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O 2.1: Left)Uncalibrated Image,Right) Calibrated Image
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O 2.2: Accuracy of Camera Parameters against Number of Corresponding Points
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O 2.3: Pin-hole camera model parameters

o W oy K,

_ — 2 4t 2.3
t dx —I_ 2 Y .] dy —I_ 2 ( )

0000W,0H,0000000000000000000000 (21)00 (2.2)
000 p,00p, 00000 p, = f(p,)00000(23)000000 p, = g(p,)
ooooooooO

0000000000000 000000000000000000000000
000000000 X,Y,Z00000000 r,,r,r.000000000000
O00000000000000 ROODODOOOOOOOO

R = Rz(TZ)RX(Tx)Ry(Ty) (2.4)

O0O0ORy,Ry,R;0 X,Y,Z0000000O0000020Ry,Ry,R,0000

‘Do0o0O0OoO0OO0OoOoOon

1 0 0 0 cosf 0 sinfd 0 cosf —sinf 0 0

0 cosf@ —sinf 0O 0 1 0 0 sin ¢ cosf 0 0
Rx(6) = . Ry (6) = . Rz(0) =

0 sinf cosf 0 —singd 0 cos@ 0O 0 0 1 0

0 0 0 1 0 0 0 1 0 0 0o 1



— 020 0 000000— 20

uodr,r,,r.ddbdbgbgubgbogbugbobgbobobobaod
gboboubogobooboooogbo it 0bugbogboboaoboogbod

10

0 1

0 0

0 0
RTOOOODOOODOODOOOLD p, 0b0bODbOOODOOODO p.O0O
oo MOOOOOODOOODOO

(2.5)

- o O
|
o~
@

<o
—

0000 (2.1)000 (26)00000000000O000O0p,, 00000000
gboboodp, 00000000O0DOO0

2.1.3 O0OOoobbooon

gbobogbobogbodogbbooogboouogbbobboobboogooon
gogdodboooobooooooobbobobbbbobobbbbn
O0000000000000000000 (rectification) 0000 [30) 00000
goo

200000 ¢, ¢, 000000bO0b0boboobDOoDbOo 0,0,00000
ood R, R, 0000

a::|%|, b=0,-0, (2.7)

z = ;1:::7;;, z1 = Ri'zo, 2= R;'z0 (2.8)
z:éiiz;, a=x-z (2.9)

y = ; i z| (2.10)

0000b0000000000000000000z20=(0,0,1,1)7000000
O0O0000 z,20 2000000000000 7200000000000



— 020 0 000000— 21

O000000000 e,y,z000000000D00O0DO00ODO0 CrRODO0OODO Rr
gbooogoooobod

T1 Ty T3

Y Y2 Y3

Rp (2.11)

21 22 %3

0 0 0

o o O

DDDDa::(:1;1,:1;2,:1;3,1)T,y:(yl,yg,yg,l)T,z:(21,22,23,1)TDDDD
RpO0O00O0O0O0O0C, 000000 p, 0000000000 C,O00 p,, O
00000000 ¢,00 Crp, 0O0D0D0O0ODOOODOODOODO

Pir, = 9(PLRRET P79 (i) (2.12)
Piy, = 9((PRRE Py g™ (py,) (2.13)

O0000Og(p,)=p,00 (23)00000000000000000000O00OO0O
0200000 Cry,Cre00D0O0OO0ODOO0OOOyO0000ODOODOODODO

214 0O00O0OOOOOOO

gbodgbuodggbogbogobobboobbobboogbooboooon
000.24000 (140200000 ¢4,C, 000 p000000000O00OdOO
gooogooboo
B-F

d=——— (2.14)

oboobopO00O000OD0OOO0DbOFFODOODOODOODOOD
gbobgbobogbogobuooboooboobboobooobooaoon
OO000 AJdOD0OD0ODO0O0ODO0 AZO0OOOOOOODOO

BF BF _ B Ad

d d+ Ad d? + dAd
AdDD00000000000000o0ooo0o0oooooooooo
0000000000000 0000000000 AZOOOJOOOOOOO

d0000000o0bO0ob0obOoboboboooboobUobobo

AZ =

(2.15)



— 020 0 000000—

22

Depth Z

Image Plane /

Focal Length F /

< g
*< >

Baseline Length B

Camera C2 Camera C1

0 2.4: Stereo camera pair
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N(x+1y,d) =

Q(x+W.y,d) =

Qxy. = |

Q(x,y+1,d) =

P(x,y+W,d) =

P(x.y,d) =

Q(le+1ld) = Q(X’y’d)+P(X’y+W1d)_P(X1y1d)

O 2.5: Recursive correlation calculation
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Q(:L’,y,d) = Z]Mgl P(l‘,y —I'.]v d) (221)
ooooo
N(z +1,y,d) = N(z,y.d) + Q(z + W.y,d) — Q(z,y,d) (2.22)

0000000000 (0250000 Qv,y,d)J000000O0OOOOOO

233 U0O0OO0OLOUobOoobboobobood

0(R218)00000000000000000D0O0DOoooOoOoOO

O(x,y) = ming{ N (z,y,d)}

. . . . (2.23)
N(z,y,d) =1z +1,y+J) — Lz +d+1i,y+ )|

O000WxWOoOOOO0OooooooooooO0ON(x,y,d) 0000000
gboboogoobboboooobbobooobbbooooooon
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—y (O<y<N) ——
— Y (0<y<N) — - xé?gzi\g)_
— X (0<x<N) —
K d(l(zggf\)/&; P(X,y,d) (O<y<N)
05w Y (08y<N|zl _-yx (Ozx<N)j
— <X< —
X(g(oi(d<[))) — d(0<d<D) -

NuyJ Q(x,y,d) P(xy.d)

0< <N P Q(X’y’d)
_y>£ (OZX<|21) — N(X’y’d)
d(0<d<D)

[N(xy.d)|

(@) (b) (c)

O 2.6: Optimizing implementation with (a) normal correlation, (b) simple recursive
correlation, (¢) cache optimized recursive correlation. (Algorithms (b,c) don’t work

when x=0 or y=0)

P(z,y,d) = |L(z,y) — [x(z + d,y)|
Q(z,0,d) =32, P(,j,d)

Q(z,y+1,d) =Q(x,y,d) + P(z,y + W,d) — P(x,y,d) (2.24)
N(0,y,d) =3 Qi,y,d)

N(z +1,y,d)=N(z,y.d) + Q(z + W.y,d) — Q(z,y,d)

234 OOQUO0bUoobOoboboooboobgo

0.2.60 (2) 0 (223)00000000000000 (b)000OO0OO0O0O0O0O00O
000000000000000000000000000000000000
0000000000000 x,y,d030000000000000000000
000000000000000000000000000000 CPUOOOO
0000000000000000000000000000000000000
50

0000000000000000000000000000000 P,Q 00

000000000000D00D000000000 10000000000000000000
ooo1o0goz200000000
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00000 NOOODOOOOOOOOOO (0.26(c)00000000oooon
OO0o00oooo P NO NxNxDUOOOOOOODOOOOODOODOOO
OO00000D0000 PONXWxDOQU Nx2xDONDO NxDOOODOODO
gooogoooo
gobobooogobbboobobbbogoobobooboon

N=128)W=16,D=3200 0000000000000 8hit OO DOODOP O 8bit,
Q,NO l6bit DO DOOD00O000O26MBOO0O0O0OO0O0OOODOOO BKBODO
O0000000000PentiumMMX, PentiomI I D000 0000000000O%O

2.3.5 MMXOOOOOOooooooooo

OOoo00o0O coboboboobooob0oobooboobooboooooooboboo
OoOoboboobobobobobboob0obobDuo0obUobOobUonbUPentium
O MMXOOOODOOODOO

MMX OO0

MMX OOO Intel0 PentiomMMXOOOOOOOOOOOOOODODOOODOO
OO000DODOO0O0O0O e4bit D0 MMXOUOOOOOOOODODDODODOOOOOOOOQ
00000000000 000000000000000 SIMD (Single Instruction
Multi Data) 000 000000000000 O0OOO0OOOOOOOOOOOOO
OO0000D0O0O0DOD0O0O0OD 16bit x 16bit OOODOODOOODOOODOO
goo

MMX ODO0O0OO0O0OO

0(224)0 P(x,y,d) D MMXOOOODOODOO.270000000007000
OO0 it 0000000000000 DO0OODOhitODOODOOO0O0ODOO
gbboogoobodgbooubbdg erdgbbboogobbbooogno
OOooooooboopOODOOOODOODODOD cOObOObDObOOODOO
OO0200000000000000 Q,NOOOOODO

‘000000000000 128 x128x2x8hit=32KB 0000000000
7gcc(gas)IZIIZIDDDDDDDDDDDDDDDDDDDDDDDDDDDD x86 DOOooono

000000000000000%%mmo0,1,20 800000 MMXOOOOOOO
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s N
unsigned char  I1[N][N], I2[N]([N];
unsigned short P[N][W][D];
asm volatile("pxor %%mm4,%%mm4"::);
for (d=0; d<D; d+=4) {
asm volatile("movd %0,%%mmO0"::"m" (I1[x][y]1));
asm volatile("movd %0,%%mm1"::"m" (I2[x+d] [y]1));
asm volatile("punpcklbw %jmm4,%%mm0": :) ;
asm volatile("punpcklbw %jmm4,%/mm1'"::);
asm volatile("movq %%mmi,%%mm2"::);
asm volatile("psubusb }%mmO,%%mm1"::);
asm volatile("psubusb }/mm2,%%mmO"::);
asm volatile("por %%mmO,%%mmi"::);
asm volatile("movq %%mm1,%0":"=m"

(PLx] [y#wl[d1));

O 2.7: MMX implementation of Equation (2.24)

OO0 NOODOOOOOoO ooooboooo MvMxgoooboboooo
goooogoooo

24 O0OO0OO0OOOOOOOOOO

2.4.1 000000O (Counsistency Checking)

000000000000 0DO0O0000ooooooOoO00oooDooDooOO
OO000O0O0O0O000DODOOODOOO0000OooDOoOo0OooooooOooooo
O0000000000ooo0o0oooooO0oooOoOo0oO0oooooooooDo
O00000000O0o0DooOoooooo

00000000000 0000O0000OD000O00OD0O0O0DO0O0
O0D00O00000000000007Left-to-Right Right-to-Left Consistency
Checking(LR-check)’0 0 0O O [31, 32]0

00000000000 0000OoOoO000ooo0o00ooooooDoOOoO
00000000000 0000000000ooooooo (02800000
00000000000 0000000000000000000LR-~check OO
O00000O00oOoOoood

1. 0000000000000D0 (00 HYoOOoOooooooooooooOoo
00000000 10000000 (00 2)0000
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/ \Matching
1) o [
Reference Area Search Area
Matching
2) | B
\ J
Search Area Reference Area
yl \\
3) [ B
\\ 4
Search Area Reference Area
Right Image Left Image

[0 2.8: Consistency checking between Left-Right images

2. 0020000000 0b0000obobobbuooobobboooog 20
000000 (@o3oooo

3. Ub 1000 30b0bouougoooboob 1o 2000000af
gooogoooo

2.4.2 LR-check D0DDOOODODOOOODOO

LR-check OO0 O O0ODOO0OODOODOODOODOODODOOOODODODOODODOO
gbgbobbgdbogboboooboobbooboooboooboobon
googgd

gbobogbobogbogoboobooobobuooboobboobooon
gboboggobbobobbogobooobobbbbobboobobooboon
gobogogbobobbougoobbooooobboboooan

000 LR-check O 0.26(d)0 yOOOOOOOODO xOODOOODOOOODO
O000000000O00oooo 0% 00oooo0o0oooooo
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25 OD0OO0OOOobOboobuoobouobn

25.1 OJO0O0O0OOooObooooooon

0000000 PCO0O0O0OO0O0O0OO0OOODO00000O00000000000
0000000000000000000 (ex. [33)0
000000000000000000000000000000000000
0000000000000000000000000000000000000
000000000000000000000000000000000000C
0000000000000000000000000000000000000
000000000 (340

000000000 B84 O0OOODO0O000O0 ICO0000D00000000
00000000000000000000000000000 DMAOOOO
000000Lnx 0000000000000000000000000000
0000000000000000000000000000000000000
000 VCC-540 00000

25.2 JO0O0OO0oOoobouoobobon

ddooooooooooboooooooooooooooooonoan
PentiumMMX-233MHz(O O OO 66MHz) O PentiumII-500MHz(O0 O O O 100MHz)
D000 lnux229000000C0O0O0O0O0O gee-2723 0000000 MMX
OegcUUUOODODOOOODDODOOOOODODOOOUOODODDODOUOOOOUODLDDbDOO
gooooood

goooggn

0000000000000000000000000000a)SADOOODO

00000000000 (0(223))00000000000b) 000000 (O
(224)) 00000000000¢) 00000000000000000000O0
000d)MMXOOOOOOOOOOO0O0000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
0.210000
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O 2.1: Realtime Performance of Disparity Image Generation

PentiumII 500MHz
Function | 1) 2) 3)
a) 1837.2 4081.7 3675.8
b) 37.1 55.1 58.3
c) 33.4 42.9 44.9
d) 22.4 29.7 32.8

(msec) (N=128, W=13, D=32)
Row : a) Simple Correlation, b) Recursive Correlation, ¢) Cache Optimal
Corrleation, d) MMX Implementation.
Column : 1)Without Consistency Checking, 2) With Consistency Checking, 3)
With Consistency Checking and Sub Pixel Interpolation.

gddddddoddoooouououououoouooouooooooooooon
oooooboobooooooooboobobD MMXOODOoOoDoOooOoooooo
B3msec00)000000O0O0OOOOO

gooooogd

gbbogbbougooogboobogobogsobbobogbooobon
O000Tsai OO0 []000000000000000000000O00O (focal
length) O 5.898 mm| 0 0000000000000 (VCC-540) 0 ¢cChOOO
0000000000000 00 5381 [degree] 00 DOODOODOODOOO

00000 50[em]000200[em] 0000000000000 OOOOODOO
gbgobogobodbugbbuogobbuooboooboobbooagon
goboggoobobooggo

0000290000000 00000000000 (DO0O[em))O0000O
goboggboobboobuoooboobooboboooboooboobon
gbobouodgobogbobbogbboobboogbbooboob.2200b0odon
gbgobogobodbuogbbugobbuooboogobooboboogoon
gboouogoobboooan

O0000000000000000000000 150[em]000000C0O0OO
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O 2.2: Evalution of Distance Estimation : Average error and standard deviation.

Distance between the | Estimated from Disparity Image
cameraand the object | Average error | Standard dev.
50 - 100 1.724 1.929
100 - 150 2.949 4.688
150 - 200 10.001 47.216
Estimated without Sub Pixel
50 - 100 2.841 4.458
100 - 150 4.932 11.657
150 - 200 15.952 83.674

0000 [em] 0000150[cm] 00000000 [em] 000000000 [cm]
0000000D0000000000D00000 [em]000000000000
000000000000000

gbobogogboobbooooobbuooaon

O0000000000000000000 JROBI30000000000O0O
gbgobobdgbuogbobobooboooboboboboooboobooon

gbobogbobogbobobobogboo.2ioobuogboboooobooboban
000000000000 00000000ooOo(booooooO)oooood
(00oOooOoOooO)oo.2110000000000C0O0OCO0ODOOOOOOOOO
gooogoooo

gooobogobodgobogobogobobboobboobobobbon
gogo.21200bgboobogoboboobbodbogbooboono
gobogogbobbbouoooobboooooooo
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| | True Dilstance
Estimated Distance from Disparity Image
Estimated Distance (Without Sub Pixel) ---------
200 | i
150 i
100 i
50 . | i

50 100 150 200
Distance Between a Camera and a Object [cm]

O 2.9: Evalution of Distance Estimation : True distance and estimated distance

from disparity image with subpixel and without subpixel

O 2.10: Quadruped Legged Robot JROBI in Outdoor Environment
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O 2.11: Left Top: Input image, Right Top: Disparity Image (brighter is closer),
Left Bottom: Disparity Image with Consistency Checking, Right Bottom: Dispar-
ity Image with Consistency Checking and Sub Pixel Interpolation

O 2.12: 3D Reconstruction from Disparity Image with Texture Mapping
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26 U0O0OOOOOOOOOOOO

gboboboooboogbboooo20bobooobbooobooobon
gbobouogobogg2ggboooobobogbboooboooboboboon
O00000000000000000000D [14,36) 0000000O0OOO
gboboogoobboboooobboboon

00000000000000 (e,y)D00000OOd(=0,...,D)00000
000 C(x,y,d) 00 0000000000000 OODOODOJOOOODOOOO
000000000000 00000O0OD (214) 0000000000000 0OO
d000000O00b0b0obobooUoboobO oobooobUobooooooo

B-F
7==""
d

00000000000 Z000000000000000000000000
0000000000000000000 C(x,y,Z) 0000000000000
0000000000000000000000000000000000000
000000000000000000000000 Ci(a,y,Z)(i=1,...,N)O
0000000000000 SC(x,y,Z) 000000000

SC(x,y,7) :ZCZ'(%%Z) (2.25)

0000 C(e,y,2) 0 0000000000000 O0O0OOCOOOOOOOOOO
oooobbooboooboobb z000boobooobooboboobobog
gogobogobodbboobuogbbuoobboooboobbooboon
0000000000000 0000000ooOOooOoO0OO(O.2.13)

lfgbobogoobogbbodgobooobbboooboooboboon
0000000000000 0000000000 3700240000000
gogdodboooobobobobbobbobbobobbbbobobbbbn
godbboogobbooboboobbuooboobbobuoooooboon
gbogobogobodgobooobobooboooboboooboooobon
gbbogoobbodggoboooobobo21gdoooboo1lgooboo
goboogobobodd3emdgdb0sammibogooooooooogn
OO0000003x3pixel DODOODODOOODOOODOOODOOOODOOOODO
O000000000O00DO00b0DObO0DoOoDO 1 x1lpixelOOODODDOO
gboboogoobbobbooooobboooobobobuooooobooon
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C/sC

0 2.13: C and SC functions

Background
«— 8cm

Cylinder

SOV

Camera < .
] Points from Range Images Reconstructed Surface
‘o Motion 2
-

e = -

[0 2.14: Reconstruction of the object surface from multiple range images

gbobog.2le0bboogbbou4i0gboboogboboogoooononon
gobogogbboboogboboogbboboogbbbbooooobog?
gbogobuodgobodbuoobobobooobboobbobbooboogon
gbbotbdgogdloogoooooobobbbobbuoooooobobooon
gbgobodbogbougbogboooboboboboobooboooon
goooggn
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256x240 pixels 3x3 pixels, 2 images  11x11 pixels, 2 images  3x3 pixels, 20 images
Reference Image (image size) Range Image (window size, the number of used images)

O 2.15: Compare range images

(m)

08 ALAE —

O 2.16: Measure distance to skew plane



30

oo ouuogd
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goodg200b0bboobobotbdddodooobuobbooob oo
gobobbotboouoobbobbodoooooobobbobbobuoooubobo
gugdbobboooooboobbobobobooogbbbooobobuooooo
gobbobbooooooobbbbobuooooboboboooubobbooog
godgdl1obbobbbboooooooooooo

gooboooobboobbobobobdooooooooobbobbbobbn
gobbobbooooooobbbbobuoooboboobboobobbooog
guoddobbobdboooooooobobbbobobbobobooouoo
gobboboobboouoboobuobobobobbobdooooboboboooo
000000 0OMarching Cubes Algorithm 2100000000 [25,23,24] 00
gobbobbotbdoooboobbobobuoodooouoobbboobobbooog
goddogoooobbbooooooooooooboobon

3.1 Marching Cubes Algorithm 0 OO0 00000

O0000D000 Marching Cubes Algorithm OO0 000000000 0OOOOO
OO0b000O0o0oooooooobooboobooooboosabooooooogo
O 0 OMarching Cubes Algorithm OO0 000000000 DOOODOOOODODODOO
O00000O000O0o0oooOoooooo

3.1.1 Marching Cubes Algorithm

Jddodooooobotbddodoooooooooboboooboo
goodooubooobbooobooobobuooobbooobbouobobuo
gt ooubotudoooooooo 300uugug
0000000000000 0000000Oo0O00o0O (032)000000000
0000000000000 0000000 (volumetric representation) 0 0 O O
Lorensen 0 Clined O O O O Marching Cubes Algorithm [21) 000000000
OO000D00DO0OD0O00000000D00D0D000 Marching Cubes Algorithm
goooooooo

0000000000000 oO0o0oooOooooooooooo(ooo)o
gobbbbodbbdooouoobobbobbobdtbooooououoog
0VOs8ODOOO v(j=1,....8)00000000000000 Z(v;)0000
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camera images

!

Generate range images
by stereo matching voxels

! !

range images ——> | Compute signed distance

!

voxels with signed distance

i

Apply
Marching Cubes Algorithm

!

surface mesh

O 3.1: Modeling block diagram
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Camera

Range Surface Volumetric Representation

O 3.2: Projective representation to volumetric representation

OO0O0ob0oooboooobooobooboooooog SyooooobobOoboo

Sy ={Vili=1...N} (3.1)

0000000000000 0000o00 Z(v,)DOODOODODOODOOOOODOOO

Zv;) >0 O0v;000000000000000O0O00O0O (3.2)

Z(v;) <0 OO0v;000000000
00000000000 0oo0o0(oooooo)Doooooz200000
gbogobobobbuogbboobuogboooboobboboboooagon
gbobouodgoogbboboobuogbbooonoboos3dgobooouoan
0000 1000000000000022=2600000000000000
gboboogogs33ddg 260 ooogobobod 40boooogoon
Ub0wv, 0000, 0000000000 0O0O0O0O0O0O0O0O0OO0O0O pbOd

gobooogoobooood

_Z(Ujl)
Z(”]é) - Z(Ujl)
Marching Cubes Algorithm OO0 D000 00000 ADODODOO

pP=v; —I_/“L(’U]é - v]l)v H =
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O 3.3: All patterns of intersection
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Range surface

Voxel
O--- ="t -"5--1 .
TR N
~ | ~
! X' | S
R @ e e v e T - === = ®
| | |
\ | |
\ | |
\ | |
<I \ | :
Camera center : | |
|
\ |
|
o L SN _x. ‘
N | N |
N | ~
N N |
AN | N |
N | AN
AN AN
o SEEEEp U . —— ®

Intersection point

O 3.4: Computation of signed distance

3.1.2 O0OO0O0OOOO0O

O 0 O Marching Cubes Algorithm OO0 00000000000 OOOOODOOO
O00000000000000 Z(v)OOOOOOOOOO[25,23,24) 00000
000000 Z(v)OOOOOOOODOOOOOOOOOOOOOoOoOOoOOoOoO
000000000 00000000000 CurllessOOODO 250000000
Oo000oOoOoOooooog

[25]0 000000 Z(vyOOQOOOOO3400000000000O0ODODO
0000000 «000000000000O0O0O0O0OO0OO (range surface) O
0000 L 000000000Z(«)0000000000

Z(x)=(x—2a)-1 (3.4)

0000000000000 0000000000oooo0000Z(e) 00
O0000000000000D0CO00O00DOO0DODOOOO0O0OOOODn
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00000000000 '000000000Z(x)00000000 (signed
distance)J 000000

000000000« 00000000000000000000000O0 (2.1)
000 (26)0000000«000000000000000 (2¢,Ye,2.) 000
00000000oo0oO0o (v+,y,) 00000000000 («,y) 0000000
000 D(x,y,) DO000O0O00O0O0O0DO0OO

D(xiys) = (L—a)(1—b)-D(i,j)+ (1 —a)b- Dli,j+1)+
a(1=b)-D(i+1,5)+ab-D(i+ 1,5 +1) (3.5)

i:inJv j:Lyijv a=x;—1, b=y —7j
ogog inJDxZ'DDDDDDDDDDDDDD

0000 (21)000 (260000000 ¢ 000000000000000
0 («,y,2)000000000,2000000000

O000000Z(e)0OODODDODOOOO

Z(x) =z, — z. = D(x;,y;) — 2 (3.6)

3.1.3 U0O00obouooboubobbooboo

j.r1posl200booougoobougobbboogbboboognoboog
gbogobogobobgobogoboobbobbuooboogoooooo
0000000000000000000000000 Z(v)ODODOOODOOOO
good

MooOoooo Die=1,...,. M) 000000000000 0000000
0000 Z(v)e=1,....M)000000000000000O0O0O0O0O0OO0O
oboooboobooboMOiOobooboboobOboobbuooboobobooobo
O V(v)OOODOOOODOOOO|[25)

l0po0oO000O000000000000000O0
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V(v) = Zwi(v)Zi(v) (3.7)

wiv) =9
Zl‘('U)

000 w(v)000O0O007,000000000000000T,=Wy(WyOO
000 VvVOoO)0oooooo
gddddddoououobododdoooouououuoooouobooooo
O00V(v)0OOOOODOOO0O0O0O0O00000ooooooooooo

otherwise

_ Wy (v) V- (v) 4 wa(v) Zy(v)
Viu(v) = W2 () + wnr (v) (3.9)

WM(’U) = WM_l(’U)—I-wM(’U)

OO00000000O000DODO000bO000bDb0o0ooDbOobOD Marching
Cubes Algorithm OO0 000000000 0OODOOODOOODOOOOODOOODOO
gbooogogboood

3.2 OUOOO0OOODOOO

Marching Cubes Algorithm OO0 0000000000000 O0O (3.1)0000O
0000000 Sy 00000 NOODODODODODDOODODODODODODOODOoOoOoOO
00000000003000000AxAxAODD0OOOOOOON=A%00
000000000000000 0A) 0000000000000 000000
ddodoobooooooooooooooooooooooboooooood
ddodooboooooooooooooooooooooooboooooood
doodoobooooooooooooooooon

3.2.1 octreel00OOOOOOOONO

gbodgbuodggbogbogobobboobbobboogbooboooon
gbogobogoboboboboobobobobboobbobboobooon
0000000000000 0000000000Ooctree [19,20,38) 00000
gboboogooboboooobboboon
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O 3.5: Hierarchical voxels using octree

U35000000o0ctreel 0000 OUOOOOOODOO0OOOOOOOO0ODNO
gboboodgobogobogobouoboogbodabo3ebbogobodn
gbogobodgboboboboobooobuoobooboboobooboogon
gbogobodgbboobooboooboobooboboobooboooon
gobogggbobbbouoooobboooooooo

3.2.2 JO0O0OO0OUOOOOOObDOObDOO

gobogbbdogboogboogbboobbobobobooobooboon
gbgobuobogbbooboboboboooboooboobbboooooon
gbgobogobodbuogbbugbbooobooboooobobooboon
gbogobogboboboogobogbobooboobobobooboboogo
good

gbgbdgdgobodg3tugubooobbuoonobooobooobon
gbogobogobodbuogbbobobobbobbboobuooboooboooon
OO0 Sy0boobooboogn

Sv = {Viln > T, 5y = {plp; € Vi,j = 1...n}} (3.10)
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O 3.6: Models by reconstructed using different resolution of voxel
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| Original Voxel

o Zv)>0

N ® Z(v)<0

Adjacent Voxels

O 3.7: Add adjacent voxels to Sy

Do00p,00000000000O0O0O0O0O0O0OOOOV,00000000 n0O
OO0 7, 0000000D000O Sy000000000Oo
googdgudgobobbbiobibooooooouuoouoooooooooboboon
00000 Sy00000000000V(v)DOODOOOOODOOOOODODODOO
OOoo0oobooOoooooobobooooboouoboDbbO Sybobooooo
Ooobooooos370booboo0obooob400bbo0obOO SyOoOoooOoO
gbooogogboood

Sy « Sy U {V’|Z(U¢)Z(’U]‘) < 0,v; € lk,vj € lk,lk - V, I, € V/} (3.11)

Oooovoooooooooovvovooooooooodgovovvooo
O000D0v 00,0 ,000000000000000

3.23 0O0OO0OO0OOOOOOOOO

000000000000000000000000000000000000
00000000000000000000000s80000000000000
D(v,)(=1,...,8)0000000000000000000000000000
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Vertex Vjmax

D(Vjma) Polygonised Surface

__________ Vertex Vjmin

D(ijin)
| f(V]max) - f(ijin) |

Image Plane

Camera Center

[0 3.8: Thresholding by angle of polygonized surface

goo
0000000000000 00000ooooooO V(vyoooooo

D(v;,..) [f(Vinar) = (Vi)
P Do) Dlog.) (3.12)

jmax = arg max D('U]), ]mzn - arg mlHD('U])
J J

O0000fFO000000O0O0O0O0T, 0000000000 f(v)0D0O0O0ODOOOO
000000 (0.3.8)000000000000.390000000000000
O00000000000000000000000000000000OAO [23,5]0
0000000000000 Ty=tan(80°) 0000000

3.24 U0OO0O0OOOOOOOOOO

00000000000 00bO0o0ooDo0obDooobOoobOooboOoogsSyd
O0000000000000000000000D00D00 UpdateOctTree 0O
O00000000D00000 UpdateSignedDistance 000000000
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Thresholding
>
Viewing Direction Viewing Direction

Actual surface
Polygonized Surface
. Mesh Vertex

O 3.9: Avoid incorrectly instanciation of surface

Algorithm  UpdateOctTree
Input: range image D
Input: OctTree O

1. for eachp,cD

2 do for each V€O

3 do if p, €V, ny < ny +1
4. for each V, € 5y
5

do if ny, > T, UpdateSignedDistance(D,V;)

Algorithm  UpdateSignedDistance

Input: range image D

Input: voxel V

1. for eachwv,eV,i=1,...8
do compute D(v;)

Jmaz < argmax; D(v;),  Jmin < arg min; D(v;)

F DU DU > T

then u

Jma.r) Jmin)

2
3.
4‘ if D(/vﬂmzn) . |f(v]ma.r)_f(v.7min)|
5
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for eachwv,eVi=1,...8

W(’UZ) — W(’UZ) + w(vi)

V(v;) W<Ui>V<1;§'>(;te)(vi)Z<vi>

6
7. do compute Z(v;), w(v;)
8
9

10. for each adjacent voxel V' which surface intersects

11. do UpdateSignedDistance(D, V")

01100000000 (3.1)yooooooooooooooooooooo
0000 UpdateSignedDistance 0 0 0000000000000 OOOOOODO
000000000000 0000O0000000»0000000000000
00000000000 0oo0D00ooDoooooooooooo1goooog
0000000000000 0D 1000000000000 agn
O00000000DO00O00DO00oO0O0Do00bOooooooooooDon
OO00DO0000D00O MarchingCubesO octree OO0 OO0 OOOONO Marching
Cubes Algorithm OO0 0000000000 TOO0O0O00O0O0OO0OO((COADDO)

Algorithm ReconstructSurface
Input: range image D;,i=1,.... M
Output: mesh model T

1. for each D,,i=1,.... M

2. do UpdateOctTree(D;,O)
3. T < MarchingCubes(O)
4

&

3.2.5 UOOOOOOOO

0(310)00000000000000000000000000000000
0000000000000000000000000000000000000
D0000D000000AxAxAODOOOOOOODOOOOOOOOOOOOO
00000000 0(A) 000000000 24)000000000000000
000 O(A*) 00 0(A2) 000000000000

000000000000000000000000000000000000
0000000 ((3.10)000000000000000000000000000
0000000000000000000000000000000000000
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gbogobodgboboboogobogboboboboobbboobooboogon
gbobooggbbodgo,ggggboougobobooobboobbboogn
gbobobbogogbobboooooobobbboooobobboooooobooon
0(3.10)000000000000000000O00O0O00O0oOooooOoOO
gboboggouooogobbooooobobbooogooboa
O00000000O0o0oOoOoOoOO (2150000 Z0000O0O0O0ODOOOO
OO0 AZ000O0OO0OODOOOOOOOOO

Ad

d+ Ad
oboooboooboobobo vobooobuoooooobooobboooobo
OAZO000O0O0O0ODODOOODOOOOOODODODOZ00D0DOWDOOODOOO

gbbidddwboogooboobod

AZ =

(3.13)

_F

d - 7
00000000000000 (3.10)0000000R»r0*000000000
000 (3.10) 000000000 7T,=c0%*00000W>AZ0000000

Sy 0000000000 (3.13) 00 3.14)00 7, 00000000000

W (3.14)

w

Fo_ad )2 (3.15)

"4 d+ Ad
000000000 F = 10.075(mm),d, = 0.0441(mm) 00000000000
00000 AJd=1000000d>90000000000000

T, > (oz

T, > 521.9 x a?

Oobobooobf0 a=05~ 100007, 00000000a =05000
T,=1310c=1.000017,=5220000

oooo 7, 0bobobobbooboobooboobooboobobobooobo
ooooog 7T, =10o0o000bgobloxloobooboobobooonog
gboboggboboggbboobbogbboobouobooooobbooooboan
oboobooboobobooboobobooboobobor,oboboboobobog
goood
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obog20000000 7, 0000000b000b0b00o0O0T7, 000000
gbogobogobodbuogbbugobbuoobooobooboboogon
oboobooobgoob ., 00boon

3.3 U0

gddddddoddoooouououououoouooouooooooooooon
gobodbgobogbbooboooboboboooobogoobooboobo
0000000000000000000000200000000000000
gbogobogogbobogoboooboobboobogoboooobon
gbogobodgboboboogobbogbbooboobobboobooboooon
googo

3.3.1 UO0OOooogg

000000000000000000000000000000 30000
0000000 OpenGL 0000003000000000000000000
000000000 OpenGLOOOOOODOO0O00000000000000OC
0000000000
0000000000021400000000000000000000000
0000000000000000000000000000000000000
0 (0.3.10)0

3.3.2 UUOO0OOOOOO0OO

g3l1goobobobiodgooooobbobbotboooooooobon

gboboubboogbboboobbooob22mbggooooobooboboon
obooboooboooo.s.1200bg e7yobboooboobooobobooong
00000(0.3.13)00000000000000000000O0O00OOO

e 0000 F =10.075(mm)0

e J00O000O0O0O00000000 d, =0.0441(mm)0 d, = 0.0353(mm)L

000000 (depth) 000000O0O0DODOODOD
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Virtual Model Image Artificial Range Image

Ideal Range Surface Quantized Range Surface

[0 3.10: Range image generation using virtual model
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e DODODO W, =256(00)000 H, =240(0 0)0
e 000 B=012m)0000000000000000O0O0O0O0OOO0O

e OO OODOODODOO T, =4000

g3.14dboudoobougbobooboboboboboboobobooobon
ooobogos.1s0boooogboowiobbouobobooooooooong.s.as
gbgbogbuogbbooboobooobooboobboobuooboogon
gbgbbogbooobogbbobbuooboboobbobbooboooon
OO00000PentiumlIII450MHz OO DO OOOOOOOOOOOODO1IOO0OOO
0000000000000 00000000 191(msec)D00000COODOOOO
0000000001670 00000000D000OCOOOODODOOODO 82(sec)
goood

gbobobooobboogbbbooobooobooobobobosbouogooon
gbgobodobogbogbooobobbuoobooboooboboagon
gooogsilebooogslediil—-I<ae<]l,-1<2z<-1,08<y <180
000000 W =0.018125(m)0 0000000000000 OOOOOOOO
gbogobogooobogboboooboobbobobobooobooboo
OO0 1000000 6762600000 PentiumlII450MHzO OO OOOOOOO
0 3982(msec) 0000000000000 OODODOOOODOOOOOOOOO
gboboogboggbboogbboobooboooooboobbooboboan
goboogoboogoboliboggbbosebuobboobogobogn
gbogobobobooobobbogbogboobogbbobooboob 1o
gbol1oboggooboooan

3.3.3 U0OOogoogog

031700b0obobobooboosgboboubooobooooobooog
oboboooobooobobooboboboobobooobobooooobo.sarog
OoOOo070bgoboboooob2o00bobbooobooooiloboobog
goboudd smmigboogooobogoboogboogoooboan
gbboogoobobooooobbooobboobog.ssggod

Ooobobobobobobobobobuobobobgn Pentiumlll
500MHz O OO0 (Linux 2290000000 200ms00000O
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A
Y

2.0(m)

O 3.11: Virtual model of objects on a table
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O 3.12: All images for modeling objects on a

table
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O 3.13: Artificial range images of objects on a table
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W = 0.078125(m)

O 3.14: Incremental updating of model
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W=0.15625(m) W=0.078125(m)

C D

W=0.0395625(m) W=0.01978125(m)

W : voxel width

O 3.15: Generated mesh models by different voxel size
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[0 3.16: Generated mesh models by computing signed distance of all voxels

Background
«— 8cm

Cylinder

50(V

Camera < .
. Points from Range Images Reconstructed Surface
‘o Motion 2
-

e = -

[0 3.17: Reconstruction of the object surface from multiple range images
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Time

O 3.18: Improvement of reconstructed surface



U 4 0

oot
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gogbbob3ggbobbobobbobbodoooug3bboboobooouooooan
gbgobogoboudoboobuooboooboobobbooboooon
gbogbobogobbuogbboobuoobooooobbobbooboogn
gbobogdbobgobbooboboboobobooobooolooboobooboaon
0000000000000 00 [39,40,7,41,500000000000000
gbobouodobgobobougbbuogbbooobooobognuoooaon
00(000)O0OO000O000000000000000000000oooo
gbogbobuogobodbuogbbobobobobboobuooboooboooon
gbooogogboobod

gbobgbbdogbboogbooogooboobogbbboobogoboobon
gbogobogbobobboogbogbboboboobbobobooboogon
gbgbobuodgobodbuogbbugbboooboouoboobobooboon
000000000000000 (00000000000 0000)0oooo
0000 (00000) 0000000000000 00ooooooooooo
gbogobodgbobogboogoboooboobuooboboobooboogon
gbogobogoobogbobooobbobboboobooboooboogon
gbogobodgbobogboogoboooboobuooboboobooboogon
good

OO0O00D0O0O0Db00O0O0Johnson 000000 O0OODOOODODOODODOOO
(Spin-lmage) 000000 270000, 0000000000000 OCOOOO
gbogobogoobogbbobogboobbooboooboooboobon
gbogobodgbobobobooboooboobooboboobooboogon
gbooogooboood

4.1 0O0OO0OO0O0OO

4.1.1 0O00O0O0OO0OD0O0OOOOOOOO0O

gbgoouodgobgboagbod2b0boobboobboobobooboon
gobouodgooobodggbobbobbuoobbuooboob3gooboan
gbobogdobboguoodgbtuebbbodbboobuoobbuoobboonbon
gbgbdobuogbbogbobogoboobbobboboonobooboobooon
gbooogbobubbggooob3tbboog2000bboogooogon
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O 4.1: Object-centered coordinate system

000000000000 (o,4) 00000 (04000000000 DOOOO
gobogbbobbogobogbobobboobouoobooooboogon
goboooogd

So: R*— R?

So(x) = (0. 8) = (\/llz —pl| - (n- (x — p))2.n- (z - p))
O000p00OD0O00O0O0OD0OCODOOOn00O0OOO0O0DOOO0O0DODODOOODOOO
0(41)00000000000 So0000000 (Spin-Map)O0D00O0O

o000 oooooooooononoooognooooooog
Oodoooooooogno 2DDDDDDDDDD(D.4.2)DDDDSpin—ImageD
Oodogogoogooono

(4.1)

4.1.2 00000 O0OOOOO

00000000000000000 200000000000 4.)ODOOO
000000000000000 (e,4)0043000000200000000
000020000000 I(¢,y))00000000000O0O0OO0OOCOOOOO
gbbouogoobboboooobobboogbobbouooon

Algorithm CreateSpinImage
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Y

0 4.2: Generated spin-image around oriented-point
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Input:

Input:

Output:

8.
000000000 WO20000000000000000 42)0000O
0000000 (42)0000000000000000000OOOOODOO0O0
000000000 A, 00D000D0O0DOODO A(py,ma)0D00OD0ODODO (4400
000 B(pg,mp) 0000000000 COOCODOOOOOOO0DOOOOOOOO
gbobouogoboboogbbooblioboggbbboobobooobbooaon
gogdodboooobooobobobbobobbbbobobbbbn
goo

S o e

for

oriented-point O

surface mesh M

spin-image [

each point ® € M

do

(o, B) <= SpinMapCoordinate(O, ) (* O (4.1) )
(1,7) « SpinlmageBin(a, 3) (* O (4.2) %)
(a,b) < Bilinear Weights(a, [3) (* O (43) %)
I(i,7) < 1(i,7)+ (1 —a)* (1 =)

I(i+1,5) « I(i+1,5) 4 (a) * (1 = b)

I(i,j+1) « I(i,j+ 1)+ (1 — a) * ()

I+ 1,7+ 1)« 1t +1,5+1)+ (a) *(b)

a:%—ﬁ—ib b=a—jb

arccos(ny - np) < A;

4.1.3 0O00O0O0OO0OO0OOOOO

gbobogbobogbogoboobouoboobboobooobbooon
gbogobogoboboboobbobbuoobboobbobbooboooon
gbgobogobobgbobobobboobuoobbooboooboobon
gbogobogobodobooooboooboboobbooboboobon
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3-D Object Surface Mesh Spin-Image Bilinear Interpolation
I(i.))+=(1-a)(1-b)
I(i,j+1)+=(1-a)b
> O -
o |® ° -7
o [~ A
£> o)) [So(x) a
— = A4
o} - < >
X N b
L So()=(ap)
A4 p
B I(i+1,j)+=a(1-b)
I(i+1,j+1)+=ab

O 4.3: The addition of a point to the 2-D array representation of a spin-image

0000000000000000000002000000000 PQOO0
000 R(P,Q)DOOOOO

NYpigi —2pi >4

VINE P2 = (Zp))(N T ¢ — (Za:)?)
DDDDNDDDDDDDDDDDDDDDDDRD—1(DDDD)DD1(DDD
D)DDDDDDDDRDDDDDDDD 2000000000000 g0gno RO
ooooggo200booooooggggpooooogggoooogggogo
O0dodoooooogoooogooogogoo
oodpooooOooooogooooooboooooognooooooouoogg
Oodoggogooooooo200ggoooogggooooggooooooonono
oo0oodooooooogoouooooooggggooooooogggog o
OO0gdooooooooooo0goooooooonoooonoooooooggg
oo0o00o0oogogoooooooonb0o Rooooouo looooggggooooo
oogpoogogno

R(P,Q) = (4.5)

C(P,Q) = (atanh(R(P,Q)))* — A (ﬁ) (4.6)
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00000000000000000000000000000 (atanh ') 000
00000000000 0000o00 1/(N-3)000 4200000 A00200
0000000000000 000C00O AO000000O0O0O00O0OD0OO 46)00
20000000MN00000000ODODODODOO 46) 0000200000000

4.2 JO0OO0O0OO0ODOOOOOOO0OO0OOO0O0

gbobgbbogbogobooboooboobbooboboobooon
gbogobogobodbuoobbooobuooboboobbobbooboogon
gbogobooobobgbobooobuoobobooooboonoooboobon
goo

l.oggbobobbooooobobogobbbuoooonba

2. 0boogooobooooobboooobouoobbooobobboon
gboboogooboboooan

J. Ubbouogobuooouobooooobouoooboooooboon
gboddddoooououoouoooooboobbobobbbobbbbo
ICPO[39,40]0 00000000000 O0O0OOO

goboogoobbbuoogobb44bbb00ong

4.2.1 00O00O0OO0OOOOOOO

gobgboogbogbogboogboobboobooboboobooon
gboboggobbobobbuogbobooobooobbobbobboooboan
gogdodbooooboobbbobbobbobobbbbobobbbbn
gbobooggboobo,0bboggbbougobobbooobboobbbooon
gbgobogobodbuogbboogoboooboobbooboooogon
gobogbbobbogbobogbbobboobouooboobobooon
goooggoooo

Algorithm SpinlmageMatching

Latanh(R) = %ln (%)
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mc;del Create model
surface ) spin-images
mesh
model
spin-image
stack
Select scene l
scene ; - Match model
oriented point .
surface —> T Groate L scene spin-images to
reate scene Spin-image scene spin-image
mesh spin-images P 9

T

l

correspondence

!

Filter & group
| correspondences

Compute plausible
transformations

!

Verify & refine plausible
transformations | < transformations

correct
model-scene <«——
surface matches

O 4.4: Surface matching block diagram
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Input: surface mesh S (* Scene *)
Input: surface mesh M (* Model *)
Output: correpondence list L
for each point m € M
do S; < CreateSpinlmage(m, M)
Ps < SelectRandomScenePoints(S)
for each point s € Ps
do [s < CreateSpinlmage(s,S)
for each spin-image Iy € S}
do Sc « ComputeSimilarityMeasures(ls, In)
H + CreateSimilarityMeasureHistogram (S¢)
O « DetectOutliers(H )

B A o A

—
<

for each point m € O
11. do L < CreatePointCorrespondence(s, m)

0M6) 0000000000000 00O0ANOOOODOODOOODOOODOOO
Oooodoooo NODOOooooooooboboooooooooooooooa
O000000AN=N/200000000000000000000O0O0OCO0O
000000 (0.450000000000000000400 10000000
£000000040010000000 {000 £00000f, 434000
doodooooooooogao

4.2.2 0J0O00O0OO0OO0OOOOOOOOOO0OO0OOO0

00000000000 0000000000000000000000000
0000000000000000000000000000000000000
20000 C, = [s1,mi]0C, = [5,,my,] 000000000000000000
0(4.1)00000000000000

|7, (1) — S5, (1)
([1Sms ()| + 1155, (s1)[])/2
Dy = max(dy.(Cy, Cy), dye(Cz, Ch)) (4.8)

dye(C1,Cr) = (4.7)

d,,0000000000000000000000000000004d,,000
000000 de(Cy,Ca) 0 dye(C2,¢;)0000000000000000000
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Similarity Measure Histogram

300
200 Outlier
threshold

100 Outliers
—a—a
fi T fu
median

0
-2 -1 0 1 2

similarity measure

O 4.5: Similarity measure histogram

D, 000000ooooop,.00000020000000000000000
oooooooo D, . 0b00boboobooboboboboboboobobobn

Algorithm CorrespondenceFiltering
Input: correspondence list L
1. for each correspondence C; € L
2 do for other correspondence Cy € L
3. do compute Dy.(Cy,Cy)
4 N¢, + the number of Cy which D,.(Cy,Cy) < Ty,
5. for each correspondence C' € L
6. do if Ng < Np/4 then remove C from L
ooo N, O0OO0O0OO00O0 cooooooooooooo 00250000
ood
0001000000000 000000000oo0o0oooDoooooooo
0000000000000 00000ooooOOO0U0O0 @oooooooo
ooooocooooooow,.oooooo
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. dgc(clv 02)
Weel C1> C2) = T s, m 55 (80727 (4.9)
WQC = maX(wQC(Clv 02)7 w90(027 Cl)) (410)

Ww,,oooboo200o000o0o0boboobobooobooooooboooobooo?
gbogobodgbobobboogbbguoboobuooboboobooboogon
00000000 7000000000000 0000DODO0~y00000DOOO0O
gboboogobboggbboogoubboogbbobbbd r0D400y =4r
goodbooogboboobbbbbobbbboooooooouooobobbon
goo

OO0 coooooooo {¢,...,c,}00000000000000000000

W, (CHAC, ..., C}) = m;aX(Wgc(C, C)) (4.11)

gboogoobbbuoogobboboobobobboogon

Algorithm  CorrespondenceGrouping
Input: correspondence list L
Output: group list ¢

1.  for each correspondence C; € L

3. for each correspondence C; € L
4. do 1if Wgc(C]‘, GZ) < Tgc then GZ — CJ‘

ooooobo7,,00200000000

4.2.3 O00O0O0OOOOOOOOO

gbobgbobogbogobuoobouooboooboobbooboogn
gbogobogoboboboboooboooboobbobbuoobooobon
[s;,m;] 00 000000000000OD0 p,O00O0ODOOCOOOOOOOOO
00000000000 TO00O0O0000O00O0O0O0OD 43000000 BOO)

Er=3_Ilsi = T(m)||* (4.12)
gogbobobbbbootbddoooouobobbbdbooooooouonoo
O000000000000000000 Iterative Closest Point Algorithm(ICP O )
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[39,40,44]00000ICPOODODOOOOOOOOOOOOOOOOODOODOO
gbogobogobodgbuogbboogboouobobobobbooboogon
gbgbbboggbogbbooboooboooboobbooboooooon
gobogbbobbobogbbobbuoobboobbobbooboogon
gbogobogobodgbbooboogbooobooboboooboobon
gobobbogogbobooooobbobboouooooboboooooobooon
gbgbooggbooobogbbobbuoobboobbobbooboogon
gogobobbboobodgoooobobbbuoouooooobobobobon
OO0O00oooobooooIceoooooobooobooboooooooDo

gbboogbbougooogbboogbbooobbooobbuoobedggnn
gobooogooboobood

ds = \/lp, — poll + vl[ns — na| (4.13)

pLp, U000 O0ONn,n, JUUOO0ODDODOOO0O0OOUOO0OOODOOOOOO
0000000000000 0D0o0ooooOoC00Oo0O0v=2r00000 (rO
O0000000000)0ds0000 ds<2r000000000OO0O0OOOO

0000000000000 DDO k-Dtree[s)000000D0DOOOODOOOO
OO000OD0 kDtree00000DOO0OODOODOOODOOOOOODOODOODOO
OO000Db 00000000000 obobobooboboboboooboo
goo

4.3 U0O00O0O0OOO0OOO0OO0OOOOO0OO

gbobogbougooobooobos3sbbouobooobogoooobon
gbogobogoobuogoboooboobbobobobooboooboobo
goouodgbooogbogbbboobboobboobbuoobbuoobobon
gbobogogboboooooboogon

4.3.1 0O00O0O0OO0OOOOOO

27]000000000000000000U0D00OO0DOO0ODODODOOODOOO
gboboggooboobobbgobboobuoobbuoobboboboboboon
0000000000000 0000D0OO0O 46,47 00000000000000
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gbogobogobobobboobbobbuoobobuooboooboobo
obooboobobobooboobuoobuooowoobuoobuoobobo
O0r=W/200000
gbodbogbogbbogbouogboooobbooobbooobooboon
gbodbggbogobbodboobbuoobobuoobbooobooboon
goboodgobogobob3edbbogudbobboobbooooboon
gbgboogboogbogboobboboobboboboboooboobon
guddoddoddodoooouououoouoouooboooobooooboooon
goboggbogbbobboobouooboooboobbooboooobon
ooOOoboobBOOOOODbOODLOObObDbOOOODbDOO

4.3.2 OJ0O0O0OO0OO0O0OO0OO0OO0OOO0OOOO0O0O0n

[42]000000000000000000D00ODO0D00U0ODODOODOODODOO
gbogobuodgobodbobuoobobooobboobbobboobboogon
gbgoboboobobboobooobobbobbooboooboobon
goboggbogbbogbobobobobooboboooboooboobo
gboogbboggbodgoboobboobobuoobboobbuoobobooboon
gbogobodgoobogbbobbuoobooboobobooboogboogon
gooubobogbbdogbouogboboobbooobboooboboooboan
000000 46,47 0000000000000 ODOO0O0OO0OOOO0OO0O0O
gbogobbbuooggbboogoobbboooobboooobbobooan

godgdgoouoguuoougbooouoiodoooouooouobooooo
coarse to fine 00000000000 ODOODOOOOOOOOOOOOODOO
gbogobogobodbbobbuobooboooobooobooooobon
gbogobuoggbobuogboboobuoobobboobbobbooboooon
gogobobgbbogbobogbbobbuoobobooboooboooon
gbogbobuogobodbuoboouobbuoobboobbobbooboooon
gbgoboboobuogoboobooboobbobboboooboobon
gbgogbuodbbooboobooobooboobboobuooboogaon
gooogoooo

gbobobodobogobogoboogboobbuooboognoooooooon
gbogobobogboboboboboobboobuooboboooboboobon
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gbgobooobodbuogbboogbooooboobbonooobooon
goodbooooooobbobbbbobboobobboboboobon
gbogobogoooboogbbogoboobbooboboobboooooboon
O00000000000000000000000000OM42]000000000
00000000000 (000 10% 0000000000000000000
gbgobuogoobbobboobooobooobobooboooboobon
NeOOOOOOOOO N, OOOO Ne > N/4A00O00OO0ODOOODOOODOO
gbogobogbobbooboobooobuoobooboboobooboogon
gbogobogobobgoboooboboobbobooboooboobo
gooogoooo

obhooooboboooboobobooobobobooob ITyobobobooo
gbogobogobuodgougbbogboobobooboboobboboobo
OoooboobD 7.0000 Ne >To0D00O0DOODODOODOO LyOODOOO
00 7,0000 Ly>IyO00000O00DOOODODOODODOODODOOOO
Obho0oboooboboobuoobobuoobooboobbonoboOon Ly >IN
obooboobodN.OO00oobooo Iy0oboobgooboo
gobobogobbogobboogobooooobooogo,ouoogo
O0000000000Db00O00Db0Ob0Ob00OnDg MatehingAndFiltering O
gooogooobod

Algorithm  HierarchicalMatching
Input: surface mesh S
Input: model list L
for each model mesh M € L
do for each verified correspondence list G; € G
do remove vertices from S which are used in G
L+ MatchingAndFiltering(S, M)
G« CorrespondenceGrouping(L)
VerifyCorrespondence(G)
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O 4.1: Times in each step of matching (msec)
Remove MatchingAnd Correspondence | Verify
vertices Filtering Grouping Correspondence
Table 0 7416 29 3411
Daruma 9509 28893 65 15666
Cube 24033 2293 1 271
Cone 25748 2649 4 1400
Triceratops 24553 34590 126 33948
0 4.2: Number of vertices and correspondences
Model Original Remaining Compared Correspondences Groups of
vertices scene vertices | scene vertices | scene vertices | after filtering correspondences
Table 267 727 727 727 100 26
Daruma 735 3457 1932 1932 100 39
Cube 150 3457 1193 1193 7 6
Cone 259 3457 1029 1029 30 17
Triceratops 1233 1438 1130 1130 95 65

0000000000000 ICPO [39,40,44) 0000000000O0O0O0OO
OOo0b00ooboobOOo0ooooboobobooboboooboOoIcpoooboboOoDOO
gbobouogoobbobooooobbooobon
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8aos.,

daruma cone cube triceratops
W=10.078125(m W =0.078125(m) W = 0.078125(m) W = 0.01978125 (m)

table
W =0.15625 (m)

O 4.6: Matching models

ik
—

Generated Scene from Observation Recognized Scene by Matching

O 4.7: Final matching result
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Table (W = 0.15625) / Daruma (W = 0.078125)

TP — —
TP, U | —
B

"
*J

Cube (W = 0.078125) / Cone (W = 0.078125)

Triceratops (W = 0.01978125)

[0 4.8: Hierarchical matching process with removing matched vertices
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(B)

u C=0.243 u C=0.518 !

O 4.9: Improvement of correlation by removing matched vertices



5 U

HEN



— U500 0d— 83

gbobogboboogbobobogbboobuooboboooboobobooboon
goobobbobobobbobbobobbobbbobobbbbbbobbbbn
gbobouodgobuoboobboggboobbuooobbooosgoooboon
goou3tugoboboggooooboboobboooboooboboboon
goo

5.1 UOOOOOOOOOOOOn

gb30ggboug2b0dgdboboobboobboobboobbooboo
gbgobobooboboooboooboobbooboooooboobon
gogdodoooooobboobobobobbbobobbbbbbobbbbn
gbooogooobodggobosbbugbobog20b00o0bogobodan
gbogoogbobogbogoboooboobbooboboooboobon
gboboogooboobbooooobboooan

gddddddoddouoouououououoouooouoooooooobooon
gbobouogbobobobbobbooobbuoobobooobbuooooboabbd
OooooboooooooooboodPentinom D000 O0OO0OOOO0OOOOOO
OMMX OODOOOOOOOoOOooOooooo pCcOO0Ob0ObOOOODOOODOOO
gbogobodgboboboogobbogbboobouooboboobooboogon
gbogobogobodgbbobboooboobboboboooboobobon
0000 H4[48)0 0000000 DODO HyperMouse 4900000000000
goobooogd

OO0 MMXODOOOODOOODOOOODOOOoOoobOooobooooobooooobo
OO0000PentiumIIIDOO0O0O0O OODOOOOOODOOO SSEODOOODOOO
gboboogoobbobbooooobboooobobobuooooobooon

gbobgboogbogbgboogboobboobooboboobooon
gbogobodgbobobboogbbogbbooobooboboobooboogon
gooodgoobog3bbggboobbobuooobboobuobboooboon
gbogobogob2gbbggbougboooboooboobooboogon
0000000000 Ooo0o 500

gboboogoboboodgbobbuoooboboooboobob20bb0oogogon
gbogobogobouogogbobobbuogbboobbobbooboogon
gbogobogobobgbobogbbobboobooboboooboogon



— U500 0d— 84

gboogoobbbuoogobboboobobobboogon

5.2 3000000 0O0ODLOOO

0oooooooooooooooog3sooooooooooooooooan
ddodoobooooooodoooooooooooooooooood
O0000000000000000000000000 (volumetric representation)
ddodoobooooooooooooooooooooooooooooood
goooooooono

OO00000000 Marching Cubes Algorithm OO0 OO0 00OO00OOOO0O 30
0o00oooooooooooooooooooobooooooooooooa
doooooooooooooooooooooooooooooooooood
octree 00O 0O0OODODO0OOOODOOOOOOOOOOOOOOOOOOOOGO
ddodooboooooooooooooooooobooooooooooood
ddodooboooooooodoooooobooooooooooooood
oo ooooooooooooooooood
dddoobbooooooooooooooooooooooooooooood
goooooooooooo

5.3 3000000

gobogbbdogboogboogbboobbobobuoobboooooboon
gbogobogobodgbbobbuoboobooobobboooboobo
gbgbobodgbogboogobogboboobooobogbooboogon
gbodbogobobbouogbooboobooboboboobooobooon
gbgobogobogobobbggbbooobobuoobobooboobon
gbobuogoobobboogoobboooobobbuoooonobboooboon

gogdogooooooobobbobbbbiobboooobbbobbobboo
gogdooggboobbbobobobbobbobobbobobobbbbbobbbbo
gbogobogobobgoboboubogoboooobogoobooooon
gbgobogobobobdgougbboooboobbooboooboobon
coarse to fine OO0 0000 DOOO0OODOODOODOODOODOODOODOODODODOO
gbogobodgbogbooguboogboobooboboobooboogon



— U500 0d— 85

gboogoobobooogoooo

54 30000000000

gogobobbobbobuobodguooooooobobobbobobobooouooaon
gbogobuodgobodbuogboboboobuoobobobobbooboogon
gogdodboooobobobbbobbobbobobbbbobobbbbn
gbogobobogbboobobobobooobooobooooooboobon
gbgobogogbboobobobobooobooobooboboooobo
gbgbobogobodgoboobbobobobobooboooboooobon
gboooboogobobbogoboogbboobboboobbuooooon
gbgbobuogobodbuogbbogbobuoobobooboooboognon
gbgogbbouogobogbuogbbogbboobuooboooboooon
gbogbobboodgbobogbboooboobboboooboooboooboobo
gobogggoboboogogog
gbboogbbooboogbbooobobouobooobbooboobbooboo
gboougpooubogobogobogobooobboobbooboogan
gbogobodgboboboogobogbboobboobboobooboogn
O000000000000000000 [51,52,533] 0000000000000
gbogobogobobobogoboobboobobbooboooboobon
gbogobogoboboboobooboobbobbooboooboobon
goboogoobobooogooo
gbobooboggbobobogobouoboobogoogooogooon
goddbodoodgdooboooobooooooooooobobobobobobo
goboggbogbboboboooboobobooobooboooboobon
gboboogogboobbooooobbuooon
gbobgbobogbogobboobobbuoobbooboboooboooon
goobdobbdggbboooobouogbboobboobuoobboboon
goboooggobbouogoooon



HEN



—Ud— 87

gbobgbobogbogobogbouoboouoboobboobooon
gooogoooo
gddddoooddododoodouououooouoooooooobooon
gobooooobbobbooooobboooobobboooooobooon
goboogobouggbbogbooobobobogoboobboobon
gbooogooood
gbobouogbobobbogoodbboouobboobboooboboooooon
gboboogoobobuoooobobooobbbooooboboboon
gbobgbobogbodgbboogboouobbobbobooobooboon
gboogbbbogbooooobooobboobbobbuoobooboon
goddboddodgdodooooobooodoodoooooooboboobo
gbooogooboooago
oooooopbO0Ob0O0bOODOObOODIDOODbDOOOODOOD2000
obooboobgoboboobplobobboobobooboooboobobobobog
gooogoooo
gbobogbobobgbbooboogbuooboooboobbooboogn
gbgbobogouoboboooboooboobbooboooboooobooon
goboggoobobooggo
gobogbbodobuodgbboobuogbobuoooobuoobobooobooboon
gbobbbogoobobobobboooobobooobobobbooooooobooboon
gobooooooboood
gbbuogobogboobuogougbbouobboobooooobboaboo
gobou2gdboboggobobobbouooobobagn
MliOOOOoOoooOoOOoboooobooboobobuooooboboooboooo
gboboogooboboogobobooobbboooobobon
gbbuogbogbobboobbuobbuoobbbooboobbooboo
gboboogooboobbooooobbooaon
gboboobuogobodobodoggbooobobobogobboobooboo
gbobogoobboboooobboboooboon
gbobobooooobbooobboboago

goooood oo od



0o A

Marching Cubes Algorithm



— 00 A 0O Marching Cubes Algorithm— 89

Marching Cubes Algorithm 0 CODOOO00OO00OO0O0OOO0OOOOOOOOOO
0 Paul Bourkell Cory Gene Bloyd D0 OO OoOoOoOnO!

typedef struct {
XYZ p[3];
} TRIANGLE;

typedef struct {
XYZ pl8];
double vall[8];
} GRIDCELL;

/*
Given a grid cell and an isolevel, calculate the triangular
facets required to represent the isosurface through the cell.
Return the number of triangular facets, the array '"triangles"
will be loaded up with the vertices at most 5 triangular facets.
0 will be returned if the grid cell is either totally above
of totally below the isolevel.

*/

int Polygonise(grid,isolevel,triangles)

GRIDCELL grid;

double isolevel;

TRIANGLE *triangles;

{
int i,ntriang;
int cubeindex;
XYZ vertlist[12];

int edgeTable[256]={

0x0 , 0x109, 0x203, 0x30a, 0x406, 0x50f, 0x605, 0x70c,
0x80c, 0x905, OxaOf, 0xb06, OxcOa, 0xd03, 0xe09, 0xf00,
0x190, 0x99 , 0x393, 0x29a, 0x596, 0x49f, 0x795, 0x69c,
0x99c, 0x895, 0xb9of, 0xa96, 0xd9a, 0xc93, 0xf99, 0xe90,
0x230, 0x339, 0x33 , 0x13a, 0x636, 0x73f, 0x435, 0xb53c,
Oxa3c, 0xb35, 0x83f, 0x936, Oxe3a, 0xf33, 0xc39, 0xd30,
0x3a0, 0x2a9, Oxla3, Oxaa , 0x7aé, Ox6af, Ox5ab, Ox4ac,
Oxbac, Oxaab, Ox9af, 0x8a6, Oxfaa, Oxea3, 0Oxda9, Oxcal,
0x460, 0x569, 0x663, 0x76a, 0x66 , 0x16f, 0x265, 0x36c,
Oxc6c, 0xd65, Oxe6f, 0xf66, 0x86a, 0x963, 0xa69, 0xb60,
0x5f0, 0x4f9, 0x7f3, Ox6fa, Ox1f6, Oxff , O0x3f5, Ox2fc,
Oxdfc, Oxcfhb, Oxfff, Oxef6, 0x9fa, 0x8f3, O0xbf9, Oxafo,
0x650, 0x759, 0x453, Oxbba, 0x256, 0x35f, 0x55 , Oxlb5c,
Oxebc, Oxf55, Oxcbf, 0xd56, Oxaba, 0xb53, 0x859, 0x950,
0x7c0, 0x6¢9, 0x5¢c3, Ox4ca, 0x3¢c6, Ox2cf, Oxlch, Oxcc ,
Oxfcc, Oxechb, Oxdcf, Oxcc6, Oxbca, Oxac3, 0x9c9, 0x8cO,
0x8c0, 0x9¢9, Oxac3, Oxbca, Oxcc6, Oxdcf, Oxecb, Oxfcc,
Oxcc , Ox1ch, Ox2cf, 0x3c6, Ox4ca, 0x5c3, 0x6¢9, 0x7cO,
0x950, 0x859, 0xbb53, Oxaba, 0xd56, Oxchbf, O0xf55, Oxebc,
Ox15c, 0x55 , 0x35f, 0x256, Ox5ba, 0x453, 0x759, 0x650,
Oxaf0, Oxbf9, 0x8f3, 0x9fa, Oxef6, Oxfff, Oxcf5, Oxdfc,
0x2fc, 0x3f5, Oxff , Ox1f6, Ox6fa, 0x7f3, 0x4f9, 0x5f0,
0xb60, Oxa69, 0x963, 0x86a, 0xf66, Oxe6f, 0xd65, Oxcéc,
0x36¢c, 0x265, 0x16f, 0x66 , O0x76a, 0x663, 0x569, 0x460,
Oxca0, Oxda9, Oxea3, Oxfaa, 0x8a6, 0x9af, Oxaab, Oxbac,
Ox4ac, Ox5ab, Ox6af, 0x7a6, Oxaa , Oxla3, 0x2a9, 0x3a0,
0xd30, 0xc39, 0xf33, Oxe3a, 0x936, 0x83f, 0xb35, Oxa3c,
0x53c, 0x435, 0x73f, 0x636, Ox13a, 0x33 , 0x339, 0x230,
0xe90, 0xf99, 0xc93, 0xd9a, 0xa96, 0xb9f, 0x895, 0x99c,
0x69c, 0x795, 0x49f, 0x596, 0x29a, 0x393, 0x99 , 0x190,
0xf00, 0xe09, 0xd03, OxcOa, 0xb06, 0xa0f, 0x905, 0x80c,
0x70¢c, 0x605, 0x50f, 0x406, 0x30a, 0x203, 0x109, 0x0 };
int triTable[256][16] = {

{-1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ o0 8 3,-1,-1,-1,-1,-1,-1, -1, -1, -1, -1, -1, -1, -1},
{ o0 1, 9,-1,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{1, 8, 3, 9, 8 1,-1,-1,-1, -1, -1, -1, -1, -1, -1, -1},
{1, 2,10, -1,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ o0 8 3, 1, 2,10,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ 9, 2,10, 0, 2, 9,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1},

thttp://www.swin.edu.au/astronomy /pbourke/modelling /polygonise/
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{ 1,10, 2, 8, 7, 4,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ 4, 9, 1, 4, 1, 7, 7, 1, 3,-1, -1, -1, -1, -1, -1, -1},
{ 4, 9, 1, 4, 1, 7, 0, 8 1, 8, 7, 1, -1, -1, -1, -1},
{ 4, o0, 3, 7, 4, 3,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ 4, 8 7,-1,-1,-1,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ 9, 10, 8, 10, 11, 8, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ 3, o, 9, 3, 9,11, 11, 9, 10, -1, -1, -1, -1, -1, -1, -1},
{ o, 1, 10, o0, 10, 8, 8, 10, 11, -1, -1, -1, -1, -1, -1, -1},
{ 3, 1, 10, 11, 3, 10, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ 1, 2,11, 1,11, 9, 9, 11, 8, -1, -1, -1, -1, -1, -1, -1},
{ 3, o, 9, 3, 9,11, 1, 2, 9, 2,11, 9, -1, -1, -1, -1},
{ o, 2,11, 8, o0, 11, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{3, 2,1,-1,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ 2, 3, 8, 2, 8,10, 10, 8, 9, -1, -1, -1, -1, -1, -1, -1},
{ 9,10, 2, 0, 9, 2,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ 2, 3, 8, 2, 8,10, 0, 1, 8, 1,10, 8, -1, -1, -1, -1},
{ 1,10, 2,-1,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{1 3 8, 9, 1, 8 -1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ o0 9, 1, -,-1,-1,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{ o 3 8 -1,-1,-1,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1},
{-1,-1,-1,-1,-1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1}};

/*

*/

Determine the index into the edge table which
tells us which vertices are inside of the surface

cubeindex = 0;

if
if
if
if
if
if
if
if
/*
if

/*
if

if
if
if
if
if
if
if
if
if
if

if

(grid.vall0]
(grid.val[1]
(grid.vall[2]
(grid.val[3]
(grid.val[4]
(grid.val[5]
(grid.vall6]

<
<
<
<
<
<
<
(grid.vall[7] <

isolevel) cubeindex
isolevel) cubeindex
isolevel) cubeindex
isolevel) cubeindex
isolevel) cubeindex
isolevel) cubeindex
isolevel) cubeindex
isolevel) cubeindex

)

)

)

"
QN

)

16
32
64

)
)

)

128;

Cube is entirely in/out of the surface */

(edgeTable[cubeindex] == 0)
return(0) ;

Find the vertices where the surface intersects the cube */

(edgeTable[cubeindex] & 1)
vertlist[0] =

VertexInterp(isolevel,grid.p[0],grid.p[1],grid.val[0],grid

(edgeTable[cubeindex] & 2)
vertlist[1] =

VertexInterp(isolevel,grid.

(edgeTable[cubeindex] & 4)
vertlist[2] =

VertexInterp(isolevel,grid.

(edgeTable[cubeindex] & 8)
vertlist[3] =

VertexInterp(isolevel,grid.

(edgeTable[cubeindex] & 16)
vertlist[4] =

VertexInterp(isolevel,grid.

(edgeTable[cubeindex] & 32)
vertlist[5] =

VertexInterp(isolevel,grid.

(edgeTable[cubeindex] & 64)
vertlist[6] =

VertexInterp(isolevel,grid.

(edgeTable[cubeindex] & 128)
vertlist[7] =

VertexInterp(isolevel,grid.

(edgeTable[cubeindex] & 256)
vertlist[8] =

VertexInterp(isolevel,grid.

(edgeTable[cubeindex] & 512)
vertlist[9] =

VertexInterp(isolevel,grid.

(edgeTable[cubeindex] & 1024)
vertlist[10] =

VertexInterp(isolevel,grid.

(edgeTable[cubeindex] & 2048)
vertlist[11] =

pl1],grid

pl2],grid

pl3],grid

pl4],grid

pl5]1,grid

pl6]l,grid

pl7],grid

plo]l,grid

pl1],grid

pl2],grid

.pl2],grid.

.p3],grid.

.plo] ,grid.

.p[5],grid.

.pl6] ,grid.

.pl7] ,grid.

.pl4] ,grid.

.pl4] ,grid.

.p[5],grid.

.pl6] ,grid.

val[1],grid

val[2],grid

val[3],grid

val[4],grid

val[5],grid

val[6],grid

val[7],grid

val[0],grid

val[1],grid

val[2],grid

vall1l);

.vall2]);

.vall3]);

.vall[ol);

.val[5]);

.vall[6]);

.vall71);

.vall4l);

.vall4l);

.val[5]);

.vall[6]);
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VertexInterp(isolevel,grid.p[3],grid.p[7],grid.val[3],grid.vall7]);

/* Create the triangle */

ntriang = 0;

for (i=0;triTablel[cubeindex][i]'=-1;i+=3) {
triangles[ntriang] .p[0] = vertlist[triTable[cubeindex][i 1];
triangles[ntriang] .p[1] = vertlist[triTable[cubeindex][i+1]1];
triangles[ntriang] .p[2] = vertlist[triTable[cubeindex][i+2]1];
ntriang++;

}

return(ntriang);

}
/*

Linearly interpolate the position where an isosurface cuts
an edge between two vertices, each with their own scalar value
*/
XYZ VertexInterp(isolevel,pl,p2,valpl,valp2)
double isolevel;
XYZ p1,p2;
double valpl,valp2;
{
double mu;
XYZ p;

if (ABS(isolevel-valpl) &lt; 0.00001)
return(pl);

if (ABS(isolevel-valp2) &lt; 0.00001)
return(p2);

if (ABS(valpil-valp2) &lt; 0.00001)
return(pl);

mu = (isolevel - valpl) / (valp2 - valpl);

p.x =pl.x + mu * (p2.x - pl.x);
p.y =pl.y + mu * (p2.y - pl.y);
p.z2=pl.z + mu * (p2.z - pl.z);
return(p);
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O00000000000000000000000 [43)0
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0040000000 Quaternion0 00003000000 u = (u,v,w)’ 000
00sO0doooooooon

g, gy = Uy - U + 5189

_1
2

lq| = (q-q)
Quaternion 000000000 DODODOOO

q,*q, = ((81u2 + souq + uy X ’U,Q),SlSQ — U ’U,Q)T (Bl)
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