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ABSTRACT

Image registration is a process to compose two or more nearly located images according
to coordinate points and to fit them in the same geographical location. It is useful to apply image
registration in several applications such as a satellite photography, geography, cartography,
weather forecasting, or medical image processing.

This reseach presents a combination of Hough transform, phase correlation and Best-
First Search algorithm to solve the problem of image registration. In the First step, the translation
of angles are pre-calculated based on 1D phase correlation in Hough space and used as candidate
angles. Then, Best First Search algorithm is applied to obtain the best translation of angle from
candidate angles. The rotation parameter obtain from this step is used to de-rotated the input
images. In the second step, the translation in x-y axis is computed using 2D phase correlation.
Finally, the input images are registered using the estimated translation parameter.

The experimental results in various image details and sizes show the accuracy of the
proposed technique to detect the translation parameters. The Best First Search algorithm can help
increasing the percent of correct of rotation parameter from using Hough transform and phase

correlation while require less amount of processing compared to Full Search algorithm.
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3.3.2 Fast Fourier Transform (FFT)
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N DFT DIT-FFT

N’ (2 log, N)
2 4 2
B 16 4
8 64 6
256 65,536 16
512 262,144 18
1024 1,048,576 20

3.4 Phase Correlation

Phase Correlation |HunmiauiiAveanwiifinisidoudumusveaniniion Fourier

' P o @ ' a 4 i
Transform 104U Frequency Domain 925AMWANRUT3ZH 31900 2 n1viRadY S0 it 1

waz 2 WunwAoduiiinsideudumisdomnsalaounlas Arx was Ay Tunuauny x

o o Vo
naz y audiay w2lén
L(x+Ax,y+Ay) = I,(x,y)
A o . n’: E “
LUBNI Fourier NIT0391399099UN151 3.18
S (x+Ax,y+Ay)} = 3{,(x,»)}
mﬂqmﬁnﬁﬁmm Fourier Transform

(60 = f.0,)
S{f(x+Ax,y+Ay)} = f(a)“wy) o (@854,

lav f(@,,@,) Aof1 Fourier ¥9an M1y Fourier Domain Tuduimia (0,,0),)

(3.18)

(3.19)

(3.20)
(3.21)




33

UNUAANNITA 3.20 oz 3.21 Tuaumsh 3.19 9218

J e Ax+vw ,Ay)

f,(a)_,,a)y) e = fz (0,,0,) (3.22)

N Ax+o AY)

d 1 a a T & ' - A ° '
SIHUNTINUANANNUADA e “ﬁQLﬂUﬂ'lfninJaUUUﬂaﬂﬂ']'ilaﬂuﬂ‘lllﬂ'LN

YoImWITIed mstoauneninl e/ 92ld
I(0.,0.) .
,\2 x ¥ o ej(w,m @, Ay) (323)
Il(wx’m_v
¥ t Y

=

INaUMIh 3.23 mmsidounlasiinaduiideogly Frequency Domain 8¢ i1 IFFT

Nagoed1ueadunIsn 3.23 a1
C el feAvreby)y
ornx,y) = T {e } = 6(x-Ax,y-Ay) (3.24)

! o U g ' " o v A
mmsuldoundasilaninaumsiiszeg lugduuuvesnwunamnuInaau n3e
o o aa ' oar o g/ n'r v ci dy = g/
Wuesisd 2 Tavunaminuiwoudeyaiiues uadmslasunasiinuln@ua adsee
e Id Corr(x, ) iauilu 1.0 Aoilus Peak NgauoInIn LALiiBININANUAANDIA

_— [T ¥ sy Yo Y o ] S v o - o
mmnmm'lmummﬂﬂmgaw‘lu"lﬁwumﬂuﬂﬂuszﬂﬂamwmmumﬁm ﬂ']illﬂigilf'lﬂl

-

=
TR

: = o o v a
5UNIU (Noise) M3 oAnuAanmalag orvildisiduialaeeninil Peak voad
9 1 [ ::‘ - 1 a o ] -:; 9 -
dYoundn 1.0 Aty 1s1vzidenminisilasuntasnndumianlvn Corr(x,y) gangaly

AW FIAUNISR 3.25
: = argmax{C X,y .
(xy) = argpmax{Corr(%,7)} (3.25)

a & [T S w a A o ° Y ‘ﬂ
Jyminiorunaiuldvnie nimasdu vaznmdunalomsnuei Ivamsiu

¢4 o qVYa a & - A = : ' &
aud FailiinaanuAanaiaiulunszuauns n3emsinmi Noise Uziuogluniw da
o £ o = =Y 13 Y u,: = o ] 9
R ldnIsauafanuAanaadu ld aatusdadesiinmsaiulunsrisuu 1

Magnitude Y84 Complex Number VYBINNAIY AUANNITN 3.26

.fl ((Z)x L] w_v) f'_; ((l).\' ’ a)y ) _ Mo Axrw Ay)

@0 )|fh@.0)

lay f{(a),,wy) M31110049 Complex Conjugate Y03 £,

(3.26)

Corr(o,,0,)




34

3.5 Hough Transform
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Xz-i-y2

G(x,y)=e 2 (3.30)
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N=3 N=4 | N=5 N=6 N=7
Line 100 100.00 | 100.00 | 100.00 | 100.00
Mixline 86.11 97.22 100.00 | 100.00 | 100.00
100X100
Moreline 97.22 97.22 100.00 | 100.00 | 100.00
multiline 55.55 69.44 69.44 72.22 75.00
Line 94.44 100.00 100.00 100.00 100.00
Mixline 83.33 97.22 100.00 | 100.00 | 100.00
200X200
Moreline 88.89 94.44 100.00 | 100.00 | 100.00
multiline 61.11 72.22 80.56 86.11 94.44
Line 100.00 | 10000 | 100.00 | 100.00 | 100.00
Mixline 88.89 97.22 100.00 100.00 | 100.00
300X300
Moreline 83.33 91.67 100.00 | 100.00 | 100.00
multiline 61.11 75.00 88.89 94.44 94.44
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Hough Transform, Phase Correlation and Best First Search (311%)

N=3 N=4 N=5 N=6 N=7
Line 18.40 21.81 24.50 31.57 32.85
Moreline 2051 23.66 28.88 31.03 38.38
100X100
Mixline 21.85 24.49 28.47 37.62 41.04
multiline 16.88 21.73 25.88 30.12 32.54
Line 41.97 58.38 64.83 76.70 91.88
Moreline 45.29 57.58 69.81 85.90 92.72
200X200
Mixline 48.16 59.95 66.92 83.28 88.88
multiline 36.33 43.67 55.11 65.38 76.29
Line 91.36 113.46 | 131381 161.70 | 199.12
Moreline 85.83 111.13 | 13173 | 17639 | 21820
300X300
Mixline 76.16 96.92 117.95 | 140.89 | 167.66
multiline 73.90 97.44 12111 | 137.16 | 166.09
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Hough Transform, Phase Correlation and Best First Search

N=3 N=4 N=5 N=6 N=7
Average of correct (percent) 8333 90.97 04.91 96.07 96.99
Average of time(second) 41.83 51.93 64.34 71.94 83.06
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Percent of Average correct

100

_/.—_’—_/—A
95 %

90 /

E —
[++]
& /
S oo :
80
75
N=3 N=4 N=5 N=6 N=7

Number of poinnt

= VoA sd o Y o A
31]‘“ 5.8 ﬂ'i’WIllﬁﬂ\‘lﬂ']mﬁﬂ‘llﬂQL“IJBﬁkﬁﬁuﬂﬂl'lllg'ﬂﬂﬂ\‘l“llﬂQﬂ'l“wcl‘unﬂ‘] BRI GEA TR T

¥ ¥
AMUASILIUININYTUAUAILA 3 D3 7 3




71

The Average time of Process

Times (second)

N=3 N=4 N=5 N=6 N=7

Number of point
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Hough Transform, Phase Correlatio
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mwuuw'lmnmmmu ID Phase Corrclation Tuanive
180+9) oy (270+6) m'i'nﬂamumwmsmm

ﬁ“‘iJ‘iJﬂ‘li‘HllqulﬂU’JﬂlﬂQ lW’t'l

ndounavupIsMINMIiNAuD SMSuNWANYMY

n and Best First Search (%)

0 | (90+6) | (180+06) (270 + 6)
Line 63.89 13.89 50.00 16.67
Moreline 50.00 19.45 52.78 19.44
100X100
Mixline 44.45 36.11 50.00 27.78
]
multiline 41.67 13.89 27.18 22.22
Line 80.56 25.00 83.33 2222
Moreline 75.00 2222 69.44 16.67
200X200

Mixline 66.67 27.78 61.11 30.56
multiline 55.55 19.45 47.22 19.45

T S M
Line 100.00 27.78 91.67 30.56

I B
Moreline 80.56 25.00 77.78 25.00

300X300 S
Mixline 75.00 27.78 71.78 27.78
multiline 50.00 19.45 63.89 19.44

S D | 1 7
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Hough Transform, Phase Correlation and Best First Search (degree)

0 (90+0) | (180+0) | (270+6)
Line 68.25 118.75 78.45 99.86
Moreline 92.66 107.47 67.97 99.83
100X100
Mixline 99.67 86.19 65.50 102.22
multiline 86.25 106.67 96.00 94.17
Line 18.17 102.70 13.56 92.42
Moreline 38.31 104.14 35.45 122.94
200X200
Mixline 37.22 92.53 64.89 91.34
multiline 60.64 94.25 86.11 91.70
Line 0.00 70.83 15.25 99.31
Moreline 22.45 92.78 29.70 109.17
300X300
Mixline 44.11 92.53 46.75 83.92
multiline 81.41 95.83 54.61 104.08
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P (90+6) | (180+0) (270+0)
Average of correct (percent) 65.28 23.15 62.73 23.15
Average of error (degree) 54.09 97.06 54.52 9925

5.4.3 MsnaaeaneIndszansMuueddIsnMsnminaue MINFUMNNNANYUTUAZVUIA

HANAIINU

e

Sar A

nsnaasuioialssdninmveddsmsminaueluauiveil 1avimsnaasany

Aa o ' @ o & ' s d o 9 - '
mMwnldnyuzuazvIauana1eny lasdanalugesvesnulesiyudninugnasunay fAl

4 4 dq 4 EOT o A o
anuaaInaswnay naza 1Flszurana Falunisnaaesi lavimsiSvuifiouny
9M390UD9 Li Zhongke 1azAmME 1111n1353901599 Image Registration lavlfimaidanisuag
Youauuudw (Hough Transform) uaziHanoadis¥u (Phase Correlation) Hazil3ouiouniy

o " . Agqw a Y a ' & an

11901 Image Registration wﬂlﬂfmﬂuﬂmmuﬂnmuwmsmmnfn (Full search) FaWai 1A91n

ﬂ'lﬁﬂﬂﬁ’i]ﬂuﬁﬂiﬁﬁﬂ’li’lﬁﬁ 5.7,5.8uUn 5.9

4 = s a " o o ar Ao o
ﬂ]'iNﬁ 5.7 uaﬂuﬂa{wuﬂmmgnﬁa:mawmuﬂamﬁmi THIUNINNUANHUTLASVUIR

HANAINY (%)

100x100 200x200 300x300
1 11 I11 I II 11 I 11 111
Line 63.89 | 100.00 | 100.00 | 80.56 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Mixline | 44.45 | 100.00 | 100.00 | 72.22 | 100.00 [ 100.00 | 80.56 | 100.00 | 100.00
Moreline | 36.11 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00
Multiline | 36.11 | 69.44 | 100.00 | 55.55 | 80.56 | 100.00 | 50.00 | 88.89 | 100.00

I.  Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

III. Full Search
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HANAINY (D971)

100x100 200x200 300x300

I 11 11 I Il I1 I 11 I11

Line 68.39 0.00 0.00 25.00 0.00 0.00 0.00 0.00 0.00

Mixline 84.72 0.00 0.00 39.14 0.00 0.00 20.81 0.00 0.00

Moreline | 104.89 | 0.00 0.00 3733 0.00 0.00 44.17 0.00 0.00

Multiline | 8294 | 36.45 0.00 59.06 | 20.83 0.00 71.53 | 20.78 0.00

I. Hough Transform and Phase Correlation
II. Hough Transform, Phase Correlation and Best First Search

III. Full Search

13190 5.9 uaaananldiszuranalavmdoveauaazisnis dInsun IRl anyMLLAY

VYALANA1NY GUIN)

100x100 200x200 300x300

I 11 I I 11 111 I II 111

Line 16.30 | 27.59 | 163.67 | 28.97 | 75.99 | B864.65 | 46.31 | 142.42 | 2460.94

Mixline 15.95 | 28.80 | 199.30 | 27.50 | 69.49 | 1014.62 | 47.31 | 146.06 | 2666.29

Moreline | 17.15 | 29.22 | 178.81 | 26.19 | 63.09 | 1000.77 | 42.52 | 135.29 | 2451.35

Multiline | 16.83 | 28.82 | 208.01 | 26.77 | 62.33 | 1026.67 | 44.30 | 129.01 | 2542.70

I.  Hough Transform and Phase Correlation
II. Hough Transform, Phase Correlation and Best First Search

II1. Full Search

n:i d} 1 o d o Y - " aa o a da
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= @ o [T 4 & Ao kY [ =1 P21 ¥
Po2u 9211 1810 Line sudlunmmninduasilunmdanunazisvazidoaluniwios
o P 4 ¥ - a - Lo 4 ‘ﬂ Aoy
wiANlesIFUANUQNABURAUTINA 30303IADMN Mixline Fudunmniiduasaly
o a o a A : 4 o
AMndauiaziisivazidoalunindunais seaadlUBnfenIn Moreline  Faudluniwinm

= = YA . &4 —oa
duasalunmuasiiswazidualunmun uazganofe n 1w Multiline Failunmiiidunsa
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M1519N 5.10 u’dmsﬂaswuﬂmmqnﬂmmau&lmuﬁamﬁms TNIUNMNNUINHUZLAY

vinauana i Welidyamsuniulunin s, 10 wag 15 wesidud (%)

Noise=5% Noise=10% Noise=15%
I 11 111 I 1 111 I 11 111
Line 58.34 | 100.00 | 100.00 | 41.67 | 55.56 | 52.78 | 27.78 | 27.78 | 22.22
100 .
Mixline | 33.34 | 77.78 | 88.89 | 19.44 | 50.00 | 66.67 | 16.67 | 16.67 | 52.78
X
100 Moreline | 44.45 | 100.00 | 100.00 | 30.56 | 44.44 | 69.44 | 22.22 | 38.89 | 50.00
multiline | 27.78 | 61.11 | 100.00 | 30.55 | 52.78 | 100.00 | 22.22 | 19.44 | 75.00
Line 66.67 | 100.00 | 100.00 | 41.67 | 61.11 | 100.00 | 22.22 | 33.33 | 69.44
200 o s
Mixline | 58.33 | 80.56 | 100.00 | 47.22 | 61.11 | 100.00 | 30.55 | 47.22 | 77.78
X
200 Moreline | 58.33 | 97.22 | 100.00 | 36.11 | 72.56 | 100.00 | 38.89 | 50.00 | 97.22
multiline | 50.00 | 72.22 | 100.00 | 33.33 | 50.00 | 97.22 | 27.78 | 33.33 | 88.89
Line 75.00 | 100.00 | 97.22 [ 41.67 | 72.22 | 100.00 | 41.67 | 47.22 | 91.67
300 5
Mixline | 69.44 | 86.11 | 100.00 | 52.78 | 69.45 | 100.00 | 30.55 | 26.11 | 97.22
X
300 Moreline | 58.34 | 88.89 | 100.00 | 36.11 | 58.33 | 97.22 | 33.33 | 38.89 | 100.00
multiline | 41.66 | 49.45 | 100.00 | 38.89 | 44.44 | 97.22 | 33.33 | 36.11 100

I.  Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

II1. Full Search
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Noise=5% Noise=10% Noise=15%
I | 111 I I 1l I 1 11
Line | 6847 | 000 | 0.00 | 98.89 | 48.69 | 25.58 | 116.25 | 83.36 | 45.44
100 o
Mixline | 10103 | 2078 | 7.50 | 116.03 | 72.06 | 1833 | 159.39 | 80.45 | 28.39
X
100 | Moreline | 8344 | 0.00 | 0.00 |107.06 | 30.56 | 12.89 | 115.81 | 71.86 | 21.00
multiline | 103 36 | 59.80 | 0.00 | 72.11 | 51.44 | 0.00 | 101.94 | 84.72 | 20.08
Line | 40,06 | 0.00 | 0.00 | 70.69 | 51.50 | 0.00 | 106.28 | 69.36 | 14.00
200 .
Mixline | 7016 | 3031 | 0.00 | 98.00 | 63.50 | 0.00 | 104.86 | 77.25 | 6.47
b. ¢
200 | Moreline | sg31 | 081 | 0.00 | 7892 | 37.42 | 0.00 | 75.97 | 49.92 | 9.97
multiline | g5 78 | 3172 | 000 | 9930 | 57.67 | 553 | 12347 | 83.25 | 5.56
Line | 2908 | 000 | 0.11 | 6636 | 25.64 | 0.00 | 83.14 | 68.75 | 17.53
300 .
Mixline | 4167 | 1497 | 0.00 | 73.78 | 37.08 | 0.00 |102.08|6520| 4.75
X
300 | Moreline | 4861 | 872 | 000 | 94.64 | 54.94 | 497 |109.75 | 89.78 | 0.00
multiline | 79 1} | 3704 | 000 | 99.81 | 90.58 | 0.61 | 116.64 | 6533 | 0.00

I.  Hough Transform and Phase Correlation

II.  Hough Transform, Phase Correlation and Best First Search

III.  Full Search
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II1. Full Search

1. Hough Transform and

Phase Correlation

II. Hough Transform,
Phase Correlation and

Best First Search

Noise5 53.47 86.11 98.84
Noise10 315 57.64 90.05
Noisel5 28.93 35.42 76.85
A1519N 5.13 LAAIAIANUMANADUIR ALYBIAAZITMS Woldaanmsuniuluniw

I. Hough Transform and

Phase Correlation

II. Hough Transform,
Phase Correlation and

Best First Search

IT1. Full Search

Noise5 67.09 17.09 0.63
Noisel0 89.63 51.76 5.66
Noisel5 109.63 74.10 14.43
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—e— |. Hough Transform

23 100 — and Phase Correlation
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c. 2 80
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ER- b —a— Ill. Full Search
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Noise5 Noise10 Noise15
wasiduduasdsya atsuniu(%)
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120.00

100.00

80.00

40.00

20.00

Armumamdauadu(degree)

0.00

60.00
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—e— |. Hough Transform and
Phase Correlation

—a—II. Hough Transform,
Phase Correlation and
Best-first Search

—a— |ll. Full Search
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wasiduduasdyaasuniu(%)
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a s d o ¥ o I aa o @ Hda o
M19149N 5.14 uﬁﬂﬂiﬂﬂ‘il‘h"uFlﬂ'JHJQﬂGIENmﬁtHJENLmﬁt’Jﬁﬂ'li TIHITUNNNUAINHUSUDS

yuAAnAaNY elimsdiuanuduuaalunwidu -60, -50, -40, -30, -20, -10.

+10, +20, +30, +40, +50. +60 (%)

Bright = -10 Bright = -20 Bright=-30
I 11 111 I 1 111 I il 111
Line | 5833 | 100.00 | 100.00 | 63.89 | 100.00 | 100.00 | 61.11 | 100.00 | 100.00
100 o
Mixline | 3611 | 9722 | 8333 | 41.67 | 9722 | 86.11 | 41.67 | 94.45 | 80.56
X
1o | Moreline | 4167 110000 | 94.44 | 3889 | 97.22 | 88.89 | 38.89 | 97.22 | 83.33
multiline | 3333 | 7222 | 7222 | 27.78 | 69.44 | 69.44 | 30.55 | 55.55 | 55.55
Line | 6944 | 100.00 | 100.00 | 72.22 | 100.00 | 100.00 | 69.44 | 97.22 | 97.22
200 -
Mixline | ¢945 | 91.67 | 88.89 | 66.67 | 91.67 | 88.89 | 61.11 | 91.67 | 88.89
X
200 | Moreline | 69 44 | 100.00 | 100.00 | 72.22 | 97.22 | 94.45 | 69.45 | 100.00 | 97.22
multiline | 55 78 | 7500 | 75.00 | 52.78 | 75.00 | 75.00 | 52.78 | 77.78 | 77.78
Line | 9444 | 100.00 | 100.00 | 94.44 | 100.00 | 100.00 | 94.44 | 100.00 | 100.00
300 .
Mixline | 7798 | 9722 | 9722 | 80.56 | 100.00 | 100.00 | 80.56 | 97.22 | 97.22
X
300 | Moreline | 9595 | 9722 | 97.22 | 69.44 | 100.00 | 100.00 | 72.22 | 97.22 | 97.22
multiline | 5g33 | 8889 | 88.89 | 58.33 | 88.89 | 88.89 | 5833 | 91.67 | 91.67

I.  Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

I11. Full Search




M13199 5.14 (79)

Bright = -40 Bright = -50 Bright= -60
I 11 111 I 11 111 I 11 11
Line | 5555 | 100.00 | 100.00 | 52.78 | 94.44 | 94.44 | 5834 | 100.00 | 100.00
100 L ]
Mixline | 3889 | 86.11 | 77.78 | 41.67 83.33 | 6944 | 3334 | 69.45 | 55.56
X
100 | Moreline | 3333 | 972> | 80.56 | 38.89 | 88.89 | 75.00 | 36.11 | 88.89 | 80.56
multiline | 5778 | 6389 | 63.89 | 30.55 | 52.78 | 52.78 | 22.22 | 55.55 | s5.55
Line | 69.44 | 94.44 | 9444 | 77.78 | 100.00 | 100.00 | 72.22 | 100.00 | 100.00
200 o
Mixline | 5333 | 88.89 | 86.11 | 63.89 | 91.67 | 91.67 | 61.11 | 8333 | 83.33
X
200 | Moreline | 6389 | 9444 | 88.89 | 66.67 | 97.22 | 91.67 | 5278 | 97.22 | 83.33
multiline | 5000 | 77.78 | 77.78 | 47.22 | 75.00 | 75.00 | 41.67 | 75.00 | 75.00
Line 1 91 67 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00 | 86.11 | 100.00 | 100.00
300 .
Mixline | 6667 | 94.44 | 94.44 | 63.89 | 83.89 | 88.89 | 63.89 | 86.11 | 86.11
X
300 | Moreline | 6944 | 9444 | 9444 | 7222 | 94.44 | 9444 | 5833 | 91.67 | 91.67
multiline | 53 73 | 8333 | 83.33 | 5833 | 75.00 | 75.00 | 50.00 | 75.00 | 75.00

. Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

I1I. Full Search



13199 5.14 (7D)
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Bright = +10 Bright = +20 Bright= +30
I 11 111 I Il 111 I 11 111
Line | 6111 |100.00 | 100.00 | 61.11 | 100.00 | 100.00 | 61.11 | 100.00 | 100.00
100 o
Mixline | 4167 | 100.00 | 86.11 | 44.44 | 97.22 | 88.89 | 47.22 | 97.22 | 88.89
X
100 | Moreline | 44 44 1 100.00 | 100.00 | 44.44 | 100.00 | 100.00 | 41.67 | 97.22 | 97.22
multiline | 3056 | 6944 | 6944 | 27.78 | 69.44 | 69.44 | 27.78 | 69.44 | 69.44
Line | 97222 [ 100.00 | 100.00 | 77.78 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00
200 o
Mixline | 6667 | 88.89 | 91.67 | 69.44 | 88.89 | 86.11 | 72.22 | 91.67 | 91.67
X
200 | Moreline | 6389 | 100.00 | 100.00 | 61.11 | 97.22 | 97.22 | 63.89 | 97.22 | 97.22
multiline | 5578 | 83.34 | 83.34 | 5555 | 83.33 | 83.33 | 5833 | 83.33 | 83.33
Line | 9445 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 97.22 | 100.00 | 100.00
300 .
Mixline | g3 34 | 100.00 | 100.00 | 83.34 | 100.00 | 100.00 | 86.11 | 100.00 | 100.00
X
300 | Moreline | 6666 | 97.22 | 97.22 | 75.00 | 100.00 | 100.00 | 63.89 | 100.00 | 100.00
multiline | 6791 | 8333 | 8333 | 5833 | 86.11 | 86.11 | 61.11 | 86.11 | 86.11

I. Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

III. Full Search




M13197 5.14 (D)
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Bright = +40 Bright = +50 Bright= +60
I 11 11 I Il 1 I 11 11
Line | 5834 |100.00 | 10000 | 61.11 | 100.00 | 100.00 | 63.89 | 100.00 | 100.00
100 o
Mixline | 5000 | 97.22 | 88.89 | 44.45 | 94.44 | 86.11 | 50.00 | 100.00 | 88.89
X
100 | Moreline | 4444 | 100.00 | 100.00 | 36.11 | 100.00 | 97.22 | 41.67 | 100.00 | 91.67
multiline | 3055 | 66.67 | 66.67 | 33.33 | 66.67 | 66.67 | 3055 | 63.89 | 63.89
Line 80.55 | 100.00 | 100.00 | 80.55 | 100.00 | 100.00 | 69.44 | 100.00 | 100.00
200 .
Mixline | 6944 | 9445 | 91.67 | 75.00 | 94.45 | 94.45 | 66.67 | 97.22 | 94.45
X
s00 | Moreline | 6667 | 9445 | 9445 | 61.11 | 97.22 | 97.22 | 66.66 | 97.22 | 97.22
multiline | 5g33 | 8334 | 8334 | 52.78 | 80.56 | 80.56 | 58.33 | 91.67 | 91.67
Line | 9722 |100.00 | 100.00 | 97.22 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
300 o
Mixline | g¢ 11 | 100.00 | 100.00 | 86.11 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00
X
300 | Moreline | 6944 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 72.22 | 97.22 | 97.22
multiline | s34 | 86.11 | 86.11 | 61.11 | 94.44 | 94.44 | 52.78 | 94.45 | 94.45

I.  Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

II1. Full Search
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M15197 5.15 LAAIMANUMANADUINALVDILAALITNIT FIMTUN NN SNHUSUAZ LA

uandiu WeoiimsySunudunasluniidlu -60, -50, -40, -30, -20, -10, +10,

+20, +30, +40, +50, +60 (D371)

Bright = -10

Bright = -20

Bright=-30

I 11 111

I 11 111

I I 11

Line | 7822 | 0.00 | 000 | 6586 | 0.00 | 0.00 | 67.42 | 0.00 | 0.00
100 .
Mixline | 9603 | 081 | 11.72 | 97.64 | 1.11 | 21.86 | 99.17 | 083 | 20.72
X
100 | Morelne | 103781 000 | 239 | 8647 | 044 | 364 |10031| 097 | 22.39
multiline | 9175 | 28,67 | 28.67 | 110.81 | 2342 | 23.42 | 97.92 | 3533 | 35.33
Line | 5160 | 0.00 | 000 | 4736 | 0.00 | 0.00 | 4997 | 1.64 | 1.64
200 -,
Mixline | 5903 | 10.58 | 16.53 | 44.92 | 1336 | 22.56 | 62.42 | 15.72 | 24.00
X
200 | Moreline | 4745 | 000 | 000 | 4492 | 325 | 411 | 4920 | 000 | 0.78
multiline | 635 | 1922 | 1922 | 57.25 | 2492 | 2492 | 73.17 | 21.61 | 21.61
Line 1 667 | 000 | 000 | 583 | 000 | 000 | 581 | 000 | 0.00
300 .
Mixline | 2417 | 083 | 083 | 1744 | 0.00 | 000 | 21.69 | 081 | 081
X
300 | Moreline | 3417 | 083 | 083 | 51.89 | 000 | 0.00 | 3739 | 453 | 4.53
multiline

32.33 | 1595 | 1595

55.69 | 9.86 9.86

61.05 | 12.08 | 12.08

I.  Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

III. Full Search
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M314N 5.15 (7D)

Bright = -40 Bright = -50 Bright= -60

I II 11 I 11 111 I 11 111

Line 80.89 | 0.00 0.00 | 66.72 | 0.06 0.06 | 6847 | 0.00 0.00

100 o
Mixline | 7880 | 10.81 | 22.53 | 9136 | 1042 | 2622 | 111.03 | 18.67 | 4636

100 | Moreline | 11975 | 067 | 26.56 | 11628 | 3.22 | 26.05 | 93.53 | 1161 | 7.14

multiline | 11597 | 4636 | 46.36 | 114.72 | 51.86 | 51.86 | 118.83 | 49.06 | 49.06

Line | 5317 | 250 | 250 | 2750 | 0.00 | 000 | 4492 | 0.00 | 0.00

200 L
Mixline | sg97 | 1025 | 16.05 | 57.44 | 15.75 1236 | 64.44 | 18.47 | 18.42

200 | Moreline | 4014 | 342 | 1256 | 5845 | 164 | 828 | 6092 | 083 | 19.72

multiline | g569 | 1472 | 1472 | 72.86 | 22.44 | 22.44 | 11064 | 41.14 | 41.14

Line 9.17 0.00 0.00 4.14 0.00 0.00 | 18.36 | 0.00 0.00

300 -
Mixline | 4742 | 7.00 7.00 | 29.61 | 16.08 | 16.08 | 4536 | 18.89 | 18.89

300 | Moreline | 5331 | 1244 | 1244 | 4686 | 7.50 | 750 | 6542 | 986 | 9.86

multiline | 6303 | 1522 | 1522 | 49.64 | 2239 | 2239 | 76.83 | 3864 | 33.64

I.  Hough Transform and Phase Correlation
II. Hough Transform, Phase Correlation and Best First Search

[II. Full Search
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M5149N 5.15 (¢19)

Bright = +10 Bright = +20 Bright= +30

I 11 11 I 11 M1 I 11 11

Line 74.75 | 0.00 0.00 | 75.86 | 0.00 0.00 | 69.11 0.00 0.00

100 Mixli
ixline | g197 | 0.00 1092 | 97.36 | 0.83 14.17 | 80.64 8.31 17.53

100 | Moreline | 8525 | 000 | 000 | 8334 | 000 | 000 | 8953 | 244 | 2.44

multiline | 11305 | 3458 | 34.58 | 117.86 | 60.47 | 60.47 | 10536 | 47.47 | 47.47

Line 36.69 | 0.00 0.00 | 26.61 0.00 0.00 19.19 | 0.00 0.00

200 .
Mixline | 4497 | 1003 | 922 | 4583 | 7.50 | 1336 | 4567 | 17.61 | 12.67

200 | Moreline | 5497 | 000 | 000 | 6686 | 083 | 0.83 | 51.60 | 667 | 667

multiline | 5156 | 1497 | 14.97 | 5439 | 2283 | 22.83 | 4322 | 1491 | 1491

Line 6.64 0.00 0.00 0.00 0.00 0.00 4.17 0.00 0.00

300 .
Mixline | 2414 | 0.00 0.00 | 1331 | 0.00 0.00 9.97 0.00 0.00

300 | Moreline | 5355 | 914 | 914 | 2025 | 000 | 0.00 | 3250 | 0.00 | 0.0

multiline | 4925 | 2028 | 20.28 | 6250 | 15.20 | 15.20 | 49.86 | 23.25 | 23.25

I. Hough Transform and Phase Correlation
II. Hough Transform, Phase Correlation and Best First Search

I1I. Full Search
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M19197 5.15 (A9)

Bright = +40 Bright = +50 Bright= +60

1 11 M1 I 11 1 I Il 111

Line | 7092 | 000 | 000 | 69.94 | 000 | 000 | 64.08 | 0.00 | 0.00

100 o
Mixline | 7600 | 083 | 1239 | 8489 | 131 | 13.78 | 88.92 | 0.00 | 15.03

oo | Moreline | g161 | 000 | 000 | 8322 | 0.00 | 9.08 | 8253 | 0.00 | 3.28

multiline | 9747 | 3502 | 3592 | 9281 | 27.78 | 27.78 | 103.89 | 41.31 | 41.31

Line 2247 | 0.00 0.00 | 33.33 0.00 0.00 54.19 | 0.00 0.00

200 L
Mixline | 3666 | 9.94 10.81 | 35.81 9.11 14.08 | 41.69 | 0.81 6.64

200 | Moreline | 4889 | 1039 | 1039 | 61.94 | 7.67 | 7.67 | 5133 | 0.50 | 0.50

multiline | 7y 14 | 1844 | 1844 | 6239 | 15.17 | 1517 | 5522 | 11.06 | 11.06

Line 8.31 0.00 0.00 8.31 0.00 0.00 0.00 0.00 0.00

300 -
Mixline | 1747 | 0.00 0.00 | 16.67 | 0.00 0.00 | 2831 0.00 0.00

300 | Moreline | 3497 | 000 | 000 | 4081 | 000 | 000 | 3581 | 083 | 0.83

multiline | 7483 | 2189 | 2189 | 5917 | 6.78 | 6.78 | 51.58 | 7.50 | 7.50

I.  Hough Transform and Phase Correlation
II. Hough Transform, Phase Correlation and Best First Search

I11. Full Search
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Transform 1182 Phase Correlation Haz/SoUMoUNUIMATANISAUNUIUY Full search FIHAN
18Tums199 5.16 uaz 5.17 mwsmih Wafadunsive 15 lumsioisanld das1i 5.12

£

1aL 5.13 MuAIAY

1 ' s o a \ aa A, w
FI'I'S'Nﬁ 5.16 klﬁﬂﬂﬂ'}Lﬂﬂﬁl“ﬁuﬂﬂ'ﬂﬂﬂuﬂﬁﬂdI.‘I?!ﬁU‘UENHﬂﬁS’JEﬂTJ' liJE]ﬂ']ﬂWi"lJ'ilJﬂ’lﬂ')’liJﬁTh

u’dmi‘lu -60, -50, -40, -30, -20, -10, +10, +20, +30, +40, +50, +60 (%)

I 11 111
Bright = -10 66.11 93.29 91.44
Bright = -20 61.57 93.06 90.97
Bright = -30 60.88 91.67 88.89
Bright = -40 56.48 89.58 86.80
Bright = -50 58.80 86.81 84.03
Bright = -60 53.01 85.19 82.18
Bright = +10 61.57 93.52 92.59
Bright = +20 63.19 93.52 92.59
Bright = +30 62.96 93.52 92.82
Bright = +40 64.12 93.52 92.59
Bright = +50 62.96 93.98 93.06
Bright = +60 62.96 95.14 93.29

I. Hough Transform and Phase Correlation
II. Hough Transform, Phase Correlation and Best First Search

II1. Full Search
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TN 5.17 UARIAIANUAIANADUINATYBILAAE T M WormsdSuma s una sy

-60, -50, -40, -30, -20, -10, +10, +20, +30, +40, +50, +60 (9971)

I 11 1
Bright =-10 59.04 6.41 8.01
Bright = -20 571 6.36 9.2
Bright = -30 60.46 7.79 11.99
Bright = -40 67.19 10.28 14.66
Bright = -50 61.3 12.61 16.1
Bright = -60 73.23 17.26 20.77
Bright = +10 55.62 7.42 8.26
Bright = +20 56.1 8.97 10.57
Bright = +30 50.08 10.06 10.41
Bright = +40 53.39 8.12 9.15
Bright = +50 54.11 5.65 7.86
Bright = +60 54.8 5.17 7.18

I. Hough Transform and Phase Correlation
II. Hough Transform, Phase Correlation and Best First Search

III. Full Search
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Hough Transform, Phase Correlation and Best First Search (%)
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Hough Transform, Phase Correlation and Best First Search (?m 11‘7})

N=3 N=4 N=5 N=6 N=7
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Hough Transform, Phase Correlation and Best First Search (%)

N=3 N=4 | N=5 N=6 N=7
Line 100 100 100 100 100
o i
Mixline 83.33 100 100 100 100
100X 100
Moreline 100 100 100 100 100
multiline 50 58.33 58.33 66.67 66.67
Line 100 100 100 100 100
Mixline 83.33 100 100 100 100
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Hough Transform, Phase Correlation and Best First Search (:314 1ﬁ)

N=3 N=4 | N=5 N=6 N=7
Line 13.29 15.63 15.69 21.38 21.52
Moreline 12.31 13.90 15.44 17.07 18.46
100X 100
Mixline 14.32 14.49 15.19 20.92 22.73
multiline 12.08 13.32 15.43 17.77 18.91
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multiline 69.33 91.26 100.12 | 122.81 148.60




107

II1. ﬂ?l’lﬂllﬁlﬂﬂﬂulﬁ'ﬂﬂ
: s 3 o o aa A o o us ”
ﬂ'li‘Nﬁ 4.5 Llﬂﬂdlﬂﬂﬁl‘h’ﬂﬂﬂ]?ﬂgﬂﬁﬂdmﬂUﬂJEN’J‘ﬁﬂ'I‘ﬂluHﬁu'ﬂ AIUITUNTNANHUSLDS

. ' ¥
VUIAAI) EIDAMMUATIIUPUMTHYUITHAUA LA 3 D9 7 3

Hough Transform. Phase Correlation and Best First Search (%)

N=3 N=4 | N=5 N=6 N=7
Line 100 100 100 100 100
Mixline 83.33 91.67 100 100 100
100X100
Moreline 91.67 91.67 100 100 100
multiline 58.33 66.67 66.67 66.67 66.67
Line 83.33 100 100 100 100
Mixline 66.67 91.67 100 100 100
200X200
Moreline 75 83.33 100 100 100
multiline 58.33 66.67 75 91.67 100
Line 100 100 100 100 100
Mixline 75 91.67 100 100 100
300X300
Moreline 75 91.67 100 100 100
multiline 41.67 58.33 91.67 100 100
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Hough Transform. Phase Correlation and Best First Search (3141‘:7])

N=3 N=4 N=5 N=6 N=7
Line 11.58 12.84 15.05 16.11 16.72
Moreline 14.05 16.72 18.13 21.87 22.83
100X100
Mixline 17.84 18.65 21.07 9957 27.65
multiline 13.91 15.05 17.44 19.15 20.93
Line 31.29 41.13 45.66 53.76 59.81
Moreline 42.96 48.53 61.09 69.87 77.86
200X200
Mixline 32.28 36.99 47.83 51.38 58.83
multiline 34.09 41.86 54.55 65.50 67.38
Line 77.49 93.30 110.60 | 126.10 | 144.97
Moreline 89.86 11469 | 14564 | 16344 | 192.64
300X300
Mixline 63.69 82.76 103.29 11577 | 136.51
multiline 7291 98.26 131.74 137.48 | 170.64
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Hough Transform, Phase Correlation and Best First Search

0 (90+6) | (180+0) | (270+0)
Line 66.67 25.00 41.67 25.00
Moreline 41.67 25.00 58.33 33.33
100X100
Mixline 50.00 50.00 41.67 25.00
multiline 50.00 25.00 33.33 25.00
Line 91.67 41.67 91.67 41.67
Moreline 83.33 25.00 83.33 16.67
200X200
Mixline 75.00 33.33 58.33 33.33
multiline 58.33 25.00 50.00 25.00
Line 100.00 58.33 91.67 41.67
Moreline 83.33 41.67 91.67 33.33
300X300
Mixline 83.33 25.00 91.67 41.67
multiline 50.00 25.00 66.67 833
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Hough Transform, Phase Correlation and Best First Search

0 (90+6) | (180+6) | (270+6)
Line 72.17 114.75 93.92 83.00
Moreline 116.83 94.00 69.42 79.67
100X 100
Mixline 79.92 7517 57.75 108.00
multiline 69.50 89.25 88.50 94.75
Line 4.67 58.00 0.58 53.92
Moreline 29.83 92.50 17.42 105.08
200X200
Mixline 32.58 89.25 60.75 84.17
multiline 47.50 81.92 66.58 45.92
Line 0.00 52.75 12.67 90.67
Moreline 25.00 79.33 17.67 99.75
300X300
Mixline 42.50 102.17 27.83 72.58
multiline 4983 62.42 45.25 116.33
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Hough Transform, Phase Correlation and Best First Search

9 (90+0) | (180+6) | (270+86)
Line 58.33 8.33 50.00 16.67
Moreline 50.00 16.67 41.67 8.33
100X100
Mixline 41.67 33.33 66.67 33.33
multiline 33.33 8.33 16.67 25.00
Line 83.33 16.67 75.00 16.67
Moreline 66.67 16.67 50.00 16.67
200X200
Mixline 66.67 33.33 66.67 41.67
multiline 58.33 16.67 41.67 16.67
Line 100.00 8.33 91.67 25.00
Moreline 66.67 16.67 66.67 25.00
300X300
Mixline 66.67 33.33 75.00 25.00
multiline 58.33 16.67 50.00 25.00
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Hough Transform, Phase Correlation and Best First Search

0 (90+0) | (180+86) | (270+0)
Line 80.17 119.08 81.75 106.33
Moreline 96.33 106.50 81.83 124.33
100X 100
Mixline 112.25 78.08 52.33 100.42
multiline 82.67 116.00 110.67 101.00
Line 17.50 105.17 32.42 107.83
Moreline 49.92 117.42 63.75 127.67
200X200
Mixline 31.75 72.00 53.17 91.42
multiline 42.50 91.67 86.00 98.25
Line 0.00 34.25 6.25 98.42
Moreline 22.42 109.92 45.50 110.33
300X300
Mixline 49.83 80.50 46.58 98.67
multiline 79.83 96.08 72.50 77.08
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Hough Transform, Phase Correlation and Best First Search

0 (90+6) | (180+6) | (270+86)
Line 66.67 8.33 58.33 8.33
Moreline 58.33 16.67 58.33 16.67
100X 100
Mixline 41.67 25.00 41.67 25.00
multiline 41.67 8.33 33.33 16.67
Line 66.67 16.67 83.33 8.33
Moreline 75.00 25.00 75.00 16.67
200X200
Mixline 58.33 16.67 58.33 16.67
multiline 50.00 16.67 50.00 16.67
Line 100.00 16.67 91.67 25.00
Moreline 91.67 16.67 75.00 16.67
300X300
Mixline 75.00 25.00 66.67 16.67
multiline 41.67 16.67 75.00 25.00
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Hough Transform, Phase Correlation and Best First Search

9 (90+0) | (180+8) | (270+0)
Line 52.42 122.42 59.67 110.25
Moreline 64.83 121.92 52.67 95.50
100X 100
Mixline 106.83 105.33 86.42 98.25
multiline 106.58 114.75 88.83 86.75
Line 32.33 144.92 7.67 115.50
Moreline 35.17 102.50 25.17 136.08
200X200
Mixline 47.33 116.33 80.75 98.42
multiline 91.92 109.17 105.75 130.92
Line 0.00 125.50 26.83 108.83
Moreline 19.92 89.08 25.92 117.42
300X300
Mixline 40.00 94.92 65.83 80.50
multiline 114.58 129.00 46.08 118.83
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¥ s o o o
HANANK (1D51Uua)

100x100 200x200 300x300
I I 111 I | I1 111 I 11 111
Line 66.67 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Mixline | 41.67 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00
Moreline | 25.00 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00
Multiline | 33.33 | 83.33 | 100.00 | 58.33 | 91.67 | 100.00 | 50.00 | 91.67 | 100.00

AT 2.2 HAAIAIANUAIAAADUIRAVVDIUAAZIDNIT A IS UNIWALSNHUSLUAZUUIA

HANAIINY (BIA1)

100x100 200x200 300x300
—] 11 11 I 11 I1 I 11 111
Line 72.42 0.00 0.00 25.00 | 0.00 0.00 0.00 0.00 0.00
Mixline | 97.17 0.00 0.00 32.33 0.00 0.00 30.00 0.00 0.00
Moreline | 85.33 0.00 0.00 32.58 0.00 0.00 42.50 0.00 0.00
Multiline | 69.75 4.92 0.00 | 47.42 242 0.00 50.00 2.50 0.00

M319N 4.3 uaaalamlglszuianalaomasoiudazisn1s SIMSUNWANAN YN LAS

VALANAINY (FUIN)

100x100 200x200 300x300
I 11 11 I 11 11 I II II1
Line 18.40 | 52.03 | 172.85 | 35.28 | 122.10 | 1023.24 | 5593 | 196.32 | 3100.95
Mixline 16.48 | 52.82 | 227.83 | 27.23 | 100.49 | 1049.57 | 52.64 | 189.61 | 2832.69
Moreline | 15.61 | 51.41 | 233.25 | 26.95 | 91.04 | 1162.12 | 48.04 | 191.00 | 2857.12
Multiline | 18.21 | 53.60 | 220.87 | 25.06 | 88.77 | 1185.42 | 40.05 | 155.18 | 2574.78

I.
1.
I

Hough Transform and Phase Correlation

Hough Transform, Phase Correlation and Best First Search

Full Search
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HANAIIAY
100x100 200200 300x300
| 11 1 I 11 1 I 11 11
Line 58.33 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Mixline | 50.00 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00
Moreline | 41.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00
Multiline | 33.33 58.33 | 100.00 | 58.33 | 75.00 | 100.00 | 58.33 83.33 | 100.00

s

MMM 9.5 LAAIAINNUAIAIAADUIRAVYDILAALITNIT T IUMTUNWANANYULUAZIUIA

HANANY (D49717)

100x100 200x200 300x300
| I1 111 I 11 111 I II I
Line 75.25 0.00 0.00 17.50 0.00 0.00 0.00 0.00 0.00
Mixline 91.67 0.00 0.00 49.92 0.00 0.00 22.42 0.00 0.00
Moreline | 122.33 | 0.00 0.00 32.08 0.00 0.00 50.00 0.00 0.00
Multiline | 72,50 | 60.50 0.00 42.50 | 35.00 0.00 74.92 | 34.92 0.00

M3190 1.6 uaauranlFlszuianalaundovouaazisnis AnTuNIWRIdnYUZIAY

VUAANAIINY (AUIN)

100x100 200x200 300x300
I II 111 I 11 11 I II I
Line 15.52 | 15.69 | 164.68 | 27.95 | 60.22 | 804.82 | 42.82 | 120.33 | 2134.16
Mixline 1525 | 1544 | 167.50 | 24.62 | 46.88 | 792.09 | 38.54 | 102.93 | 2236.30
Moreline | 15.01 | 15.19 | 16.22 | 28.58 | 50.39 | 962.14 | 41.57 | 111.59 | 2287.40
Multiline | 1529 | 1543 | 171.02 | 26.13 | 43.67 | 933.71 | 41.58 | 100.12 | 2399.23

I.  Hough Transform and Phase Correlation

1. Hough Transform, Phase Correlation and Best First Search

11,

Full Search
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HANAIINY
100x100 200x200 300x300
1 11 1 I 11 [ I 11 11
Line 66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Mixline | 41.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00
Moreline | 41.67 | 100.00 | 100.00 | 58.33 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00
Multiline | 41.67 | 66.67 | 100.00 | 50.00 | 75.00 | 100.00 | 41.67 | 91.67 | 100.00

M1 4.8 LARIAIANIUAIAADIDUINAYUVBILARSITNIT FIUTUMNALINBUSHAZVUIA

HANAINY (8971)

100x100 200x200 300x300
I I 111 I 11 11 I 11 111
Line 57.50 0.00 0.00 32.50 0.00 0.00 0.00 0.00 0.00
Mixline 65.33 0.00 0.00 35:17 0.00 0.00 10.00 0.00 0.00
Moreline | 107.00 | 0.00 0.00 47.33 0.00 0.00 40.00 0.00 0.00
Multiline | 106.58 | 43.92 0.00 87.25 | 25.08 0.00 89.67 | 24.92 0.00

15190 2.9 uaaananlFlszulanalaomdvroanazitnis MsuMuRlanyMzIAY

VUIAUANAIINUY (FUIN)

100x100 200x200 300x300
I 11 M1 I 11 111 I 11 1
Line 1497 | 15.05 | 15349 | 23.68 | 45.66 | 765.89 | 40.17 | 110.60 | 2147.72
Mixline 16.11 | 18.13 | 202.57 | 30.65 | 61.09 | 1202.21 | 50.74 | 145.64 | 2929.88
Moreline | 20.84 | 21.07 | 286.97 | 23.03 | 47.83 | 878.04 | 37.95 | 103.29 | 2209.53
Multiline | 17.00 | 17.44 | 232.14 | 29.12 | 54.55 | 960.88 | 51.28 | 131.74 | 2654.10

1. Hough Transform and Phase Correlation

1I.  Hough Transform, Phase Correlation and Best First Search

111,

Full Search
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Noise=5% Noise=10% Noise=15%
I 11 111 I 1l 11 I 11 111
Line | 6667 | 100.00 | 100.00 | 50.00 | 41.67 | 50.00 | 33.33 | 16.67 | 0.00
100 o
Mixline | 47 67 | 100.00 | 100.00 | 25.00 | 75.00 | 100.00 | 16.67 | 0.00 | 66.67
X
100 | Mereline | 4167 | 100.00 | 100.00 | 16.67 | 16.67 | 50.00 | 25.00 | 8.33 | 25.00
multiline 25.00 | 66.67 | 100.00 | 33.33 | 75.00 | 100.00 | 33.33 | 833 | 66.67
Line | 9500 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 33.33 | 50.00 | 66.67
200 o
Mixline | 7500 | 100.00 | 100.00 | 66.67 | 91.67 | 100.00 | 41.67 | 91.67 | 100.00
X
s00 | Moreline | 41 67 | 100.00 | 100.00 | 33.33 | 75.00 | 100.00 | 33.33 | 33.33 | 91.67
multiline | 66 67 | 91.67 | 100.00 | 33.33 | 50.00 | 91.67 | 33.33 | 33.33 | 100.00
Line | 333 |100.00 | 91.67 | 50.00 | 100.00 | 100.00 | 41.67 | 50.00 | 91.67
300 o
Mixline | 100.00 | 100.00 | 100.00 | 50.00 | 91.67 | 100.00 | 33.33 | 41.67 | 100.00
X
300 | Moreline | 6667 | 100.00 | 100.00 | 33.33 | 75.00 | 100.00 | 33.33 | 41.67 | 100.00
multiline | 5833 | 91,67 | 100.00 | 50.00 | 58.33 | 91.67 | 33.33 | 33.33 | 100.00

. Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

[1I. Full Search
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Noise=5% Noise=10% Noise=15%
1 m oo o I 1l I 1 1
Line | 7025 | 0.00 | 0.00 | 84.75 | 65.58 | 2.83 |147.50 | 110.67 | 41.17
100 .
Mixline | 8708 | 0.00 | 0.00 | 118.42| 49.42 | 0.00 |179.17 | 83.92 | 0.33
X
100 | Moreline | 7500 | 0,00 | 0.00 |136.50 | 50.92 | 38.25 | 117.50 | 78.00 | 31.00
multiline | 10133 | 46.83 | 0.00 | 59.67 | 21.33 | 0.00 | 65.33 | 75.42 | 15.00
Line | 5550 | 0.00 | 0.00 | 5000 | 0.00 | 0.00 | 82.50 | 3825 | 7.75
200 .
Mixline | 3758 | 0.00 | 0.00 | 45.17 | 1525 | 0.00 |100.00 | 13.42 | 0.00
X
200 | Moreline | 7550 | 0.00 | 0.00 | 89.00 | 47.42 | 0.00 | 81.58 | 73.42 | 29.92
multiline | 4508 | 500 | 0.00 | 9450 | 71.75 | 16.58 | 124.33 | 82.00 | 0.00
Line | 1742 | 000 | 033 | 47.00 | 0.00 | 0.00 | 6742 | 46.75 | 22.58
300 e
Mixline | 000 | 0.00 | 000 | 77.25 | 492 | 0.00 | 64.75 | 59.92 | 0.00
X
300 | Moreline | 5500 | 000 | 0.00 | 13233 | 44.67 | 0.00 | 124.83 | 120.17 | 0.00
multiline | 6000 | 19.83 | 0.00 | 84.83 | 65.17 | 1.83 | 133.83 | 80.25 | 0.00

I.

I1.

Hough Transform and Phase Correlation

Hough Transform, Phase Correlation and Best First Search

I1I. Full Search
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Noise=5% Noise=10% Noise=15%
I 11 [ I 11 11 I 1 111
Line | 4167 | 100.00 | 100.00 | 8.33 | 25.00 | 16.67 | 0.00 | 0.00 | 8.33
100 .
Mixline | 1667 | 5833 | 66.67 | 000 | 000 | 000 | 833 | 0.00 | 0.00
X
100 | Moreline 5000 | 100.00 | 100.00 | 25.00 | 25.00 | 5833 | 833 | 16.67 | 25.00
multiline | 2500 | 50.00 | 100.00 | 25.00 | 33.33 | 100.00 | 8.33 | 0.00 | 58.33
Line | 66,67 | 100.00 | 100.00 | 41.67 | 41.67 | 100.00 | 8.33 | 16.67 | 58.33
200 .
Mixline | 5000 | 66.67 | 100.00 | 25.00 | 33.33 | 100.00 | 16.67 | 16.67 | 33.33
X
500 | Moreline | 5833 | 100,00 | 100.00 | 33.33 | 50.00 | 100.00 | 33.33 | 41.67 | 100.00
multiline | 3333 | 50,00 | 100.00 | 25.00 | 33.33 | 100.00 | 8.33 | 8.33 | 66.67
Line | 7500 | 100.00 | 100.00 | 25.00 | 41.67 | 100.00 | 33.33 | 25.00 | 83.33
300 .
Mixline | 5000 | 83.33 | 100.00 | 50.00 | 50.00 | 100.00 | 33.33 | 33.33 | 91.67
X
300 | Moreline | 41 67 | 7500 | 100.00 | 33.33 | 41.67 | 100.00 | 33.33 | 33.33 | 100.00
multiline | 3333 | 50.00 | 100.00 | 33.33 | 33.33 | 100.00 | 33.33 | 33.33 | 100.00

I.  Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

I1I. Full Search
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Noise=5% Noise=10% Noise=15%
T
I 1 111 I 1 11 I 11 111
Line | g0.42 | 0.00 | 0.00 |164.67 | 80.50 | 60.92 | 154.42 | 139.08 | 92.50
100 .
Mixline | 13358 | 32.66 | 22.50 | 86.33 | 95.50 | 55.00 | 163.67 | 87.50 | 69.42
X
100 | Moreline | 9595 | 000 | 0.00 | 11650 | 34.83 | 0.42 | 119.75 | 113.58 | 32.00
multiline | 108,00 | 91.33 | 0.00 | 6533 | 66.92 | 0.00 | 134.42 | 132.92 | 45.25
Line | 4017 | 0.00 | 0.00 | 47.50 | 45.00 | 0.00 | 136.67 | 94.75 | 32.42
200 o
Mixline | 108.08 | 66.00 | 0.00 | 141.25 | 90.25 | 0.00 | 102.50 | 118.75 | 19.42
X
a00 | Moreline | 5550 | 000 | 0.00 | 65.08 | 5492 | 0.00 | 5633 | 51.58 | 0.00
multiline | 11833 | 60.75 | 0.00 | 121.33 | 55.42 | 0.00 | 181.50 | 113.00 | 16.67
Line 20.08 | 0.00 | 0.00 | 84.75 | 59.75 | 0.00 | 132.08 | 134.33 | 30.00
300 o
Mixline | 5350 | 492 | 000 | 82.17 | 42.58 | 0.00 | 97.08 | 37.42 | 14.25
X
300 | Moreline | 6500 2475 | 000 | 69.75 | 54.83 | 0.00 | 77.33 | 76.83 | 0.00
multiline | 7992 | 5508 | 0.00 |119.92 | 96.91 | 0.00 | 106.75 | 61.08 | 0.00

I. Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

[11. Full Search
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Noise=5% Noise=10% Noise=15%
I 1 1 I Il 111 I 1 111
Line | 667 | 100.00 | 100.00 | 66.67 | 100.00 | 91.67 | 50.00 | 66.67 | 58.33
100 o
Mixline | 4167 | 75.00 | 100.00 | 33.33 | 75.00 | 100.00 | 25.00 | 50.00 | 91.67
X
100 | Moreline | 4167 | 100.00 | 100.00 | 50.00 | 91.67 | 100.00 | 33.33 | 91.67 | 100.00
multiline | 3333 | 66.67 | 100.00 | 33.33 | 50.00 | 100.00 | 25.00 | 50.00 | 100.00
Line | 5833 | 100.00 | 100.00 | 16.67 | 41.67 | 100.00 | 25.00 | 33.33 | 83.33
200 .
Mixline | 5000 | 75.00 | 100.00 | 50.00 | 58.33 | 100.00 | 33.33 | 33.33 | 100.00
X
200 | Moreline | 7500 | 91.67 | 100.00 | 41.67 | 91.67 | 100.00 | 50.00 | 75.00 | 100.00
multiline | s0.00 | 75.00 | 100.00 | 41.67 | 66.67 | 100.00 | 41.67 | 58.33 | 100.00
Line | 66.67 | 100.00 | 100.00 | 50.00 | 75.00 | 100.00 | 50.00 | 66.67 | 100.00
300 o
Mixline | 5833 | 75.00 | 100.00 | 58.33 | 66.67 | 100.00 | 25.00 | 33.33 | 100.00
X
300 | Moreline | 6667 | 91,67 | 100.00 | 41.67 | 58.33 | 91.67 | 33.33 | 41.67 | 100.00
multiline | 3333 | ¢6.67 | 100.00 | 33.33 | 41.67 | 100.00 | 33.33 | 41.67 | 100.00

I. Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

II1. Full Search
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Noise=5% Noise=10% Noise=15%
I 11 1 I 1 111 I 11 1
Line | 5475 | 0.00 | 000 | 4725 | 0.00 | 13.00 | 46.83 | 0.33 | 2.66
100 .
Mixline | 8242 | 29.67 | 0.00 | 14333 | 71.25 | 0.00 | 135.33 | 69.92 | 15.42
X
100 | Moreline | go08 | 0.00 | 0.00 | 6817 | 592 | 0.00 |110.17 | 24.00 | 0.00
multiline | 10075 | 41.25 | 0.00 | 91.33 | 66.08 | 0.00 | 106.08 | 45.83 | 0.00
Line | 2750 | 0.00 | 0.00 |114.58|109.50 | 0.00 | 99.67 | 75.08 | 1.83
200 .
Mixline | 6983 | 24.92 | 0.00 |107.58 | 85.00 | 0.00 | 112.08 | 99.58 | 0.00
X
00 | Moreline | 4992 | 242 | 0.00 | 82.67 | 9.92 | 0.00 | 90.00 |24.75 | 0.00
multiline | g492 | 29.42 | 0.00 | 82.08 | 4583 | 0.00 | 64.58 | 54.75 | 0.00
Line | 4975 | 0.00 | 0.00 | 6733 | 17.17 | 0.00 | 49.92 | 25.17 | 0.00
300 .
Mixline | 7250 | 40.00 | 0.00 | 61.92 | 63.75 | 0.00 | 144.42 | 98.25 | 0.00
X
300 | Moreline | 2583 | 142 | 0.00 | 81.83 | 65.33 | 14.92 | 127.08 | 72.33 | 0.00
multiline | 9742 | 3892 | 000 | 94.67 | 109.67 | 0.00 | 109.33 | 54.67 | 0.00

I

I11.

Hough Transform and Phase Correlation

Hough Transform, Phase Correlation and Best First Search

Full Search
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1. USnUAMANIZ1Y
dl o d o ) o ] ac o ar A
M3197 2.1 aaulosIFUANIINYNABURALYBAAZITMT TIMTUNINNNANHUZLAZVUIA
uanatery Welinmsvsuanuduuasluniwilu -60, -50, -40, -30, -20, -10, +10,

+20, +30, +40, +50, +60

Bright = -10 Bright = -20 Bright= -30

I 1I 11 I 11 111 I I1 11

Line | ¢6.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00

100 oy
Mixline | 3333 | 100.00 | 58.33 | 33.33 | 100.00 | 66.67 | 41.67 | 100.00 | 58.33

100 | Moreline | 5000 | 100.00 | 83.33 | 41.67 | 100.00 | 75.00 | 50.00 | 100.00 | 5833

multiline | 3333 | 9167 | 91.67 | 3333 | 91.67 | 91.67 | 33.33 | 58.33 | 58.33

Line 66.67 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00

200 i
Mixline | 7500 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00

H00 | Moreline | 7500 | 100.00 | 100.00 | 75.00 | 100.00 | 91.67 | 66.67 | 100.00 | 91.67

multiline | 5833 | 91.67 | 91.67 | 5833 | 91.67 | 91.67 | 58.33 | 91.67 | 91.67

Line 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

300 -
Mixline | g333 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00

300 | Moreline | 9167 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00

multiline | 6667 | 100.00 | 100.00 | 50.00 | 91.67 | 91.67 | 58.33 | 100.00 | 100.00

I. Hough Transform and Phase Correlation
II. Hough Transform, Phase Correlation and Best First Search

[1I. Full Search




M15199 2.1 (419)

129

Bright = -40 Bright = -50 Bright=-60
I 11 11 I 1 11 I 11 I
Line | 5833 | 100.00 | 100.00 | 58.33 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00
100 o
Mixline | 4167 | 100.00 | 75.00 | 50.00 | 100.00 | 58.33 | 41.67 | 91.67 | 50.00
X
100 | Moreline | 3333 | 9167 | 41.67 | 3333 | 75.00 | 33.33 | 25.00 | 75.00 | 50.00
multiline | 33 33 | 8333 | 8333 | 3333 | 5833 | 5833 | 25.00 | 75.00 | 75.00
Line | 7500 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00
200 o
Mixline | 7500 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00
X
200 | Moreline | 533 | 100.00 | 83.33 | 66.67 | 100.00 | 83.33 | 41.67 | 91.67 | 50.00
multiline | 5000 | 100.00 | 100.00 | 50.00 | 91.67 | 91.67 | 41.67 | 91.67 | 91.67
Line | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
300 .
Mixline | 7500 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 83.33 | 91.67 | 91.67
X
300 | Moreline | 8333 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00 | 58.33 | 100.00 | 100.00
multiline | 58 33 | 100.00 | 100.00 | 75.00 | 91.67 | 91.67 | 58.33 | 100.00 | 100.00

I.  Hough Transform and Phase Correlation

II.  Hough Transform, Phase Correlation and Best First Search

[II. Full Search
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MINN 2.1 (7D)

1

30

Bright = +10 Bright = +20 Bright= +30
I 11 11 I Il 11 I Il 1l
Line | 66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00
100 o
Mixline | 3333 | 100.00 | 5833 | 33.33 | 100.00 | 75.00 | 41.67 | 100.00 | 75.00
X
100 | Moreline | 5833 1 100,00 | 100.00 | 5833 | 100.00 | 100.00 | 50.00 | 100.00 | 100.00
multiline | 41 67 | 8333 | 83.33 | 3333 | 83.33 | 8333 | 25.00 | 8333 | 83.33
Line | 7500 | 100.00 | 160.00 | 91.67 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00
200 .
Mixline | 7500 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00
X
200 | Moreline | 66,67 | 100.00 { 100.00 | 58.33 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00
multiline | 5000 | 91.67 | 91.67 | 5833 | 91.67 | 91.67 | 5833 | 91.67 | 91.67
Line | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
300 .
Mixline | 9167 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
X
300 | Moreline | 8333 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00 | 50.00 | 100.00 | 100.00
multiline | 7500 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00

L.

I1.

Hough Transform and Phase Correlation

Hough Transform, Phase Correlation and Best First Search

II1. Full Search
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M3 1N 2.1 (AD)

Bright = +40 Bright = +50 Bright= +60

1 II 111 I 11 s 1 11 111

Line 66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 66.67 100.00 | 100.00

100 o)
Mixline | 4167 | 100.00 | 75.00 | 41.67 | 100.00 | 75.00 | 41.67 100.00 | 66.67

oo | Moreline | 5833 | 100.00 | 100.00 | 50.00 | 100.00 | 91.67 | 5833 | 100.00 | 75.00

multiline | 3333 | 75.00 | 75.00 | 41.67 | 66.67 | 66.67 | 33.33 | 83.33 | 83.33

Line 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 66.67 100.00 | 100.00

200 o
Mixline | 7500 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00 | 75.00 | 100.00 100.00

200 | Moreline | g3:33 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00 | 8333 | 100.00 | 100.00

multiline | 6667 | 91.67 | 91.67 | 50.00 | 91.67 | 91.67 | 58.33 91.67 | 91.67

Line 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 100.00 | 100.00

300 .
Mixline | 9167 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00 | 83.33 100.00 | 100.00

s00| Moreline | 8333 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00 | 91.67 | 10000 | 100.00

multiline | 6667 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00

I. Hough Transform and Phase Correlation
11. Hough Transform, Phase Correlation and Best First Search

11I. Full Search
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TN 2.2 LAAIAINIIUAIALAADUINALVDILADSTTNT AIMSUNMIWNLANYUSUAZIUIA

uanaaiy WenmsUsuanudunaslunmilu -60, -50, -40, -30, -20, -10, +10,

+20, +30, +40, +50, +60

Bright = -10 Bright = -20 Bright=-30
I 11 111 I 11 11 I 0| 1
Line | 6992 | 000 | 000 | 72.50 | 000 | 0.00 | 5242 | 0.00 | 0.00
100 .
Mixline | 11217 | 0.00 | 32.75 | 108.17 | 0.00 | 62.25 | 108.25 | 0.00 | 59.67
X
oo | Moreline | 899> | 000 | 7.17 | 6325 | 000 | 9.58 | 8292 | 0.00 | 64.25
multiline | 7133 | 492 | 492 | 87.33 | 24.00 | 24.00 | 78.00 | 22.17 | 22.17
Line | 6000 | 000 | 000 | 1750 | 000 | 000 | 4250 | 0.00 | 0.00
200 L
Mixline | 2258 | 000 | 000 | 3008 | 0.00 | 000 | 22.67 | 0.00 | 0.00
X
500 | Moreline | 3500 | 000 | 000 | 4492 | 000 | 258 | 62.67 | 0.00 | 2.33
multiline | 5733 | 483 | 483 | 5983 | 492 | 492 | 50.00 | 2.58 | 2.58
Line 000 | 000 | 000 | 000 | 000 | 000 | 000 | 000 | 0.00
300 o
Mixline | 1517 | 000 | 000 | 1758 | 000 | 0.00 | 1508 | 0.00 | 0.00
X
300 | Moreline | 1492 | 000 | 000 | 3242 | 000 | 000 | 29.92 | 0.00 | 0.0
multiline | 6500 | 000 | 000 | 6833 | 083 | 0.83 | 60.00 | 0.00 | 0.00

L.

I1.

Hough Transform and Phase Correlation

Hough Transform, Phase Correlation and Best First Search

[II. Full Search




M3197 2.2 (79)

Bright = -40 Bright = -50 Bright= -60
I 11 1 I 1 11 I 11 11
Line | 7242 | 000 | 000 | 6267 | 000 | 000 | 57.67 | 000 | 0.00
100 o
Mixline | 7258 | 000 | 3517 | 101.92| 000 | 47.42 | 11025 | 0.58 | 83.67
X
100 | Moreline | 11150 | 200 | 79.67 | 11692 | 8.08 | 76.58 | 99.42 | 33.25 | 19.83
multiline | 8491 | 24.00 | 24.00 | 9525 | 40.08 | 40.08 | 11542 | 27.67 | 27.67
Line | 5242 | 000 | 000 | 1508 | 0.00 | 000 | 27.42 | 0.00 | 0.00
200 .
Mixline | 4000 | 0.00 | 000 | 3008 | 0.00 | 000 | 19.92 | 000 | 0.00
X
200 | Moreline | 5750 | 0.00 | 27.42 | 5425 | 0.00 | 1992 | 4758 | 250 | 59.17
multiline | 7475 | 000 | 000 | 61.50 | 508 | 508 | 96.83 | 21.00 | 21.00
Line 000 | 000 | 000 | 000 | 000 | 000 | 000 | 000 | 0.00
300 o
Mixline | 4000 | 0.00 | 000 | 2025 | 000 | 000 | 27.50 | 20.08 | 20.08
X
300 | Moreline | 3750 | 000 | 0.00 | 2267 | 000 | 000 | 52.50 | 0.00 | 0.00
multiline | 593 | 000 | 000 | 1000 | 1758 | 17.58 | 66.83 | 0.00 | 0.00

L

I1.

Hough Transform and Phase Correlation

Hough Transform, Phase Correlation and Best First Search

III. Full Search
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A i
15197 2.2 (AD)

Bright = +10 Bright = +20 Bright= +30

I 11 1 I 11 111 I 11 I11

Line | 7233 | 000 | 000 | 7233 | 000 | 000 | 7258 | 0.00 | 0.00

100 .
Mixline | 9608 | 000 | 32.75 | 100.00 | 0.00 | 40.00 | 77.25 | 0.00 | 27.67

loo | Moreline | 6375 | 000 | 000 | 75.17 | 0.00 | 000 | 7025 | 0.00 | 000

multiline | 763 | 11.58 | 11.58 | 116.75 | 44.00 | 44.00 | 87.50 | 23.50 | 23.50

Line 37.58 | 0.00 0.00 17.50 | 0.00 0.00 15.00 | 0.00 0.00

200 -
Mixline | 3258 | 000 | 000 | 2250 | 0.00 | 0.00 | 1992 | 0.00 | 0.00

500 | Moreline | 5242 | 000 | 000 | 8008 | 000 | 0.00 | 37.58 | 000 | 0.00

multiline | 4750 | 250 | 2.50 | 57.42 | 10.00 | 10.00 | 42.42 | 258 | 2.58

Line 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

300 "
Mixline | 1492 | 0.00 0.00 17.50 | 0.00 0.00 0.00 0.00 0.00

300 Moreline | 3733 | 000 | 000 | 17.67 | 0.00 | 0.00 | 4250 | 0.00 | 0.00

multiline | 1242 | 000 | 000 | 4492 | 000 | 0.00 | 3500 | 0.00 | 0.00

I.  Hough Transform and Phase Correlation
1. Hough Transform, Phase Correlation and Best First Search

[11. Full Search
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Bright = +40

Bright = +50

Bright= +60

| 11 11

I 11 M1

I 11 11

Line | 7250 | 000 | 000 | 7217 | 000 | 000 | 6225 | 0.00 | 0.00
100 =
Mixline | g200 | 000 | 34.67 | 70.08 | 000 | 37.42 | 109.50 | 0.00 | 45.08
X
loo | Moreline | 6333 | 000 | 000 | 6775 | 0.00 2725 | 77.67 | 0.00 | 9.83
multiline | 9675 | 17.75 | 17.75 | 65.42 | 3242 | 3242 | 123.58 | 26.50 | 26.50
Line | 000 | 000 | 000 | 000 | 000 | 000 | 5500 | 0.00 | 0.00
200 i
Mixline | 3008 | 0.00 | 000 | 1508 | 000 | 000 | 2008 | 000 | 0.00
X
200 | Mereline | 3267 | 000 | 000 | 4258 | 000 | 0.00 | 3500 0.00 | 0.00
multiline | 7508 | 492 | 492 | 5000 | 242 | 242 | 47.50 | 10.00 | 10.00
Line | 000 | 000 | 000 | 000 | 000 | 000 | 000 | 000 | 0.00
300 i
Mixline | 1750 | 000 | 000 | 2.50 | 000 | 000 | 3242 | 000 | 0.00
X
100 | Moreline | 1000 | 000 | 0.00 | 2500 | 000 | 000 | 0.17 000 | 0.00
| multiline | ¢750 | 0.00 | 000 | 3250 | 0.00 | 000 | 37.42 | 000 | 0.00

. Hough Transform and Phase Correlation

1. Hough Transform, Phase Correlation and Best First Search

[11. Full Search
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1519 2.3 ngaalefiFudanugnAsunfsueaAnzItMs SMSuMWANANYUSIAZYLIA
uaneaiy dlefnsusuardunaslunimilu 60, -50, -40, 30, 20, -10, +10,

+20, +30, +40, +50, +60

Bright = -10 Bright = -20 Bright= -30

| 11 111 | 11 I1I I I1 111

Line 50.00 | 100.00 | 100.00 | 58.33 | 100.00 | 100.00 58.33 | 100.00 | 100.00

100 o
Mixline | 50.00 | 100.00 | 100.00 | 50.00 | 100.00 | 100.00 | 41.67 | 91.67 | 91.67

loo | Moreline | 41,67 | 100.00 | 100.00 | 41.67 | 100.00 | 100.00 | 41.67 100.00 | 100.00

multiline | 2500 | 58.33 | 58.33 | 25.00 | 5833 | 58.33 | 33.33 | 50.00 | 50.00

Line 83.33 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00 75.00 | 100.00 | 100.00

200 o
Mixline | 6667 | 91.67 | 83.

I

5833 | 91.67 | 83.33 | 58.33 | 91.67 | 83.33

(V%)
¥y

200 | Moreline | 7500 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00 | 6667 100.00 | 100.00

multiline | 5000 | 66.67 | 66.67 | 50.00 | 66.67 | 66.67 | 50.00 | 66.67 | 66.67

Line 83.33 | 100.00 | 100.00 | §3.33 | 100.00 | 100.00 83.33 | 100.00 | 100.00

300 .
Mixline | ¢6.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00

300 | Moreline | 5833 | 9167 | 9167 | 5833 | 100.00 | 100.00 | 58.33 91.67 | 91.67

multiline | sg33 | §3.33 | 8333 | 58.33 | 83.33 | 8333 | 5833 | 83.33 | 83.33

].  Hough Transform and Phase Correlation
11. Hough Transform, Phase Correlation and Best First Search

111. Full Search
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Bright = -40 Bright = -50 Bright=-60
I 11 111 I 1 1 I 11 1l

Line | 5000 | 100.00 | 100.00 | 4167 | 83.33 | 8333 | 41.67 | 100.00 100.00
100 . ‘ -

Mixline | 3333 | §3.33 | 8333 | 3333 | 66.67 | 66.67 | 1667 | 41.67 | 41.67
X 1 :
jgg | Moreline | 4567 100.00 | 100.00 | 41.67 | 100.00 | 100.00 | 41.67 | 100.00 100.00

multiline | 2500 | 50.00 { 5000 | 25.00 | 41.67 | 41.67 | 16.67 | 33.33 | 33.33

Line | g333 | 100,00 | 100.00 ' 75.00 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00
200 .

Mixline | sg33 | 91.67 £3.33 & 66.67 | 83.33 | 8333 | 5833 8333 | 83.33
X

. |

app | Moreline [ 5833 | 100.00 | 100.00 | 66.67 100.00 | 100.00 | 50.00 | 100.00 | 100.00

multiline | 5000 | 5933 | $8.33 3333 | 50.00 | 50.00 | 33.33 | 50.00 50.00

Line | 333 1;mo.oo 10000 100.00 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00
300 o |

Mixline | 6667 | 100.00 100.00 | 66.67 | 100.00 | 100.00 5833 | 91.67 | 91.67
« .
s00 | Moreline | 5333 | §333 £333 58.33 | 100.00 | 100.00 50.00 | 91.67 | 91.67

multiline | 5000 ‘ €667 6667 5000 | 66.67 | 66.67 | 33.33 | 33.33 | 33.33

1. Houg1 Transfo:m and Phase Correlation

1. Hough~

111, Full Seare

I'ransfe-m, Phase Correlation and Best First Search

1

A




ﬂ' n
M1519N 2.3 (D)

1

38

Bright=+10 Bright = +20 Bright= +30

I I 1 I Il 1 I I 11
Line | 50,00 | 100.00 | 100.00 | 50.00 | 100.00 | 100.00 | 50.00 | 100.00 | 100.00

100 (s : |
Mixline | 50,00 ' 100.00 100.00 50.00 | 100.00 | 100.00 | 50.00 | 100.00 | 100.00

. . |
1o | Moreline | 4167 1 100.00 100,00 41.67 | 100.00 | 100.00 | 41.67 | 100.00 | 100.00
multiline | 2500 | 66.67 | 7767 25.00 | 6667 | 66.67 | 3333 | 66.67 | 66.67
Line | 7500 ' 100,00 | *n00  §3.33 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00

200 . |
Mixline | 6667 0167 | 0 66.67 | 91.67 | 83.33 | 66.67 | 83.33 | 83.33

x ! I_ ——

200 | Moreline | 66 67 mn_oo‘ 10900 66.67 | 100.00 | 100.00 | 58.33 | 100.00 | 100.00
multiline | 5000 6667 | <67 58.33 | 8333 | 83.33 | 58.33 | 83.33 | 83.33
Line | 9167 10000 01 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

300 . |
Mixline | 6667 100,00 | '*1.00  66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00

" - o

- |
300 | Moreline | 5933 0167 | <167 66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00
multiline | 5g33 333 | 331 5833 | 91.67 | 91.67 | 58.33 | 83.33 | 83.33

. Houg!: .:unstc i and Phase Correlation

. iiough

111, Faill 8

" 11, Phase Correlation and Best First Search
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Bright = +40 Bright = +50 Bright= +60
I 1l I 1 Il 1 I 1l I

Line | 4167 | 100.00 | 100.00 | 50.00 | 100.00 | 100.00 | 58.33 | 100.00 | 100.00
100 . ;

Mixline | 5000 100.00 | 100.00 | 50.00 | 100.00 | 100.00 | 50.00 | 100.00 } 100.00
. |
loo | Moreline | 3333 100,00 | 100.00 | 33.33 | 100.00 | 100.00 41.67 | 100.00 | 100.00

multiline | 3333 3833 | 58.33 | 33.33 | 66.67 | 66.67 | 33.33 | 58.33 | 5833

Line | 333 100.00 | 100.00 | $3.33 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00
200 L

Mixline | 5833  91.67 | 83.33 | 66.67 | 91.67 | 91.67 75.00 | 100.00 | 91.67
< .
200 | Moreline | 5000 ' 91.67 | 91.67 | 50.00 | 91.67 91.67 | 58.33 | 100.00 | 100.00

multiline | 5000  66.67 | 66.67 | S0.00 | 66.67 | 66.67 | 58.33 | 83.33 | 83.33

_ |

Line | 100.00 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
300 .

Mixline | 7500  100.00 | 100.00 | 75.00 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00
X I
300 | Moreline | 41,67 100.00 | 100.00 | 41.67 | 100.00 | 100.00 50.00 | 91.67 | 91.67

multiline | 667 9333 | 8333 | 58.33 | 83.33 | 83.33 | 5833 | 91.67 | 91.67

Hough Transform and Phase Correlation

‘I. Hough Transform, Phase Correlation and Best First Search

:11. Full Search
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M1 24 LAAIAINIUNIANADUINAYDILAALITNIT FIMT VA INALANHMUSUAZYUIA

uanaefy oimsUsuanuduuaslunwitlu -60, -50, -40, -30, -20, -10, +10,

+20, +30, +40. +50, +60

Bright =-10 Bright = -20 Bright=-30
I 11 111 I 1l 111 I 1 1
Line | 923 000 | 000 | 7517 | 000 | 000 | 7492 | 0.00 | 0.00
100 L |
Mixline | g552 000 | 000 |109.75| 000 | 000 |102.00| 0.08 | 0.08
. |
100 | Moreline | 12250 000 | 000 |112.33| 0.00 | 0.00 |107.08| 000 | 0.00
multiline | 11500 5092 | 5092 | 11042 | 22.58 | 22.58 | 99.83 | 60.83 | 60.83
Line | 2758 ° 000 | 000 | 4242 | 000 | 000 | 4250 | 0.00 | 0.00
200 . :
Mixline | 7005 242 | 1975 | 6225 | 983 | 3742 | 69.83 | 242 | 2725
X
200 | Moreline | 57401 000 | 000 | 37.50 | 0.00 | 000 | 4242 | 0.00 | 0.00
multiline | 5745 | 2425 | 2425 | 79.75 | 59.83 | 59.83 | 87.25 | 45.00 | 45.00
Line | 2000 | 000 | 000 | 1750 | 0.00 | 0.00 | 17.42 | 0.00 | 0.00
300 o
Mixline | 4403 | 000 | 000 | 1492 | 000 | 0.00 | 25.00 | 0.00 | 0.00
X
300 | Moreline | 3749 | 250 | 250 | 5242 | 0.00 | 000 | 67.58 | 13.58 | 13.58
multiline | 4517 | 3042 | 3042 | 67.42 | 27.42 | 27.42 | 61.08 | 34.08 | 34.08

I.  Hough Transform and Phase Correlation

'[. Hough Transform, Phase Correlation and Best First Search

'I1. Full Search
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M13519N 2.4 (AD)

Bright = -40 Bright = -50 Bright= -60

I 11 111 I I1 I11 I 11 111

Line | 9033 | 000 | 000 | 7250 | 0.17 | 0.17 | 92.83 | 0.00 | 0.0

100 .
Mixline | 9683 | 050 | 050 | 94.58 | 1533 | 15.33 | 128.92 | 23.42 | 23.42

loo | Moreline | 9708 | 000 | 000 |110.50| 000 | 0.00 | 99.75 | 0.00 | 000

multiline | 19842 | 6533 | 6533 | 134.17 | 71.92 | 71.92 | 125.58 | 54.00 | 54.00

Line 22.50 | 0.00 0.00 | 37.42 | 0.00 0.00 | 37.58 0.00 0.00

200 i
Mixline | 49 97 242 19.83 | 57.42 | 29.83 | 19.67 | 8233 | 27.42 | 27.25

200 | Moreline | 3508 | 000 | 000 | 4742 | 000 | 000 | 6517 | 000 | 0.00

multiline | 10058 | 22.67 | 22.67 | 89.33 | 53.50 | 53.50 | 126.00 | 81.33 | 81.33

Line | 5742 | 000 | 000 | 000 | 000 | 000 | 4508 | 0.00 | 0.00

300 -
Mixline | 3550 | 000 | 000 | 2492 | 000 | 000 | 27.33 | 5.08 | 5.08

300 | Moreline | g4.75 | 37.33 | 3733 | 67.33 | 0.00 | 000 | 77.33 | 483 | 4.83

multiline | 3607 | 19.83 | 19.83 | 37.25 | 17.75 | 17.75 | 91.42 | 103.25 | 103.25

I. Hough Transform and Phase Correlation
1. Hough Transform, Phase Correlation and Best First Search

[11. Full Search
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Bright = +10 Bright = +20 Bright= +30
I 11 111 I 1 111 I 11 1
Line | 9200 | 000 | 000 | 9033 | 000 | 000 | 79.75 | 0.00 | 0.00
100 o
Mixline | 9225 | 000 | 000 |107.08| 0.00 | 0.00 | 94.58 | 0.00 | 0.00
X
lop | Moreline | 10367 | 0.00 | 0.00 | 87.17 | 0.00 | 0.00 111.93 | 0.00 | 0.00
multiline | 13575 | 44.08 | 44.08 | 13292 | 71.83 | 71.83 | 87.00 | 49.50 | 4950
Line | 3500 | 000 | 000 | 3733 | 000 | 0.00 | 1750 | 0.00 | 0.00
200 o
Mixline | 4002 | 241 | 000 | 50.00 | 233 | 19.92 | 62.33 | 34.83 | 20.00
X
500 | Moreline | 4250 | 000 | 0.00 | 52.50 | 0.00 000 | 57.50 | 0.00 | 0.00
multiline | 7717 | 39.92 | 39.92 | 43.33 | 16.00 | 16.00 | 3242 | 4.83 | 4.83
Line | 1402 | 000 | 000 | 0.00 | 000 | 000 | 0.00 | 000 | 0.00
300 L
Mixline | 4250 | 000 | 000 | 1992 | 000 | 000 | 1492 | 0.00 | 0.00
X
300 | Moreline | 5492 | 2742 | 2742 | 3250 | 000 | 0.00 17.50 | 0.00 | 0.00
B multiline | 5750 | 20.00 | 2000 | 67.42 | 12,67 | 12.67 | 29.83 | 27.17 | 27.17

I. Hough Transform and Phase Correlation

II. Hough Transform, hase Correlation and Best First Search

[11. Full Search
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Bright = +40 Bright = +50 Bright= +60
I 1 11 I 11 11 I 1l 11
Line | 8533 | 000 | 000 | 8533 | 000 | 000 | 6242 | 0.00 | 0.00
100 o
Mixline | 9208 | 000 | 000 | 8958 | 0.00 | 0.00 | 87.33 | 0.00 | 0.00
X
loo | Moreline | 10267 | 000 | 0.00 | 8575 | 0.00 | 0.00 | 7983 | 000 | 0.00
multiline | 9475 | 50.75 | 50.75 \ 05.92 | 2933 | 2933 | 84.00 | 51.75 | 51.75
Line 1750 | 000 | 000 2750 | 0.00 | 0.00 | 30.08 | 0.00 | 0.00
200 .
Mixline | og3 | 24.83 | 27.12 | 4242 | 241 | 17.33 | 3250 | 0.00 | 17.50
X
00 | Moreline | 250 | 2233 | 2233 | 6575 | 23.00 | 23.00 | 55.08 | 0.00 | 0.00
multiline | 773 | 4033 | 4033 | (975 | 31.25 | 31.25 | 58.17 | 23.17 | 23.17
Line 000 | 000 | oo noo | 000 | 000 | 000 | 000 | 0.00
300 .
Mixline | 5242 | 000 | 0.00 | 3250 | 000 | 0.00 | 47.50 | 0.00 | 0.00
% &
300 | Moreline | 5003 | 000 | non 7242 | 000 | 000 | 7733 | 250 | 250
multiline | 3475 | 29.75 | 2075 5000 | 20.33 | 20.33 | 42.50 | 19.92 | 1992

I1.

[1I.

Hough i ranstorm and Phase Correlation

Hough 'r... o, | hase Correlation and Best First Search

Full Searc!
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HANAIAU sﬁaﬁmiﬂ%nmwmﬂmmﬂummi‘lu -60, -50, -40, -30, -20, -10, +10,

+20, +30, +40, +50, +60

Bright = -10 Bright = -20 Bright=-30
I Il ) I Il 10 I Il Il
Line | 5833 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 58.33 | 100.00 | 100.00
100 .
Mixline | 2500 | 91.67 | 91.67 | 41.67 | 91.67 | 91.67 | 41.67 | 91.67 | 91.67
X
100 | Moreline | 3333 110000 | 100.00 | 33.33 | 91.67 | 91.67 | 25.00 | 91.67 | 91.67
multiline | 4167 | 66.67 | 66.67 | 25.00 | 58.33 | 58.33 | 25.00 | 58.33 | 58.33
Line | 5833 | 100.00 | 100.00 | 58.33 | 100.00 | 100.00 | 5833 | 91.67 | 91.67
200 -,
Mixline | 6667 | 83.33 | 83.33 | 66.67 | 83.33 | 83.33 | 58.33 | 83.33 | 83.33
X
s00 | Moreline | 5833 1 100.00 | 100.00 | 66.67 | 91.67 | 91.67 | 75.00 | 100.00 | 100.00
multiline | 5000 | 66.67 | 66.67 | 50.00 | 66.67 | 66.67 | 50.00 | 75.00 | 75.00
Line | 100,00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
300 .
Mixline | 8333 | 91,67 | 91.67 | 91.67 | 100.00 | 100.00 | 75.00 | 91.67 | 91.67
X
300 | Moreline | 6667 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00
multiline | 5000 | 8333 | 83.33 | 66.67 | 91.67 | 91.67 | 58.33 | 91.67 | 91.67

I. Hough Transform and Phase Correlation
II. Hough Transform, Phase Correlation and Best First Search

II. Full Search
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Bright = -40 Bright = -50 Bright= -60
I 11 11 I 11 11 I 11 1
Line | 5833 |100.00 | 100.00 | 58.33 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00
100 -
Mixline | 4167 | 75.00 | 75.00 | 41.67 | 83.33 | 83.33 | 41.67 | 75.00 | 75.00
X
100 | Moreline | 5500 | 100.00 | 100.00 | 41.67 | 91.67 | 91.67 | 41.67 | 91.67 | 91.67
multiline | 5500 | 5833 | 58.33 | 33.33 | 5833 | 58.33 | 25.00 | 5833 | 58.33
Line | 5000 | 8333 | 8333 | 66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00
200 -
Mixline | 4167 | 75.00 | 75.00 | 50.00 | 91.67 | 91.67 | 41.67 | 66.67 | 66.67
X
200 | Moreline | 7500 | 8333 | 83.33 | 66.67 | 91.67 | 91.67 | 66.67 | 100.00 | 100.00
multiline | 5000 | 75.00 | 75.00 | 58.33 | 83.33 | 83.33 | 50.00 | 83.33 | 83.33
Line | 9167 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00 | 83.33 | 100.00 | 100.00
300 -
Mixline | 5833 | 8333 | 83.33 | 5833 | 66.67 | 66.67 | 50.00 | 75.00 | 75.00
X
300 | Moreline | 6667 | 100.00 | 100.00 | 66.67 | 83.33 | 8333 | 66.67 | 83.33 | 8333
multiline | 5000 | 83.33 | 83.33 | 50.00 | 66.67 | 66.67 | 58.33 | 91.67 | 91.67

I.  Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

III. Full Search




M1319N 2.5 (719)

146

Bright = +10 Bright = +20 Bright= +30
I 11 11 I 11 11 I 11 1
Line | 66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00 | 66.67 | 100.00 | 100.00
100 .
Mixline | 4167 |100.00 | 100.00 | 50.00 | 91.67 | 91.67 | 50.00 | 91.67 | 91.67
X
100 | Moreline | 3333 | 100,00 | 100.00 | 33.33 | 100.00 | 100.00 | 33.33 | 91.67 | 91.67
multiline | 5500 | 5833 | 58.33 | 25.00 | 58.33 | 58.33 | 25.00 | 58.33 | 58.33
Line | 6667 | 100.00 | 100.00 | 58.33 | 100.00 | 100.00 | 58.33 | 100.00 | 100.00
200 .
Mixline | 5833 | 7500 | 75.00 | 5833 | 75.00 | 75.00 | 66.67 | 91.67 | 91.67
X
200 | Moreline | 5833 100,00 | 100.00 | 5833 | 91.67 | 91.67 | 58.33 | 91.67 | 91.67
multiline | 5833 | 9167 | 91.67 | 50.00 | 75.00 | 75.00 | 58.33 | 75.00 | 75.00
Line | 91,67 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00
300 o
Mixline | 9167 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00 | 91.67 | 100.00 | 100.00
X
300 | Moreline | 533 1 100,00 | 100.00 | 75.00 | 100.00 | 100.00 | 75.00 | 100.00 | 100.00
multiline | 5000 | 66.67 | 66.67 | 41.67 | 66.67 | 66.67 | 50.00 | 75.00 | 75.00

I. Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

III. Full Search
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Bright = +40 Bright = +50 Bright= +60
I 11 111 I 11 11 I 1 11
Line | 6667 | 100.00 | 100.00 | 66.67 100.00 | 100.00 | 66.67 | 100.00 | 100.00
100 .
Mixline | 5833 | 9167 | 91.67 | 4167 8333 | 83.33 | 58.33 | 100.00 | 100.00
X
100 | Mereline | 4167 | 100.00 | 10000 | 25.00 | 100.00 | 100.00 | 25.00 100.00 | 100.00
multiline | 3500 | 66.67 | 66.67 | 25.00 66.67 | 66.67 | 25.00 | 50.00 | 50.00
Line | 5833 | 100.00 | 100.00 | 58.33 100.00 | 100.00 | 58.33 | 100.00 | 100.00
200 .
Mixline | 7500 | 91.67 | 91.67 | 66.67 91.67 | 91.67 | 50.00 | 91.67 | 91.67
X
200 | Moreline | 6667 | 9167 | 91.67 | 5833 | 100.00 | 100.00 | 5833 91.67 | 91.67
multiline ( 5333 | 91,67 | 91.67 | 5833 83.33 | 83.33 | 58.33 | 100.00 | 100.00
Line | 9167 | 100.00 | 100.00 | 9167 100.00 | 100.00 | 100.00 | 100.00 | 100.00
300 o
Mixline | ¢} 67 100.00 | 100.00 | 91.67 | 100.00 | 100.00 | 91.67 | 100.00 100.00
X
300 | Moreline | 8333 1100.00 | 100.00 | 75.00 | 100.00 | 100.00 | 75.00 | 100.00 100.00
multiline | 4) 67 | 7500 | 75.00 | 50.00 100.00 | 100.00 | 33.33 | 91.67 | 91.67

L. Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

III. Full Search




148

MF19N 0.6 LAAIAIANUAANABUIRALVDINAAZITNS FMSUMININANY Mz YU

uaneany Weiimsysuanuduuaaluniwitlu -60, -50, -40, -30, -20, -10, +10,

+20, +30, +40, +50, +60

Bright =-10 Bright = -20 Bright=-30
1 11 111 I it 11 [ Il 1l
Line 1 7217 | 000 | 000 | 4992 | 0.00 | 000 | 7492 | 0.00 | 0.00
100 .
Mixline | 7900 | 242 | 242 | 7500 | 333 | 333 | 8725 | 242 | 242
X
100 | Moreline | 10792 | 000 | 000 | 8383 | 133 | 1.33 [11092| 292 | 2.92
multiline | gg83 | 30.17 | 30.17 | 134.67 | 23.67 | 23.67 | 11592 | 23.00 | 23.00
Line | 6750°| 000 | 000 | 8217 | 000 | 0.00 | 6492 | 492 | 492
200 .
Mixline | 8325 | 29.33 | 20.83 | 42.42 | 3025 | 30.25 | 94.75 | 44.75 | 44.75
X
200 | Moreline | 7992 | 000 | 000 | 5233 | 975 | 975 | 4250 | 0.00 | 0.00
multiline | 7497 | 28.58 | 28.58 | 32.17 | 10.00 | 10.00 | 82.25 | 17.25 | 17.25
Line 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00
300 .
Mixline | 1250 | 250 | 2.50 | 19.83 | 0.00 | 0.00 | 2500 | 242 | 242
X
300 | Moreline | 5000 | 0.00 | 000 | 7083 | 0.00 | 000 | 14.67 | 0.00 | 0.00
multiline | 4983 | 17.42 | 1742 | 3133 | 133 | 1.33 | 6208 | 2.17 | 217

I.  Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

III. Full Search
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Bright = -40 Bright =-50 Bright=-60
I Il m I 11 111 I I 111
Line | 7992 | 0.00 | 000 | 6500 | 0.00 | 000 | 5492 | 0.00 | 0.00
100 .
Mixline | 6700 | 31.92 | 31.92 | 77.58 | 15.92 | 1592 | 93.92 | 32.00 | 32.00
X
100 | Moreline | 15067 | 000 | 000 |121.42| 158 | 1.58 | 8142 | 158 | 158
multiline | 34 58 | 4975 | 49.75 | 114.75 | 43.58 | 43.58 | 115.50 | 65.50 | 65.50
Line | 8458 | 750 | 7.50 | 30.00 | 0.00 | 0.00 | 69.75 | 0.00 | 0.00
200 .
Mixline | g683 | 2833 | 28.33 | 84.83 | 17.42 | 17.42 | 91.08 | 28.00 | 28.00
X
00 | Moreline | 5783 | 1025 | 1025 | 73.67 | 492 | 492 | 70.00 | 0.00 | 0.00
multiline | g1 75 | 21,50 | 21.50 | 67.75 | 8.75 | 8.75 |109.08 | 21.08 | 21.08
Line | 008 | 000 | 000 | 1242 | 0.00 | 000 | 10.00 | 0.00 | 0.00
300 .
Mixline | 6975 | 21.00 | 21.00 | 43.67 | 48.25 | 48.25 | 81.25 | 31.50 | 31.50
X
300 | Moreline | 4767 | 000 | 000 | 50.58 | 22.50 | 22.50 | 66.42 | 24.75 | 24.75
multiline | 9733 | 2583 | 25.83 | 101.67 | 31.83 | 31.83 | 72.25 | 12.67 | 12.67

I.  Hough Transform and Phase Correlation

II. Hough Transform, Phase Correlation and Best First Search

II1. Full Search
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Bright = +10 Bright = +20 Bright= +30
I 11 1 I 11 111 I 11 11
Line | 5992 | 0.00 | 000 | 6492 | 0.00 | 0.00 | 5500 | 0.00 | 0.00
100 -
Mixline | 5758 | 0.00 | 000 | 85.00 | 2.50 | 2.50 | 70.08 | 24.92 | 24.92
X
100 | Moreline | g955 | 000 | 0.00 | 87.67 | 0.00 | 000 | 8642 | 7.33 | 7.33
multiline | 19658 | 48.08 | 48.08 | 103.92 | 65.58 | 65.58 | 141.58 | 69.42 | 69.42
Line | 3750 | 0.00 | 000 | 25.00 | 000 | 0.00 | 2508 | 0.00 | 0.00
200 .
Mixline | 5942 | 2767 | 27.67 | 65.00 | 20.17 | 20.17 | 54.75 | 18.00 | 18.00
X
500 | Moreline | 7000 | 0.00 | 000 | 68.00 | 250 | 2.50 | 60.00 | 20.00 | 20.00
multiline | 30.00 | 250 | 2.50 | 62.42 | 42.50 | 42.50 | 54.83 | 37.33 | 37.33
Line 500 | 000 | 000 | 000 | 000 | 000 | 1250 | 0.00 | 0.00
300 L
Mixline | 1500 | 000 | 000 | 250 | 000 | 000 | 1500 | 0.00 | 0.00
X
300 | Moreline | 6750 | 000 | 000 | 37.58 | 0.00 | 0.00 | 37.50 | 0.00 | 0.00
multiline | 5583 | 40.83 | 40.83 | 75.17 | 32.92 | 32.92 | 84.75 | 42.58 | 42.58

1. Hough Transform and Phase Correlation
1I. Hough Transform, Phase Correlation and Best First Search

I1I. Full Search
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Bright = +40 Bright = +50 Bright= +60

I I 11 I I1 I I 11 M1

Line 54.92 0.00 0.00 | 52.33 0.00 0.00 | 67.58 0.00 0.00

100 .
Mixline | 5397 | 250 | 2.50 | 95.00 | 3.92 | 3.92 | 69.92 | 0.00 | 0.00

100 | Moreline | 7983 | 000 | 0.00 | 96.17 | 0.00 | 0.00 | 90.08 | 0.00 | 0.00

multiline | 10075 | 39.25 | 39.25 | 117.08 | 21.58 | 21.58 | 104.08 | 45.67 | 45.67

Line | 4992 | 000 | 000 | 7250 | 0.00 | 0.00 | 77.50 | 0.00 | 0.00

Mixline | 1008 | 5.00 | 5.00 | 49.92 | 24.92 | 24.92 | 7250 | 242 | 242

200 | Moreline | 5350 | 83 | 8.83 | 77.50 | 0.00 | 0.00 | 6392 | 1.50 | 1.50

multiline | 5750 | 10.08 | 10.08 | 67.42 | 11.83 | 11.83 | 60.00 | 0.00 | 0.00

Line | 2492 | 000 | 000 | 2492 | 000 | 000 | 0.00 | 0.00 | 0.00

300 -,
Mixline | 1550 | 000 | 0.00 | 1500 | 0.00 | 0.00 | 500 | 0.00 | 0.00

00 | Moreline | 3500 | 000 | 000 | 2500 [ 000 | 0.00 | 29.92 | 000 | 0.0

multiline | 12725 | 3592 | 3592 | 9500 | 0.00 | 0.00 | 74.83 | 2.58 | 2.58

I. Hough Transform and Phase Correlation
II. Hough Transform, Phase Correlation and Best First Search

I1I. Full Search
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Image Registration using Hough Transform
and Phase Correlation

Siwaphon Chunhavittayatera Orachat Chitsobhuk Kiatnarong Tongprasert
Faculty of Engineering, Faculty of Engineering, Faculty of Engineering,
King Mongkut’s Institute of King Mongkut’s Institute of King Mongkut's Institute of
Technology Ladkrabang, Technology Ladkrabang, Technology Ladkrabang,

Bangkok, Thailand
siwa 382%¢hotmail.com

Abstract — This paper presents image registration using a
combination of Hough transform and phase correlation
technique in Fourier domain to estimate rotation and translation
parameters. These paramters are used to register input images
and create a seamless representation of the registered image. The
first step is based on 1D phase correlation which calculates the
translation of angle in Hough space, obtained form Hough
transform. The rotation parameter obtain from this step is used
to de-rotated the input images. The second step provides the
translation in x-y axis using 2D phase correlation. Finally, the
input images are registered using the estimated translation
parameter. The experimental results show the accuracy of the
proposed method to detect the translation parameters and find
the relevant potential angles of rotation for various image details
and sizes. The proposed method is ease to operation, less
computation complexity, thus requires less amount of process
time due to the high efficiency of fast Fourier transform (FFT).

Keywords — image registration, Hough transform, phase
correlation

1. Introduction

Image Registration is one of the most active fields in
image processing and computer-vision for a few decades [1]. It
is a crucial step in all image analysis tasks in which the
information is gained by combining various data sources, such
as remote sensing, image fusion, image mosaicing,
environmental monitoring, medical image processing, video
compression, image enhancement and restoration [2].

Taking an image spmetimes ¢an not capture all the details
of an interesting scene due to a limitation of the camera
viewpoint, zooming ability, or resolution. Therefore, several
images should be taken in order to obtain all the details of the
scene. Image registration is a process of registering or aligning
two or more images of the same scene and making a new
image that contains complete details of all input images.
However, an important requirement is that the input images
must be overlapped in order to be registered. Registered
images help us to view overall details without swapping image
many times and image analysis can be done easily.

The concept of image registration shows in figure 1 and
figure 2. Figure 1 shows two input images taken at different
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camera position which causes the translation between two
images. However, there must be the overlapped area between
two input images. Then, we can use Hough transform and
phase correlation technique to combine two input images and
make a new one that contains details of two input images.

(a) (b)

Figure 2. A new image that contains details of two input images

2. Hough transform and phase correlation

2.1 Hough transform
In this paper, Hough transform is combined with phase
correlation to detect rotation and translation between two

Feb. 20-22, 2006 ICACT2006



images. Hough transform is a feature extraction technique
used in digital image processing [3], [4]. The standard
transform identifies lines in the image, but could be extended
to identify positions of arbitrary shapes. In the proposed
algorithm, the Hough function is implemented using the
Standard Hough Transform (SHT). In the standard Hough
transform, each line in the images is represented by two
parameters, commonly called p (rho) and & (theta), which

represent the length and angle of the line respectively. The
representation of these two parameters is sometimes referred
to Hough space [5]. After Hough function is applied, each line
in spatial domain is transformed to © and & in polar domain.

Therefore, the rotation in spatial domain will be transformed
into the translation in polar domain. Then, 1D phase
correlation can be applied to detect an angle of rotation as the
translation in polar domain.

The Hough transform is designed to detect lines, using the
parametric representation of a line as presented in (1).

p = xcos@+ysind (1)

where p is the distance from the origin to the line along

a vector perpendicular to the line and @ is the angle between
the x-axis and this vector.

y

2
Figure 3.Hough Space representation of a line

2.2 Phase correlation

Phase correlation is one of the most widely used
techniques for image registration in frequency domain to
determine the relative translation between two images [6].
Phase correlation is based on Fourier shift theorem, which is
easy to implement, less computation complexity, thus requires
less amount of process time due to the high efficiency of fast
Fourier transform (FFT). Furthermore, it is robustness to
interference. However, phase correlation can deal with only
translation between two images in x-y axis.

The concept of 1D phase correlation is introduced here for
simplicity. The method is often derived by assuming only
translation occurred between two input signals:

£,(x)= fi(x+d) ; dis disparity

The Fourier shift theorem tells that the results of Fourier
transforms of two related signals satisfy:

Fy (@)= F (@)
Taking F, (@) divided by F, () as shown below:

ISBN 89-5519-129-4
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@) 44 ()
Fy(@) _ 4(o),(@pmerne
o) i@ Y

ido . . .
where, €““ is a sinusoidal function in the frequency
domain, and therefore its inverse Fourier transform is an

impulse, locating at the disparity d, that is, 5(x + d). Thus, in
short, phase correlation methods measure disparity by finding

peaks as follows:
F,(@
2 ( )] 3)

d =argmax F’(
F ()

when F ™' denotes inverse Fourier transform, |0| is the
magnitude.

In this paper, 1D phase correlation is used to detect
relevant potential angles of rotation from Hough space, by
applying 1D phase correlation in (3) to image R, (p, 9) and
R, (p, 9) in Hough space. Thus, the angle of rotation (&_ )

ror
can be estimated as followed:

— =1 Fa (RZP—W (C(), 9))
6. =arg, max; Fy ( 7 (R7(0.6) @)

-1 . .
where F, and F;" denote Fourier transform and inverse

Fourier transform in direction of & respectively.
The translation in x-y axis can be estimated using 2D
phase correlation. Assuming that the relation between

I,(x,y) and 1, (x, y) is:
Lxy)=1(x+Ax, y+Ay) )

The disparity (Ax, Ay)of two input images can be derived as
follow:

(Ax,Ay)=arg,, ,, maxF"(; s

where F and F~' denote 2D Fourier transform and 2D
inverse Fourier transform respectively.

3. Experimental Results

The experiments are conducted based on various
types of image details and sizes. There are 80 satellite images
in the database, which can be categorized into 4 groups:
images containing strong straight lines with smooth texture,
strong straight lines with medium texture, straight lines with

Feb. 20-22, 2006 ICACT2006



high texture, and no straight line. Each group consists of
images with image sizes of 100x100, 200x200, 300x300 and
400x400 pixels.

To show the performance of the proposed algorithm,
several rotation and translation parameters are examined. The
proposed algorithm performs 1D phase correlation and
searches the rotation parameter from top five high correlation
positions obtained from phase correlation. The resulted
rotation parameter is used to de-rotated the image prior to
translation detection process.. Translation parameters are
obtained from 2D phase correlation. Finally, the input images
are registered according to the resulted translation parameters
to create a new image.

The experiments are setup in order to show the effects of
different image details and sizes resulted to the estimated
rotation and translation parameters. The experiments are
divided into 4 parts:

Part 1: To show the effects of different image details to
the correctness of rotation parameter.

In this part, 4 groups of different image details are
used with size of 100x100. The registration results of part 1
experiment are shown in figure 4-7.

Figure 4 shows that in the case of images containing
strong straight lines with smooth texture, the rotate parameter
obtained from the maximum value of 1D phase correlation is
correctly estimated.

In the case of images containing strong straight lines
with medium texture, the rotation parameter obtained from the
maximum value of 1D phase correlation is not reliable in some
cases. ‘However, we have. found .that the correct rotation
parameter could be correctly estimated if the search for
rotation parameter is extended to first five high correlation
values. For example in figure 5, for the example image, The
top five high correlation positions are 0, 354, 20, 356, and 348.
The third peak position is the correct rotate parameter.

In the case of images containing straight lines with
high texture shown in figure 6, the top five high correlation
positions are 0, 343, 340, 22, and 342. There is no the correct
result. However, at least one of the top five peaks is close to
the correct rotation parameter.

In the case of images containing no straight line
shown in figure 7, the top five high correlation positions are 0,
13, 10, 3, and 358. From the results, the second peak position
is the most nearest rotation parameter but it is still far from the
correct rotation.

From the experimental results in part 1, it can be
concluded that the different image details effect the estimation
of rotation parameter. The stronger straight lines and smoother
texture, the better the estimation results.

Part 2: To show the effects of different image sizes to the
correctness of rotation parameter.

In this part, four sizes of different image details are used
and the examples of estimated results are presented in figure
8-11. From the results, as the size of image increases, the
image contains more detail information. This helps for better
estimation of the rotation results.
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Figure 4. The strong straight lines with smooth texture image and the
result of 1D phase correlation plot with graph.
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Figure 5. Strong straight lines with medium texture image and the result
of 1D phase correlation plot with graph.

prgd 1

Figure 6. Straight lines with high texture image and the result of 1D
phase correlation plot with graph.

At

Figure 7. No straight line image and the result of 1D phase correlation
plot with graph.

Part 3: To show the effects of different image details to
the correctness of translation parameters.
The examples of estimated translation parameters for different
image details are shown in figure 12-14. From the
experimental results, 2D phase correlation is very efficient to
accurately detect the translation parameters whatever the
details of the image are.
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Figure 13. Show the image before and after the translation with x=+19,

y=+21 and the result of 2D phase correlation in the right.

correlation plot with graph.

Figure 8. 100x100 image size and the result of 1D phase
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correlation plot with graph.

Figure 9. 200x200 image size and the result of 1D phase
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Figure 14, Show the image before and after the translation with x=+15,

y=+25 and the result of 2D phase correlation in the right.

Part 4: To show the effects of different image sizes to the

correctness of translation parameters.

The examples of estimated translation parameters for

different image sizes are shown in figure 15-18. From the
experimental results, 2D phase correlation is very efficient to
accurately detect the translation parameters whatever the size

fthe image is.
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Figure 10. 300x300 image size and the result of 1D phase
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correlation plot with graph.

translation with x=+10,
tion in the right.
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Figure 17. Show the image before and after the

Figure 11. 400x400 image size and the result of 1D phase

correlation plot with graph
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Figure 12. Show the image before and after the translation with x=-15,

y=+25 and the result of 2D phase correlation in the right.
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Figure 18. Show the image before and after the translation with x=+87,

y=-53 and the result of 2D phase correlation in the right.
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Table 1. shows the average errors for estimating rotation parameters
from many details of images in the database.

Average 7
Details in the image errors of
rotation
Strong straight lines with smooth texture 0.08
Strong straight lines with medium texture 0.20
Straight lines with high texture 1.33
No strong straight lines 357

Table 2. shows the average errors for estimating rotation parameters
from many sizes of images in the database.

Sizes of the image Average errors of rotation
100x100 pixels 0.50
200x200 pixels 0.33
300x300 pixels 0.12
400x400 pixels 0.05

From the experimental results shown in table 1 and 2, the
correctness of the estimated rotation parameters depends on
the details in the input image. The stronger straight lines and
smoother texture, the better the estimation results. And the size

of image increases, the image contains more detail information.

This helps for better estimation of the rotation results. Hough
function used in the proposed algorithm estimates straight
lines. Therefore, there will be errors for calculating rotation
parameter if the images contain no straight lines. These errors
could be reduced by using additional Hough functions. In
addition, using 2D phase correlation. is every efficient for
estimating translation parameters whatever the details and
sizes of the input images are.
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4. Conclusion

In this paper, a combination of Hough transform and
phase correlation technique in Fourier domain is proposed for
image registration. The proposed algorithm is proved to
accurately detect the translation parameters in x-y axis and can
be used to find the relevant potential angles of rotation for
various types of image details and sizes. The resulted rotation
and translation parameters are used to transform and registered
the input images. Several advantages of using the Hough
transform and phase correlation to register images are that it is
easy to implement, less computation complexity, thus requires
less amount of process time due to the high efficiency of fast
Fourier transform (FFT). Since Hough function used in the
proposed algorithm is linear function of a straight line, the
resulted rotation parameters may be errors if the input images
contain no straight line. Therefore, additional Hough functions
may be explored to minimize these errors.
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Image Registration using Hough Transform,
Phase Correlation and Best-first search algorithm

Siwaphon Chunhavittayatera' and Orachat Chitsobhuk?

Abstract — This paper presents image registration using a
combination of Hough transform, phase correlation and best-first
search algorithm to estimate rotation and translation parameters.
These parameters are used to register input images and create a
seamless representation of the registered image. In the first step,
the translation of angles are pre-calculated based on 1D phase
correlation in Hough space and used as candidate angles. Then,
best-first search algorithm is applied to obtain the best translation
of angle from candidate angles, which is used to de-rotated the
input images. In the second step, the translation in x-y axis is
computed using 2D phase correlation. Finally, the input images
are registered using the estimated translation parameter. The
experimental results using various image details and sizes show
the accuracy of the proposed technique to detect the translation
parameters. The best-first search algorithm can help to increase
the precision of rotation parameter after Hough transform and
phase correlation while require less amount of processing time
compared to full search algorithm.

Keywords — best-first search, full search, Hough transform
image registration, phase correlation

1. Introduction

Image registration is a method of registering or aligning
two or more images of the same scene taken at different times,
from different viewpoints or by different sensors and then
making a new image that contains complete details of all input
images. However, an important requirement is that the input
images must be overlapped in order to be registered [1].

The process of image registration is to take a pair of
images, register them to create a new image then take other
images to register again. This process is continued until all
images have been registered. We get a new large image with
details of all images in correct position. This registered image
help us to view overall details without swapping image many
times and image analysis can be done easily.

Image Registration is an essential component in many
computer vision and image processing tasks such as remote
sensing, image fusion, motion analysis, environmental
monitoring, medical image processing, video compression,
image enhancement and restoration [2].
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The concept of image registration shows in figure 1 and
figure 2. Figure 1 shows two input images taken at different
camera positions, which cause the translation and rotation
between two images. However, there must be the overlapped
area between two input images. Then, we can use Hough
transform, phase correlation and best-first search algorithm to
combine two input images and make a new one that contains
details of two input images.

Figure 2. A new image that contains details of two input images

2. The proposed registration techniques

2.1 Overview of the proposed registration technique

The proposed image registration technique is presented in
figure 3. The beginning of the process is to detect edges in both
input images using edge detection. Then, all the edges in spatial
domain are transformed to polar domain using Hough
transform so that 1D phase correlation can be applied to detect
an angle of rotation as the translation in polar domain. Each of
the best five angles obtained from phase correlation is
expanded according to its associated angles to construct the
candidate angles. These candidate angles are further explored
by best-first search algorithm to acquire the appropriate angle
and use it to de-rotate the input image. The next step is to
compute the translation in x-y axis using 2D phase correlation.
Finally, the input images are registered using the estimated
translation parameter and created a seamless representation of
the registered image.
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2.2 Hough Transform

Before applying Hough transform, edge images must be
obtained from two input images. In this paper, canny edge
detector [2] is used to extracted edges from the image.

Hough transform is combined with phase correlation to
detect rotation between two images. Hough transform is a
feature extraction technique used in digital image processing [3,
4]. The standard transform identifies lines in the image, but
could be extended to identify positions of arbitrary shapes. In
the proposed algorithm, the Hough function is implemented
using the Standard Hough Transform (SHT). In the standard
Hough transform, each line in the images is represented by two
parameters, commonly called o (rho) and & (theta), which

represent the length and angle of the line respectively. The
representation of these two parameters is sometimes referred to
Hough space [5]. After Hough function is applied, each line in
spatial domain is transformed to o and € in polar domain.
Therefore, the rotation in spatial domain will be transformed
into the translation in polar domain. Then, 1D phase correlation
can be applied to detect an angle of rotation as the translation in
polar domain.

The Hough transform is designed to detect lines, using the
parametric representation of a line as presented in (1).

p = xcos@+ysind )

Where p is the distance from the origin to the line along a

vector perpendicular to the line and @ is the angle between the
x-axis and this vector.
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Figure 4. Hough Space representation of a line

2.2 Phase correlation

Phase correlation is one of the most widely used
techniques for image registration in frequency domain to
determine the relative translation between two images [6].
Phase correlation is based on Fourier shift theorem, which is
easy to implement, less computation complexity, thus requires
less amount of process time due to the high efficiency of fast
Fourier transform (FFT). Furthermore, it is robust to
interference. However, phase correlation can deal with only
translation between two images in x-y axis.

The concept of 1D phase correlation is introduced here for
simplicity. The method is often derived by assuming only
translation occurred between two input signals:

fz(x)Zﬂ(X+d) ; d is disparity

The Fourier shift theorem states that the results of Fourier
transforms of two related signals satisfy:

Fy(0)= F (@)
Taking F| (a)) divided by F, (w) as shown below:

K@) _ K@) (@)
F(0)  4(e)4 (o)
Fy(0) _ 4 (@) ()™ L,

Flo)  4@4w @

dao . . L

where, €““ is a sinusoidal function in the frequency
domain, and therefore its inverse Fourier transform is an
impulse, locating at the disparity d, that is, 5(): + d). Thus, in

short, phase correlation methods measure disparity by finding
peaks as follows:

d =argmax,, F"(MJ

(3)

F (o)

When F~' denotes inverse Fourier transform, |0| is the

magnitude.

In this paper, 1D phase correlation is used to detect the
angle of rotation from Hough space, by applying 1D phase

correlation in (3) to image R, (p,@) and R, (p,ﬂ) in Hough

space. Thus, the angle of rotation (&

rot

) can be estimated as
followed:
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6, =arg, max Z F;'[F” (Rzp-'w (. 9))} @)

F,(R"*(@,0))
Where F, and F;" denote Fourier transform and inverse
Fourier transform in direction of @ respectively.

The translation in x-y axis can be estimated using 2D phase
correlation. Assuming that the relation between 1, (x, y)

and Iz(x,y) is:
Iz(x,y):fl(x+Ax,y+Ay) )

The disparity (Ax,Ay)of two input images can be derived as
follow:

At

(Ax,Ay) = arg,, ,, max|F ™ [ F(1,(x,))

Where F and F~' denote 2D Fourier transform and 2D
inverse Fourier transform respectively.

2.3 Candidate angles

Before applying best-first search, the candidate angles are
prepared from the associate angles of best five angles from
phase correlation.

In the theory, the estimated rotation parameter from phase
correlation is the angle, which gives maximum correlation as
present in (4). Nevertheless, due to noises in input image or the
details of the image, the maximum point of phase correlation
may be mistake. Therefore, the top five highest correlation
positions are chosen to deal with this problem.

The top five highest correlation positions (8) are expanded

according to their associate angles, which are (90+8),
(180 +8) and (270 + 6). Twenty candidate angles are presented
as followed: :
6,,(90+6,),(180+6,),(270+6,)
6,,(90+6,),(180+6,),(270+6,)
9,,(00+6,),(180+86,),(270+6,)
0,,(90+6,),(180+86,),(270+86,)
8,,(90+6,),(180+86,),(270+6;)
Where 6,,6,,6,,0, and 6 ; denote the top five highest

correlation positions.

2.4 Best-first search algorithm

Best-first search is a search algorithm which optimizes
depth-first search by expanding the most promising node
chosen according to some rule.

Pearl [7] described best-first search as a method to estimate
the promising node n by a "heuristic evaluation function f(n)
which, in general, may depend on the description of n, the
description of the goal, the information gathered by the search
up to that point, and most important, on any extra knowledge
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about the problem domain." This general sense of term is used
by many authors, including Russell and Norvig [8].

In this paper, Hough transform and phase correlation are
proposed to solve the rotation between two input images.
However, Hough transform is a linear function of a straight
line. As a result, if the inpui images contain no strong straight
line, the resulted rotation parameter may be errors. Therefore,
best-first search algorithm is proposed to further explore the
candidate results and estimate the best angle to de-rotaie the
input images.

The root-mean-square-error (RMSE) [9], [10] between
overlapped areas of two input images is used as a heuristic
evaluation function to determine the selecting path and the
position to finish the search. The candidate angle, which gives
the least value of RMSE, is promoted to the start node since it
gives a better representation of the registered image than the
others. The root-mean-square-error (RMSE) can be calculated
as followed:

Z(Il "]2)?

RMSE = 1= (7
n

Where [, and [, are two input image and 7 is the
amount of overlapped area of two input images.

At the start node, the selected path (left or right) is decided
by the next node, which gives the least value of RMSE. In
figure 5 show that the selected path is the left one because the
next node in left (node 21) of the start node has RMSE less than
the right node (node 23). The search is finished when the next
node (node 19) has the value of RMSE greater than the current
node (node 20). Finally, the current node is the goal of this
search.
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Figure 5. Example of best-first search

Even though best-first search algorithm does not guarantee
that the search result is the best solution from all possible
angles thus only the best angle from candidate angles, it
requires less amount of searching time compared to full search
algorithm, which checking every possible nodes in sequence
until finish [7], [8].
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3. Experimental Results

The experiments are conducted based on various types of

image details and sizes. There are 144 satellite images in the
database, which can be categorized into 4 groups (36 images
for each group): images containing strong straight lines with
smooth texture, straight lines with less texture, straight lines
with medium texture, and straight lines with high texture. Each
group consists of images with sizes of 100x100, 200x200, and
300x300 pixels as show in figure 6-9.

In the experiment, the translation between two input
images in Xx-y axis Is computed using only 2D phase
correlation. The results are accurate as long as there is an

overlapped area between two input images. The smaller size of

the image, the larger size of the overlapped area.

To show the performance of the proposed techniques,
several rotation parameters (0, 30, 60, 90, 120, 150, 180, 210,
240, 270, 300 and 330 degrees) are examined.

The efficiency of the proposed algorithm 1s measured using
average processing time and the percent of average precision.
The percent of average precision can be calculated as followed:

> X,

% average precision= %— %100

(8

Where X; is the score of angle i, itis equal 1 if the received

angle is correct but equal 0 if the received angle is false. N is
all considered angles.

.- %

Figure 6 show example images containing strong straight lines with s;ﬁoth
texture with the size of 100x100, 200x200 and 300x300 pixels.

& d A
Figure 7 show example images containing straight lines with little texture
with the size of 100x100, 200x200 and 300x300 pixels.
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Figure 8 show example images conlainm.g straight lines with mdum )
texture with the size of 100x100, 200x200 and 300x300 pixels.

Figure 9 show example images containing straight lines with high texture
with the size of 100x100, 200x200 and 300x300 pixels.

The percent of average precision for three technmiques,
Hough transform and phase correlation (I), Hough transform,
phase correlation and best-first search algorithm (1) and full
search algorithm (III), to estimate the rotation parameters of all
4 groups of images are compared. Table 1 shows the percent of
average precision while table 2 shows the average processing
time of the registration process in second.

Table 1 shows the percent of average precision.

100X100 200X200 300X300
| 11 111 I 11 111 1 11 111
Group 1 | 66.67 100 100 | 91.67 100 100 100 100 100
Group 2 | 41.67 100 100 | 83.33 100 100 | 83.33 100 100
Group 3 | 25.00 100 100 | 75.00 100 100 | 83.33 100 100
Group 4 | 3333 8333 | 100 | 5833 | 91.67 | 100 | 50.00 91.67 | 100
Table 2 shows average processing times in second.
100X100 200X200 300X300
1 1 11 1 1l m 1 1 i
Group 1 | 730 | 19.56 25036 | 23.02 | 7656 | 113255 | 5177 | 193.30 | 3083.90
Grosp2 | 735 | 18.06 [ 24991 | 2211 | 7338 | 112639 | 48.70 181.59 | 3106.06
Groupd | 7.18 | 17.47 | 24896 [ 2194 | 7200 | 113239 | 5040 186,23 | 312435
Group 4 | 685 | 1573 | 25021 | 19.01 | 59.96 | 1123.39 | 39.12 138.52 | 310672
I
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From table 1, the precision of the estimated rotation
parameters depends on the details in the input image. The
best-first search algorithm can help increasing the percent of
average precision of rotation parameter from using' Hough
transform and phase correlation. The proposed techniques give
perfect average precision the same as the results from full
search algorithm for images containing strong straight lines
with smooth texture (group 1), straight lines with less texture
(group 2), and straight lines with medium texture (group 3),
while require less amount of processing time. However, in the
case of images containing straight lines with high texture
(group 4), there is less amount of strong straight lines resulted
in more errors. Therefore, the stronger the straight lines and the
smoother texture, the better the estimation results. As the size
of image increases, it contains more detail information. This
also helps for better estimation of the rotation parameters.

4. Conclusion

In this paper, image registration using Hough transform,
phase correlation, and best-first search algorithm are proposed.
The proposed techniques are proved to accurately detect the
translation parameters in X-y axis and can be used to find the
angles of rotation for various types of image: details-and sizes.
The resulted rotation and translation parameters are used to
transform and register the input images. Several advantages of
using the Hough transform and phase correlation are that it is
easy to implement, less computation complexity, thus requires
less amount of process time due to the high efficiency of fast
Fourier transform (FFT). Since Hough function used in the
proposed algorithm is a linear function of a straight line, the
resulted rotation parameters may be errors if the input images
contain less number of straight lines. Therefore, additional
best-first search algorithm is introduced to search for the best
angle using the heuristic function from the candidate angles
obtained from phase correlation in Hough space. The best-first
search can help to increase the precision of the estimated
rotation parameter while require less amount of processing time
compared to full search algorithm.
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