
ia0j4020000000000000200000000000i,40 j,00040000
00002x2000000000000000000000000

. . ] AX ]
AXMJFAY]A:()(AY = |ialfia) ) "X (1.19)

00000000000000000000000000000000000000000000
0000000000000000000000000000000 (i4j4)AX0000000
0o0oo0oo

0000000 000000, j5000000000 BOOOOOO0O0OO0O0O00000O
000 BOODOODO p0000BX =(BX,By)'000000000000000000000

BX Bx
BXZ(BY>EBXiB+BYjB=< 'B><By> (1.20)

o0o000o0doooOooooOooo0O00 pUOOOOODOOOOD AODOD BOOOOOOOOO
0000000 ADDODO0OO0OO p00O0AXO0OO0OO0OODOD BOOODDOOO 000 X0
gbooooboboooooboooobobooooona

000000000000 0000000000000O0000O0O00O0O0n (Oa=0)00
obobooooooooboooboobobooboooboooooOooooo pbObOOobOOOobOOoOoOn
0000000000 ADDOOOO pO00DAXDODix04X005,04Y 0000000
ooooboooooooooooooboooooOo0ooooooooooooboboOobooOon0 BOO
gbooooboooobooboooobooboooobOobooooobooooboOoboon

oo0o00O0000000000000C000O0O0O000 ADDDOOODOD AODOOOOOO
i,00000000 BOOOODO %,00000000000000000 A0DOO j400
000 BOOOOO Bj,00000000000 1.2(b)0000000000000000O0O0O
p00000i,04X00,04Y0000000000000000ODO BOOODOOOOO
ooog

<

Bx =AX Bi,+4y Bj, (1.21)

gbooooooooon
oooo®i,0%,0000000000000000

Biy=(ia-ig)ip+ (ia-jB) jB (1.22)

Bjy=(ja-ip)is+ (ja-jB) jB (1.23)
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gooooOoboooooaon

Bis||Bja| | =| |is||is Z.A'Z.B ].A.Z.B (1.24)
1A°JB JA"JB

00000000000000000000000000000000000O0O0O0O0O000o0ao
01.2d)000000000i,00000400000000000000000000D0000
00000000000000000600000000000000000000000 |i4|cosé
000000000000000000400000000000000 44-ip=|liallllis|| cosé
0000000000000 2,04 00000000000000000DO0 10000000
000000000 |liall =]ligl|=100000000000000000000000000
OO0 cosf0O00000DOO4,-ig=cosd=ix0ip00000000000000000000
000Mmi,04ip000000000000000000O0000O0O0OO0ODOOOODOOOO0
00000000000 (ix-ip)ipg0000

O0000ia,ja00000ip,jp 000000000 1.2(c)0000%i4,000i404ip000
000 jp000000000000000000O0O0%j,00,,04p000000 jpO00
00000000000000000000000000000000000000000000
000000000000 0000000000000000000000000000 Bi,yOo
B;, 000000

000000000000000000BX00000000a0

Bx =AX Biy 44y Bj, (1.25)

. ) AX
:( Bi,||Bja ) ( Ay (1.26)
el ) (1.27)
1A*JB JA-JB Y
.T . .T . AX
ge| ) [ B B (1.28)
JBtA JpJA Y

:(iB j3> <><AX> (1.29)
Ea v

‘B
B

oooooo0o0ooo0 pOO0O0OooOOO0OO0O0ODOOOODOOODOODOOOOODOOD

C-(E) )

OO0ooBxXoAXoooo

T
Iy ta-lp Ja-iB
BR= ialljal | = 7 7 (1.31)
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00000000000000000000 AOO BOOOOOO (rotation matrix) 00000
gboooooboooooooboooooobooon

bx = BRAX (1.32)

000000000000000000000000000000000000000000000
0000000000000000000000030000000000000000000

0000000000000 Oig4,44,is,j500000000000000000000000
00000000000000000000000000000000000000000000
00000 A0DDO0O00O000064=(1,07,j,=(,1)70000000000000000

go
() (o)

obooobogosg,ypbobo1l00000O0O0ODODODOOO BOODOODODODOO
ip,jp00000000000OCO0OODOODOOOOOOOOOODOOO0 CcOoODODDOoDOoOOO
ia,ja0 000000 p,jp00000000000000000000O0O04AX0EBX0000
0CO00D0D000p00000D0000D0000D0DO0O00DBX =4X00000000000

D))

gbobooboooobooooboooboobooobobooobooboooooboooobooooboooboaoon
gbooooobooooobooooooon

()= () (D ) =

IIEI (IIII)(:{Y> (1.36)
AY

gbooobooboboboooboooobobobooboooooboobooboobooobOoboonoo
ooo

1.14 3000000000000

0000030000000000000000000000000000000O0O0OOO0
00000000000000000002000000000000000000003000
0000000000000000000

000p0000 ADDDDOOD 4AX =(“AX,4Y,42)700000000000000 AO
000 0,00000000030000 i4,j4,ka0000i40 ju0 k0000000000
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01330000000

00000000 iall=ljall=lka|=1000000000000000000000000

Ax
AX = | Ay
Ay

AX ig+2Y ja+2Z ka (1.37)

3000000000 j40k,0300000000000000000 3x3000000
oooooobooooooo

AX
AX ia4+2Y ja+2Z ka= ( kA ) Ay | = < ko )AX (1.38)
Az

oo0o0O0000 ADOOOQoOoOOpOOOOOOOO BOOOOOOOODOOOODO 200

OO00OOOOOOOOOOOOOOO0O0O0OO A0 3000 44,j4,ka 0000 BOOODOOO
oono

Biy=(ia-ip)ip+ (ia-jB) jp + (ia-kp) kp (1.39)
Bja=(ja-iB) i+ (ja-js) i+ (ja-kp) ks (1.40)
Pka = (ka-ip)in+ (ka-jB) jp + (ka-kp) kg (1.41)

0000000000000 BOOOO X ODOOOODO0D0O0O0O000O0O0OO0O

BX =AX Biy+4Y Bjy+ 47 By (1.42)
AX

( Bisl|Bjall Bla ) Ay (1.43)
Az
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gboob2000000000000D00000DOODOOCOODOOOOODOOOODODOO
oon

T ia-ip Ja-iB ka-iB AX
PX = ( ig||JB||kB ) ia-jB Ja-jB ka-jm Ay (1.44)
— ta-kp ja-kp ka-kp Az
— BX
= ( iB||JB || kB > By (1.45)
L | By
ooooao

iarip ja-ip ka-ip
AR=| ia-jp ja-jp ka-jp (1.46)
iakp ja-kp ka-kp
00o0Ooo
PX =4R"X (1.47)

000000000000 000 ADD BOOOOOO (rotation matrix) 00 0O O
2000000000O0C000O0O00O0DOO0OO0OOO0O0OO0OOO0OOO0OO0ObOOObOOOn
obooobooboooobobooo

AR = ( kA) (1.48)

gbgbooobooboboooobooboboboboobooboboboboooooboooboa
gobobooboobooboobuoobooboobooboboobon

oooooO0O BOOOOOD ADODOOOOOOOOOOODOOOOOOOOOOOOOOOO
oobooobooooobooboooboon ERDDDDDDDDDD‘L%RDDDDDDDDDD
gooooOoOoOoOOoOOODODODODODODOOOOOOOOO0OO0OAD BOOOOOOOODODODOO

BR= (jB k3> (1.49)

00000000000 000000D BROOOOOODOOOOOOO0

sR=(5R)" (1.50)
00000000000 AOO BOBOO AODDOOOOOOO

Bx =BRr4X (1.51)

AX =4RrRBx = (ER)T BX (1.52)
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000000000000
(AR =GR (1.53)

0000000000000000000000000000 (orthogonal matrix) 0000

3000000 CO00000D000000D000000000 AOOD BOOOOOO §RO
BOOcCoOoOooonO gRDDDDDDDDDADD CDDDDDD%RDDDDDDDDDD
oo0o0ooooooooo0ooooo0o0UooD0AOD BOOODOUOOODDODO BOO C
obooooOoboooooo

SR=SRER (1.54)

0000000000 (chainrule)D00000000COO ADDOODOOOOOOOOOO
ooooooo

cR=GR)T = (GRAR)T = GR)T(GR)T (1.55)

ooboooboooooooooobooooobOooboooboooboooooooooboooobooo
ubobgbooooboboboobobobobooooodobobobobaoooooba
gb1wodbo2o0000boobdboboobobooboooboboonooooooobobo
gboooboooobooboog

1.1.5 00000

oob3bcoobooooboooobooobobooooboobooooboooooooooooooon
jo0dbobobooboooboboooboboob0obDoboDoobUoooooUbUoboo
goooboboboooo

00000 (Special Orthogonal Group) SO(3)0 0000000000 3x3000000000

SO3)={RecR¥>3 | RTR=1, |R| = +1} (1.56)

000 |ROOO ROOOUOOODOOOODOOOO3x3000000000O00OD 1000
0000000000000 000000O0OOoO So3)Uoooooooo So(3)o30o00o
oooobooooo

So3)0U000U00U00U0 ROUDOYOUOLUOUUOUUDOUDULDULDULDUDUODUDOR
gbobooooobooobooobooooo1l1ooboobooboosooooooobooooog
oooooboobo3x3b0booooobooobooboooboooooooRrO 3000000
goboobobooooooobooooboobbooboooobooo10oboooooboooboOoo
OO0000 ROODOOOODOOOODOOOOO

RE<) L5

gboooboooboobooobobboobooboo

RTR:I < 7‘1'7"2:7'2‘7“3:7‘3‘7'1:0, ||T1||:H7'2H:||7"3||:1 (158)
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gboboobooboboooboooboosoooooo1boobooooobooo3ooobooooo
gbobodebO0oO0oOOoOoOobObOOObOOOOOYYOOOO0OODbOOO0ODbOOOObOO0ObOO0OO0oOOn
00000000000000000000900 6000030000000000 (degree-of-
freedom, DOF) 0000 SO(3) 00000 300000000000000OD0O0OOODOOOO
gboo9ogouooboobobooboboo3booobooboooboobooboooobooboon
oboooboooobo3dooooboooobonobooboooobooboobooogon
gbooooobooooboboobooobooooobooboooooboooobobobooobooboo
oooooooboob4b000000000DO0ODOOOODD

googan

0000000000 (fixed angle representation) 0 0 000000000000 00O0OO0O
ocoooooooooooOoOoOOOODOOODOOOOOOOOOOOOO

00000 A0OD0D 14(p)00000X,Y,Z00000000000000000O0O0DOO0O
00000000 A0 XOOOO~000000000000000000 14(b)00000O0O
0000X,Y,Zz0O00O0OO0O0O0OO0O0000 AOD X4,\7,4,0000000000000000
ocoooooOo0oO0oO0oXxoooooooOO0O XOoooooooooooOx; 00 XxXxOO0O0ooooo
000000000000000 Rx(yyOouoooooooo

ooooooxy,,»,z,0ooooooooo AoDyoooo pooooooooooooo
00000000000 Ry(/) 0000000 D0O000000X,,Y7,2,0000 X,,Y3,2:0
ooooooooooooobo

O000000X,,Y,,2 0000000000 AQD ZO0000 «O00COCOOOO0OOO
000000000000 Rz(DODODODO0ODOD0ODO0O0X,,Y,, 230000 X3,Y3, 73
00000000000000000000000000OO0000O000 AODOOOOOOO
oo pOO0O0

ooooo0oooooooooooooooooooooooooO0000oO0O00 AOO B
00D00000O0 8rRODO

BRxyz(v,B,a) = Rz(a) Ry(8) Rx(v) (1.59)

gooooooooooooobooooooOooboOooOoooD 30000 a,B,y00D0O0O0ODO
gbooobooboobo3spoobobosbuoobobobooboboobobobooobond
goo
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oo0o0o0o0o00o0ooOb0o0o0DbO00 Rx,Ry,R000000000000000

1 0 0

Rx(y)=1] 0 cosy —siny (1.60)
0 siny cosvy
cosB 0 sinf
Ry (B) = 0 1 0 (1.61)
—sinf8 0 cospf
cosa —sina 0
Rz(a)=| sina cosa 0 (1.62)
0 0 1

00000000000 8Rxyz00O0ODODOO Rx,Ry,R00O000O0O00DODOODODODOO
gbooobooboooboobooboobobooobobooboobobobooboboobo0 1200000
0 [1)000000000000o0o0oo0U0 XYyZ000o0oUouoooooooooooooo
0Z2Y,X000000OOOOODODOODOOO0OO00ZyX00000 BRzyx 000000000
oobooobooOooboooooooboooooooboomXoooo3oooomZzOo000 25
gbobooboooooboobooooooobooooboooobooo

ugbooaooad

000000000000 (Euler angle representation) 00 0000000000000 0OO
O000o000o0o00o000ocOo0oOo0oOo0Oo0oooO0o0ooOo0ooOo0o0oO00000000o0
oooooo

00000 AUO0OO0 15()00000X,Y,Z0000000000000000O000OOOO
00000000 A0 XOOOO~0O0OO0O0O0ODOODOODOO0OOOO0OOOD 15000000
0000X,Y,Zz000000000000 AOO X3,Y7,2,0000000000000000
0000000000X00000000 X000o0o0oooo0o0o0x;,00 X000o0Oooo
O000000000000000 Rx(y)OOODOOOOODOD

0000o000000000000 XO00OOooOoooooooooooooooooooo

000000X,,Y7,2, 000000000 00000000000000000000O
0000 Ry,(/) 0000000000 00O000X,,Y7,2: 0000 Xo,Y5,2, 0000000
oo0ooo0oobo0ooooy,oOooobooooyvwoooooooooooyvob Y,00000
ooooo

O0000000X,,Y,,Z,00000Z 0000 «0000000000000O0C00O00O0O
00000 Rz () DO00O0DD0O0DOOOUO0ODOX,, Y2, Z30000 Xs5,Y3,Z;000000
0000000000000, 00000000 Zz00000000000Z,00 Zz000
ooooooo

000o0000oO00oO0O000oo0o000 A00OOO0O0O0O000 BOOOOOOO ADO B
000000000 frRODO0OOO0ODDOO0OOO0ODODO0O0OO0O0

Rz,(a) Ry,(8) Rx(7) (1.63)
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gbooooobooog

O00o0oOo0O0o00ooooooDoOOO0O0D0O00R,Z, 0 Ry, 00RxOOOooooooO
gbooobooobobobooobooooboooooboooboboooboooboooD0 Z,00000
gooobooobogobooooobooooboooobooooboooboooOo3goooog
gobooboboos3booobooobboobooooboooboooooooooooboonbog
oood

ooboooooooobooooboooboboo0oboo0oooboooobooboboobooooobooooDoDo
oooooooooboooooooo0oooDbb00n0 RxO Ry,OOOODODOODOOD XY, Z
0000 X0OO000OoOO000O00 Rx OOO00OO000D X4,7", 20000000000
oboobooooobooboOoy,yoboouoo Ry, 0000000Db0O0O0bO0OObOOo0Onog
gooooooboooboobobooboobooboyoooooboboooooobyooo
OpoO0000000X,Z000000000000000Y, 0000 pO0000000OX,,2Zy
000000 X,,Z,0000000000000000000DOOOCDODODOOO0D X0O0Oy0O0OD
0000000000000 RxUO Ryy UOOODOOOOOOODOOO

OO0000000Rx,Ry, 0000000000 O0O0O0ORy,RxOODOOOOOOODODO
O00o000oooo0oo0obobD0Rx,Ry,, R, 00000000D0D0000O0ORz,Ry,Rx000DO
0000000000000000000000D AOD BOOOOOOODOOO SROO

ARxv,z,(7,8,2) = Rx(7) Ry (8) Rz(a) (1.64)

00000000000

0000000000000000000000000000000000000000000
0000000 12000000 [1J000000000000000000 XYZ000000O
0000000000000000 Z,Y,,X,0000000000000000002YX00
00000 BRyy,x, 000000000

0000000000000000000000000000000000000000000
00000000000000ZYXO0000000 3Ryy,x, 000000000000000
000

ARzv,x, = RzRyRx (1.65)

0000XYZ0OOOOO 8Ryy,000000000000000000O0DOODOOOOOOO
oo0o0oo0oobO0o0obOo0obo0oobOoob0ooboXYyZO00OoOoooO Zzvyxooooooooo
oooooozZyxXoooooOo Xyzoooooooooooooo

ooo-00000

O00000000-00000 (angle—axis representation) 0 D0 0000000000000
gboboobOoboobooboooobobooooono
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Y
X
(a)
Z
» v Y,
Z2 v ,,/%
]
X X,
(c)
Y,
Y
N B A

U ls5: 00000000000
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X

,
/
/

U l6e: 000000000000

000000000000 R(#1H)000O0000O0O0O0OOO0O0OOODOOOOO

11 T2 Ti3
R=1 ra1 122 7123 (1.66)

31 T32 T33

gooooOoOoO00O0O00D0 wOOOOODOwOOODOOOOOODODODODODOO

1 32 —T23
- _ 1.67
YT amwl] | BT (1.67)
21 —T12
tr(R) — 1
= ||w|| = cos™ (1”(2)) (1.68)

aoo tr(R):r11+r22+r33D ROOOOOOOOO
O000DbhwOOOODOOOODOAPOODOOOOODOOOODOODOOOO ROOOOO
gooood

. 1 — \
R=T+ blga[w]x + QZObe[w]‘i (1.69)

goo

00000000 (quaternion) 000000004 00000000000003000000
uboboboooooobobobobobooboobobaobobobobooooobana
g0oo0o0o0oOo0oOoOoOoocGUOOoOoOoOoOoooooOooOoooDoOOoODODODOOODDODODDOOD

000 ¢OO0O30000D0«,,k00000000000D00000

q=q +qi+qs3j+ qk (1.70)
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000# =342=k=1000000000000000000000¢ 0 ¢000000O0
¢,q3,.0 30000000000000
00000000 O0OoOoOooooo

gl = ¢i + &5 + 45 + 4 (1.71)

00000000|g=100000000000000
booooobooboooboobooobooboooobooooboobooooobooon

C+a -3¢ 2g2q3 — 2q1q4 2q2q4 + 2q1g3
R= 20203 + 214 G — B+ — @ 20301 — 20142 (1.72)
2¢2q4 — 213 2034 + 20102 @ — @B — G+ 4}

000000 w=(w,we,w3)?’ 000 00003000000000000000000O0O
ooooogoooo

0 0
q::COS§—+sh1§(w1i+—w2j4—w3k) (1.73)
gbooboobooboooooboooobobooooobooooobooobn

gbgbgbooooodboboboboboooboboboboboboboooobooban
gobobooobooboooobooboooboobooboobobbooboobooobog

1.1.6 0O0OO0OOU

0000000000000000000000000000000000000000000
0000000000000 000000000000000000000000
000000000000000 (translation) 00 0000000000000000000
ooooooo

000 p0000 ADDDDOOOO AXOOOO BOOOODOOODOO BX0OOODOOOOOO A, B
O0000000 04,0500000 1.70000000000 BOOO Ox000000000
00 ADDDODOD4000000000000000000000 AODDOOO 400000
00000000000 BOOOOOO

000000 1.70000000000004X,8X,40;,000000000

AX =BX +40p (1.74)

0000000 ADODOUO0 p00000000 BOOOODO pO00OOODODOO BODOOO
DADOOO0ODOOOOOOOOOOOD

OoO0O00 p0OO0O000000O00O0O00O0O0OODO ADOOOOOOppOOOOODODODO BO
gboooobooooboboooobooon

Bx —AX _ 40, (1.75)
0000000000000 AOODOOOBOOOOOOO Bo,0040, 0000000000

BOy=—-40p (1.76)
gbb0dodooboobooooooboboooooboooooooooooa
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> Y,

O lr 00000

1.1.7 O000O0OO0Ooon

goooooos3bbooboooooooooooooobooooooboooooooooon
0000000000000 00000000000000000000000 (transformation)
gooobooboooobobooooobobooooooDo

000000000000000000000p0000 ADDDODOOOOAX0000O BO
000000 2X0000000 A4,BO00000OOODO 0,,050000000 A000000
00 BOOO Op0000 400000000 ADD BOOOOODOD BrROOOO

OO000oOOo0o000oO0O00 A0DOOoUOUOO pO0OoODODOOO0 BOOODODODOOO
00 ADDDDO0OO p0004AX 0000000000000 00000000000000
obooooobooooooboon

AX - 4X —10p (1.77)
00000000000000000000000000000000
AX — 405 — BR(AX —403p) (1.78)

oboooooboooogon
0000000 BOOOOOO 2X0DO0O0O0D00000000

Bx =BR (X —10p) (1.79)
=8RAX - ER40p (1.80)

good

Br=_-BR40p (1.81)
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Yy

018 000000

Dooo0
Bx =8RAX + 5T (1.82)

000000000000 §7T00000000000000 (translation vector) 00 00

goooooo0ooooooooooooooo pOoOoOoOOOOOOOODODODODODODOOO
ooo0oooOooo0o BOOOpOOOCOOOOOOOCOOOOOOOCOOOO BODOO
000000000000000000000000000000000000000 40500
0000000000000 0000405 0000000 RO0ODO0OOO0O0O BOODOO
-BRA0p00000000000000O0O00ODOO

coooOOooooOoOoOoO0oOoOoooOoOOOO0O0OOOObOOOO0OOOOOOOOOOOCOOOOO
ooooO0odo0ooo0o ROUODODOCOOO0OOTOOOODOOOODOOOOODOOOOOOOOOO
oooooooooooo

good

0000 ROUUODODODTOOOOODOOOO 30000000000 (Rigid-body mition)
000000D0000000D0000 (Special Euclidean Transformation)SE(3) 0000000
gogoooooood

SEB)={9=(R,T)| Rec SO(3), T € R} (1.83)

0003000000 ¢000 XU0OOO0OOOUO ¢g(X)000O000000000 ¢g0O00O
0000 X, YOOOOoOoooooooooooooooooooooooooooooobooo
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0000000000000000
1IX = Y[ =lg(X) = g(Y)]] (1.84)

gbgbogboboooobogbodgboboboboboooobobooboooooooan
UbOgO0O0D0O0OO0DO0ODOODODODOODOO

RX +T (1.85)

oobooobooobooboobooooooooboobobOooboooboooobooooobooooonn
gooobooobooooooboooooboooboooooooooooboobobooobs3sooooog
ol g1,92,:000000000000O00OO0O0O0COOOOO0OOO0O0OOOOO0OOO0OO0
gbooobOooboooooboooooao

RsRyR1 X (1.86)

gobbooobboobbooobboobooobboobboobbooobbooboo
goo

R3(Ro(Ri (X +Th) +To) + T3) (1.87)

goboooboboooooooboobbooooobooooboobooooooobbooboboooDboo
oono
gobooboobooboboooboobooooooooooooooboooboooDbn
oobO0oobooboooobooooboooooooooooobooooooooooooboooobooo
oooooo
goooboobooobooboboboooobooooooDo

1.1.8 0U0OO0OO0O4OO4gooon

000 p000 X =(X,Y,2)Y 00000 (homogeneous coordinate) 0000000000
(homogeneous coordinate) 0 0 0 0 00000000000 00000OOOOO0O0O0O0O0O0OOODO

X

o
Il

Y
cR? (1.88)
Z
1
000000000000 100000000000000000000000000000000
000000000000000000000000000000000000000000

00000000000 ROOO 700000000 ¢g000 X=(X,Y,2)Y00000000
ooooboooooobooo

X
R| Y |+T (1.89)
z
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gbooooobooooboobooooboboooooboooon

X
R| Y |+7T
_ (1.90)
z

1

- NN

ooooooo0oooobo0o0oob0D Xoooooooooooooobooooobooooooo
oood

oooooooooooooooobobooooon 4x400000000D0O0O0O0O0OOO
gbobOooobooooobooboboboboboooooooboobobOooboooboonbooonoog
obooobooog3boo0o0bo0obnbg,e,gs000000O00O0O00O0DOOOOODOOODOO
UbgOO0OD0O0O0OD04x40000000000OO

R T
g:<0 1) (1.91)

00000 Xoooooboooooooooooooooooooobooooobooobooo
ooo

939291 X (1.92)

ooooooooooon

goboobooooooboooobooobobooboooobooobooooboooobobooon
bobooobooooboooboboobooooooooobooobooooboooboobooooooon
gbooooobooobooboooobooooooobooobooboooooboooboobobooooboo
ooooooobooooooo

1.1.9 000OoOooooooboon

gobbogo3boobobooobooboooboooobooooooooooboooboooon
obo3oooobooooboboobooboboboobooboooooboboobooonoo

ooooobooboobooboooooosobooboboobooboobbooboobooo
000000000000 19(x) 0000000000000 0 300000000000 0O0O0
bobooobooooooboooboooooobooooOoooboooooobooooaon
gboboooboobooobooooboooobooobooobooobooboboooboobbooobooboon
goooooooooooooooooboooboooooooooboboooooboooboobobogoo
gbooobooooooboooobobooboobolobooboooobobooooobooboon
10b00b0000oo0o200b000000000000000C00 2000000000000
gobobobobooooboooooooooooooooNDObOOOobODoooboooNDOOO
gboboooboooboobosooboooooob2000000b000b00000 3000000
gbooooooooooboo
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O000oO00o000o0000000000000b00000000000000C0000000
o0ooo0oooO0oo0oo0oo0oo0o0oooo0oo0o0oo0ooOo0oo0o0oo0oon
ubgbobobobobooobobobouoboboboboobobobobooobaba
gbooboobmobooomobobobooboboboooooboboobobbooooobobo
O000o0oo0o00oo000oo0o0ooO0o0oo0ooOo00ooOo0o0ooOoO0O0o0ooO0000o0OO0

0000000000000 00000000O000000000000000O0O0O0000O0
0000000000000 000000000000000000 (camera coordinate system)
O0000000000000000 (object coordinate sytem) 00 0000000000000
O0oo0oooO0bo0oo00oo0o0o0b00o0o0o00o0o0oo0ooooOo0ooOo0ooO00on
O000o0000o00oO0o0ooO0oo0oo0oo0ooo0ooo0oco0ooo0oo0oooooon
00000000000000000000000000000000000 (world coordinate
sytem) 00 0000000000000 D0O0O0O0ODO0O0OO0OO0OOOOO0OOOOOOOOOO
00 (reference coordinate system, reference frame) 0 0000 0O

019b)00000000 OwOOOOOoooOo,0000DO0DOO0; (1=1,2,3,...,N)000
ocoooooooooooowbbOboOOoOoOoooo;,000ono %QDDDDDDDD])DDDD
0000D00Y%YX0DO000o0O0ODOOoOoOO00oO00oOooOooooooooo

Ix=14"X (1.93)
X =2,9"X (1.94)
X =3%,9"X (1.95)

gobooboobooobooobooobobooobooboboobooooobooobooooOoooonn
obOooboboooooobooobbooboobOoobooboooboooooboooboooon 3g
gboooboobooooomoooooboooobooboooobobooobooboooon

1.1.10 0OOOooo

0(3)000

1.2 JOdooobooogd

goobooooooooooobooboboobbooobooobooooboooDoobooooOooo
gbooobooo3obos3soobooooobobooobooboobooooos3sooboonoonog
02000000000000000003000 2000000000000A0

gboboobooooooobooboobobobooboobooobooboobOobobooboooon
ooboooboobbooooooboobooooooobooooooooooboobog
gbooooooboooo
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objects @\\ — camera N

=
= camera 1 ﬁ

r.-“ camera 2 @ Ej
image 1 @ image 3
image 2
(a)
Zyy
Y Yx
Zo ZN ON XN
Y,
o,
X, X,
Z Z, Y,
0, % 5
3
Y,
X
X O 3

2 2 Y2
(b)

g 19 0oobooaoooogaon
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1.2.1 00000000

00000000000 (pinhole cameramodel) 000000000000 OD0OOOOOO
gobooo0o0obOO0obOOoO0ooO00obOoOobOOo0oO0ooO0U0oDoobDObOOobooOOooDoOoDboo
goo0oOoO00o0OdoO0d0ooOdO0obOoO00obOOo0oDOOo0bOoOO0bbOoO0bOooOoooOoooboooag
oooooooooogoo

000000 1.10(e) 0000000000 p0 30000 X0OO 200000000000
OO000o0o0oDoo0dooooOoobDo0oooOoUoOoOooOOooDoOOoOooooOoooooooon
g0o0o0oo0oO0oO0ooU0Opd oDOODODODODODODO 200000000000O00O0
0000o0ooobooo 20000 0000

O000000000000000000000000O00 (perspective projection) 000030
0000 X =(X,Y,2)'0200000 z=(x,y)' 0000000000000 O0OOOOOO
oo0oooooooog

x:f% (1.96)

Y
y=1r- (1.97)

000 fO000000O0O0oo00COO0OOO0ODOOO0ODODO0OM@MDOOODOODOODOODDOOO
O (focal length) DO OO OO
gooooooooobobbobbbbbbbbbobobbbbbbooooooooooobo
goobooooobooobooboobobboobooboobobobobboOobOoobOoobo
ooobooooobobobobooobobobOobobobDoooobUoboboooboo
l.10b) 0000000000000 0O0000O000O0O00O00O0O0O0DO0O0O0UOODOO0OOO
gooobbbbooooobbbboooooobbbbuoooo

1.2.2 000000000

gbooboobooboobooboobobbobboobooda
gboobogboobobbdz-0y0b0obo0obobobooboooobooboboo20
bbod«000000000O00DOOOOOOOO

[z _i X
()40

gbooooboboooOosoboo0o XooooooooooooobooxoyQozooooog
oboobobooooooboobboooobosboobooooobooobooboOooooboog
gboboobOobooooboboooog

0000X0O0300000000 (X,Y,Z,1)T000000000000000

X

f
0 (1.99)
0

S - O
_= o O
o o O

Y
Z
1
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0 110 000000000000
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gboboobOobooooboboooobobooooooo

X
Y (1.100)
Z

00000030000000000002000000000000000000000000
0o00D00000oOoo0o0Og
0000000000000000000000000000000000000(fX, fY,2)T
O (f%,f2)'0000000000000000000000000000000000000
oooooo
00000000000000000000000000000200000000000 =
(z,y,w)' 00020000 (£, 4L)70000000000000000000000wO00000
0000000000000000O0000300000000000000000300000
000000 X =(X,Y,Z,Ww)'00030000 (3,+,2)'000000000W =100
00000000000 X =(X,Y,Z,1)T000 (X,Y,2)7'0000000000000000
000000000000
O0D000000000D000000(fX,fY,Z) 000000000 20000000000
0000000000 (f4,/4)00000000000000000000000000000

ubb300b00bo0200000b00000b0o0oo00obo0obooooga

X
fX f 0 0 0 v
Yy = 0 f 0 O P (1.101)
Z 0 0 1 0
1
0000000000000 b0o0o0ooo0ooOoooboOoOoonoooon
Zx = P, X (1.102)
ooo
1 1
X
Y
X = (1.104)
Z
1
f 0 0 0
Fo=(0 f 00 (1.105)
0 010

0000003x400 P, O0D000O0O0OOOOOO0DOOOO (projection matrix) 0000
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gOoOoOOoOoOoOoQoQOoQOOoD20000 c0000O0O0O0O0O0DOOO fO300000O ZzOO
oooooo3000b0 xXoooooooooooooooooooo fooobDboOoOoOoDo
gbobooobooooooboooobobooooobooboooboboobooooobooooboobooooo
gooooooboooooobooooboboooooobooboooboobooogoDo

o000 zZz0O00OOOoOoOoOoOoOoOoooooOoOoOoOoOODOODOOOOOoOOOpOOOOO
booooobooboboooobooboboo 200000000000 0000000x00
oOo0oo0O0o0 zOoOoOoOoOoOoooOoOoOoOooOoOOOoOOOOODOOD zOoODOoOAQOOOODO
obooooooobooooooboobo

Az =P, X (1.106)

OO0 ANOQOOOOOO (depth) DOODOOOOOO0DOOOOOOOOOOOOO30000000O
gbooooood

1.2.3 0000 P?

obooobOooooboooobooooboooobooooboooobooboobooon
gbgboooboobobobgoboobooboboboooooboboboboooobona
Joboobgoobobooboob 200b0bbOobOo0obOoOoDbOoon
gb20000000000000

X
z=| y (1.107)
1

goboobooobooboobooobooboo

AT
=] xy |, AR (1.108)
A

0000000 RY=R/000000000000000000000000000000 @,z
000000000000000000 (2,7 =M, 0000000000000000
00000000000000000000200000001000000000000000
00000000000000000
0000000000000000000000 (up to scale) 0000

T~ AT (1.109)

0ooo~00=00000000000DOO00O00DOO00DbDOO0bObODOoObbO 20000
000000000000000D0D0D00020000000 (projective space)P? 0000
oooooobooobco0obOobboOoboOobooboOobDobooo

T = | y (1.110)
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gbobooooobobooobooooobboobooboobobOobObOOobOObOoOoDbOOObOoOn
obobOobobOobooooooooooooooooooobooboboobOobOoboono
ugbodgbgoooboobooboboboboobobobobooboboboboobaoona
gboogboboobooboboobobboboobobobooobuobibobil 2z 00O
0000 (point at infinity) 0000000 (ideal point) 0000000 O0OOOOOOOODO
oboobOoboooooboboooooboooooboobooooboon
gbgbgboogboboboboooboboboobobobobobooboboboooaon
gboobooobobo200b0oboobooboboooobooboboboboboooooDo

ar+by+c=0 (1.111)

oboocobOooobOOoOoOOobOOoOoOoOoboOooobOOobOOoOobOOooobOOobOooOooobooonog
000 XeRTOODOOO0O0OOOOOOOO

Aax + Aby + e =0 (1.112)

gbooOoobooooboboooboobooon

a
e=1| o (1.113)

C

000000000000
£~ (1.114)

OO00O0O0O0O0O0O0O0000 0000000000000 O0O0O0O0 e0O0OOO
oboooOoboooooboboboobooboooooboonoo

e Dz00D0 L0000 <zl =¢T2=0
D00000000000000000000«2™=az+by+c=0000000

e 00O £1D£2|:||:| xO00000 <:>ZB:£1X£2

uoboobooobooooboooboooboooboobooooboooboobooboOooog
ooooooboooo

tle=0x=0 (1.115)
D0000000000000

018y x £y) =02 (£y x £5) =0 (1.116)
D0000 x=4;, x4, 0000

e 004020 1,2, 000 < £ =121 X x>
0000000000O0000O00

2l (2] x 25) =2l (21 x 22) =0 (1.117)
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gbooobOoboooobobooobooooooboooboooon

a
6= b (1.118)

Cc

a
L= b (1.119)

C/

gboooboboboogboobobooooboooobooboboboboboooboba
gboobooooboobobobgoboooooobobobobobooooooobobobobg
000000000000000000000 {2z} 00000000000O0O00OOOOOO
oon

b
b1 X by = (C’ — C) —a € {xoo} (1120)
0

oboooboobooboooooboboobooboooooDo
gboboooobobobbbiibl z 000000DO0ODOODOODODOODODbODbOD
gboooboobooooboboobooboon

Leo=1| 0 (1.121)

000000000 e = (0,0,07 000000
Lr. =0 (1.122)

0000000000000 2,000 £,00000000000000 (line at infinity) O 0
0000000000 @1 = (a1,b1,0)T,@oce = (a2,00,0)7 0000000

Tool X Too2 € {loo} (1.123)

00000000000000000000000000000000000000 £= (a,b,¢)”
ooooo

£x Ly €{xo} (1.124)

goooOoOoOoO00oOoOoOooooooOooe0ooooooooog
gboooooobooooboooooobOoobooobobol0oooooooobooooboooobooon
gbooooooooobobooooboooooboboooboobooobooboboobooboobooooboo
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011 00000000000000
gooooooo

200000000000000D0 1000000
2000000000000

ooood
oboo20000000100000¢0
gbooobobooboob 2000000000000

1.2.4 0OO0O0O0O P3

o0 3000b0000o0ooobooboboo20000000bO000O0O0OoO00obOO0boOoonn
oo03000ooboooogoon

(1.125)

N

0oooooos3ooooo (4,Y%,497 = (X,y,2)"000000000000000000
AXO0O00O0O0O0 (AE, A0 A 0"=(X,v,2)’0000000000000000000000
00000000000000

O0000000D00000000000000 (up to scale) 0000

X ~AX (1.126)

Ubdd~00=0000000000000000000O00O0O0O00O0O0O0O0O0O0O 30000
0000000000000000000030000000 (projective space)P3 0000
gbooobOoooboooooobooon

X

X = (1.127)

o N =

000000 (point at infinity) 0000000 (ideal point) 00 OO
20000000 PPOOOOODOOOOOODOOOODOOOOO 30000000 P3O
goooobbbbuoooouobobobbbooooood

aX +bY +¢Z+d=0 (1.128)

gboboobos3gobobobooboboooooboboobooboon

a

(=

Il = (1.129)

QU O
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00000000000000000
n'x =0 (1.130)

gbgbooobooboobooooboobobobobobooboboboboooobobonoda
o0 noooobooooooooooDn

I1 ~ AII (1.131)

ooog
goboboooboobooboobooboobooboa

e 0 XUOODOODNDDOOO < X=X =0

e 0 X, X, X;0000010000 <

X\

0
xT : 0|=0 (1.132)
0

T
XS

e 30000 I, 1L, I 000 10 XOOOO <=
HT
0

7 : 0|=o0 (1.133)
0

PP000000000O0O00O0O0O000OP}00000000000O0 (plane at infinity) O
goooog

(1.134)

QU O O O

gbobobobooboooboobooboobooon

1.2.5 0OO00O0O0ooooon

gbobooboooobooooboobooboobooboooboooboooboobooboOobooon
gboooooooobooobsboobooobo2b00b000000ob00oboobooooboon
obooooboooboooobooobooobobooooboooboooooooooboooobbooboOoooon
gboooooobooooooboboooboboooboooboboooobooo
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gobpOooobOoOooooan

Xo
Y,

Xo=| (1.135)
Zo

1

gboboooboboboobobobobooobobo200b0ob0oboboooobobo
goooog

ooboobooooooooboooboobooboooboooooooOoooOooboOooDn
gUO00O0D00O pDOOO0O0O0DOOLODOO0 XOOOODOODOOOOODOD

R T
X = ( 0 1 )XO :gXO (1136)

goboboooooboboboboooboboboboboobooboboboooobobo
good

X =P,X (1.137)

S O =%
S - O
= o O
o O O

O00oo0oDbO0o0O0300000000 2000000000000 3x40000000000O0
0000 pX0O200000000000000000000000O000O0C00O00O0O0O00O

x~P,X (1.138)

goboobobooboobooooboobooboobooooboooboobobooooboooOoboo
U=0000~0000000000000 =0000000000000000000000
oo xOOOOOOOOOoOoDoOoOoOoooo

Az =P, X (1.139)

bo00oooo0o00ooo000 p,00000000000000

f 000
Pp=(0 5 00 (1.140)
0010
f 00 100 0
=0 f o0 010 0 (1.141)
0 0 1 0010
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000
f 00
K= 0 f 0 (1.142)
00 1
1000
Pob=|0 10 0 (1.143)
0010
0oooo
P,=KP, (1.144)

0000000000R OOD0OOUDOO (standard projection matrix) 0000000000
O0000000000000000000 =X 000000000000000000

goooooooooooobooooooooooooobooooooooooao
gooooooooooonooooo
e JIJIDOI0ODUOID XoUOUU gOhOUDbUOUobUOObUOUDbUODOO
Xo — gXo

e DD OOOOODDODODODO

9Xo — PogXo

o DD DOUUOUOUOOUDDDOUOUUUOUDDDODDOO
PogXo — Ky PygXo

O00g¢0000000O0O0O0OO0O0O0O0DOOOOOOOO0OOOOOO0OOOOOOOOO0O0
o0o00000o0oo0O0O000000000000000000000000O0O00O0000O0
0000000000000 0000 ¢g0O00O00000O0OD0O0OO000O00O0000000O0
Oo0oooooooooO0 g000O0O00000oo0O0 ROOO TOOOOODOODOOOODODOO
(extrinsic camera paraemters) 0 0 00O

O00ooO0o0oO0oo0oOo0oo0oOo0ooo0oo0ooooooooooooooooo
0000 (intrinsic camera parameters) 1 D000 000000000000000O0O00OO0OO
o00ooo0oO0o0o0o0oo00o0oo0o0oO0o0oOo0bO0oOoO0b0O00000000000000
oo00ooO000oo0o0o00o000ooOo0oO0oooO0ooon

1.2.6 0U00OO0OOO4OOOO

gboboobooooboobooooooboooboooboooobooboobooon
gboboooboobooooooooboooboooooooobooobooobooboOoooOoon
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000000000000 0000000O000O00O00000000bO000DO0o0ooOoDbOOoDad
O02000000000000000000

00d0OooooDoooooooob0dbOooooDooDoooooooooboboooooaon
200000000000000 200000000 111(2)000000000O0OO0OOOOO
0o0lo000DO0DOo0O0U0OoO0oO0DOo0OoU0oU0DoOoDO0DOoU0oooooDOooooooog
0000000000000 000 0000000000 o0oUoO0U (pixe)DOOOOOOO
g0o000o0oO0DO0o20000000000DO00O00DOO0OO0O0OO0OOODOODOn fOO0O
ooooooood

0000000000000 200000 (r,y) 0000000000 3000000g0 Py
OK,00000000000000000 20000000000 3000000000000
0000300000 emO000000000 (2,0 em00000000 mmO000000
OmmO000O0

0000000000000 00DO000DO000O0O00DODbOOoO0oDDOOoOoOoDOoOooOoon
(z.,y,) ' 0000000000000 OOOOOOOOOOOOO

()= 2 )() )

000 82,5, 00000 2,y 00000 (scale factor) 00 0000000000000 (pixels
perunit) 00 0000000002000000 1lemO0 5000000000 s,=50000
z0 10em 000 zg =50pixel DO OO

00D00000000000000000 («,y)'000000000000 (0,,0,)T 00
ocoooooooooo

x' Tg O:c
(y,>_<ys>+<0y> (117

0000000000 pixel00000000000000000000 640x480000000
00000000 00000000 (0., 0,)T =(320,240)7 0000
000000000000000000000000000

DRCHIONG

oobO0o0oob 2000000000000 0000ooboooooooooobo0ooob0ooDn
oood

x’ sz 0 Oy T
v =1 0 s, Oy y (1.149)
1 0 O 1 1

000000000000 0000000000000000000000000000 1.11(b)
000002004/ 000000000000000000O00O00DO0O0O0O0O0D 000
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O’ T o’ by
o0, o
yv 04’6_38 y’ O g
o P
Yy
Ys <

0 111: 000000o0oooo

gboooooboooboobooboooobooboooonod

xl Sz Se O:E z
vy |=1 0 s, O, y (1.150)
1 0 0 1 1

O00U0U000oO0O0oooooOg (skew factor) s, 0000000000000 O0OOOOSsy O
cot@:ﬁDDDDDDDDDD s, 0sind00000000C0O0O0OOO0O0OOOOOOOO
Oo0O0O0O0O0000O0OO00O0e=9000000000000000 sp=0000000000
gbobooobOoooboooooooobOoooobooobooboooooobooobooboboOoooon
gbgbooobobobobooooobobobobobooooooooboboboba
gbooobobobobooooboboboboooboboboboooooboboboong
gbo3booobooooboooboboooboooboooboooooobooooooooobooooo

000000000000000000000000
K,=| 0 s, 0, (1.151)

0000 KODOOOOOOOO (camera intrinsic matrix) O O 0 O 5, 5y, 04,0y, 50 00000 f
gooooboboboooooooo

goobo0oobooboo0oboobo0obo0ooDbooobooooboDboUooDbOo0oobOoon
goooooboooooobbooooooobooo :B':(a:’,y’)TDDDDDDD[I[I[IDD
ogoooooon

goboobooobooo

Xo
x! se Sg Oy f 00 10 00
R T Yy
Moy =] 0o s, 0, 0 f 0 0100 (1.153)
0 1 Zo
1 0O 0 1 0 0 1 00 1 0
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gobooooooooboboobooboobo 20b00b00ob00obo0oooOoobooOoobo1Iboonog
oooooooboo20000000O0OOO000000oooooOOooOOo0oooooooDO R T
goooboooooon

< i? Zﬁ ) ~(r 1) (1.154)

000000000000 00K, 0 K, 00000000 KOOooo

1 00
010
0 0 1

o O O

sz so Oy f 00 fsa [fso Oq
K=KK;=| 0 s, O, 0 fo0l=| 0 fs, O (1.155)
0 0 1 00 1 0o 0 1
00000000000000000000000000
M’ =K(RT)X, (1.156)
000
P=K(RT) (1.157)
00000000000000000000
Az' = PX, (1.158)

0000000 POOOODOO (projection matrix) 00 000000000000 OOOOOO
0 X,0UOODDODOOO0O0O0O00OO0 & 0000000000000000000
ubobooboooobooboooboobooooobooboooaon

z ~ PX, (1.159)

gboobobooooobo3dgbobobobooooboboobobonooooooobobo
gooooood

1.2.7 000000

oboooOoboooboobobooobooboooooboooo

1.3 0OO0O0Ogd

oobOooboooboooooooooboooobo3sboooooooboooobobooooOonooon
goboooooooooobooooobboobooboooosoboboobbooboobooooo
0000000000000 000000O000000000000000000 (calibrarion)d
gooo
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PX,

R

>

U li12:. 000g0ooboobobbooboon

gbobooooooooooboobooboooooobooobooooboooooboooon
4000000000000 0D0000000 lmmO00 IemO00 7.33456mm 0O O0O0O0O0
obooooobooooobooooooon

gooooooboooboooboooboobooobbooboobooobboobooboOo3ooo
goboobobooobooboobobooooooobooobooobooboobooboboooooo
gboboooboooboooboboobooboooboooooboooboooooooooboooooon
gbobooooobooobooooboooooboooobooobooboooobooboboobboooobooo
oooooobooooooboooboobooobooobboobooooooobbboobboooobooo
gbobooooboobobooooooboobooboooobooooboooboooboobooooon
gbobOoooocooooboobobooooboooooooooooooboobobonooonoo
ooo

oooboooboobooob0 Kobooboooo Rrobobobobooboooooooon
000030000 X, 00O0OODOOO0OOOO0OO 20000

1.3.1 000o0Ouoodoobbodoodn

obobobobobobobooboboboboob30obobOobo X oo POO
020000000 2 00000000000000000O00O00O0O

z' ~ PX, (1.160)

ooooooo0ooooooOoooooboPXy0DO0O0O0O0OODODOOOODO 2000000
0020000
00000000000000000 1.120000000X,0000000 20000000
00000000000000000 X, 0000000000000 0000000000
020000000000 XoOUOOOUOOOOOUOO0O0OOouooooouoooo PXoOOO
goooooobooooooboooooboooooobooboooobooooooo
0000« 0 PX,000000000000000O00O000000O0O00O0O0OOO 00O
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gboooboboooobooog

00000000 POOOODODOOO P,R,P3ceRO000O000000O00000ODODOO
ooo

y | x Py Xo|=1| 0 (1.162)

1 ’

obooopPXo0OOOOOOODODOOODOOO

Pl | X,
PX, = P | X, e R? (1.163)
Pl | X,

oboboooOoboooobobooobooboooooboobooooboon

y P X, — PfX, yXip - X[P
' xPXo=| PIXo-a2'PfX, |=| XTP -2'XfTP; |eR? (1.164)
' Py Xo—y'PLX, o XEp -y Xtp

obooobOo3gbooooooboo

Y XIP - XIP, =0 (1.165)
X P -2’ X Ps=0 (1.166)
X P~y XtP =0 (1.167)

1.3.2 0J0O0000O0goobooboodd

goboobooboobobooboobooobooobooooobooobooOooboooonbn
O000 KOoOooooooo RTrooo0obobo0oOooboo0oobbo0ooooogno pPOODO
gboooooo3gobooboobopA,R,PRO00000000000D00O0C00O0O0O0DO0O0O0O
oooopPOODODOOOOODOOO
oooo0o3000D0o00p, P00 000000DOO00O00O0DODDOO

0P, —X§ P, +yX[P; =0
xr'p 40 P, —2XIPs =0 (1.168)
—yXtpP +oXIP, 40 Py =0
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gbooooobooobooboboooooboooooboao

Py
o -xi yxi | —
X7 of  —a'x{t Pl l=10 (1.169)
—y Xt X7 o” L
P
ooo
o' -X; YXp
A, = xF of —wX] | eR¥*? (1.170)
—y'XOT x’Xg o”
Py
p=| P, | eR? (1.171)
P

000000000000000000000000000000000
Agp=0 (1.172)

000000000000000 A, 0000000000001 000 2000002000
vy 0000000000000 00000030000000000000A4,03000000
OooOOoOoOooD A,0D020000000000000000000000000O

OT XT _ /XT
A= . 00 TV ) g2 (1.173)
X; 00 —'Xj

[0 0 0 0 Xo Yo Zo 1 —yXo —yYo —yZy —¥ (1.174)
T\ Xo Yo Zo1 0 0 0 0 —-2'Xy —-2Yy —a'Zy —a '
0000000000000 000000000000
Ap=0 (1.175)

1.3.3 0000OO0oooobooboodao

gbobooooobOoboboobo 20000000 1200000000000000000A0
oboooobooobooooboooboooboboooobooobooooooooobooboooboboOoooon
gboooooobooooobobooogoo
000000000000 Ap=00000 30000 X, 000OUO0O0O0O0 000000
00000000000000 {Xe,2}0000000000000000O00O00OO0OOO0
obooooobooboooooobobn
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NOODOOO {Xe,z)} (i=1,2,...,N)000000000000000000000
Ap=0 (1.176)

gbobooboooobooooboooobooooboooobooooboooboobooog
gbobooobobooobooboooobooboooooboooooaon

Aq

A
*lp=o0 (1.177)

An
0000000000000 000 2NOOOODOOO0 120000N=60000000000
goooo0ooooooooboooooo
NOeOOOOOOOOODOUOOUOOOOUOOOOOoOooOUooOooooooooooooooo
0000000000000 O0000O000ONOODOODOOOOOOObO0O0bO000O0bO00O0D O

OO00o0o0000ooOOo00oDOoO0ooooOoO0ooo0oDbDO N=600D0O0O0O00DOOOODOO
oobO0oobooobooooooobooobooboooboobOooobooobooobooooooDn

Ay

Aa
B= ) (1.178)

An
00000BTBOODOODOODDOOOODO 12x12000000000000000000000
00000000000000000000 BTBOOO0OOO0OOOOOOOOOOOOOOOO

000 Bp=000 p0000O
0000000000 0000000000

b1

D2
p= ) (1.179)

P12
O00o0ooOo00oo00oo0ooboO0ooooooooobooobooobooo

pP1 P2 P3 P4
P=1 ps ps pr bps (1.180)
P9 Pio P11 P12

1.34 POOO

oooooooooo0o0o0oo0ooo0oo0OD KO RO TOOOOOOOOOOOOOOODO
ocoooooooooboooooboo POOOOODOODOOOO
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P=K(RT) (1.181)

oooooboboooooobobooboobobo pPODOOO0OODOOOOODODOO K,RTOOOOO
goboobooboobooboobuooboob 120000000000 DbO6Xx2000
3x4000 1x120000000000000D00000DO0OO

obobobobobopPOO0O0OO0OOOOOOOOOOOOOOOODOODOOOODOODOODn P
ooboooob K,R,7TO00DO0O0DOOOODOODOOOOOPOODOODOKOOOOO
gbooboobooooboboooogoo

P=K(RT)=(KR KT) (1.182)

oboobo0oi04x300000003x300KO ROOODODOODOOOOODOOOOODOOO
goooooog

p1 P2 P3
KR = ps  De D7 =M (1.183)
P9 Pio P11

ooooooooo0o POO0OD3x30000D0O MOODOODODODOKO RODDOOODO
gboooboooooooboo

00000000 KO ROOOOOOOODOOOOOROOOODODOOOOOODOOOOODOO
00000 KOOOOOODOO0ODODOOOoOoOoOo300000000000000 (upper triangular
matrix) 000000000 KOOOOOOO 10000000000000000000000
OprPOOO0O0O3Ix300MOOODOODOOODODODOO

0000 AOD0O0DOO0O ROODUOUOOD QUO A=QRO0O0ODDO0OOOOOO QROO (QR
decomposition, QR factorization) 0 00 0000000000000 00O0O0OOOOOOOOO
000 ROOOODOOOODOOOODOOOODODOOOODODOOOO

QrRO0ODOOOO0OO0O MODOOOOOOODDOODOOOOQRODOOODOO MODODDO
oM,O00000M,00MM,O0000000000000D00000D00OO0O0O00DOO
gooooooooboobooooboobbooboboooboooDobooooD MOoODOO
goooooooboo

OO0000O000 MOOODODOOOOQROODOOOOODOOOOO

M~ = M,M, (1.184)
00000000000000000000000
M= (M,M,)™ " =M, M * (1.185)

oboooobooooooboooboooobooooobooooooobboooobooobobooooOon
oono
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oooooooooooobooOobO0o0ooooobD 100000000 KOoOoooooooooo
M 0000000000000

Mayil  Myi2  Myi3
Mt = 0 Mya Myis (1.186)

0 0 Mayi6

Odoo0100000000000o000d meOOOOOO
O0000O0OMOOODOOOOOOOO0OO

1

Mauyi6

R=M"! (1.188)

K = Mt (1.187)

00000000 KR=MOOOOOOODODOOODODOOOODODOODODOOmysKR=M
oooooooooooooboobooooooOooobooooooooobOoboOooooOoooo pPOODO
gboboobOooooooboboooobooooobooooobooboooog

oboooooocrooooooo0o  pOO0OO0COO0OOOOOOOO3x300 MOOOOOO
oooobD1000KTODOODOO

yz
KT =] ps (1.189)

P12

00000 KOOOOOOO0OO0OO0O0O0OO0DOOOO0O0O0O00o0o0oo0o0o000 K-'oooooooao
ooooog

1.3.5 0O0O0ooooodn

1.4 30000

jOdbobo0ooooooboobooooooobOOoboboooboooobOobobooobooonoo
j0oooboobooboooboobooboobooobooooboobooboooboobooboOoDo
gooooobooooboboosboobobooooboobooog

00000000000000000 £ 0000000000000 30000 X,0000
oobooobO0oobooboooooooooooobooobooooooboooboooboobooooo
goooooo

O00dpO30000 XeUOOODOOOOOOOOOODOO 1000000000 0000
)0 00000000000000 20000000000000 «,000000000000
oboboooocoo1102000000000000000000DbOO0O00O00 11020000
goooooooooobooooobooobooooboo

Udl1dpbobO0bO0oboboobooooboooboboooooo3sboobooooooobn
gbocooobooboooooboobooooboobOoobooooooboboooooboOooboon pyd
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30000 X,0O0OUO0OOOoo 100o00oooooooouo £, 00000000 20000
000000000 2, 000000000000000
oobooboboooooo3ooobooobbooooosobbooooooooooooon
o0 1oboo0o200b00oboooooooooooooboooooboooooooooooo
gbobooobooob3gbbooooooboooboobooobooooooooboboOooooon
gbooooboooooobooooobosoboboooooboobooogoonon

1.4.1 20000

000 10000200030000p0000000 1.13(x)00000000000O0O0O0
0liooooooooooo c,oooo 200000000000 Cc,00000000C,,Cy
gboboooboobooooooboooobobo 200000000000 0000000DOb00O0
obooobooboooooboobooooboboo A, R,O00O0D00DO0O0OODOOOODOO

0000020000 (two-view geometory) 0002000000000 3000000000
ooooooooooooo

co0o0ooooooOoooooooooOoOoOoooooOoOon P,RO00C030000p0000C
0000000000000 U00 4,2, 00000000000 p0 30000 X,OO0OOO
0002000000000 (structure recovery) D000 300000000 (three-dimensional
(shape) reconstruction) 0 O OO

000003000000000000000000000 (triangulation) 000000000
002000000000000000000 1.130b)0D00O0O0O0O0O0O0OOO0OO XeCiC00
oooodooobo2ooodoooobooooggooooooooooooooooooon
ooooooooooooooobool1g2000000000000000000000000
oooooooooooooobOoooOooooooooOooOoOoOOobCO 20000000000
000000000000 «4,2,000000000000000000000OOODOOOOO
0000000000000 0 «4,2,0300000000000000000000000O0
O00«/0 2, 00000000000000000000000O0O0DO0DO0OO30000 X,0O
ooo

ooooooboooooooooobooooooboobooo3oooooboooobobOo 1o
ooooooooooooobooogn

gbgbooobobobobooboboboboboboooooobobooobobobobona
gobgoobooobooobooboobooobobbooboobooobg



14. 30000

0 113: 200000

57



58 10 0o0Oooboo0O300b4ad

00000000 AOO0ODOOOO0OO Py,Pe,P3eRi00000

x} IIEII 0
v | x Xol=] 0 (1.194)
1 "

oboooooboooobo3oboooooboon

~

Y PLEXo— PLXy=0 (1.195)
PLXo—2/P5EXo=0 (1.196)
i PLX o — yi PL X0 =0 (1.197)

obooooobooboboo 2000000000000 0O00DO0bOO0DOOO0ODODOmMObOODO 2
goboboobooboobooboobobb 20000000

i PLEXo - PLXy=0 (1.198)
Y PLXo— PLXy=0 (1.199)

gbooooobooobooboboooobooooonog
oboooooboobooooobobooobooboobo 2000000000000

0000000000000 20000000000
thPEX g — P Xo=0 (1.201)
Yy Pl X o — PLXo=0 (1.202)

00000000 ,,OO0O0OOOOO0 Py, Py, PsceRODOO
oboooo4000000000000

i PEXo—PLXy=0 (1.203)
Yy PEXo — PLXo=0 (1.204)
thPEX o — P Xo=0 (1.205)
Yy P X o — PHXo=0 (1.206)
0Ooooo0ooo00oooo
) Ply — Py
/PT _ PT
ORI [ S (1.207)

! pT T
xoPyg — Py,

Yo Py — Py
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gboboobooooooboooooo

! pT T
zy Pis — Ppy

yi Ply — Py

B= (1.208)
zy Py — P
Y5 Pas — Py
00000000000000000
BX,=0 (1.209)

oooooooboooooo 3gobooooobo0o4000000000D0O0O0DODOODOOOD
oboobobooobooooboooboobO0oboobooboooobonoo3x3uonoonooo
BTBOO0O0O0O0ONDDODODOOOONOONONDODODDODO BXo=0000000O0O0O0O30
ooooooooooooo

00000000000 10 p00000000000 24,2,00000000000000
oboobooosoobobobooboboboobobooobooblooboobooooobooonoo
oood

ooobooooboooboooboooboboooobooooobbooboooooDoooDOoOoDbo
goboobboooboooooooooooboooobooboobooboooooooooboobooag
oboobooboooboooobobooo3booboobooooobooboobooooOo30onoog
goboooboboooooooboobboboooboooboobooooboooobboobobooDboo
goboobobobooobooobooobooboobooboooooooooooooboOoobooobog
goobooboooboboooooobooboobooboobooooobooobooboooboog
obooobOoboooobobooobooboooooboobooboobobooonog

goboogooooobooobooooosoboooobooobooobooooobooooDooDo
goooooo

142 00000OO0OO0DOOOOOOO

obobobO300o0o0oo0ooooobooboboboobobooooooboooooooon
gooooooboooboobooboooboboooooboboobooooboooboboobooob2000
0000000000 R, 71, R, 00000000 KOOOOOOOOOO (fully calibrated)
gooobooooon

oobooooobooobooobbooboooboooboooosboobooooooooobooonn
goboooboboooooboooobooobooooboooboobbooboooooobooboooDboo
ubobobooooobooboooboboboboobooboobobobooboooobobOong
gbooobOoboooobsboboooobobooboobooboonoa

oobooobobOoobooobooboOooooooboooooooboooboooooooonn
gobooobboooobooooobooboooobooobooboooooooboobobooooobooo
gobooooobooobooboobooboooobooobooboobooboooobooooboo
gobooboobooobooooooobooooboobooooobooooooboOoobooobooo
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gbobooobooobooooboooooooooooooooboooooooobooboooooon
gooooao

00000000000000000 (calibrated camera) 000 3000000000000
0000000 KOOODOOoooobhoooooo RTODOO0ODDO0ODDO0ODDOOODDbOOODOO
00 KOOOOOOOODOOODOO (uncalibrated camera) 0000000 (weakly calibrated
camera) 0000000000000 OOOOO0OOOOOOO

goobobooobouooboobuoobuoob 20b00bo0oboobUooboooDbooobo
200000bbbo0oooob bbb bbooUoUb b

gbooooboooobobooooboooobooboooono

33/1 ~ K1 (Rl Tl)X() (1212)

obooooobobo0 Ky, K;OOOobOooooooooooooboooooooo

@y ~(Ry T1) X (1.214)
o N(RQ T2)X0 (1215)

0000,z 0000000

x, = K 'a) (1.216)
xo = Ky ') (1.217)

0000000 K., K,OOODODODUOOOOOO0 «f,2, 0000000000000 0OO0OO0ODO
ubod =,z 00000000000000O000OC0O0DO00O0C0OOODOOOCOODOO
obooobooobbD 1140000003000 p000 XeOOODOODOO2000000
gbooooobd z,z000000000000000000000O000O0000O000O0ODOOO
OOo0O00000000Xy00 yO0OOOODOODOODODODO 1000 C;0000X,00 a2
ooooobooooobooo 2000 c;000000O030000D0O0O0O300000ODO0 3
gbobooooboosbboobooobooboobobooooboo3booboooooboooobooobooooo
O0000000000000000 (epipolar constraint) 0 0000000000000
goooooooOoOoOoOOOOOOO0OpOd 20000000 ¢y, C,O000 30000000
000000000000 (epipolar plane) 100000 3000000000C, 0 C, 0000
0000 (baseline) 0000000000000 0O0D0OO0OODOOOOOOOOO (epipole) 0O
0000000000000000000000000000000000 (epipolar line) 00O
000 11400000 1020000000 e1,ec 000000000 £1,£,00000000
o0o0oooo0o000bbD «; 000000 e 0000000DO0 ;000000 0O0O0ODODO
gobobooo3boobobboboobooboobooboobobbooboon
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0 114: 00000000

oooooooooosbob0o0 XoOOooooooOooooooooboooooooboooo
r,,z. 000000000000 O0O0OO0O0DOCOOCOCOOOOO0OO0O0OO00O000O000DAO0
gooobooboooobobooooooboooooboboooobobobooooboooo

O00p, 030000 XoOODD 12000000000000000 z1; z2; 000000
O0000000000DD0O00000D £4,6; 000000000000 e;,eo 0000 1,2
goboooboooobobooobooooobooboooboooobooobooobobo0oobooDboo
gooobooboooboobouoooobooboooobooooboboboooDooooo

xl £, =0 (1.218)
Tl =0 (1.219)

obooooo20b0000000000

xd o =0 (1.220)
elty =0 (1.221)

obooooboo0o0oobOoboooobOobooooobooono
coooooooooboooobooo pciC,0000000DO0OOOODOODODO 300D0O0O
gboooboobooboobobbooboobooboobooboboo

Clcz . (0102 X @) =0 (1222)

0000000000000000 C,C, 00 Cop0000000 2000000000000
00000000000000000D0D0D0OO00000000000000000 ¢,C,000
gboooboeoobooooboooooboboooobooboobooooboooobonoonog
oooooobooog

ooooooooboooooooog pbbODbO0 100000000 3D0000 X40000
200000000 300000 X, ODOOOODOOOOoooDOoODbOObOOoOooooDoODbOoOo
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good
Ty NPQXl (1223)
Lo ~ PQX2 (1224)

gboooobooooboobooogd

X1
T1 1 0 0 O v X1
v |~ 0o 100 ; - n (1.225)
1 0010 ; 7

Xo
o 100 0 v X
w2 [~ 0 100 ; - | v (1.226)
1 0010 2 Zs

1

000 X;=(X1,1,21)1, X =(X,,Y,,2,)' 00000000000000000000O0
000000000000000
x ~ X (1.227)

gbooooboobooooooboobo

)\1111 ~ X1 (1.229)
)\2:132 ~ X2 (1230)

OO0 x, 000000 Z1,Z2,0000000000000000000000O00O0O

)\1{B1 = X1 (1.231)
)\QCL‘Q = XQ (1232)

0000000000 3000000000000000 X, =(X,,Y1,Z2)T0020000
0000000000000 000000000000000000000000000000
00000000000 00000000000000000000 (X,Y1,2)7 000000
(+,4)70000000000000000000000®,; = (z1,41,1)70000 ($+, 4,17
0000000000 A\ =2 00000 = (Zix1,Z1iy1,Z1)" = (X1,Y1,2)T 0000

O000000000000000000000 1000000000 2000000000

RTOOODODDDOOO0OX,X,000000000000000000
X, =RX,+T (1.233)

o0o03000o0o0o00ooooooobo0oooDobOo0ooooooooOMz, =X10000
oboooooooboooon

)\21132 = R)\lml + T (1234)
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oooooooooooooOoT0o0o0obOo 200000000000 10000000O00OO
cioooooooooooooooooboooobo0oOooooboobc, o0 G ooooo
0000000000000 000O00D00O0000000D0X, =Xz 00002000 p
gobooobooooooooboooboobooooboooobooobbooooboooobDooDboo
gbooobooboooooboooooan

T x Aoy (1.235)
00000000000 0000000000000000
[T]x A2 (1.236)
000000000000000000 2,00000000000000
x [T]x Aoy =0 (1.237)
000000000000 2 00000007 xT=0000000000000000

Aoy = R\xy + T (1.238)
T x Aoy =T x (R\jw1 + T) (1.239)
T x Aoy =T X RA\xy (1.240)
[T)x Aoy = [T]x R\ (1.241)

2l [T oy = 2T [T] RNy =0 ( )

0000000000000
xd [T]x R\xy =0 (1.243)

ocooooooobo 0000000 O000OODO0O0ODOODOO0ODOOO

X [T)x Rz, =0 (1.244)
ooo
E=[T|«R (1.245)

gooobobbobboooooobobbboooooo
T _
zy Exy =0 (1.246)

0000 FOOOODO (Essential matrix) 0000000000000 0OO0O0OOOOOOOO
oood
FOO ROTOUOODOODOOODOOOODOOOODOODOODOOOODOODOOO

xl Bz =0 (1.247)
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0000000000000000000000000000 E0O0O0OO0O00O0O0O00000
000000000000 ROTO0O00000000O0O0
0000000000000000000000000000000000200000000
0000000000
x, = K 'z} (1.248)
xy = K, 'a)y (1.249)

goboboobooboobooboobobooboobooon

(Ky tab)TE(K ') =0 (1.250)
2 (KyTEK D2, =0 (1.251)
000
F=K,"EK! (1.252)
00000000000000000
xh Fxl =0 (1.253)

0000 FOOOOO (Fundamental matrix) 00 0000000000000 00O0OOOO0O
ooooooog
gboboooobooobooboboboobooboboobooboboboboooboooboOobo
0z, 00000000 FOOOODO RODOTOOOOODOOOODOOOOOOOODO
0«,2, 00000000 FOOOOO ROODODTOOOODOOOOOOOOO Ky,K,OOODO
gooooobooobooooooboobbooooooooobbooooDoooboobboooobooo
gbobooobooboboooooooboooboobooobbooboooooboobooboboooooon
oboooooobobooooooooboooooobOob pOOOCOOODOODOOOO
gbooobooboooobobooobooboooobooboooobobooooDoobooon

143 EFO0O0O0O0O
000000000000 D000D0000000D0000000000000000
xl Bx1; =0, i=1,2,...,N (1.254)

000 NOOOOOO {@y;,2,,})000000000000000 N>8000000 EOOO
0900000000000 000000 000000000000 000000D00no0onon
000000 1000008000000000000000800000000000000 E
0O0oO00O0O00Oo0o0

00000 E000ODOOOOOOOOO

€11 €12 €13
E= €21 €22 €23 (1~255)

€31 €32 €33
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obooobOoboooobooooo

L4
T = | Y (1.256)
1
T2
T2; = Y2i (1-257)
1

goooooooooooooooboooooooooooono
ToiT1i€11 + T2 Y1i€12 + T2i€13 + Y2, T1:€21 + Y2iY1i€22 + Y2i€23 + T1:€31 + Y1,€32 +e33 = 0 (1.258)
goooooooooooo

A= (-r2ix1i7x2iy1ia$2ivy2i$1i792iy1i7y2i7x1i7yliv 1) (1-259)

E = (e11, €12, €13, €21, €22, €3, €31, €32, €33) (1.260)
obooooOoboboooboobooooobobooooobobooooOobooon
AE=0 (1.261)

gboooboobooboobobbooboobooboobooobobboboon

AE =0 (1.262)
AE =0 (1.263)
(1.264)
ANE =0 (1.265)
ooad
Ay
A
B=| (1.266)
An

00000000000000000000000000000
BE =0 (1.267)

oboooboooooobobOboOobOOoboOoOobOOoboOoobOOoboobooboo9gx9bO0onon
00 B"BOD00O0O0O0DOONDOOOOODODODOONONOOD BE=00000O0O0OO0O0O E*
000000000000 8000000000 DOO00DOO0D8UIOOOODOO (the eight-point
algorithm) 00 OO OO
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000000000000000 FOOOODOO0ODO0OO0OO0O0OOD EPO0O00OOOOOO0
3x30Ooooooooooooo pOobOOO0bOO0O0bOO0bOO0oOo0oobo0oobOooboooon
0000000000 (rank)0 2000000000

rank(E) = 2 (1.268)

0000000000 (singular value decomposition, SVD) 0O OO O0O0O0O0O0OO0O00O0OO E
ocoooooooooooovUo,vOOODOD ¥X0000

E=UxvT (1.269)
0000000000000 000000000 x000000000000

o1
Y= oo (1.270)

03

000 o01,02,03 000 EO0OODQO (singular value) D000
000000000000 ¥Y¥O0Ooooohoooooobooooooooooooo

Y= o (1.271)

gbooooboooooobooooboboboooobooobbobDoDbOobOO

000000 PPO0000000O0O0 3x300000000 PFO0O0O0O0OOOOOOOOD
0000000000000 0000000000000U0oOo0oooug (Frobenious norm)
0000 FF000000000 E0D0000O0000000000 [5]0

g1to2

E=U a1toe vT (1.272)

OODO0FE 0000000
01
Ef=U o9 vT (1.273)
g3
0000000000000000000 E00OOOOOOOO
0000000 ROODDTOOOOO0OO0OO0ODOO0OO0O0OO0OO0OEODO RTOOOOOOOODO

goboboobooooooooboooobooobbooboR,TOO0DOODOOOODO PPODOOO
00000000o0ooooooo 5o

R=URIVT (1.274)
[T]x = URXUT (1.275)
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OO0 R, 0D0D0000DOOOODOOOO

0 10 0 -1 0
R.=| -1 0 0 or 1 0 0 (1.276)
0 0 1 0 0 1

O00O0ORODOOUDO R, O0[T)x000O0OO R, O00DO0OOODDOOOOOOOOOOO200
OR,0200000000000004000000000000DO

0 1 0 0 1

R=U| -1 0 0o |V, Tlx=U| -1 0 o |xUT (1.277)
0 0 1 0 0 1
0 -1 0 0 10

R=U| 1 o |VE, [Tlx=U]| -1 0 o |SU" (1.278)
0 1 0 0 1
0 1 0 0 -1 0

R=U| -1 0 0 |V, Tlx=U|1 0 o |xUT (1.279)
0 0 1 0 0 1
0 -1 0 0 -1 0

R=U[1 0 0 |V", T«x=U| 1 0o |xu” (1.280)
0 0 1 0 1

ooo04000000000D000000 RyTO0O0DOOOOOD400000000DO
O00O[T|lxROOOUOOO E°0 —E*O0000OFO0O0O0OOOOO+00 —-000OODOOOO
gboooooooboboobooooobboom40b0ob0obO0oooooobooboboobonoO
gooooobooooboboooobooooo

o0o40000000000R,TOOODOOOO30O0O00O0OODODOOOOODODOD 4
ooooooo00 RTO00obO0O000DbOOO 30000000 ObO0OO0ODODOOOOD
oooobooooo

goboo3booboboobobobooooboooboboooooboooooboooDbDOooDbo
goboobobooooooboooobooobooboobooooobooooOoobooonboog
zOOOOooOooooOoooooooboooboooobooooboooboooboooboooboooDo
ob0300000 ZzOoOoooooooooboooooDo

OO0 RTOOOOOODOOOOOOO3ODOOODODOOO0O0O00000 Z0O0OOO0O0oooo
Oo0oo0o0D RTO0O0O0O0ODOODOODOO0OO0 ZO0OODOOOOOOODODOODODOOOOOODO
oooooooo

JOoo0on

ooboo0og RTOOOODOOOOOD 30DO0O0O0O0ODOO3OD00bOO0b0O0O0DOOODO
gob1l1g20000000000000O0O00O0CO00OO0O0OOOODOOOOOOODOOO0
gboboobOoboooboobooooboooooobooooboon
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o0o010200000000000 A,R,O00D00000D00000000000 XoO
gbooooooooboo

T N(R1 Tl)XO = P1X0 (1281)
o N(R2 TQ)XO = P2X0 (1282)

obooobobooobooogob1boooobobobo 2000000000 RTOOODOO
gobooboooboobod

X,=RX{+T (1.283)

U00R, R, 1, o000000000000000O0O00DOO0O0C00OO00¢0

oooboooboooobooob3sgoobbooobooooboobooooobboooobooobboooo
gbobooobooobo1b20b00000000000000000O00O0O0O0OODOOO0
gbobooobooooboobooooboooobooooooobooboooooobooobooaon
oboooobooobbobooobooobooobooOooobooooboooooboooooboo 1000000
goooobooobooobooooooobogbbooboooboooob1obooobooooobooo
gbooooobooooo

oooooooooooboooo 1opooo0o00 RpyoooooooobooOOoObOOooooo

Ri=1 (1.284)
T, =0 (1.285)

oboobooooob0obobooobo 200000000 R, xyOODOODODOOOD 10000
gobob200000000000000000

Ry, =R (1.286)
Ty=T (1.287)
oooo

gboooboobo1b20000000000000000000¢0

P =(I0) (1.288)
P, =(RT) (1.289)

gbooooobobo3sooboboobooboboboobooboooooboboobooonoo

144 300000000

gboboos3sboooobooboobooboooooboobooboosobobooobooobooon
goood
oboboooooooooobbooob 10200000000 K, K;OOOOO



15. 000000 69

0000000000000 1020000000 {«,,«,)000000000000000
000102000000 {zy,2;} 000000
s00000D0000000DO0O0O0OO EDOD400 RTOOODOOOO

400 RTOODO0OO0O0O0O0DOOO020000000000000030000 {X¢}0O
oDooo

000000 Z000O {Z,}00O000 RT7TO0000000000000000 30000
{X}0DOO0OO0D00O000000

1.5 OOogogdg

joooboooboobobooboooooboooboooooobooboboobooooobooboonoo
gbooobooboobooboboboobooboobooboobobobooboo
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