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Fig. 2.1: Integral paths in Radon transform
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(a)original image g, (b) rotation g,

(¢) translation g (d) planar motion gs

Fig. 2.2: Planar motion of rigid object
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Table 2.1: Computation of Radon transform
initialize array R(@, pp)
for all £ do
for all p, do
for b=0,1,--- , K —1do
th, = kA, (4, = cosfy,, S;, = sinfl;,
compute x = £Cy — ppSy
compute y = £Cy + ppCy
add pixel value g, , to R(0, pp)
end
end
end

end

Table 2.2: Parallel computation of Radon transform
initialize array R(#. pn)
for g(x.y) = (0,0),(0,1),--- , (W —=1,H —1) do
for b=0,1,--- K —1do
0, = EAf, C, = cosfly, S;, = sinf),
compute p = —xS + yC
compute p, = p/Ap
add pixel value g,,, to R(0, pn)

end
end
end
2.5.2
r oy
glr,y) 2.1 r=ECy—pSp y=ESp+pCh
2.1 Table 2.1 Ap p
Table 2.1 p £ 0 r oy
Ty

f P p=uyCy— 15 Table



(a)template image (b)input image

(e) Radon transform (d) Radon transform

of template image of inpnt image

Fig. 2.3: Images and their Radon transforms

Table 2.3: Computation time
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2.7 19
Table 2.4: Experimentally detcted position and orientation
x Yy x Y
[deg] | [pixel] [pixel] [deg] [pixel] [pixel]
(1) 40 30 20 (1) 39.4(-0.6) 30(0) 19(-1)
(2) 20 -100 30 (2) 80.2(40.2) | -100(0) 30(0)
150 80 -50 150.5(+0.5) T9(-1) | -47(+3)
(3) 30 -50 60 (3) 20.5(-0.5) -50(0) | 61(+1)
35 60 -50 35.2(40.2) 60(0) | -49(+1)
(4) 35 60 -50 (4) 35.2(+0.2) 60(0) | -49(+1)
80 -100 30 80.2(40.2) 100(0) 30(0)
190 60 60 180.8(-0.2) 50(-1) | G61(+1)
(5) 30 60 -50 (5) 20.5(-0.5) G0(0) | -49(+1)
30 -50 -60 20.5(-0.5) -50(0) 60(0)
(G) 30 0 0 (G) 20.5(-0.5) 0(0) 0(0)
30 60 50 20.5(-0.5) 60(0) | -49(+1)
30 -50 60 20.5(-0.5) -50(0) 60(0)
(7) 0 20 0 (7) 0.0(0.0) T9(-1) 0(0)
0 -80 0 0.0(0.0) -80(0) 0(0)
(8) 0 0 70 (8) 0.0(0.0) 0(0) T0(0)
0 0 10 0.0(0.0) 0(0) 10(0)
0 0 =70 0.0(0.0) 0(0) | -69(+1)
1
2.16 K 1
Fe(0;., 8, —
sum(a) = Eﬂ =0 Pee Sk nJ_ (2.18)
K
L,
2.7.2
Fig. 2.3-(a) Fig. 2.7
1.0 K =256 p L =256
2.1 K =256 p L =512
3.0 K =512 p L = 256



L = 256)
Table 2.6
L =512)

-1y

K=512 p L =512
K = 256 Af) = 1.40[deg]
Afl = 0.70[deg] L = 256 Ap = 2[pixel]
Ap = 1[pixel] t,=10.1
T, Ti=K/8 (K = 256
Table 2.5 (K =256 L=512)
(K =512 L =256) Table 2.7 (K =512
Table 2.8
Af
A Ap

-1y
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1.

Table 2.6: Detected result ( : 256, p : 512)

Table 2.5: Detcted result (7 : 256, p : 256)
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Table 2.7: Detcted result (f : 512, p : 256)

Table 2.8: Detcted result (f : 512, p: 512)

T iy xr Yy
[deg] [pixel] [pixel] [deg] [pixel] [pixel]
(1) | 40.1(+0.1) | 29(-1)| _ 20(0) (1) | 401(+0.1) | 30(0)]  20(0)
(2) | R0.2(+0.2) | 09(+1) | B1(+1) (2) | R02(+0.2) | 09(+1) | 31(+1)
149.8(-0.2) 80(0) | -48(+2) 149.8(-0.2) 8O(0) | -47(+3)
(3) | 30.2(+0.2) | -50(0) |  60(0) (3) | 30.2(+0.2) | -49(+1) |  60(0)
35.2(4+0.2) 60(0) | -49(+1) 35.2(4+0.2) 60(0) | -49(+1)
(1) | 35.2(+0.2) | 60(0) | -49(+1) (1) | 35.2(+0.2) | 60(0) | -49(+1)
80.2(+0.2) | -99(1) | 31(+1) 80.2(+0.2) | -99(1) | 31(+1)
180.8(-0.2) | 59(-1) | 62(+2) 180.8(-0.2) | 59(-1) | 62(+2)
(5) | 30.2(4+0.2) 60(0) | -49(+1) (5) | 30.2(40.2) 60(0) | -49(+1)
30.2(4+0.2) | -49(+1) | 61(+1) 30.2(+0.2) | -49(+1) |  60(0)
(6) | 30.2(+0.2) 0(0) 0(0) (6) | 30.2(10.2) 0(0) 0(0)
30.2(+0.2) 60(0) | -49(+1) 30.2(+0.2) 60(0) | -49(+1)
30.2(+0.2) | -50(0) | 60(0) 30.2(+0.2) | -50(0) |  60(0)
(7) 0.0(0.0) 79(-1) 0(0) (7) 0.0(0.0) 79(0) 0(0)
0.0(0.0) |  -80(0) 0(0) 0.0(0.0) |  -80(0) 0(0)
(8) 0.0(0.0) 0(0) | 70(D) (8) 0.0(0.0) 00y | 70(D)
0.0{0.0) 0(0) 10(0) 0.0{0.0) 0(0) 10(0)
0.0(0.0) 0(0) | -69(+1) 0.0(0.0) 0(0) | -69(+1)
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Fig. 2.13: Re-detection of captured images (T, = 0.04, T; = 20)
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Fig. 3.1: Integral paths in Radon transform and in one-sided Radon transform
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Fig. 3.2: Direction of projection axis p
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Step 4 0= gi_npur - gsamp!'r‘
,3 = ginpm’ + "'T,fz

Step 5 Lrsamp!r(.lﬂ-. gsamp!r) = Lr\f.npu.f (.IG + ll:'EII'_'I-. gv’.npur)
o dq
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Ginpur 3.8

Algorithm 2
Stﬂp 1 Gsamp!r G{npuf

Step 2
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¥
(3.4)

Algorithm 3
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.
U(0,0) 2
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31
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Lr\f.npu.f (.ﬁ g)

LTU(G._ I.'?) LTU(G._ g+?’i’)
Lrsamp!r(ﬂ-. E?) Lrv'.npu.f (ﬂ E?)



(b)

Fig. 3.3: Original image and moved image

K 16

(&) (b)

Fig. 3.4: Compnted one-sided Radon Transform

M x M [pixel] f N i
M M
f M Algorithm
1 Algorithm 2 MEN Algorithm 3 MN
Algorithm 1 || Foampte [+ Ocampte) — Finput (s Oinpuat ) ||
M Orcmpte Oimpus
MN? Algorithm 2 Feamptel [0 — ) Fipua( . 0)
MN 0 MN?
Algorithm 3 Usampte(0,0 — ) Unp (0, 9) N 0l
N? Algorithm 1 Algorithm 2

M2N + MN?  Algorithm 3 MN + N?
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(a) (b)

Fig. 3.5: Computed power spectriims of one-sided Radon Transform

Table 3.1: Detected position and orientation for Fig.3.3

(%]

a® | r[pixel] | y[pixel]
true values | 30 20 10
Algorithm1 | 30 19.6 9.99
Algorithm2 | 30 13.6 18.9
Algorithm3 | 30 13.6 15.9

3 PC PC PC/AT
Pentinm IIT 8300MHz 2560MB GCC
"-02" Fig.3.3-(a) Fig.3.3-
(a) 30° T 20[pixel] ¥y 10[pixel]
Fig.3.3-(b) Fig.3.4-(a).(b)
Fig.3.5-(a),(b) Algorithm 1
Algorithm 2 P
M Algorithm 1 Algorithm 2 256 fl N
Algorithm 1 Algorithm 2  Algorithm 3 360
Table 3.1
Algorithm Algorithm 3 1

| ]
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Table 3.2: Detected position and orientation for Fig.3.6

a” | x[pixel] | y[pixel]
true values | 30 20 10
Algorithm1 | 30 19.6 0.99
Algorithm2 | 30 | 20.1 10.1
Algorithm3 | 30 | 20.1 10.1

(&) (b)

Fig. 3.6: Original image and moved image within frame

Fig.3.6 Table 3.2
Algorithm 2 Algorithm 3
Algorithm 1
Table 3.3
3.5
3.5.1
Algorithm 3 PC
Algorithm 3
Algorithm 3

PC 4 I O DATA GV-

VCP2/PCI CCD

APT  VideodLimix



Table 3.3: Computed time of algorithms

Algorithm 1 [msec] Algorithm 2 [msec]
one-sided Radon | 5600 gravity center 1.3
transform one-sided Radon | 5200
power spectrim | 32 transform
matching 432 power spectrinm | 30
total 6100 matching 634
total 5900
Algorithm 3 [msec]
gravity center 1.6
one-sided Radon | 27
transform
matching 1.3
total 209
CCD 320[pixel] 240[pixel]
Goacr (T, 1)
ﬂ(‘ﬁl L& ('T' y)
fon_::-u.f (? yj = |Hmmrm (? y) - ‘?E:n.:"hl:? y” (39)
Heample f:.?' 1 y]
Step 2
EH‘
Step 3
dar
SI':T:I Zf {E"I_Ram_:ﬂr(n- t + T:I - E"l_\l'r'.l_::-u.l' (D ﬂ)}? de (31 [”
i
S(T) Smin = S(Tm\fn) Smin
Trmin
(3.10) 3.10
3.5.2

£4 = 32[pixel] £4 = 64[pixel]
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3.4

3.5.3

Fig.3.7

Table 3.4: Computation time for different integral intervals

§a = 32 £a =04

separation of object 1.65[msec| | 1.20[msec]
and background

gravity center 1.30[msec] | 1.50[msec]
one-sided Radon transform | 7.88[msec] | 15.44[msec]
matching 1.34[msec] | 1.36[msec]
total 12.02[msec] | 19.50[msec]

Table 3.5: Standard deviation

x position [pixel] | ¥ position [pixel] | angle [degree]

£q =32 0.82 0.29 3.48
£q =064 0.44 0.30 1.09
f
512 Algorithm 3
Table 3.4 3.9
3.10
100
NTSC
33[msec] Table
Lo = 32
Fig.3.8 £, =64 Fig.3.0 Fig3.10

Table



3.7: Suceessive images in planar motion of curved object (£; = 32)

o

Tt

Fig.3.13 Fig.3.14

Py
X
I
o
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Fig.3.11

Fig.3.13

3.10
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angle [degree]

-5
5555555555

(b) orientation

Fig. 3.8: Computed position and orientation of curved object (£; = 32)

Table 3.6: Detection of ohjects

‘fu‘ = 32 ‘fu‘ =64
triangle | 100[%] | 100[%]
square | 100[%)] | 100[%]
cwrved | 95[%] | 100[%]
circle 08[%] | 94[%]
r‘E:.I’ = 64
Fig.3.15 €= 32
r‘E:.I’ = 64
Fig.3.13 Fig.3.14 Fig3.15
3.6 3.6
p=70
Algorithm 1 Algorithm 2
&= 32 20[msec] £; =64

Fig.3.13 Fig.3.14

Algorithm

29[msec]



3.6.

3.6

[y §

.

(2) (h)

Fig. 3.9: Successive images in planar motion of cvirved object (£; = 64)

Fig.3.16  Fig.3.17

Fig.3.17
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200 curved object position ] curved object position
method of least square ------- meihod of least square -~
200
250
200 /// wok e 3
5 - 5
& 150 /// )
o > 100
100 -
50
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o o
o 1 2 3 4 5 & 7 8 9 o 1 2 3 4 5 & 7 8 9
time [frame] time [frame]

(a) position

260
curdeg oot rentaton
i ve -
20 ethod of east square ]
150

angle [degree]
3

tima [frama]

(b) orientation

Fig. 3.10: Computed position and orientation of curved object (£; = 64)

(a) triangle (h) square

() circle (c) curved

Fig. 3.11: Objects in experiment (£; = 32)
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(a) triangle

() circle (c) curved

Fig. 3.12: Objects in experiment (£; = 64)

(7
%
w0 w0
S S
H H
LI £,
bl 2
0 e e e e 0 e reus Toouima zeon 2006 smeons

(a) o= 32 “J:I £, =04

Fig. 3.13: Minimmmm value of error fumetion (triangle)
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Fig. 3.14: Minimum value of error fimction (square)

100 100
o o
i s
£ £
fo fo
0 M 0
[
i . ‘
. o e N L
0 e a0 6o et teos O Sea0T 161008 180008 25:005 20008 36.008
erorfuncion v eror oo vaue
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Fig. 3.15: Mininmmm value of error function (curved)

\g) (h) (1)

Fig. 3.16: Snccessive images in planar motion of circle object (£, = 64)
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300 curved object posion curved object posion
200
250 ————
200 150 —
ERE) s [ B
> 100
100
EY
EY
o o
o 1 2 3 4 5 & 71 8 3 o 1 2 3 4 5 & 71 8 3
time [iarme] time [iarme]

(a) position

curved object orientation

angle [degree]

time [frame]

(b) orientation

Fig. 3.17: Computed position and orientation of circle object (£; = 64)
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ASIC
LSI
[18, 19]
[21,22] ASIC
ASIC
FPGA
LSI
FPGA
FPGA
Window [24]

[26] CORDIC

FPG.J"E.
CPU
[16]
[20]
LSI
ASIC
ASIC
FPG.J"E.
FPG.J"E.
FPG.J"E.
[23]
[25]
[27]
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FPGA
("I
FPGA FPGA
FPGA
4.2 FPGA
4.2.1
FPGA
FPGA
FPGA
Fig. 4.1 FPGA
FPGA SRAM PC
FPGA CMGO
FPGA Vertex 2000-E FPGA

200
MU200-VDEC  MU200-VENC



4.2. FPGA 47
Brooktree Bt&12  Bt856
SRAMN MU200-SRAM 1MB NTSC
CcCD
FPGA SRAM
PC
PC MU200-EX40 FPGA
4.2.2 C
(HDL)
C/C++
C/C++ C/C++
C/C++ C/C++
C/C++
C/C++ HDL SystemClom-
piler SystemCompiler CycleC CycleC
C/C++ CycleC PC
PC
SystemCompiler
CycleC
VerilogHDL VHDL
FPGA C/C++
FPGA
Table 4.1 CyeleC C/C++
SRAM
HDL CycleC Svstem-
Compiler HDL HDL
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Table 4.1: Description of selector in SystemClompiler

class Selecter {
public:
uintl reg;
Selecter ( void ){ reg = 0;}
void run ( uintil, uinti,
uintl, uintl, uintl, uwintlk ):

};

void Selecter::run{uintl clk, uintl rst,
uintl a, uintl b, uintl s, uinti&y)

{
uintl temp = s 7 a : b;
if ( infer_clock(clk) ||
infer_reset(lrst) ) {
if (lrst) { reg = 0; }
else { reg = temp; 7}
y = reg;
}
}
CALC_COG
Wx COG_X
START — W —> div | res_x > COG_X
X— ¢ 5
y—| @ | wy coay | 5[ 9%
o dv [resy > COMPLETE
div_start

Fig. 4.2: Cirenit to compute gravity center

4.3 FPGA

28]

4.3.1

W H

(z.y)

glr,y)



4.3. FPGA

B

B>

r=0 y=0

W,/ W
W,/ W

W, x|

W—1H—1
W= > 2 9@y
r=0 y=0
W, W, W
Fig. 4.2
START X Y G
COMFLETE START
G glz.y) COGX COGY
COMFLETE SUM
(4.2) W, w, w
div_start
4.3.2
FPGA
O —xry
g(x,y)
T f
R(O) = / glex + & cosfl, e, + € sinfl)dE.
0
€ Cy [0, 27]
Dtemplate Dinput
R.frm_n!'a.fr -Rw-'npu.f
R.l’rn:p!'a.fr I?{npu.f

Rfrn:p!arr(g] = -R{npu.f ([? + ﬂ]. V.

(r,y)
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(4.1)

(4.2)

COG_X COGY

(4.3)

R(#)

(4.4)
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Table 4.2: Voting in compntation of projection
initialize array R(f)
for (z,y) = (0,0),(0,1),--- (W —=1,H —1) do
Ar=1—0c,, Ay =y —r0y
compute # = arctan(Ay/Axr)
increase R(f) by pixel value g(x, i)

end

PROJECTION

START COMPLETE
cog x——= & [ BX
cogy——{ &£ | DY | atan THETA

x| &

o <
| 1
S

R_THETA
projection buffer

Fig. 4.3: Cirenit to compute projection

ATAN N
START —

S - THETA
X — k3]

] > COMPLETE
Y —

div_start
lookup table

Fig. 4.4: Circnit to compute fimction atan

a3

S[T] = / |R.frn:;:!arr|[ﬂ] - Jqf'r:;:-m' (ﬂ + T” E'ml (lj}l
0
T =10 0
[
(4.3)
(4.3)
T =y + Ecosf,
Yy =, + Esinf.
£

tanf — L (4.6)

T —ey



temp_proj_buf

inp_proj_buf

4.3. FPGA
™ temp_proj_buf [
R_temp
MATCHING
COMPLETE
3 delay - £
S |theta_temp g
START — % . S —» THETA_MIN
g theta_input W g
—p] (%]
R_input
Ly| inp_proj_buf ||
Fig. 4.5: Cirenit to compare projections
(. ) o
(4.6) 0 R(0) 9(z.y)
Table 4.2
Fig. 4.3
START COGX COGY X Y G COMFLETE subtracter
Ar=r—ec, Ay=y—g atan ) = arctan(Ay/Axr)
R(0) THETA f
R_THETA G
9(z,y)
atan Fig. 4.4 [0,1] v
) = arctan(v) v A
(r,y) 0<y<a arctan(y,/r)
y/x [0.1]
arctan(y/r)
interpolate (z,1)
(z,y) 0<—a<y
arctan(y,/x) m — arctan(—z /y) (—z/y)
[0,1] arctan(—z/y) interpolate
Ty lz| [yl -y
3 interpolate
arctan(y/r) section (r,y)
N Al B
modify arctan(A/B) N arctan(y/r)
Fig. 4.5 (4.5)
angle_gen theta temp theta_input (4.5)
fl fl +T Rrrn:j:!arr(ﬂj JQJH_::-HI “} + ﬂ)
search min
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ix; CALC_COG ‘l—>COG:YY
mage| frame_selector & PROJECTION
scan_ctrl "
temp_proj_ buff ’*’ E —» COMPLETE
Fig. 4.6: Cirenit to detect planar motion
Fig. 4.6
frame_selector
scan_ctrl (z,1)
temp_proj-buf COGX COGY
THETA _MIN
4.3.3
[29]
FPGA
2
g(x.y) H{p.0) (z,9)
p 0
(—sinfl)x + (cosf)y = p.
p 0 H(p,0) glr,y)
(7,9)
p f T
Table 4.3
Fig. 4.7 [0, 27]
K Af) =27 /K f) EAG (B=0.1,--- ,K—1)
kAf Fig. 4.8 voting (k) EAR
hough_buf (k) voting (k)
X Y G e = cos(kAB)
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Table 4.3: Voting in compntation of Hough transform
initialize array H(p,#)
for (z,y) = (0,0),(0,1),--- (W —=1,H—1) do
for k=0,1,--- K —1do
compite = EAR
compiite p = (—sinfl)r + (cos )y
increase H(p,#) by pixel value g(r,y)

end

—>| voting(0) H hough_buf(0) ‘
XYa —>| voting(1) }<—>| hough_buf(1) ‘
—>| voting(2) H hough_buf(2) ‘

—’| voting(K-1) H hough_buf(K»1)‘

Fig. 4.7: Cirenit to compute Hongh transform

voting(k) =

— RHO_k =1
XY calc_rho — BI
Sk, Ck ] E

G > 4 > 2

Fig. 4.8: Cirenit to perform voting

sy, = sin(kAA) calc_rho
RHO_k Pi
RHO _k Pk
G glr.y)
EAO (B=0,1,--- ,K—1)
voting (k)
K Fig. 4.7

4.4

4.4.1

256 % 256[pixel] FPGA
HEMH=z

i = Cplj — 850
hough buf (k)

hough buf (k)

2%
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\g) (h) (i)

Fig. 4.9: Detection of image gravity center

12MHz 32

2.7[psec] Fig. 4.9
4.4.2
FPGA
256 256 [pixel]
64
FPGA  13% Fig. 4.10 FPGA
240\ Hz

12MHz 1

5.46[msec]
G464
341 [psec]
Fig. 4.11



4.4,

Fig. 4.10: Implementation of logic circnit to detect planar motion object

(k)

Fig. 4.11: Detection of position and orientation

4.4.3
FPG:
CyeleC
Fig. 4.12 C
CyeleC
Fig. 4.13
2.5°
Fig. 4.14

FPGA
RAM

256 256[pixel]

fl 144
i —127[pixel] 127 [pixel]
1 [pixel] FPGA
FPGA

128
__I'

[

240\ Hz



4 FPGA

A

(a) input

(b) software (e) simulation

Fig. 4.12: Hough transfroms by software and by simulation of logic cirenit

Fig. 4.13: ITmage and its Hough transform

Fig. 4.14: Implementation of logic cirenit to compute Hough transform

[Rw]

23 256% 256 5.46[msec]

LSI



(1) (k)

Fig. 4.15: Realtime computation of Hough transform
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