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1.1.
[1]
[2] [3]
[4]
[S106107118119]
2
[3]
Shape from Motion[10]
[71[8] Time of Flight(TOF)[9]
[11]

[51071012]  ToF  [9]



VGA (640x480pix )

30frame/sec
10bit x 480 x 640 x 30=11 5MB/s
100MB/s
( )

[3] [3]



1.2.
1.2.1.

[11(=2) 2

[10]

1.2.2.

Time of Flight [9] [13]



[11(b)

[11(b)
640x480(VGA) 30 frames/s
19 k[ frame/s]
65 1 range
frames/s 47K [ frame]
[7]

target object

AN

sensor plane
%

calculation from matching point
need for calcuration & matching process

sensor plane

e’

camera 2
QL

O

3-D position

(a) stereo matching method

1

(@)

camera 1
N

. reflection

sensor plane
lasegbEam)source

scanninig mirr% K{

3-D position

calculation from direction & detected position
need for calculation

(b) light-section method

) () (



1.3.

[14]
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2.1.
[2]
[2] c p
m(X Y 2) mpc = al mep = a2
c p m X-Z 0
al a2 © cp d

targefiobject

\

reflection m(X,Y,2)

camera a2
I

beam prOJector '

\

X



al a2 ©

tan(al) =

[s—X L]

tan(a2) = Y [2]

s+ X

 _ ditan(ad) - tan(a2))

= [3]
2(tan(ad) + tan(a 2))

_ d(tan(ad) -~ tan(a2))

 (tan(ad) + tan(a2)) 14]

Y=Isin(@ ) Z=-lcos(6 )

y _ d(tan(ad) tan(@2) in(6))

tan(ald) + tan(a 2) 5]

7 - d(tan(al) tan(a2) sin(#))
tan(al) + tan(a 2)
m

[6]

2.2.

[7]

VGA(640x480pixel)

[3]



CMOS APS

[3]
AD 8bit
[31(H
[31(1D)

Eth

[31C11)

AD 8
[31(1V)
©)
Eth
[31(V)
AD 8



480 pixels

intensity

digitized

640 pixels

JNE xamp e

=" light section ) .

.l._ 3rd stage intensity profile mten'sny

readout circuits profiles
3-D scan(column-parallel) 2nd stage bunary-tree detected
! ! for position detection priority encorder positions

L) 1\
column-parallel ()] | time-domain ADCs |
high-speed readout circuit high-speed 1st stage

readout sheme

[ adaptive thresholding |

[\ E (n 2
—A _ i AEth adaptive =
thresholding _ Vrst digital _
pixels/row \ se& Wr
. rsf oy
an 3 \ il g
approximate 3 \ D g
TDA-ADC ° N\ T analog o
pixelsirow 1y 2 :l/'\ \]A: a
» . . o
priority % pixel circuit %
| binary-tree priority encoder | encorder = pixel array =
i address(left/right edges) (640x480) o
| Intensity profile readout | W)
HH Intensity profile I\/| 2-D image
readout sheme pixel value readout circuit
(for 2-D imaging) ADC

intensity profile of the pixels over Eth

(@) (b)

pixel array

Active pixel

B projected light

» center line of projected line

\ EEEEEEEN
(c)

[3]
VDD

Vpc Vrst
Vemp



[41(2)
Vemp

Vemp

[41(b)

[4] (o)

CMP1
DCKO
DCKO
DCKO AD
DCKi 2

[41(b)

DCKO

—> INT2~INTo (to intensity profile readout circuit
> ACT (to mask circuit of priority encoder)

t digital stage

latch sense amp.

=]
o
(<]
-
(J
~
.
o
T
o
o
c
o
01
-
©
°

DC|CMP1

)
o
-
©
~1
a
o
T
o
Qo
c
o
1]
=
(]
il

Lli I Vpc
1 PC
| vemp [vea1 _4—[|,_

pixel array (NxN)

analog-to-digital readout
w/ adaptive thresholding

vemp | veol2

| Vrst ! \
SEL i

ERSI| = ! !

|

! 000!

, PD I '

! = pixell : !

|Mbn
column
select /g =

|Mbn
column
select /e =

5

analog readout for 2-D imaging

>
— 8-parallel analog output
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AD
AD
Veol
(CvP)
Tth
DCKO
CMP
Eth
Tres

DCKO DCK1 DCK2 DCK3

Yo T S
8 © SN,
| COM
Tth o
Tres
A
commor time
99T+ TDA-ADC
& (0) YV VY
S<
©
>
CMP1 CMP2
A A
% (a) i E time
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i vemp
dynamic readout,
SEL enable
Vcoll (dark)

time
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2.3.

[16]

[7]

[16]
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[17]

[18]

[17]
[17]
[5]
[6]
n i
(XY Z")
u' = F)Z(—i‘:+ug [7]
V' = F\Z(‘—;Jrvg [8]
F (U, Vo)
[6] (Xwi,Ywi,Zwi,)
(XY Z")
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XN

! Xwi
Yin = ywi +t [9]
Zin Zwi
R
R X a y
B z y
cosy —siny 0O\ cosp O snpg)y1 O 0
R=|sny cosy O 0 1 0 |0 cosa -sina
0 0 1{-sng 0 cosp )0 sna cosa [10]
Ccosfcosy —cosasSiny+sSinasSinfcosy SinaSiny +Cosa Sin Cosy
=| cosfsiny CosaCoSy+Sinasinfsiny —sSinaCoSy +cosasinsiny
—-sing Sina cosf Cosc cosf
R a B vy
R, R, R
R=IR, R, Ry [11]
Ry R Ry
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range finder 1

Camera coordinate n camera coordinate n+1

/ Yi

(Uin, \ﬂ)

(uo, Vo)

\
A}

origin of camera
coordinate n

camera plane

World Coordinate

corresponding point
Xp world coordinate: (Xwi,ywi,2wi)

projector plane

\§ camera coordinate:(xir,]\ﬁn,j)

. . m m
orojector coordinate m' Projector coordinate:(Xpi, Yoi, Zp1)

5

(CuCyp,---Cyy) [°1  [71[8]

u',v)

wg(%m+%m+%%+%]nu

L CX + GV + CZy + Gy

V" = (Cﬁlxwi + Cﬁz Ywi T Cﬁ3zvvi + Cﬁ4 j [12]
C3l Xwi + C32 yWI + C33zwi + C24
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camera
coordinate

™

$
translation M (X, Y, Zui)

image plane focus plane Zw
Y world coordinate
6
i
Cl =1

Xg Y Za 1 0 0 0 0 -u'x, -Uuy, -u'z, -u
0 0 0 0 Xy Y Zuw 1 -UX, VY -VZ, -V
Xi Yo Zi 1 0 0 0 0 —-u'x, -uy, -uz, -u
0 0 0 0 Xy VYu Zu 1 _Vinxwi _Vinywi _Vinzwi _Vin

Clnl 11

n 1

e |o| | e

Cx) |
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12 (Cln11 Ch, C3n4) 1

[11]][12]
12
i
X, (P3-++,P3)
. :( PliXy + PisYos + Pls2 + Pl J (4]
P21 Xui + P2 Ywi + PasZyi + Py
P2Tl =1

1 _ n _ n _ n _ n Pl;l. n
X Ym 4m uplxwl Uplym uplzwl Xpl pn Xpl
: : Do : : : : 2= | 5]
Xoi Yui i 1 _u;ixwi _u;iyvvl _ugizwi _Xgi F;n Xgn

23

(P3,P3,--P5) 8

[14]

[13][15]
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Xa Ym Zu 1 0 O
0 0 0 O X, VYu
A=| : : :
X\Ni yWI ZWI 1 O O
0 0 0 0 X VY
Clnl
c=| 2| p7]
Css
)
A
I =] : [18]
Xu Yu du 1 —Ugﬁm _uzly\m
B=| ¢ ¢ i i :
Xi Yui Zi 1 —Ugim— —u
Rl
Pl 2| [20]
Ps
x’,}l
S=| ! | [21]
Xon
A-C=1 [22]
B-P=S [23]

pi yv\/l

=

n n
“UWX, —WUYm

Xy ~VYYa —WWZy

—U'X, WY —UWZ,
V'Y —V'Z,

— VX
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-

n

—V/
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[7]

(XW’YW’ZW)
(u',v")
[711 a
(XW’YW’ZW)
[71(b)
DA
', vi')
X"

[11][12][14]
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(Clnl - C??luin)xwi + (Clnz - Canzuin) Yui + (Clna - Cansuin) Z,= C3n4 in - Cln4
(Co—CaVv )X, +(C3 —Ca\M" )Y, +(Ci —Cpv")z, =Cy\ - C5, [24]
(qu - quxgi )Xw. + (Plg - Pzgxgi )ywi + (Fig - Pzr;,x;i )va = Pzzxgi - Fﬂ

C?Tﬂ"in - C1I11
F=|Chv ~Cp, | [25]
PaaXoi — P

(CL-CauM)x, (CL-CuuMy, (Ci-Cuul)z,

Q=] (CL-Cav)x,; (CL-Cav)y, (Cx-Cxv')z, | [26]
(qu - Pznlxgi)xm (Plg - Pzgxgi)ywi (Plg - Pzgxgi)zwi
Xy

V= ywi [27]
Z,

F=Q-V [28]

V=Q"'F [29]
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7/
Active piXG|(Ui,\I/i)

center-of-gravity pixel

JAHE BN
A HHE
| (W]
5= qal il
/
[N KN
iIFAF HF
{

;

|

i)

N scan Iine(Xp)

marking point
center-of-gravity line

€)) ()
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3.1.

[11]

[8]

[10]

[141[15]
[8] [°]
[10]
Fast SCSI PC
[10]

FPGA
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\

sensor control(3D)

laser

rod lens

mirror

T_ 12bit-DAC

<«

sensor control(2D)

mirror control

|

smart image

sensor

12bit-ADC

2D-image data

SCSIl data bus —— |

DAC| external module controller SCSI bus controller
for data acquisition for data transmission
iniadadh diadaiddad e i I ittt 1
1 ol [
contro instruction |
DAC instruction decoder 1 :
controller sensor : : sScCS| !
controller s SCSI
position | FIFO — protocol |
ADC ¢ data controller™ controller >
" databus
controller ] |
3D X I
data N |
R B I I I T S J
2D data
1
—
ADC sensor
9
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<>

Sensor
\ Board
PC

Q (for FPGA configuration)
1

mirror

DAC
controller

ADC
controller

10

Processing
Board

DAC]| external module controller

for data acquisition

1

I

sensor

Monitor

local bus controller
for data transmission

controller

sensor

11

L U men e
P ! : i ' i
' control ' . ] i i
“instruction ! | |address| | I |VRAM | |
address/image ' ! encoder| ! : Ctrl !
1o data ~|FIFO : :—): I :
1 ocar | 1 ! .
. t syne databus ! 3D ! I !
r FIFO : ! calc. ' ! VRAM | |
: ! controller ! 1 Lmodule ! i !
| P | S —

b T ___ !
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3.2.

FPGA

[29]

[29]
FPGA
FPGA PC
[29]
[29] FPGA
X Y Z

-24-

PC

[29]



X = [{PlZ (C C C13C 4) P13 (C12C24 - C14C22 ) + I:)14 (C13C22 - C12C23 )}
+ {P12 (C33C - C23C34 ) + Pl ((:22C o C24C32 ) + P14 (C23C32 - szcss )}u
+ {PlZ (C13C34 o C14C 33 ) + Pl (C14C32 C12C34 ) + P14 (C12C33 o C13C32 )}V
+ {Pzz (C13C24 -CuC 3)+ Pxs (C14C22 C12C24)+ Poy (C12C23 —-CiCyp )}Xp
+ {Pzz (C14C33 C13C34 ) + Pz (C12C34 - C14032 ) + P24 (C13C32 - C12C33 )}VX
+ {Pzz (C23C34 C24C33) + I:)23 (C24C32 - C22C34 ) + P24 (C33C22 - C32C23 )}uxp]

+ P13 (C14C21 - C:11(:24 ) + I:)14 (C11C23 - C:13021 )}

+ P13 (C24C31 - C21C34 ) + P14 (C33C21 - C31C23 )}u
+ P13 (011(:34 - Cl4 C31) + P14 (C13C31 Cllcss )}V
+
+
+

+

+ C.C,; —CCyy

+ P21 (C14C23 C13C24 ) P2 (C11C24 - C14C21) + P24 (C13C21 23 )}Xp

+ P21 (C13C34 C14C33) P2 (C14C3l - C11C34 ) + I:)24 (C11C33 T3 13 )}VX
( )

Py (C21C34 - Cz4C31) + Py (C31C23 —CyxCy )}uxp]

Z= [{Pll(cl4c22 CCou ) +P, (C11C24 - C14C21) +P, (C12C21 -CuCyp )}
+ {Pll (C24C32 - C22C34 ) + P12 (C21C34 - C24C31) + I:)14 (CZZC31 - CZIC32 )}u
+ {Pu (C12C34 CuCq ) +P (C14C31 —-CyuCy ) + Py, (C11C32 C, C31 }V
+ {le CCou - CuCy ) + Py (C14C21 —CuCy ) + Py (C11C22 Cau )}Xp
+ { C14C32 o C12C34 ) + Pz (CnCsA - C14C31 ) + I:)24 (C12C31 11 32 )}VX
)+

I:)22 (C24 CSJ. - C21C34 ) + I:)24 (C21C32 22 C31 )}UX ]

|Q| = {Pll(C12C23 - C13C22 ) + P12 (C13C21 - C11C23 ) + P13 (C11C22 - C12C21 )}

+ {Pll (C22C33 o Czscsz ) + P12 (C23C31 o C21(:33 ) + P13 (C21C32 o C22C 1)}u
+ { (C13C32 C12C33) +Pp (C11C33 - C13C31) + P (C12C31 CuCs )}V
+ {le (C13C22 C12C23) + Py (Cuczs —CiCy ) + Py (C12C21 CuCsp )}Xp
+ {le (Clz C33 C13C32 ) + P22 (C13C31 - C11C33) + P23 (C11C32 - ClZ C31 )}VX
+ { ( - C22C33 ) + P22 (C21C33 - C31C23) + P23 (C22C31 - C21C32 )}uxp [30]

(u,v,x,)
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(A(,y,z’ Bx,y,z’ Cx,y,z’ Dx,y,z’ Ex,y,z’ Fx,y,z’ ax,y,z’ bx,y,z’ Cx,y,z’ dx,y,z’ ex,y,z’ fX,y,Z ’)

X' A +Bu+C,v+D, X, +Evx, +Fux,

1Q| a,+bu+cyv+ d,x, +evx, + f,ux,

Y A, +B,u+C v+D x, +E X, +F ux,

QI a,+bu+cv+d x, +evx, + f ux,

z' A, +Bu+Cyv+D,x, +E,vx, +F,ux, (31

Q| a,+b,u+c,v+d,x, +e,vx, + fux,

[12] [12]

(A(,y,Z’ BX,y,Z’ CX,y,Z’ DX,y,Z’ EX,y,Z’ FX,y,Z’ aX,y,Z’ bX,y,Z’ CX,y,Z’ dX,y,Z’ eX,y,Z’ fX,y,Z ’)

[13]

codic sin
[14]
sin(® ) 0.31%
1.07%
(X,Y,2)
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ax,y,z
bx.y,z
Cx,y,z

u

Vwi, Zwi

Xwi

dx,y.z

Cxy.z
Dx,y,z

Bx.y.z

Xp
Xp
Ux,y,z
Xp
Axy,z

12
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Raw Data From Sensor

¥

Gravity Center Computation
(1 Stage)

Y

3-Dimensional Coordinate Computation
(5 Stages)

Rotation
(3 Stages)

Y

VRAM Address Computation
(6 Stages)

\

VRAM

13

15 Stages

] ] ] ] ] ] ]
Trigonometric function sin(0)

Integer-based cubic expression smcubic(e)

0 10 20 30 40 50 60 70
0 [degree]

14 sinB
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3.3.

[16]

PC
VRAM
DAC
nBIk low
1
640x 480(VGA)
VRAM
VRAM
kfps 1

19

Hsync

idle

D/A
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VGA

[17] [18]

High
Vsync

VRAM
D/A

VRAM

12C



data

input
 VRAM CTRL i— VRAM

I to Monitor
y pixel data R /\
4 c |©0©
_ h blank DAC B @) o @)
Graphic [ "plank e
CTRL O O O
VSync O O o
HSync O
15 VGA
Virtual Display Area
A Vertical
vy Front Porch
A
Real Display Area Vertical
Disp.
Y
A Vertical
vy Back Porch
1 Vertical
Sync.
A
Horizontal Horizontal Horizontal Horizontal
Front Porch Disp. Back Porch  Sync.

16 VGA

-30-



18

HsyncJHHJHJHMJHHJHJHHL
aii]

-31-



SDA_IN SDAOUT N VDD
SCL_1 M [l] pull-up
- SCL_OUT |~ _ -- <on to VDD
lcetrt Tsooe to DAC Pin
ScL -- scL
,,,,,,,,,,,,,,,,, ]

SDA /

|
|
|
—_— |
DATA_OUT] |
|
|
|
|
|
|
|
|

X \
/S

Device_2

DATA |
“__/ d beieed T
SDA | E i o :
N ooooL oy
sct b\ [\ /2 __N\___ L
staaT Ak sop
19 12C
3.4.
FPGA [20]
FIFO
FIFO
Sync FPGA Sync
[21]
FPGA 40MHz
(clkl clk2) Sync
Sync 2clk  High
2D 3D
[22] [23]
ASIC 1
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sensor board FPGA board

bus_ctrl

sync sync

FIFO
_‘ data[7:0] [ dataout[7:0] datain[7:0]
rdreq wireq ]

clk

20

clk

clk2

sync

rdreq

data[7:0] ><

21
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7/, 640 X 480 pixel
Yt L—1~ sensor array

FIFO l

8bit
readout circuit pixel data
for 2-D image —>| ADC [—110010011
l to BUS
22 2D
position detector address [ X
: —>
for 3-D image data Xz
Xs
Xa
XL % G G
7777 BEil
Z zl |0101010001 1000100101 11000100101110010100|
7 //: 1] 4
:/ Y 640 X 480 pixel [0101010001 1000100101 1100010010 1110010100|
7
w4 L—T sensor array
V) |
VX 01010100
77 FIFO
7
99, ||
01100010
01011100
01001011
readout circuit to ADC 10010100
for 2-D image — }
to BUS
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Altera  Stratixll EP2S130
ALUT(Adaptive Look Up Table) ( 1) 19,778 / 106,032 (18 %)
LE(Logic Element) 24,723
2.3Mb
DSP ( 2 224 / 504 (44 %)
( 1)ALUT
( 2)1 9bit DSP
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8bit

mirror !
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4.2.

PC

[25] [26] PC

FPGA [33]
tan
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m‘ | |@).v.e onlelther S||@I|e
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4.3.

1
8bit

8bit

640x480

[26]

[27]

1024x768(XGA)pixel

28
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4.4.

29

[29]

[28]

10bit



[30]
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4.5.

VRAM
[24]

[31]
400mm

4 3 4 4

200mm

[31]

20.0rangemap/sec
400[us]

125rangemap/sec lrangemap 100
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