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Abstract

This thesis discribes stereo vision which uses
information from two eyes to dete;mine distance.
Stereo vision works because it is easy to find the
distance to something once the thing is found in
two image from eyes with know separate. Stereo vi-
sion caen be characterized by three step (1) The
point in one image corresponding to the projection
of a point on a surface is located 3§ (2) The point
in the other image corresponding to the projection
of the same surface point is located § and (3> The
differé#ce in projection of the corresponding point
is used , together Qith estimates of the parameters
of imagimg geometry to determine a measure of the

distance to the surface point.
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WAREW LT ABINITHUR 8 T mouuﬂwwnoﬂwwauqﬁnuanﬂsvuwm 0.25
cane Lot n17xﬂunﬁwaau7wmq ugﬂnimaﬂ 3  YUpAD magnetic disk,
v

magnetic tapes Ry optical disk

o ¢ - 8
Magnetic disks QsNﬂ?WNQﬂTSNWN 700 lNﬂ&iUﬂ ¥IodINNITUY
9
v 8 ¢ a ¢ I v o
AYUY 700 Lwﬂs1um 1039 O7e ﬂ??QBLﬂUﬂWW1ﬂ 2800 AW (ATWVBUIA

512x512)

v & o
Magnetic tapes ﬂﬂﬂ??ﬂlﬂuﬂﬂ (6400 1ummau1) /NTOLNUA W

1 nﬁanﬂqﬁwunqu iy dsennm 4 ﬂm
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Optical disks 10lﬁuﬂWTNﬁlﬂﬂTUT&ﬂﬂ1781uuﬂvlﬂﬂuTﬂﬂ lalgos
ﬂkuaqunﬂﬁtnuwao single optical disk platter ﬁﬂ?suﬁm 4
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Display Devices
- wollimos  wyy TuTulesy  war 3 Lﬁuaﬂniduaﬂowaﬁqﬁquﬁsuu
outxa Tusioade quﬂa?ﬁu Woimos QvnnﬂuTﬂanawnwﬂ 199 image
display module Ty Buiag Tus 1 5a% 9 ﬁeasaoammwmaann Laﬁnwn
Lﬁuﬁqqﬂmnﬁw1ﬂﬁ VAUV INDUL DT aautﬂsaohaﬂomwaaﬂweauq
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T THUURDANUNY CRT  iumibenoy  B81uud A9 NI IUUIUDULAE LU -
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(Yoke cail) Lwaqaﬂﬁuhunﬂilu MLY% Electro' Besm %iae CRT
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STV Iy Pr*nter uuaﬂn15muamawa1uaomua1vauazﬂ Buta RSk
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FIUUUFY mawunuwuuumaomoanusnaﬂmwoq1ﬂ
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2 sluvwyesawuarnys Tila
L ]

3, 4.1 { Image Formation and Focusing )
.21 Image Formation and Focusing

nwunaovnnnnnTﬂnanvataua (lens) uuaﬂnvmnsoqau (sensing element)
Taetqlyl un1ﬁnaaen1ﬂ7ﬂ (photographic camera) ﬂawuumnnwesunu1anaaanﬁﬂvﬂ
uaufuuunnsuaoLnuuaatﬂsoaans (machine vision) fg naaonwasﬂav1ﬁﬂau 1uuuu
nsuuunwsuaotuunaoznsaean7au?ﬁn7wuﬂuﬁﬂ (contrast) kwanagan (capture)
MW (image) QﬂnsmnaLﬁutﬁasqutﬂﬁﬂunwuﬁuaoxﬁu (visual image) Talifudnann
n101ﬂﬁﬁ (electrical signal)

niosf 1 Elurenunruosidu  (nechine vision camera) TnsnifiThaay . Sua
UANA 9 INTEUUNITUD LY (vision system) umuLﬂuanuﬂowuawuﬁsnuaun71unaa
n17m1equaenaaenﬂuaﬂnunwsﬂfuﬂnniﬁawu wwswutmainaaLauanaaonﬁaouan71ﬂas
1Banian 1] tu11vvwnutﬁuaﬂnsmﬁeauﬂiunaao1ﬁTﬂ71ﬂasLaﬂﬂnﬁunnsdsuﬂnm1ﬁawu
wﬂfwutna7na1ﬂm 4 ﬂiunwsnuavusuunuaawmaaataua (optical lens) YDITruUUNDY
D

1) Megnificstion

2) Focal length

3) depth of field

4) Lens mounting

: douﬁavnéwaﬁeuﬁfwﬁtﬂaé 9’4 4 ﬂanéﬁﬁﬁﬂtéaﬂLau51{5ﬂlgﬂﬁaﬂ

nmauﬁﬁn17Tﬂﬁauoatau5 (HunasnaFuuae (ligth wave) #Sﬂqquaéqqunqs
v luomiatianinluuta w3e vanwanaaunﬂaa (optical) awuaanmnuwuvaama
anaﬁn1ﬂ1ﬂaeun7 aunuﬂotnu1ﬂaﬁn17ﬂtnaiﬂnn (normal vector) ﬂﬁ?ﬂ 2-1

aﬁuaonueaanawnTaunaiv37weuna -1 autnaatuu1ﬂaﬁnﬂnﬂuaauanﬁauna1v
W19 uf-e1md fetu awuaonnaaﬁniaaﬂasuwvwo 2INA-UNI-27A"A Q81MLUHOLUH
T nida ﬂeuano1u7ﬂn 2-1 (a) uavuuuaennsﬂnnsunu7aﬂxﬁauﬂanuuunawuaawwu
aanu1a1n70ﬂtﬁaunaaztﬁuuutﬂﬂanu uuavnnununTnﬂnn777unaauaaﬁeuuaanuaawu
NITUALATIRNINIOIUAY  (refract ive index) nwwanqaaeuaaunavuﬁunuasanaae

-

zﬂﬁ 2-1 (b)



1uﬂ7ﬂnwﬁﬂiﬂaﬂﬂﬁﬂﬂ80lﬂﬂﬂlﬁﬁﬂ??ﬂﬂ RWuﬁiﬂwﬂﬂIﬂﬂQLﬂﬂﬂ?vlﬁaﬂﬂlﬁ“Qﬂ 139

“n1uuﬁu "QﬂTﬂﬂﬂ" ﬁanwuwuonaeaﬂTﬂna ﬁﬁuﬁ7ﬂﬁ11ﬂ91ﬂﬂUﬂWTﬂﬁﬁaﬁ¢

§

Glass

Air Air

(a)

M
/
W Normal vector 10 surface

(b)

:

Normal

Paralle! light rays

{?ﬂ\

Focal point
of lens

{c)

, 202
’Tﬂﬁ/gyf”Path of light reys perpendiculsr to surface (a),
Y

at angle to surface (b),and through a lens (c).

- P w d {
L3 £ AoTrurlWna (focal length), THHEIMNLEUINOTINAY (center plane)
{
YD ILAUA
ﬁ v a ] v a ¢&
R, uay R_ 1duiaNuesdrulAueii iandnean
5wuaea1nﬁnq (object) eutﬁut5unieﬁﬁatﬁa01ﬂ§agﬂTﬂﬁa uarTluuNe 3n W

! (4
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a i a8 It v - d P4 é
WENTEUEINLAUA L WY Qﬂnsunsaaau %90 LTULT0Tor LT (sensor array) 997v
d 4 [ ] ] ﬂ. o d [ Y] [ -] 1] * [ )
VuNBILRURE O AURNIAIN 1 UUT L IRUDITEUUND I LRU I UAINADY  AIURUIDIAINTIASL
v & & "o v 1) -t o l
(detector) QegnaiweuuTﬂﬂuuagnnTQTeasﬂonaanaaouauauiuuﬂsxﬂaﬂuaeﬂﬂfunau

Pq
(varisble factor) ldluniTuseanaldenn
9

Magnification

SnTUENE  (Megnification) m HOMTINAIIARNTLSTERI N ITUINLO 9N MTND Y
(¥4 (visual image) naa%mq1uﬂ71wa?a (physical world) foYNIAYDSAINUUAD
U¥U9F2 L Tu1T07 & TEuWRTI9%Y (detector plene) ufiindas A1U8e m avdiAtton
iAW 1unsﬁﬁﬂquné?%enuTuaﬁugnawnnssu LHIIEINLUINNINT IR (detector)
ﬁuuwntgnninﬁnq (object) filT7wasLHL UALAIDY m FedANANNI KT lunTiLes
nﬁaagantin{

AINAIBINIM  (imege) H, Tuzﬂﬁ 2-2 i HulsfifuroeseaensTenineiand
LAYAIUKU VDDLU INAY (imege plane) JuRINADY 513ﬂ§a§ﬂu005mq1uzﬂ 2-2 on
Amunlfidy o uazgﬂqeqﬂnaen1uzﬂ§nﬂiﬁ i zﬂawunwgﬂu (cy0,D_) Vuau e
AR BRI R A (cyiyD,) UAEANTIHINUDIATUILLNIAG SNT1UENY  (magnifice-

tion) A9 INTIAINVDIVUIAAIN (image size) éauuwn%mq (object size)

1
o

[ é é
o B, ifudunesifuigoferiad (sensor arrey)

' 4 .
Da lﬁuT&ﬂvﬂWQTVﬁﬁﬁﬁlﬂ“ﬂﬂRVTBuWUHOQﬂWN (image plane)

D, anafs (rixed) ldash iTondosiilareadromafignathsocnan b iusear
' M ¢
TERINIINAUAL LAUATDINADY
| 4 '
Auaxlifve sdns1umnannan suudiuguunageannes 1 ¢ B tiunaresaivds
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onlisisanladoifuigodorisd D fRe  semesewinaiauduarTisieaiivan ) ms
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Magnification m =

Object Image

plane
plans Aperture .

Do I ;-

. 203 O//

3% 2-2 Megnification. a ~g,

0818 L 4,
Determine the magnification of the wision system and the size
of 8 pixel on the sensor and on the ©object if the size of the 100

X 100 solid stste sensor array ?s 0.15 x 0,15 inchs and the size

of the object to be measured i

n

3 by 3 inchs. 4
'/
Magnification /! N =
<>

The magnificatidon is the ratio of image to the object size.

Pixel size on array

the size of a pixel is equal to the distance between sensor
elements. The pixel size is determined by dividing the dimension
of the sensor array by the number of elements in the same direc-
tion.

dimension of array ‘s

/-

number of elements 100

Pixel size =

}/‘0015



Pixel size on object

The size of the pixel on the object caen be determined from

thé system magnification.

H 0. 00157/

Pixel size on object = H° = //, )ﬁﬂ;

Focal length
AANEAYYOINITIMNe  (Focel characteristics) w30 Jemrlaia (Focal
L ]

length) f ﬂaelﬂuﬂuﬂﬂ571uﬂ1 ﬂﬂﬂ?“uﬂ1ﬁ3ﬂ1WUﬂUHﬁﬁﬂUﬂ7WuTﬂﬂﬂO0“7Lﬂ%ﬂnQﬂOQ

SaEuNT i 1A 9%

1 1 1

= +
£ R R
Y 2

R xR

%52 £ =
R + R
1 1

- - a e ! [V
Ld9 Rt uav Rz lﬂuTﬂ”ﬂ)ﬁNTﬁﬂﬂOCNQIauﬂ TUﬂUTﬂﬂﬂ (Focal length)
o v v do a ¢ v & v 3 R
ANINVAUNUTNUNITINLNDTUDITEUY 2 f7 AD oATINNTYYT8 (magnification) URYTE
b w o
HEQWﬂla“QQQQﬂQ AIRINTT

1 + 1/m

nresnuuuvsdraaNlinTrar T (Focal length) swvinlwiAnTravTeniiiuar.
q
3ﬂqﬁ11ﬁtﬁn5n71nawa (megnification)

M08 4

Determine the focal lenggh'Oinhe lens for e vision system
-~

with e magnification of 0.05 and & distance of thirty inchs bet-

ween the object and/cﬁmera.
S
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Focal length

n
AN
0
N
@®
]

FL =

1 + i/m 1Z+/1/o.05

\

_,/fﬂﬁﬂaa4Nﬂnaﬂﬂlunuiwjﬂl.JVWH@&RQ&kﬁﬂﬂﬁuﬂuV?ﬂﬁﬁﬂﬂﬁﬁﬁﬁﬁﬁﬁTﬂQfﬂ@%}4N89'f n
o RuS0ms B LNRINY
kﬂ%ﬁaﬂluﬂﬂﬁwﬂ" 1un111ﬁa1u1uewuamawwn77u unautnﬂonuamnntﬁuaﬁuun HANTENY

uaeaﬂnwawsmwuuannn1uaﬂuuaautaﬂntwau (object plene) avannnwu (image)
1uﬁﬂ (blur) Yufio anuuannauuuu (map) Tﬂtﬂunwuaaaunuuauxuatuauﬂquaﬂq1uiﬂ
7 2-3 umunawuaeaaanaﬁnaﬂ a Teeviuandt fuannTesy Tl AR US TEN I ¢
circle of confusion Wa¥ depth of field Qﬂuﬂﬂﬂ')ﬂézﬂn 2-4

W e vuooutSAnIvay (object plane) $ify (map) 1ﬂuuan s uusuuwu
1990 (image plane) 0 b aﬂiuwawoaautanntuauuauLaua Qutuu1ﬂuuaa b3
ﬁﬂuwﬁesvwiﬁeﬁutuatuauuaunaua fuseifulthuing b-b’ nzannu1uuwu
"circle of confusion® UNSNIYILWAY Tuﬁwuaatﬁaoﬁugﬂ c %1uasu1nninQQUL%ﬂﬁ
\WANIE LS (map) 1ﬂuu?ﬂ ¢’ a 7uauﬁu1nniwsuasuae5utualuau1ﬂ§oLau5 SR
ax sitn w?aTﬁaéiuﬁwunﬁeTﬂﬁa (out of focus) lundasanaawiaeylemy

depth of field na u1tauﬁeiui5Tﬂnaas1uuwamanmn1uuaonauanan1ﬂ nnaﬂn
u011uﬁuuannawuunaﬂuuwuuannwsnsaaau (lnspectxon) avnaaaﬂTu depth-of-
field ﬂauaav1u7ﬂ 2-5 uWAL9Y D_ ﬂﬂnounanﬁuﬂnawouae depth-of-field 17u

(zone) jﬂﬂuaua



Object
plane

Aperture or
disphram
{f stop)

Image
plane

Circle of
confusion
A
7ﬂﬁ Lens system
7 }7‘3 .
Depth of field |
A
4 P
i.i Circle of
confusion

a' (L‘;
Tﬂn/;rﬁ/Depth of field.Any point in the depth of field
.

~

region will fall within the circle of confusion on the

image plane.

n'. T—




Depth of field
" a t m v g ¢ - fv w M a v
eawanaanwuauauﬂmuaoaauxQﬂntuau ﬁaLauaaafnn1n11nw1Tﬂnanaeautua1w
awuwsnsu awnﬂ1u depth of field ﬁ¢LﬁunnﬂTuTaﬂtnﬂanunﬁfuaatwu Luauaeqmn
aauuwaﬁuaqu (work surface) 1atﬁuannwa11m11uoanaautaﬂtwau depth of
field tﬁuﬁanﬁ aeuuﬁnﬁaesnuae1unaae dMTINITULNE (megnification) WAY
TINUDININTIFZY  (segsor elements) AIWEN  (depbh) LSutuimeToetuua
¢ ' . ' v v 3 e
(aperture) LanaY WANTFINYO AR lUNdvanas nTUTuSD o5 uua (aperture)
v v o Yy w { o ot
1090499 1€n191UBEuINIOY0en LIARENNRDIUD 9 L AU nuaﬂa1§1uzﬂ 2-3 £ 31
[ o P wu ¢ o " e a &
ININY 16 ¥1E0INITLINYDITUNA N aperture) Lantidn AT LU0 ITULA I L WYY
A1 £ ILanal
o o a o s . D v o (€
f21a10 1A LABIAUUNITANA NN LLD AL MR L Su Sy AUBUNUE NITTIVURY
) { (TR -
MTaY lngosmlTenaudasey A1 £ NINTISIU AD 16,11,8%5.6,4,2.8,2 Uay 1.5
" v o ’ é Y ba € '
TUIAYD XD ITULA WU HANDTLUUNITHO LR Y 1¥N1 T Dnta e Tul YO ILAUAN L ANDHAD Y

YsenT Ao

Camera

Lens

Work surface
7 ) } Depth of field

4 2:b
7Un 255 Depth of field locetion
(']

[
1) Depth of field NINYY

a 1 v v & ¢
2) ﬂWTTQNﬂaouaQKOHRQﬂQ83§1ﬂﬂQﬂ7lﬁ“lﬁ@? (sensor)



2 -9
1 ﬂl A. L] [} . v v g L T
A1 f-stop NIINILINVEIUNITNINAY (working range) IWAST9TY UAREIAT
v v A‘: v v G;‘ t o Yy a ﬂ. L [ ]
1231017 L IAKLINRDINANTL 1381t TantanassRuty auiun11wtnnﬁqwﬁ110@Tuan1a1 .

WTUAIWUY Lstetic imege) LANWANTENURIAIWAINITEIUNTSA aaluanielaurda

ion)

- i g ) v v §
2LTuL0T1ang 9¢1¥A7 depth of field %oEas AINwEMuEY0

(Dynamic cond
v ]
WUNUA L TR1DY)

. a é v -
depth of field UAYWITININDTUDINADY AD

2af(mn+1)

Dipth of field

(129 & A9 YUIALDINALTA {-
£ A9 TUIAUDINITLIARUINGDY (F-stop of Rocus)

m A9 SMTINITUENE (magnification)

faomne
Determine +the depth of field for a8 vision system hsving a -
200 x 200 array sensor 0.30 x0.30 inches, an f-stop of 16, snd -

magnification fector of 0.05. .

Pixel size = 0.30/200 = 0.0015

>

2 x 0.0015 x 16 x (1+0.05)

Depth of field = = 20.16
| (0.05) (0.05)
e
5wn1ﬂu§oﬂae?nqﬂaaniwﬂéowﬁouae depth of field TEHEMNITLYINILAUAUAY
Artuemaunsofar i Tieise (Focsl length) wD9Laus 1unTl¥e1usedioe
d7enou  (factor) ¢vEe Ao magnification FeluInnIwie A1 depbh of

. a’uu(u d ] . a"‘l) v & o e w
field TNAUWUENUILLAN A1 depth of field nlﬁequuanaﬁvtnu1uzﬂ 2-6  1R1NA



MWINVD 9T UTUTY FeaunTavosibuld |

TLHLNTITERDN 0 L AURUALHIERINY B0 0.0368" Ay ff:top LEn14%an 16 A
VKT depth of field @3RN WNIAUALTAUL 100 x 100 , 0.15 oriTHL SN 10T
tfin 0.0015" Sngrugns (megnification) @9 10

'd

2 x 0.0015 x 16 x (1+0.05)/(10 x 10)
s

0.00528

depth of field

n

BMUTITYINAUAT MU0 depth of field @0 0.00264  @rwnTniiuduian
.

1a ﬁﬁﬁvuaafnqaéﬁﬁuxﬁatwau

/

Camera with 100 x 100 array

——
-
-

| Microscope
Focal length = 8.5 mm = 0.3346°

0.0368°

Work surface

A ///////z} Depth of field zone

] 2‘@‘
n Mi opic—-type spplication
zﬂn’;fﬁ croscop ype app

Lens mount ings

a ¢ a o av a & v
HUAUDILRURLUNAY  (lens mountings) mv'l'awanmutww LUDToNRdIUAY

o v ' o v a o
tauanqioﬁunuag In2Eny 4 1ia Ao



2 - 11

1) C-mounting for machine vision

2) U-mounting for 35 mm cemera

3) L-mounting for fixed flat field installation and

4) Bayonet for quick change 35 mm camera

\@U810AY  (lens mounting) n1i1uﬁaauu A9 UL C-mount AINADINAAY
tﬂaauuﬁ1ﬁuun1ﬁtu1n (mount) ﬁunaanuunanaaa uazantnsﬂuveuﬂouasuﬂunmav
(Adepter) 1ﬁlﬂ1ﬁu C-mount lens 15

TEHETYRING flange 999 C-mount UQay Suwmuau (imege plene) TJrHrYs
wllia Ao 17.5 om %30 0.69" l5udwuﬂuﬁna1onaaéuﬁ%aﬁuwsn1§15 fo Maus
ﬂﬂ1ﬂﬂ0008t18?%ﬂ# 0.512" ﬂ?”17ﬂﬂﬁvqﬁ1ﬂ Qvuﬂﬂ7ﬂﬂﬂulﬂ351ﬂuﬁﬂ 1 23 lﬂ%ﬂ?
nau1

druunudunuensniise lavonanane

Solig/stizé camera

WANUUTINUDY Solid Stste Imege Sensors Lﬁunq7uanammqu1ﬂﬁ1nnna7ﬁouw
ANUARLNALTA  ¥TD uun1uﬂ7Lﬁutﬁainauauu77a157nﬂnﬁ771amnuwuquaoTﬂTnﬂauﬂn
(935315 (photoconductor element) ﬁauﬂm&uum?unﬁiaﬂﬂanumnunnu \Sefinng
77uuaeu1nnnsvnuuuaﬂn7u 1uunaeuunuacwntﬁa amm1unaﬁnunTaatﬂa ﬂauane1u1ﬂ
2-7 nanuaanunawunnunwuuaeTﬂTnﬂaunntmaw

naﬁuauuuﬁvunancn17tﬂaauuaeowuua#’uautaﬁnwnT atna1utﬁutﬁetau uavay
oeffy trensfer characteristics ﬂa}}ﬂTnﬂaunﬂtmai Sn31d7unT L SNt ur0 snTEua
1#ﬂ1nan17xuununaouaauwuuae and)$3elalng Gramma Power

Laﬂﬁgnuaoacaiauxﬁu voltage signal faonnsa IR uAAIL Suve sudsuin
Lﬁaﬁﬁnawuianaqﬂnvia173oﬁ i1 (semiconductor element) 772951 (detec-
tor) sy ldfunarandia nn{d{;:qqﬁtﬁut%etﬁu uasaé1untaugtu§ﬂunavautséuavia
YA (imege data) &11na1nn17au (sampling) taﬁnwnuoanaﬂtnﬂxﬂasunauﬂo
MR inALnaTarasiing v171un17n77aauuaanmnnsznn uardiAn12a1Ash (time cons-

tant) ﬁeﬂau1ﬂ 1ﬂu (sampling) ua¢55tuunﬁowbn1uazt7ﬂ Luauwnauanwu

(image data) , OﬁﬂﬂﬂﬂaﬂﬂQlﬁulﬁaflﬁu@ﬂﬂ?ﬂﬂDGTQRlﬂ?ﬂﬂﬁﬂuﬂﬂﬂﬁﬁﬂlﬂUﬂDQuaﬁﬂ

Auri It oiia LA Taaxnawaaaunaetﬁunanaa Solid state camers avlifithmalu



2 - 12
a g aa "
L99Y blooming Uar flare ﬂ?ﬁﬂlﬂﬂﬂﬂQﬂﬂiﬂﬁﬂ (chip) a1u1vnu00157nﬂn70nu

] ﬁn‘ © vo . a o v
AITNUISE L unavn11wﬁﬂ (chip) lﬂﬂﬂ?ﬁﬂlﬂﬂ“ﬂﬂ1ﬂ

Light source
—
—
Z::::Zz:::::~\\ ———
\\\\ -~
~ -~ :\ o
T Photoconductor R, utput
/signat

s
! } >

m Ll

7ﬂﬁ 7 Solid stete camera photoconductor sensor circuit
¥

s
/

§aqﬁ1§ﬁ1T1§ﬂaLnn (solid state) ﬁﬁ?éﬁu 4 Advviankang Ao

1) MOS - Metal Oxide Semi;ﬁgductor
2) CCD - Charge Coupled device

3) CID - Charge lnjegyégnDevice

4) CPU - Charge Pr;ﬁ?ng Device

TABLE 2-1 Solid State Cemera Performance

/
/
Type ’ MOS CCD CPD/CID
/
/
7
Sensitivity 10 3 5
(minimum lux)
Dynamic Range 1 4 i
(relative) (poorest)
£ Dark Current good good good

Noise 15 I 4




CID uax CPD inqmﬁnuusﬁLwﬁauﬁuﬁaSUtﬁﬁﬁ%utﬁﬂaﬁuTunﬁiLﬂ?ﬂuxﬁau falu
A1719 2-1 /////

Qmﬁnnmunaaﬁﬂtﬁaﬁounvau1ﬁﬁ101u dtintgada Tadans e A Falundosuny cep
ﬁ11ﬁnﬁaeﬂ7utani1ﬁﬁﬂn1i1ua1ugmawun17u ¥ON3NLY @2% CCD (CCD unit) fo1dy
moire pattern %aauﬂswngtﬁuacuvauiauqﬁuuuwﬁwaanaﬁtnaé (Zi>

MNY8Y integrated circuit array Qvﬁ %gﬁ/glements 1uﬂﬁqun1 Qu{aﬂ
A1 174 59 UA¥UTTY ground-polished window Fmfullo sfunran Favaafiovt Antu
ﬁu photodiode element

Solid state photodiode srray aﬂuﬁinéauﬂjvau§1ﬁﬁul%aLﬁu (linear)
wFordu ovisduun iniaufiudn (rectengular errey) oviT8RiTeiduAanTeRoETY
ﬁvfiu?ﬂnaeaanauﬁﬁiaoﬁnotﬁwqﬁu dwdulflunsTiia  uneRs (trecking) uav
guﬁunnﬁ1oaan1ﬂ PINAANTISUSY 1720 e lemente S 1% 0.5 DI 1HITDIIe

Solid stete camera FuawiniutLEol e Suudnyinvaon sxdtvana 11y 15

v L
AIUUDNIRLNNADITUNRAON  LIWRIIININEY 2 Watt uarldnulyl battery 12 volts

o »
uauuaquw31ﬁaﬁuﬂ7uu1m 7-10 3

Charsateristic @f QOIA 54ﬁﬁ€f Cames A

Solid state camera a1u11nu773t5uatnu1ﬁﬁavLiu w501y metrix srray

sensors ﬁ?ﬁﬂ%i?v

NOWAIENITULAY (lingth-sensing element) WAIHUAITI9E
v a aa ‘
af101 fuduiwsan i ) om0
ARANKLLUDY Solid state NAINATINIL

1) Matrix aerray camerss are available with RS-170 format output -

for display on & TV monitar.

2) Line scan units can be sttached end to end to produce longer -
linear arraysjthe metrix srray\gize range from three to five
hundred by three to five hundred\pixels and are increasing

with time.
3) Respone is highest in the infrared region qf the spectrum and
mey require an infrared correction filter for rmal image.

4) Camerss and sensing arrsys are svailsble with dif ent levels
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of bad or malfunctioning pixels depending on the price.

5) There is virtually no geometric distortion,drift,or lag.

6) Cemeras are ligth and rugged and consume little power } they
can be operated from batteries.

7) Pixel +transfer rstes can be 8s high as 20 megapixels per se-
cond.

8) They can have C,U,or basyonet lens mounts with adapter ring for
8 C-mount lens.

o2

j;&? rocessing ' ‘ )

%ﬂiwﬁﬂnnenwﬂnwwuaaawéﬂuvéﬁﬂiﬂunnﬁguxaw%utuat?uﬁuazﬁﬁe random URY
systemstic noise 1uiauan1u (image deta) ﬂeuuautuaan@ussanauanuanu&un
tnuﬁe1u1ﬂnwaowaﬂ1mﬁaﬂ ﬁonﬁuwuswuua@nnvﬂsuuoawanww (image processing)
Viunnsadredaiualul Tﬂﬂﬂﬁitaannogantﬁu?ﬂlﬂunuwau1a ngnﬁ11ﬁﬁﬁuuauwan13
NUIMNAPLMTUNIY (noise) ﬁavgnanaew?aﬁwﬁﬂoan1ﬂtaa

Proceesing element auﬁaeas%x5nn7a%n5uauTﬂ1uniuﬁaﬂuvfﬁauﬁaaﬂaﬁﬁ

1) Image grabbing

2) Image enhancement

3) Feature extraction

4) OQutput formsting

Date processing Wuiﬁﬂaztaﬂﬂnaesuuunwsnautwuawaasnnanﬂﬂawsnuasusa
doNu2T Tﬂﬂnv1ﬂn171ﬁansﬂu771un17n1ewuau1wwantTvmasunn n1iRen daete pro-
cessing algorithm qsxﬂuﬁunauaﬂnﬁa aﬁﬁﬂuasntwuuwnuu avn11wnunuaoﬂu an
mwsawi lunrlTeanans warnTL SN0 TAuITus uﬂkutﬁu1ﬂ1ﬂnssuunonun
QuuanuavnﬂaWHqﬁu uauﬁnwﬁﬂTzuvauaﬁtwﬁauqﬁu

ﬁjuaﬁéﬂuqé (hardware element) 77u#o signal digitizer UdY frame

v v : :

grabber, storage memory f9@OIAINUDNUTIALTunnqren Suiiudesn il
n11Lﬂ?au1ﬁanﬁeawénuaéuasfnqﬂssaaénaoﬁvuﬂwx%auwﬁﬁ{ 14 vision processing
software progrem 9% compatible umvﬁﬁﬁnﬁuanTﬁwcnuéiﬂtﬁuuﬁnvﬁgwu

[ L)
Processing salgorithm Nuiﬁ“ﬁﬁﬁ?ﬂlﬂﬂuﬂﬂ7ﬂ1ﬂ 537 NITAIAKUIMETUNIU
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(noise elemination) ﬂﬁiuﬁauau31w1ﬁaiu (edge enhancement) N1TATDY
(filter) Uar gray scale madification asnnu77a1umauﬂ1tﬁeu1uﬁaﬂaowuuunﬁ1
N291HU (vision system) uuiuawLﬁunaumaetuauﬁaduu?13n71an1uuunauuu51uu

Mode iugnu 3 mode uaonwitaanuaga Ao

1) Point by point in one image

2) Using corresponding point on differnce image

3) Using regional point in one image

Point by point mode Qv map udavﬁntﬁanaannwﬁuuuu (original image)
1dfodaniaaluy %aéﬁnaeﬁﬂtﬁauﬁavﬁnuﬁaiuﬁuthaTnﬁ asfimnudaiug fuante viinLta
ﬁaaanﬁaaﬁu1u§utuaﬁuuuu FaoEesunTefian manduawluundsuine  Fobgonng
tAnuAnTaLzatidy mor Ty wie wav i aeuAfiactafidy 1o iy oo

Corresponding-point mode Qvﬂ;ﬁﬁﬂﬁwqﬂﬁTﬂHﬂﬁT correlation udauﬁﬂtﬁa
1ﬂtﬁuéﬁﬁnLﬁaﬁaannﬁaoﬁu1uaaou?auwnniwawnnwuﬁu (source image) ANYDINUAN
nToaTwlowana’is 5o&ué1§ntﬁauaonnwtﬁaeaaenwu S UM ANRE (287 A Tof
vianaunyle tuawwnﬂsxﬂaﬂuuﬂacntnnuussuowenwutoaﬁnnnunsn ﬂauanﬂuawuﬁ-
7nﬂ7uﬂ1ﬁawnsun11 celibration nﬁuﬂsvaeﬂ 1en11tﬂaﬂuuﬂaeaunsvnﬂnanﬁunueaﬂ
ﬂuﬂnawa awaavTunaenﬁsnawuannae Wufith e 1A890199¢ L Hadn 7% mode $a13nT0i
1ﬂ1ﬁ71uuauaaﬁna1uuun1equaaﬂatﬁutﬁasawnuixamuae map uuuauasau (compo -
site data) LﬁulﬁafawaauLﬁun«aenﬁﬂnwanna&mn1an1uu11un1uvuonﬂweqnuuae
spectrum lﬁu infrered, ultraviorled UaY visible

Regional-point mode tﬁavﬁun1vﬁﬁu7uuacé151unﬁa§ntﬁaquﬁuLua1wﬂuud1
UOQQWH?ﬂWﬂLﬁunUTLQﬂﬂaaﬂﬂdLﬂﬂﬂ?ﬂﬁuﬂﬂaﬁd node. uaﬁuwsniﬁnwitaaﬂuauaaﬂnuﬂ
va lung andn LA THaeaﬂnﬁuu (flawed point) 10tﬁuuauauaﬂnaﬂuaeaatuunn1
vaawﬂtﬁaﬂuaulua1uuazannUQﬁtqaanaq 9 VAlTa 1uu7tamu1otnaenaaﬂﬂaaenuuaa
WALTa  inAlam e I a1wAiL  (image enhancement techniques)  fowunaeld

Regionel~point processing mode

2 - 15



Wil fo
1’“‘7;3\/

g .
A0 nslseauanvi isenN

( Fundamental Concepts of Image Processing )

3.1 Pixel

SuLuaa1uﬁsna§uwﬂ1ﬁTnaAWﬂaoﬁﬂxﬁaéﬁiﬂtﬁulunn?n (matrix) YuIAm N x N
@R P, 5 Faniduun Feuansienanan Suevuasuenign (Fluo wTilanu
safuii x,w QvunuTﬂaﬁﬂtﬁaﬁeuaﬂe1u§ﬂﬁ 3-1 FenwdavudTrninehnisovsa-
(% (picture element) uar WALTALANMMSA (pixel metrix) ?nﬁwtﬁnnaonnw
(picture) WA¥ (AMMTA (matrix) FEUANATIING X URE y tﬁuéiqﬁu (coordinate)
Tunw  (picture) ﬁﬁgﬂtéuﬁunwoguﬁﬁuéweﬁwa weiamnda (etrix) Huonda
LﬁatéuﬁuﬁguuuﬁﬁuiWﬂ

Y Qg

WMo i = x 1N, 1< i

|~
=

JE My ) TN

] — 1w M

\ f ] 1 -]
|
I {
| ; ]
l !
e ——Dym = — o~ —— - == — =M pixels— — — — ]
! |
y ! |
D, N pixels
| ! |
| 1o i
t M [N, M
0 D,
X ———
Picture space Pixe! matrix
(a) (b)

Tﬂﬁ 3-1 Relationship of picture elements (a) and corres-
']

ponding pixel distribution in metrix (b).




A191U7%  (numberical value) W3DUURN (megnitude) 9 INALTauandIRaI8
' a 4 a aa an o ¢ a Y a '
ATLAREAIINL INUAJUUMUTINAL YROALUUN  (picture element) NUNUAILNALER A7

vovkialTa P, Jtaeti 0 fie 1

x = Dx/N increment

y = Dy/M increment

N = maximum number of pixels in a column

M = maximum number of pixels in a row .
0 =M

P10, 0) | pi0, 1) | PO, 2) | pl0, 31 | plO, 4} /

pl1, 0) | p(1, W) | pl1, 2} | pl1, 3) | P01, 4) 7

P12, 0 | p12, 1) | pt2, 21 | pt2, 3)

p13,0) | p(3, 1} pI3, 2)

i pla, 0l pld, 1) /

N./////

‘Sﬂ.ﬁ 3-2 Pixel indexing in an image matrix.
L]

ﬁTxéy

3.2 Window

YT LI0HdY (SubP YBINWANL TN "window" uavgnﬁwvuﬂTnagu 4

UREANUDINIURUINALTS P(p,8) ,P(p, 3 6),P(a,8) 5auaa01uzﬂ 3-3

Ny



—_— e o
—_—_——— 2

Pla, &) | Pla, )
e o fb———
Pixel
window
v — B~ —
(8, &) PiB. )

M e e - —

X2

Picture window area

Tﬂﬁ 3-3 Imsge window and corresponding pixel window. N
[ ]

\%

3.3 Pixel locetion

ﬁmauﬁﬁnaaﬁﬂLﬁaﬁusﬂuuuﬁusﬁuastnﬁauﬁuwun Tﬂﬂééwﬁu (coordinate} %99
wﬂlﬁa auaﬂ1uaut7auuwn NxM ﬁeunutﬂusﬂnwu SALTATAILNES (nym) asuﬂﬁoﬂ
¥Eeen ﬁonnununaaﬂwLaaﬂﬁoeuaannnnsvnnaouuwunuaonwu (picture) unuA2IEwA
L]

aosfionTand  HieldiuasnnnTenuunes L ad BNt ea LabSiuasRTAI NI
VINANNTENLURUT LIRAIUATILUIA 10X 10" 4997w (picture) fAeTil 3-4 Tuteuy
wolmnd  seldmsunudnvosuasainedes ¢ v5 i lifuasaine WUNWIILAT "0"
LaEYT L ITSLA 98919 EunuRTE "1 AINITLFAI 1ALLATMTA (matrix) wuNe 5 x 4
fio I 5 UDY 4 WAN UAALAIUVDININ (picture element) FAIINASNY 2.5 uay a3

U v ] ] [ '3 + v
a" Qvgﬂﬂ1ﬂuﬂlﬁuﬂ7lﬂﬂ 1enuaqnuﬂ1taaavaouaananTvnuuuuunavuuu



BLACK
10 inches / No illumination in this area

Y WHITE
Maximum
llumination in

= this area
5,4°

(V]

0 — 10 inches

All elements would
contain either
a zero or a one.

~ N~ o~ O
N e my
L )
L te Y Y BV R V)

Sﬂﬁ 3-4 Nonuniform lighting on a surfece (a) and resul-
2

tant image pixel values for the surface (b).

TR 2.5% x 20 %aééauuun1eguﬁwaﬁauaanwu FLUNUMIBATURU Y (l't)
Tuiammia (metrix) wuIR 5 x 4 3edan "o aé usn 93915 L ak iTug smnnTeny Su
Faum 2.5 x 20 ﬁaéquﬁwaéauéwenaonﬁw %eaéﬁnﬁnﬁ 4 undt s unuTﬂ?ﬁwunﬁe
(5,2) qedianify "1 aéuaﬂeiwu?tamiﬁuacaiﬂaﬁeqﬂ ?ﬂﬁﬂlﬂﬂéﬁﬂGiﬁﬂlﬁﬂﬁﬁWuﬁﬁe
(1,0 aeify 00 wavAnwestALTaTRUNES (5,4 awidu *15%  Eafredudim
(gray scale) (i 16 Tesy Feunanlfunutvunlvung

1ﬁ§ﬁaga1uénnao§ntﬁaﬁtﬂuéwnawaq warsrurfioonuuy] {aedoeuanedn "Thres
hold" (Threshold value) Y9IU&IEINY %adﬁaugntﬂéﬂua1n o 14 1 ,///\

' ' v o
Tudaedre  dayvosaw (pic;zii/g}ementf LiugUforRenugn Sufuuniver
o

33' (XY [ ¢ ' a
IUUYUDHAURNT L TUL TOT 1uﬂ7ﬂﬂlﬁuﬂ500ﬂ1ﬁ“ﬂaﬂ (tube -
|
é

ﬁ o a a v a
{ uzﬂaswaauwuwwniaa

cemera) AUNUNAILTULT QY BIIAINTIRADUNY (overlep) ﬂauaﬂa1u



Iﬂ 3-5

TunsiflifnnTinaoniu  (overlap) quﬁﬁuﬁvaanﬁuqsuiweoanau%eiﬁgn3n1u
NTRRENAT LHRNANYE 92 8naN Qvﬁﬁuﬁ%agnﬁﬂtﬁuaaoﬂgo

143 gaqu pixel map %euanoﬁazﬂ%weﬂaﬁéu%Tunwwﬁuuun (originel pic-

ture) unuleniiaita wTotonatALINULAIRI1Y1Y picture element
v s

Pixel area
circle inscribed
in rectangular grid

©0
59
(LX)
XY
3B

(a)

Pixel area circle
circumscribes the
squares of the

rectangular grid

(b}

Tﬂﬁ 3-5 Nonrectangular aress represented by pixel ¢
L]
round nonoverlapping (8) and round overlap-

ping (b).




3.4 Gray Scale O

a a va v a ' [ . ° ﬁ M a o a 1 d v

tuanav1yuuaganagsvnaﬁanwuaeuaaaoﬁa N VUILAD I LNYITUIUIN LU T L ALY
gaunudﬂuaoﬁntﬁa MIDE19 LY AITEAUTDILAIRINY (illumination) aé 4 Traus

° a =4 P a e a a & a o v '
ﬁaenwsaﬁuauun1unw1xnuﬁagatwﬂaaaaun srwuimeiaduidn 4 Sn sedTeduuaeatng
160 16 gvfu 8 n 9e1d 256 ey F1uIureeTEdUEinY (gray level) Taminfiey
tHugesnniige o 2™ nwnaﬂnwaﬂﬂa ngw ﬁﬂﬁuﬂﬂﬂﬁﬂuﬂ1ﬂlﬂuaﬂ1 uar fataisdu
i mamnm'mu‘lﬂaunnunumﬂ‘wﬂuatmman (maximumu gray levels) maem

lﬁuﬂﬁ 15" 1usvuu 16 (7vﬂﬂﬂ81vﬂﬂﬂlﬂﬁ 16 Fuaw) Qvtﬂuﬂﬂﬂﬁﬂ?ﬂﬂﬂﬁ? 1157

\ a a v L d
KUNANTUIIWAL TR ﬂnnunavtﬁutauaﬁuautnu (integer)

GRAY SCALE GRAY VALUE RANGE
2" 2. 0,1

2* 4 @ 08y 7

2* 16 @ 0 fis 16

A 256 a7 0 D4 256

n11ununkuaiwonaouaouun1uuﬁéﬁﬁﬂn1§ﬁnaénn5ui1uivuunwsuaa1§u (vi-
sion system) LuTNxiYoRAD TR LELLTOT 4 uauauﬂkunnnaaaa aTlTEanana
uaun11tnunaua ﬁoquﬂaauu 1uTﬂ7Tﬂ7LﬁatﬂaTnnWTﬂizuaauauuu1ﬁuauaunnnvw 8
fnudr FeluTedudin (grey level) F5Mnivady 16, 64 WAy 256 Qﬂlﬂﬂl?ﬂQﬁiiu
AN qut1a1u1na1nnnw1u1utﬁu 256  TEAN LNTIWIT 64 uar 256 Trau Al gar
L5anu1ﬂuaﬁn1uguéauawuﬁ1ntﬁu uauxiaeuaﬁauiﬁu11€1ueﬂuqnawuﬂ77u15aé1aua
LR ﬂawuanuﬁsnnaaﬂwugv§1un17uanﬂ71uunndnesuniwonawut%uvaouae15&u otl
Tusedy 40 udawrTovonarauanm e ldiaudniiios 10-15 Teduinity Tedudinaden
(mny 16 LﬂuaLnaﬁéw51w¥un1ugu§ﬁazuﬂnuﬂ315 wWeh 64 uar 256 Jrauty ey
n17uﬂnuﬂ315u1nni1nﬁu§u§%avuﬂnuss1ﬁ (9 M) .

- ) v ' { [ Y ¢
TEUULTIUANIRINITOUUS Y 56 Tvny uﬂaQﬂﬂ’ﬂﬂ@ﬂf?”ﬂﬂﬂﬁ’ﬂfﬂ?ﬂﬂ1%01“



9139¥M1 1 %3N0 9 1 HT18aY L DEAYD 19 NI T LAY 117 naﬁugnﬁaew?aﬂawuﬁaanw1ﬁavﬁm

wiltpan Toeld 1/9,1/13 w0 1/20 subpixel resolution technique WavTEUY

Gray sxale Y33 9,13 ﬁa 20 gray level scale G‘\.ouaﬂﬂnﬂ] 3-6 5’\11.')111]00
v

grey level Sinanoduins TngudLonffiuasuinasianarian  (Feature)  tavhusn
LavaraINeg UNY e 171 Sudue0e91u9u gray level Qvﬁ7ﬂ1ﬁqun1uuaaBULuaﬁ
Suwavdalfiinvasfioerly gray region Gy ﬁﬂiaga (information) Lﬁujﬂuie
Aa (deta base) W RANERY gray scele image MT3Y (acquisition) ANl .
binary mode avanﬁaga1unn1t wAsinstafiamn ol finaiAn1saene gray scale
(gray scale expansion techniqu qunﬂigLn713{ﬂ18u7awauaonﬁ7n18ﬁ1 (oper
—atien) MITLRNTNIAYDINALTADNLNAIN \8nq 1w 32 x 82 Taliilu 250 x 250
3 LA waY L SEn UALTERUTIEAE 1 DEATD BN L Tudouandn999nn1T "zoom" B9
1ﬁunﬁ7tﬁunu1nﬂae§ntﬂa ;X%: AUNY

Tusvuy  grey scale al¥A1Na199 (means) WAL L AUILYBNA2IVUANAYY
7uﬁunaenoﬂut§uuae1uzﬂa1w (picture) uarl®Anm19v09idmang  subpixel @
tiasntalunssnuunauesivas  (item) back ligthing Qvgni1u11§m71q5u1uéau
1991AT093NIRUTHIINTNBY L BN (vision system) AwUdIemeviR  (overall
length) 1u3ﬂ 3-7

éduuaegu1n diegram auaé1uiwuwﬁe (2,1) , (2,4) , (5,1) , (5,5)

Tun15 AT IS RS (celluler analysis) burpunulnedeida (2,5) 9t
viviiadn wer sefdnidu ror dwfuRgeligaanu Svtosuas  Suisunuleeiiza
(5,2) quﬁﬁnqﬁqaéﬂéenéo SN AN aBEU0 ILA IR OB INAN2 S0 I nfY (0+15) /2
%50 7.5 WuRRAINenIRunaLEN 1D RALTALTRY 16 ﬁﬁﬂ?ﬁuL%Nﬂadua€a510§0§ﬂQvDé
Tugas o-15 Jusemfiidu 16 segn

wefavosiaiTasenos Sudoniy  ar 7.5 $1udusos modify N7 modify
5Qtﬂuasﬁaa§natnmﬁ 1ussuu1ﬂq§eauw15ﬁ avifay fractional value Taiiudn
Wiuiha  Cinteger) Idadnels drodneity ngtnm%#a1ﬂ sedlniantulid e arsuau
tﬁuﬁaéﬁn1ﬂ 81 frectional value ﬁéwaéiuwiwe 0.5 uav 1.0 doiu drinanle
v 7.5 arfldeeidu e umvﬁiuzﬂ a-7 Tildniawiu dr3aanld 6.6 ANRlE @o 7
Wa¥9d fractional value Qnﬁnxﬁﬁﬁuﬁnaﬁuﬁ1ﬁq INTIENUNLANTENUAD tolerance

uastﬁuﬁaiqﬁqu1nﬁauﬁaoiiw A tafmdsan flureu



012 1.3 14 15 16 1,7 18 19 20

1

1.0

Level Level

‘n]?] 3-6 Semple gray scalese.
| ]




(a)

\

Source of
backlighting
illumination

15
15
15
15
16

(b}

Tﬂﬁ 3-7 Object on light table (a), with top view (b),
L]

end corresponding image matrix (c)

where black pixel

is represented hy zero snd white pixel is represented

by fifteen.




3.5 Quantizing Error
' ﬁo d v ' ' o

mTidaiasAn  gray  scale (didustudniay avTawa?uﬂawuiuuuuaunaaﬂwnqn
v \!nn ﬁ 4o 4
PO AN LILNNURL L uﬁenﬁunaong»n&mnwsﬂntﬁﬁ

lon ’ ' aa 1 1 e [ . e 0 ¢ v v
NLANT N7 A lanIAININN2 1A IWINL Y azqnﬁﬂnutﬁuawuvulnunﬂ1ﬂ f
] [

uaﬂa1uzﬂ 3-8 AMTUTLUINNAT gray level iMafiy 16 ANTURLANY Arl%ma lLAIY
1ﬁuiuaut%oau (negative uncertsinty)

Yu1n (dimension) WA¥AI1UNINY (tolerance) ay15awdlaleg n171% Sub-
pixel resolution technique uazﬂowu§1ut?aenw7ﬁﬂtﬂu Tudrognene iy wune
x (x dimension) |ufi 3-89 QnunuTﬂa 4 f9INALTA UAr "1" AIuLLUNALTAUILIN V¥

L ]

(y dimension) gnunuTnﬂ 1 ¥9I%ALTA

X = 4 pixel x 0.100 inch/pixel ( on object )
1 partial pixel x 12/16 x 0.100 inch/pixel
12716 factor ﬁa = proportion of gray levels in partial

pixel/total gray levels.

]
i}

0.400 inch + 0.075 inch = 0,475 inch

1 pixel x 0,100 inch/pixel = 0.100 inch

«
1]

B = . = 8 '___‘
1 | Any value in this range = 8
= ] {rounding up)

¢ |
¢

TUn 3-8 Quantizing error (rounding up)
|
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tolerange w115aﬁnngn17ﬂnxﬂx ANALTAYDY 0" unuﬁvaéweoqauaouaeaiwa

L o 1] ] o ﬂ. 1] o d -'

ATNALTANDY 11  UNUAIBAIUDIUAIAI9970 10.x B9 11.0 Tg x 1iuArsIwnLheh

UINNIMTD AMINY "1 ATNALTAYDY 15 DNUNUAIEATUAIAI199IN 14.x B¢ 15.0 T4
1)

v

o &
waazﬂ1ﬂnau

Pixel value velue of illumination

in image matrix represented by pixel value

0 = g 0]

1 . = 0 < pixel value < 1
1 N7 0 < pixel velue < 11
15 = 0 < pixgl value < 15

v (] 4
Avlun1TinnAatataaoul ulia i Tatuni7iln e i l#dnnlawisoealfungin
a d ° ' °
nuans i ikuTnan1sAminuuten  (dimension)  uiatuisanalvtenaslag nnTTI3v09
¥
WWIANALER (pixel dimension) Unw 18 L gray level lufidnmne x NAUINUDY

A09NALTA QA8 1%NITIA LD Wehluhante v nifee 1 Sacgatinn ]l fnaaaals

LUUDY (Uncertainty)

Tolerance or uncertainty of dimension
x = +0.0 inch - 2 pixel x 1/16 x 0.100 inch/pixel
= -0.0125 inch

y = 40,0 inch - 1 pixel x 1/16 x 0.100 inch/pixel

= -0,00625 inch

muwnuaa?nq Ao

X 0.475 + 0,0 inch — 0.0125

y = 0,100 + 0.0 inch - 0.00625

3
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3 - 12
'ln'.ﬁlo 6 & o o ° d e
ATl uﬂwuﬂtﬁagntuuuuanwuenaatauawuaunnu1un17ﬂntﬂu UAEDNANAT LA
niA¥as  (rounding down) NISnAUILUAY “"threshold" threshold auaéTuiaess
Y
] o d (] i..‘i
WA IWILLANAD 991170 et Huwart o Tunt suInuaEn 1 9autey tolerence
(ﬁ'l ] ﬁu 1] ]
NLAGT  FIANINAIT 6.5 avdlntantuidu 7 Argewinge 0.6 war 6.5 (awihn
v

vArast iy 6.0 LAINAN N IINUALNI A0 1T 1 20 I NLiuos  (uncertainty zone)

F9imny

2 x ( max No. gréy level )
U gray level Nav wﬁﬂﬁ'lﬁﬂ quentizing error {Oﬂ
L H

3.5.1 Measurement Error

116 (dimension) ﬂaﬂgﬂﬂquaulNQRWNﬁ?ﬂ“ﬁiﬁTﬂﬂﬂﬁTﬁu51uﬁuﬁﬂtﬁa AT
U0OWALTA (part of the pixel) lufiAn1efigule &1 back 1igthing nnian 14 8a
twaae i fuduTorsodrelaotronlis  uardanansupsen grey scale ILATOUARIAN
unuouaauunuﬂtﬁaTnavnn ﬂannnnmaouaonﬁianuuwn (dimension) auuuansznuTnﬂ
quentizing error 71uaaﬂaﬂnUﬂ1wunuaouﬂ11a o nwuuuaauaﬂuaeamn

nuwnnaaaesnaeannsﬂn:aaLwaauuuuw1uautaa 370 back 1igthed ﬂaaxuuunu
7u5uann1 16 ﬂﬁ (16 gray-level system) nuuu1ﬂuﬂtﬁauae 0.10 x 0,10 ua ¥
1aTasnaTuantnnnue i afisinn gray scale CRLY UINNUEI VEDHUD L YUINUNUAI AT
N8199%04 sray scale 5auaﬂ01uzﬂ 3-9 FelfnainAnsy

ﬁiaunnéﬁonaeamqéaautﬁuwaiudwnaﬁoq 199 gray scale |usvuy back lig-
ht ing 5auano1u7ﬂ 3-10

Suitelma 3 daw fudives 7 nunuman7unnnae1ﬂ11onunnnwenunwanu“numu
M 2,4 @0 s0% ﬂnﬂauTﬂaaaunauaﬂnnwuu 45 29m1 Wuh (3.5) 8o 50% §
nnﬂnﬂauTnﬂaaunﬂuaanuwuaeatnaﬂuuuuﬁuaoonn uarRud (1,3) @0 50% nﬂnﬂauTna
'amnntﬁuv (hole) Fenanifusosldae naa1anvmamnunaevmn1un179tﬂ?ﬁvw AN

matrix ﬂﬁﬂfﬁ?lﬂ?ﬁvw dimension UAY¥ tolerance



[0 0 0 0 0o o 0]
0 15 15 15 15 11 0
0 0 0 0 0 0 0 |
0O 0 0 0 0 0 o0 '
0 0 0 0 0 0 0
0 0 000 0 0
0 0 0 0 0 0 O
[ € -

(b}

1ﬂﬁ 3-9 Dimensional Determination from image matrix
L]
datas (a) of regular shaped object on backlighted in-

spection table (h).

o 0 0 0 0 O 61
0O 0 0 0 0 0 O
0O 0 0 0 0 0 0O
0O 15 15 15 7 0 ©
0 7 15 15 1. 7 0
0 0 0 0 0 O ©
|0 0 0 0 0 O iq_
' (2} (b}

Tﬂﬁ 3-1Q Irregular shaped object on light taeble (a)
u

with corresponding ihage pixel vales (b).




3.6 Histogranm

Histogrenm A9 MMRTWHUNNAINRI09NTRUTERURIN (grey leveD) §iRntu
Tudwins  wwaunu x iiudraoesedifinn (grey teveld) wavuwrunu v 1Hudruauia
LEAT e n (71l 8-11) Histogrem Qna?quna

1) Digitizing the image frame.

2) Counting the pixels at each gray scale level and

3) Plotting the freguency count of pixels at each gray level.

Frequency

Grey level

7ﬂﬁ 3-11 Histogram for an eight grey level four by
L]

five array image.
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NTINAINNITONIENINTANTUTI UL bargraph NUAANISIUINUDSNALEANURAAY gray
L]

[ | 2
level mnnﬂu‘lun‘sau (frame)

WA (magnitude) Y99 histogram NANYBINALTY HOAINEIRE L TNYD AT INN

(grey value) Lnﬂuuiuajunaqnﬁu (picture element) 1uniau (frame)1UUﬂauan
1n1nﬂ1nun1uwuenaeuﬂtﬁa ﬂawuuwavnﬁuuaewﬂtﬁanﬁ b lﬂﬂﬂu & ﬂﬁuﬂudﬁﬂ (x,y)

1uzﬂn1u nozﬂ 3-11 uardaNn1g



value b

P(b) = at eny point (x,y) in the picture =

total No. of pixels

D
-
o

[}

6 TEAUALNILALANYDY histogram § 6 1Tty 7 B9
P(6) = 7/20 = 0.35
zﬂiﬁenao histogram ﬁxn?auﬁagauu AUAN¥AE  (characteristic) Y94
#10819 histogram RUANLONGY contrast TuduinanTorrsar L SenussariiaL 1aona
unuﬁdﬂ unique characteristic ﬂaoﬁuaﬁ (item) 1un1u (picture) Lﬁnﬁéiuﬂao
7 histogram ﬁﬂivTﬂﬁ{Tunwst%mdﬁ threshold 1unﬁ7lﬂgau grey scgle image

T fulwunTsaiaus %50 modify #7uu09 gray scale spectrum

(a) (b}

Step 1: Determine gray scale values of object. Step 2: Determine pixel map of image.

o]

15 15 15 15 12
15 BOp—r/r=154 15
15 0 7 0 12
1 0 0 0 3
7 15 15 15 15

Image of object Pixe!l image matrix
{5 x 5)
Gray Scale Key
[ white = 15
@ Gray = 12
Gray = 7
Black = 0

zﬂ% 3-12 Histogram construction : the pixel values of
the object (&) determined in step one , and the pixel
image matrix (b) determined in step two. A five by -
five matrix is utilized to simplify the illustrative

celculation.

3

15



3.6.,1 Construction
Histogram uaenwuawuwsnasweuuTnﬂnumaumema1ﬂu ﬂe1u7ﬂ 3-12 uay 3-13
(D wdwRaLTaneen  Feeelfofunany 8o nwswaﬂaouzfﬂ matrix @7
2819314 metrix 1R M x N waednanBinLtanwan fuwaen M x N 8
M= 10

N =10

Total pixel 10 x 10 =100
fuora i duwlildsn o uae § ldinnfy ﬁuﬁuaéﬁuﬁﬁﬂuaanﬁaa uay anslog—to—
digital sempling rate LAELRNIZAIINIIUDITEUL nwnaeﬂao X uar N 9wiiiuAny
Vieen g uﬂsﬂﬂwnauqununwuﬂawuquavtoaﬂnwsnauauae
<2)Tanaﬂwawm1muun (pixel map) uaqaumq‘luﬁqaéwLﬁuTmea%’w

o UL
matrix 140N 5 x 5 MUINNALTANIRUG AD 25

Step 3: Tabulation of Step 4: Graph tabulated data
pixel values
Value | Number of Pixels 16 =
0 6 ~
3 3 14
7 3
12 2 12
15 13

Total 25 10

Tﬂﬁ 3-13 Histogram construction tpixel values tabulation
L}
(a) of image date in figure 3-12(b) &nd graphicel repre-

sentations of the tsbhulated dats (b).
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(3)  AMTI9109 pixel mep Suge ﬁunaﬂuﬁﬁaeé1§ﬂtﬁaudauénﬁxﬁnﬁu a
818t M "0* 1Antuly 6 SAiTa unAn 3 VARt e sase i $ 1IN0 9F SR
TumTr0aedosinafty N x ¥ ludhogrosinndy 25

(4) 9379 histogrem 1aEWToN bargraph AwTuAusariaitasin "o* 1y
gray scale awniie whof1y grey scale 104 16 Qn1§a§wo pixel map uaséwge
@ fo 15 ﬁuauuﬁaedwgognnaaﬁﬂtﬁaqu mep lafasmlTenoy (factor) histogram

w1TENdUAIY bargraph FMTUANUDINALTS Fouf O B9 15
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( Basic Machine Vision Processing )
4.1 Introduction
v [ ' v
nﬁsﬂsuwanaouaga1u7unun11uaotuuaﬁu17nuuo1ﬂ 2 dyrian
v
(1) Point by point (monadic) ﬂ17ﬂﬂuﬂaeﬁagauualnanawuﬂ Uay
du ' a
(2) Multiple point (dyadic) A17%1 elements ¥999r|THM7 IMIUDIDNLNA
L -3 a a (C: )
ZﬂuuquuuaeuﬂLﬁauaeautuanunnsﬂ Cimage matrix) arifweiduvesarve
AumisiiaLgaLiedq wTorvasiimigaluu ndroifetestta (cell) 1hieaq Mauans

Tuzﬂ 4-1

&R ) I 3
) ) ) ) ) ) ) individual pixel
b BI%:
V9 D7y B Pixel
) ) ) \)A ) ) ) ) ) ) ) ) neighborhood
AN S @y L%
Y NN &) VSR
D)DD DD DD
) ) ) NN TR ABITRS

Tﬂﬁ 4-1 Point end neighborhood function.
o

. . ﬁ v (u L a . 1]
Monedic operations ilun1Tad1daviTanaliny Taelafly (modify) Arune
Py ae ' o a v wu ¢ » ° ' v
WAL TAnAURE S LINNE N LR Ut ung natn ewan xaw1ﬂ1ﬁewuqnqm1uwuo1uauLsanuuuu
1 o ( L] lﬂ. r-%
nMTTEaNanITRIAN IR LA Luae 1T o auwuenldl) Tueld  (modiry) Tam

simple linear operation ﬁ?a nonlinera operation uaz1ééwuae§nxﬁa1nﬁ1uﬁw




uuuanaannaacnu1uovt18na1wu ﬂ17ﬂ78”7ﬂ?8ﬂﬂﬂ1ﬁ7ﬂuﬂﬂﬂaﬂﬂﬂKﬁaﬂﬂ1ﬂ uazn1na1ﬂ
auﬂsaunaunoautsﬂ (1ﬂ 4-2) nuane?nzwuﬁuwﬂ 4-2 wonadic operator |Juuuy
one-to-one transformatzon M7 operator f QuﬂﬂiﬁﬂﬂﬂﬂﬂﬂﬂtﬁﬂiﬁOUlNQ 31057“
HOGDHLUQQRE output muaﬂnuﬂuwﬂ (megnxtude) ﬂaeauwnwﬂtﬁa (input pixel) n
ﬂaﬂﬂaaﬂﬂulﬂﬂéﬂﬁlﬂﬂﬁ tawngn (output) ﬂ“O%ﬂUNﬂlﬁﬂﬂWﬂlﬂﬂﬂ ﬁonﬁu transform

A1 gray level 10INNWALTA L UNTOU (frame) uavdﬁiuﬂqnﬁﬂﬂuﬂTﬂﬂaunwf
gCid) = fIpCi, )1

0l : ~ -
ﬂonﬁu f anuﬁsntﬁu1ﬁ linear operator %9 nonlinear operstor @MH -
AENTN 1T LunTlTERIaRE L HUA NSNS LYY T a8 91 NEINUNITRIANINNNALD VA
A1 WATDIBNLAA matrix ALFUWAALNIAUDN L ITULLY
a'o n. o w A: ( a !
Dyadic operator m’nﬁu‘hﬂu procedure NiI¥YDUNY 'MOH‘)’H'UO»’O&HUQ‘IRM
v v
A3170897¢410 2 e
' ) a P4 "u ] a o o °
(1) ﬂﬁuaounauuﬂtﬁaquavLsanua%nu NNTTIVANYDINAL TaNEONARD INU L UAN
uniely 2 %50 NI image Freme

(2) éqﬁntﬁaWuu?t7mﬁaéﬁﬁetﬁaoﬁﬁwuwﬁanaoﬁﬂtﬁa ad191nen17700

(1, 1) / {1, n) (1, 1) / {1, n}
T T
| |
| |
| |
' ————J\pi.i i —-——/—;1 9
f(p,;,-)
tm, 1) (m, n) (m. 1) (m, n)
input image Output image

1ﬂﬁ 4-2 Monadic operator,




v a [-] d [~¥-1
Procedure umﬂﬂwm‘l'&'ml‘iﬂmﬂﬂnﬁmﬁ convolution 1Y convolution
q
o v v . » . ﬁ a9 vo o v
WINGIUDINVIRIAYDY  matrix WA 3 x 3 matrix Nwuwrenltnulaona 1y (usaedu
v ° v a ¢ ° N ' v '

14287 Tun 9@ 1ntes warADNN? LADTEINTITONA matrix uuﬁﬂqwmq1ﬂ 1u7ﬂunuewaq

-~ U

_ s e oo & dd
N1 convolution UPIADY matrices , p WAY q LNYINUNITANYDIDR L LUNNADA
4
v ] 1 1

ARDINUNINAN HRUDINATINUDY element NONANIAHATIAINATNES (normalization -
u v .
constant) xﬁa%nuwwauaodwﬂﬂLﬁaqﬁaénwaquﬁooﬁﬁﬂwuﬂ HAUD IATNA L TADNADAUNT

U

(] ) a‘ t’v 1 d (-2 g v al t o o
Tudruniefinueanunor 19867 Ind war procedure HAEfNEIREINTASNEY (coor=

t
dinate) UDIUAAY element AEONLADY (shift) 1Udnnie lufieanne M %50 N 9314
L]

' ; 5 o 1 ll.'l ( o
qﬂaﬂWOWuﬂ QHﬂiHﬂGWW&WKGﬂGWN@T%BSL?ﬂﬂﬂﬂﬂ?%ﬂwﬂ
v

4,2 Monadic one point transformation

Monadic point-by-point opérators Lﬁu?%%éﬂﬂﬁQQTunﬂsﬂssmaawaﬂww
(image processing) NTTN35Av(REARY input imsge 1SEy 1 BWLNT (p) §ILERY
quzﬂ 4-2 uauwa%Tﬁﬁtﬂu single image output , Point-to-point operstor %ﬂ
aenanat el uf s ulisui u Findent ity openabon s i iverca onetatob |, threshold

operator URY combination

4,2.1 Indentity Operator

.-'au [ 13 17 ( a u' ﬂﬂ (7] {
Operator  AAU9Y 1WA LUANTETNILDMMNBNINA Tt 4Byt vauuy L onanus ¢
Q

indentical) NUBUUNANIAY 6UANIINTY 24-3  AIUDILARLNALTR L UDN L ¥ATRDY  (q)
o u

(luiendnud  Cindentical)  fuAnvesiiaiTa p haonrasetuludyiuetue Yerdy £

(i KunT ehsien 1 Sudufiant 1 Sauarseoen IS sANA L Tad 180T 9T E UYL L 19 procedu~

4 Q [
o v a o Qve ¢
re WuS1%lUNYITUTENIRNANIY LAY operator Mduq aumlndnisalalag n1s modi-

¢
fy Wontu

4,2.2 Inverse Operator
uc’s” v v ( a a’ ﬁ 1 (%) . o
Operator mauaeﬂwmawuﬂ17aﬁwotaﬂﬂwﬂawtuaﬁat UZUNAY  (inverse) 1
.
a a aa [ ') v (S o ' v v
2UWNDA LAY Qﬁﬂﬁiﬂﬂgﬁﬂﬂu indentity opersator ﬂﬂljuﬂﬁﬁoﬂﬁuﬂuﬂﬂmﬂaﬂu IlAn g
1
(!!l v alnl A:l ;
1u7ﬂ 4-4 ﬁﬂﬂﬁu f lﬁﬁlﬁuﬂidﬂuﬂﬁ gray level @dANAN g€ray input AA0 LAY
L . v b ] .

(N1 "0" NAN gray input 4930
]



4,2,3 Threshold Operator
$ & v a ¢ o .
Operator 1uﬁuuauinwatﬁu1nu17tawngnautua 911  gray scale output -
- v " Y a a a { o yu w
image masuﬂuuaonnsaewwunqﬁTnﬂaugnwwswuLn07 P, ﬂﬁuﬂﬂﬂ1u?ﬂ 4-5 uauzannu
v L] t ' a
1uu1u “threshold" ATY2IXNALEANIRIANGIININ P‘ inﬂaﬂulﬁu "0" URLANUDIWA

o . : - v a
LEanNIRAAN L NINURT2UINNIN P‘ ngﬂlﬂaﬂulﬁu "i{" gperator naua1u71n1ﬁ1un17
»

%1 spatisl information {71 histogram Tﬂﬂﬁ1 procedure 91 Tﬂﬁ1¥ﬂ1 thres-

hold NUANATINL

15 -

q=p
for all values of p

0 T ThE2
(2)
® 15 16 0 0O 2 16 15 0 0 2
13 13 15 0 O 13 13 18 0 ©
O O 714 14 0 0 7 14 14
0 2 37 4 0 1. 2 3 &
15 14 13 12 1 15 14 13 12 11
. -— - -
p matrix q matrix

{b) {c)

Tﬂﬁ 4-3 ldentity operator t function (a),input (b),and
«

output (c).

4,2.4 Other Operator
) 1.
Operstor ﬁumnmﬁeﬂuaﬂuwsnumuw Tﬂﬂﬂ????ﬂ operator N“EW“ 3 A @0 in-

dent ity , inverse WAY threshold



Inverse threshold opersator

1nu17tawnunauLuaawuﬁ7nnasnau157ﬂﬂﬂtsﬂnnﬁonﬁu threshold Tuvﬂ 4-6
1 fudwinsdn  threshold Tuﬁﬂ 4-6 uana1wxqumanﬁ P, uaunaaﬂwanq71ﬁﬂ1 -
threshold 199 & annuaﬂamotﬁunwnnnuusauneuumnnunLﬁa1un1unuuun Fanlnu
a3199enang L Tulin uaun1uuuﬂavnawﬂxﬁuaaﬁo operator mvuuﬂﬁ1nu1nan LNTIEAN

threshold awunsnnasuﬂstﬂaau1ﬂtwau1 spatial information

Binary Threshold Interval

operstor 1uﬁuuaquwatﬁu1uu17tawnwnautua Z e srey input Tutae » -
e P T2uTn P, uat P_ fag aunntﬂaautﬁu npw uasﬂﬂnaﬂuantnuaannﬁae P -
60 P aunntﬂaauthﬂu noH ﬂouaﬂoﬂwtwu1u7ﬂ 4-7 operator maua1u170u11ﬂ1%
%1 spatisl tnformatton 3N histogram tusnuuuuaﬂonwuwuevaouﬂtﬁanagquﬁve

NNIRUA

Inverse Binary Threshold Operator

operstor frimunTainlilfiiBauduiusisnn gray tevel RANENTENY (mul-
ti level gray scale image ) 1ﬂlﬁﬂ1ﬂﬂ118ﬁlﬂ@1ﬂ 370 NHﬂﬁNWTﬂﬂ?Bﬂﬂﬂ1ﬁﬂﬂ
Tnuwsauznaawnvuannﬂsuaamqunwonaunu

1yuw7101n2naulua ﬂ?aauluan1ﬂaﬁn Binary threshold interval operator
aquqsaﬁaznﬁuTﬂgnﬁuﬁcééu Binsry threshold ﬁuuaﬂe1uzﬂ 4-8
Gray scale threshold operator

operator 1u§uiuaﬂe151uzﬂ 2-9 4alu gray scale output image FWFuAA
grey scale imsge TE¥I19 P Uay P, uauﬁwéw%aéuanzuiaaﬂn P o p, T¥idu
ngw

Inverse gray scale threshold operator
1aﬁnunautuaawwnTanaunau157ﬂa1ﬁﬁqnﬁunwaau1utnuTﬂa1ﬂ 4-10 operator
o a1u17nnau1vuaoa71e1u71ﬂautaaﬂnuanvmvlﬂu frofneity  ous  ¥3o i

Lnuaunu1un1u
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(Assume 16 grey levels)

g= 15 — P
for all values of p

p
0 15
{a)
15 15 0 0 2 0 O 15 15 13
13 13 15 0 0O 2 2 0 15 15
0 0 7 14 14 15 15 8 1 1
Ofbiiil, 20 30 4 15 14 13 12 11
15 14 13 12 11 0. I/ i, 4
p matrix q matrix
(b} {c)

7ﬂﬁ 4-4 Inverse operstor s function , input (h) y &and
u

output (c).

Stretch Operator
v 1
opersator muw‘lﬁwa‘lu full grey scale output image naaﬂﬂﬁaanumoau
v ¥ a - ' & [
wn P uay P_ uavnn (suppress) mnwuﬂnaﬂ'uamwuaa’mmw uam‘lﬁ'wu‘lu‘{ﬂ
L]

4-11

Gray scale reduction operator
v dow { a o a0 - * ' o
operator mvuquua1utawngnautua FaNsMIuAT gray level 198A9137117%
Y99 gray level uae%ugn%utua ﬁeuaﬂeTuzﬂ 4-12 %oﬁugnﬁutuaﬁuéﬁfuﬁuﬁtnﬁ 15

Te6 Qegntﬂ%autﬁuﬁuxuaﬁﬁvuﬁuﬁtnw 5 TE0U A9 q, + q, 4 9, » q, UAL 15
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q={O!orpSp|
1forp > py 1 -

Letp, = § l[
|
|
| L,
(o] P 15
(a)
15 18 0 0 2 1. 1 0 0 O
13 13 15 0 0O 1 1 1 0 o
0O 0 7 14 14 0 0o 1 1 1
of P2y B 0 0 0 0 0
15 14 13 12 11 Y LAY~y 1J
p matrix q matrix
{b) {c)
y .
T7dn 4-5 threshold operator ¢ function (a), input
v

(h) ,and output (c).




q__{‘lforpsp,_ . |
Oforp > p, ) )

Letp| =5 l
l
l
|
|

(a)

r‘IS 15 0 0 2 o o 1 1 1
13 13 15 0 0 0O 0 o0 1 1
0O 0 7 14 14 i 1 0 0 o
0 Pi—=2 F3INS N4 1 1 1
15 14 13 12 11 0O 0 o o0 o
= -
p matrix q matrix
{b) (c)

7ﬂﬁ 4-6 Inverse threshold operator : function (&), input
L]

(b) ,and ocutput (c).

4. 3 Dyadic Two Point Transformstion

Dyadic point-by-point operator 1ﬁﬁuﬁauaﬁ§ﬁwuwﬁa%Lwﬁauﬁu1uaaeﬁutua
two~input image matrix ‘lu‘nl 4-13 YALTRIIN A URy B nn‘lﬁaﬂmmm‘l'ﬁma C
YUINUDY matrix 1utﬂaﬂuuﬂaa uasileridin dyadic trensformation f_ arwnTal iy
1ﬂﬂouuu linear “18 nonlineap

ﬁmmu transformation nnuﬂﬂ‘lﬁmunuﬂmumwawﬂl'ﬁanwuﬂawnauLm
( awnamuw 2 JULNR ) uuﬂa ﬁauamﬂmuwueuﬂL'ﬁa‘luammn 1 wnn‘:wnuuaua
'nmuwuwﬂt'ﬂanaaﬂnaaanu‘luamuan 2 Lwaa‘ﬂaﬂwawﬂL'ﬂanaaﬂﬂaaenu‘luamuan 3

Qmanmu-ua o anii'uﬁﬂumwﬁe’ii



% fn VudledSuuesaosdauls war i 3 1iu529910 0 B9 m war 0 §¢ n
£ ATRITN Y T ﬂnnwao1ﬂaaan ED ﬁenﬁuauﬁaawuwsnnnﬂ111ﬂ un
F99TE3 097 BuLuan A0y asnaaaanunuaeﬂmaunmnws calibration Uav regista-
tion uaanaaaugnauuua Lw11vnniﬂﬁuauaua%uuwugwunv1uaanﬂaaeuaoqﬂnagﬂ1un17

¥1

o

_ iforpy 2 p = p;
- (Oforp > py
P <P 1
Lletpy = 3
p2 =12

=
]

™y

Ve o s s
3

(a)

15 15 0 0 2
13 13 .15 0 0
0 0 7 14 14
0 1 2 3 a4
15 14 13 12 1

e - b -

[ R e .
PN o
- e O o e
O = o o oo
Q = = -

p matrix q matrix

{b) {c)

?ﬂﬁ 4-7 Binary threshold interval operstor : function
k]

(a) 4, input (b) , and output (c).

(8 a . o 2w
\’Jonﬁuwum factor K lﬁum scaling NiRILAY LNOTNEIUUNG (magni-
' r'4 v ] Ny a o
tude) ﬂOGHWLOﬁﬂEn1ﬁ8%ﬂ7ﬂ1uﬁ10 131%1 70 overfiow %Foanaviduay (nagative

condition)



] [ 1
Trensformation (NE2Y0INVADIRILYS 17uﬁeguae§ﬂlﬂanaaﬂﬂﬁaonu

R(i,J) = F£L P(i,5) , q(i,J§) 1]

4 - 1

lﬁa P URY q lﬁu input matrix f Lﬁu functional operator Uav R Lﬁu

Na1U99 output metrix

1forp > py
9= P < p2
Oforp 2 p; 1

P =p I l
Letp, = 2 l
Py =12 | I
l |
{ \[afe it
0 P P2 15

{a)

15 15 0 0 2 0 0 0 0 ©
13 13 15 0 0 0 0 0 o0 O
0O 0 7 14 14 o 06 1 0 o
0 1 2 3 4 0 0 0 1 1
15 14 13 12 N0 0o 0 0 0 1
p mattix q matrix
{b) fc)

1ﬂﬁ 4-8 Inverted binary threshold operetor : function
" .

(a), itnput (b)), snd output (c).

4,3,1 Image Addition

Image eddition @1317014RANANTENINEIGWINTUNIL (noise) 1uiagauﬂno

. ¢ 2
19lugil 4-14 éhwesiomun ¢, | ToliTazaunns

c =(a + b J/K
13

14,3 13



i,5 tluAruoedas FeA1 K imifusIuIudy ¢ samples ) image addition
L]
dysdic asﬁwn11ﬂwvuoauaénlaﬁaiaga1uaao input image metrices ﬁqnﬁaTuﬁugn
Co4 A D ¥ am Ya o 4
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v
iy Lﬂuﬁvouaoﬂnavqnﬁnnu

4, 3,2 Image Subtraction
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W Tl EIaRAAN ¢ image processing ) 131a1d1mautan Hudidufain
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- lo 1 a - 1 e ' o
g K lﬁuﬁﬂﬂ'ﬁuuﬂn\lulﬁﬂlﬁu 'ﬂ\’ﬂ’lﬂ'\a‘ﬂﬂaﬂ Ct L3 lﬁu "o uasﬂq?ﬁﬂ‘ﬂﬂa
255

v 1] o L4 A4 (
‘lumame b 110\'121] 4-15 Mﬂ??“ﬂ”ﬂuﬁ‘lﬁu
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q
5l
Jptorpy spsp,
q_
Qforp < py |
P > P2 |
Let p, = 2 , I
pz=12 7/ I
2 |
g 1
i { i
p
0 P P2 15
(a)
15 15 0 0 2 0 0 0o o0 2
13 13 15 0 0 0 0 0 0 o0
0 0 7 14 14 0 0 7 0 o
oM r27¢s s 0 0 2 3 4
15 14 13 12 11 0 0 0 12 1n
p mMmatrix q matrix
{b) (c)
o
71U 4-9 Gray scale threshold operator : intput (b) ,and
]
output (c).,

tawnunuaoaaoaﬁtﬁuﬂkuumnnWQTnaauu1m waanuuuﬁuuunsawaaﬂmaeﬂﬁuamuﬁ
343 nwxaﬂLnfﬂuwanimnawuﬂawwsusﬂaautaaﬂn17ﬂfuanm1ﬁawu

Aegoeiatt swan sl fuin uuawanwantﬂuwuswunﬁiﬂivuaawauaonwsuan T
AU uay NI a1u11n1nﬂ7unaua1u image matrix’ waanuuuaumaqnwuamwﬂﬁuﬂuaa
uauannaam*z mmum?ﬂwﬂnm‘lmwuaumﬂuﬂmfﬂwmauauaua ( data process-
ing technique ) 'ﬁewnﬂwaﬂmuLﬂwawauanﬂuﬂuwmmw ( image data )
monadic operator f quﬂisgﬂﬂ1ﬁ C, ., metrix Tuzﬂ 5-16 A1 R | tiunneda
\ARANNTT '

R = c, ,t 100 ) x 255/354

4

12



Qn1i1un17tﬂ§ﬂudn R, ., aviiy "or 150 c,., A9 -100 (minimum value)

Way 255 139 c, 4 254 (maximum value)

q
15 <
.
\\
_{15—pforp,spsp2 N
q= .
Q for P < p
p > p;
Letpy =2 I
P2 = 12 I
l N
N
] 1 N
p
0 P P2 15
(a)
15 15 0 0 2 0O 0 0 0 13
1313 15 0 0 0 0 0 o 0O
0 0 7 14 14 0O 0 8 0 o0
0O 1 2 3 4f. 0 0 13 12 1
15 14 13 12 11 0O 0 0 3 4
P matrix @ matrix
b tc)
a
TUn 4-10 Inverted g€ray scale threshold operator ¢
u
function (a), input (b) and output (c).

4.3,3 Image Multiplication

v 1
n11§auaeaaoautu@1un11ﬂ1uu1auanﬁu Qnuaaviuzﬂ 4-17 usﬁunws1ﬁnqnﬁaa
e w ’ a ) v 4 dow a1 " ad 1 e a & da -4 a &
dmFuaann i fuifo duvo i fu goTdeitn 991 eR laash s unoR s LGy Se
ngnﬁaeTﬂanw7qmautua image fiog matrix fandos AMNANLE LA 10 LngaunT T

c =K« a, + b ) + a ]

1,3 » 3 2,3 1,3

- 1 o o ° -1 ' -
ﬁaﬂﬁnowungnﬂﬂtﬁunulﬁuQWuvutmuwuﬂ ﬂqaﬁéﬂ Ao 255 UQxy hi.: tﬁu correction

factor
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15—
{ ) 15 I
PP o= pi |
g =< forpy < p<p; I
Oforp = p,y '
Pz p;
Letpy =3 l
p2=7 =
A,
o P P2 15
{a)
r15 15 0 0 2 o FO 0 0O 0 o
13 13 15 0 © 0O 0 0 0 o
O 0 7 14 14 O‘.{"O i5 0 O
0 1 2 3 a4 0 .0 0 4
15 14 13 ‘12 1N 0 0 0 0 O
ben s — -
p matrix q matrix
Y] {c)

Tﬂﬁ 4-11 Stretch operator : function (a) s input (b) ,
u

output (c).,

aﬁﬁfﬂﬂﬁﬁﬂm operator uuuauq Q#Lﬁﬂﬂﬁ?ﬁ?ﬁ@ window LWBﬂQHQﬂﬂWTﬂWuﬁmiu

ustamnnﬁaowaﬁsmw correction matrix bt P quaﬂﬂTﬂﬂﬂuﬂﬁT
C = a + b

153 1.3 1,3

%\l bh_, Ao "1v mmnnnmnaﬂmﬂ'lwun window Ugy I.ﬂ'u "o" mmunnm
naanﬁﬂuanwun window

UUINUD93 ocutput image matrix auﬁnuwﬂtﬁﬂoﬁuﬁu input image matrix 1ﬁ
Iwad ¢ row ) wFowan ¢ column ) wrgldlumsilssanawa uiseiiaiuiy 3 con-
volution dyadic process 51n?un17 transformation Qn1§1un17u1n3u;ua AN
\¥3  UANITAMBNLNY A1 mormalization constant 9199 147¥WINy  dyadic

operation wTa ﬁanﬁu monadic scaling operator 1% subsequence phase
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q=0forp sp.
qatorpy s p
g3 forpz < p
qaforpy3 <p

15forps < p <15

Lelp,=2
py =4
p3 =6
pa =8

(b) ,

1

y
15~
< p2
s p3
= pa Qs m
q3r
gy =3
924
G =6
Qs =9 C
g1=0
0~

o=

15 0 0 2
13 15 0 0
[] 7 14 14
Joarn k(.
14 13 12 1%

-

p matrix

{b)

and output (c).

{a)

(c)

P3  Pa
5 QIO ™=Q)
15 15 0
D/ o8 NifE
0o 0 3
*15 15. 15

G matrix

0

0
15
3
16

Tﬂﬁ 4-12 Level reduction operator i function (a), input
L
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(. n

{m, 1}

{m, n)

{b)

fo

Mapping

(1,1

{m, 1)

{m, n)

tc}

1’11?] 4-13 Dyadic multipoint-to-point operator : input
]

image A (a) and input image B (b) are mapped into a
a new output image C (c).
0 12 142 255 14 11 9 253 7 12 76 254
1 6 40 254 3 5 39 254 2 6 40 254
24 0 20 255 111 19 255 18 1 20 285
30 2 10 240 18 2 11 256 23 2 11 248
’ 3 by Cij
input 1 input 2 output

7N 4-14 Image addition for i
.

Jj=4
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(a}

0 12 142 255 14 11 3 253 -14 3 133 2
1 6 40 254 3 25 100 0 -2 -19 -60 254
24 0 20 255 111 80 1 15 -1 -860 254
30 2 10 240 30 2 110 255 1] 0 -100 -15
Input #1 = a;; Input #2 = b;; Output =¢,; *
{b)

4 3 133 2
119 60 254
15 i 60 254
0 0 oo 1S5

Qutput e,

Tﬂﬁ 4-15 Image subtraction (absolute value) 3} simple ,
Y

but useful only under very limited condition.

[y

| 255~

200 —

100 [~

c; .
- 100 0, 100 200 254 "/

{a)

| N 62 74 168 74
| 7t 59 29 255
83 72 29 255
72 72 0 62

Qutput i

t {b)
Tﬂn 4-16 Image subtraction with function (a) which
v

generates resultant output (b) having all positive values




4.4 Convolution ¢ spatial transformation

1 [ 1] 1 ’
9313 matrix 1?”ﬂﬁﬂﬂ?ﬂﬂﬂ8%ﬂﬂ;1Qﬂu15Tﬂﬂﬂﬂﬂ00WﬂlﬁR ﬂQﬂﬂWﬂﬂﬂWﬁi“ﬁﬂRu

° ' P I a ° ' a a
un“uilﬁuqqnﬁuﬂaﬁﬂﬁuﬂlﬁﬂﬂﬁu“uﬂﬁqilﬂﬂﬂ nuaﬂo1u7ﬂ 5-18 tﬁu 3 x 3 convo-
v

lution

0 12 142 255 3 4 0 N Q0 17 157 255
1 8 40 254 3 0 0 0 2 6 40 255
24 0 20 255 3 0 0 0 32 0 20 255
3o 2 10 249 4 (IR | 42 3 10 255

Image matrix a;; Carrection matrix b, Output matrix ¢;;

51N 4-17 Image multiplication.
']

a b ¢ + 4+ -
d e f x - + + = e’
g h i + + -

Where:

e'=+a+b-c-d+e+f4+g+h-—i

710 4-18 Convolution (neighborhood) transformation.
|

4 - 18

f% 3 x 3 convolution éwuaqﬁntﬁauaaﬁwuwﬁehawoavgnﬁwuauuuﬁujﬂuéwﬁ

aéi1otﬁﬂa 9 MUY ﬁﬁuwﬁena1eazqnt§au ¢ shift ) lUSnrleNaLea warm

v v
9 v a d o4
MTUTHUIANATY  IUNTENMIONLNA matrix gﬂﬂ;1¢?ﬂtﬂ??-MuﬁvlﬁuﬂﬁTHQﬂﬂﬂuﬁﬂﬁOQ

w ‘ ﬂ‘ r-9 1 o ﬂl o ’
matrix Qaawte nqnaﬂuunaaeaaauﬂtma1uunaunﬁn1antﬁuuauuaoautua 5ﬂ1u530ﬂ17



4 - 19
° \1;«'1‘ a w o ﬁ ' - u\t 1 v v
AAPUINUDY matrix FWITOMIIO LY ﬂ']?lﬂﬂ'ﬂai.mnl RATAINL AN 1‘ RWOAIUALRANUTY

tﬁaaﬁaénauuanum%uma matrix



w5
4OUMN
( Edge Enhancement )
5.1 Digital Filter
Digital filter @m17outivoonidiily tow pass filter uas high pass -
filter 5uaéﬁué1uuae frequency spectrum RENANTENY wad T INEdinn
A 5ouaﬂc1u1ﬂ 5-1
ammﬁmtaﬁnwnuaa high pass filter quunaaﬁunaa tawnwnuaa low pass -
filter Aviu@ DC  WA¥AIINERA ﬂmauumnaonawun cutoff awunfnxﬂaﬂuuﬂaeTna
Gondnes 1 fluny fitter 1¢
nkuééniuﬁuzuaauqnﬁn1ﬁ§q&5nn&v Tagn17 L iAeuulasasnruauin ¢ con-
trast ) NALTAUNILAZI0HN 980 1un7wu5uﬁu§ﬁun1wué§e arfiniT dagnulasaany

v ot da’n o
ﬂ?WMﬁﬂOﬂﬂGT?ﬂlT?ﬂUTt?ﬂﬂOUﬂDﬁ?ﬂQ

5.2 Low Pass Filter

Low pass filter QuﬁwadatawwznawuééwTuﬁaganww ( image data ) WAL
annaunawuégoﬁauaae?uzﬂ 552 n17éu3nﬁ1£ﬁ1u§utuaaﬁuwtaﬁawfuﬁﬁqq1msunauuas
ﬂ?ﬂuseﬂ wawsiwéwﬁﬂtﬂa%aéﬁwotﬁaaﬁnwstﬂéauuﬂaeaénovoﬂtga NAUDITOEAT 91U
dutus aw70ana9le Taanigle simple averaging filter dujeinduas metrix
5ﬁw;u -averading filter Lﬁu 3 x 3 convolution %0?85 9 element ﬁquaﬂqiu
Eﬂﬂﬁqéwu

dﬁuaoﬁﬂtﬁaiutawﬁwn matrix Qnﬁnuvaaanwxiﬁ convolution mask (1 con-
volution fu nauanqu ( image data ) P fuAdulieAngues matrix £

az1wwa17nm1uwnaﬂawouaewun1uautuq matrix 1“” ﬂﬂ1KNﬂOO a, .. Wﬁ1ﬂ?7ﬂ

vJouluuos tow pass filter 8o
g v '
(1) @.1.9. nowanaodt duuan Uay

»
(2) WRTIINIRUAUDY A.1U.3 Ieaasininy *1°



High pass -
filter -

o DOAMMAMMMAMAMLIMA
2 s\ )
0 | |
(a)’

Low pass
filter ad

JUN 5-1 Results of low pass (b) and high pass (c) digital
]
filter on 8 composite signal (g) containing both low and

high frequencies as well as & DC hias.

ha fn g 179 1/9 19
ha ha Fa|=l19 we 19|
| fis b ha 19 19 1/9

7ﬂﬁ 5-2 Coefficient values of a low pass filter matrix.
|

Brwarintes  @.1.3. 21037 "10 svLuwantsniTieng SreaTaateEnsy 1
A 1 RHANY JAANIL uavuuwnnaaéﬁﬁﬂtﬂaﬁaéuuﬁutuaquqnaﬂae ot Buiuaaenag

nﬁ7ﬂ73qn51ﬁa1uuae d.1.8. ¥UIA matrix 3 x 3 ﬁuiuﬁﬁaga %eqnﬁntﬁaﬁdw
uitoutununas LiitonniJu Tei gradient TeRieiaitainiAns wated low pass-
digital filter lUAITAAMAUMIIATUNIY aﬂu11nﬁ§aﬁ1ﬁtﬁuTnﬂnﬁtﬁawfuw ATiRs) -

wieﬁnmﬁa\u matrix iatﬁu "o" ﬁﬁuuﬂ1ﬁtﬁu bad element 1u gsensor array ﬁqﬁ



~ s

31 ( acquire ) iagaﬁatﬁaiﬂetﬁaoasﬁdwtﬁu "high" W®u§

matrix with

bad element

81A1199  bad pixel feAetiuan

matrix after

low pass filter

"high" Y493 “low" tNTWSNRﬂBQ?ﬂéWQgﬂﬁQ

[{ . a [ [
ﬂ??ﬂ?vﬂﬂﬂ1ﬁ01uﬂ80 low pass filter J¥UNANUNITANUUIAUDIAIUSDS bad pixel
Y .

1 |4
WRUDINTTINVUULSIWUIAUBIUTLUTAUY ¢ neihborhoed ) tﬁu 5x 5 %99

9 x 9 ﬂﬁu17ﬂw§QuTﬂﬂﬂ17lﬂaﬂﬂlﬂﬂﬂwﬂﬂ00ﬂ1?1ﬁ low pass filter AUNTANIWALER

\@8 ¢ bad pixel ) whem ¢ *0* TwuFuainiduianidy 10 wua Qnuaﬂo1§1un1

719 5-1

TABLE 5-1 Effect of Filter Dimensions

Raw Relative
Convoluted Value Computation
Size of matrix Value Bad Element Time
3 x 3 1/9 8/9 - 1
5x 5 1/25 24/25 25/9 = 2-7/9
9x9 1/81 80/81 81/9 = 9

W1 UWIAYDY matrix ﬁ1w@auLﬁutﬂq1iénﬁﬁﬁuvm1ﬁqwﬁ§eLuu1uﬁu§ﬂtﬁaiwe

Asy  udsidgaan lumduae 1 8 x 3 anthanliluemenawnrsu dudanleg



NTeliuan a0 lun 1 Tawalsennana  12a10TENa4R Las 5uquuaota?aa§a wanle

Qsnnnvvaaau1ﬁuﬁuauiwﬁuaé3731u acceptable error tolerance requrement,
L}

5.3 High Pass Fileter

High pass digital filter Renaunuiu low pass filter n1§ filter Ay
1ﬁxﬂéauuﬂaenvﬁuéaeuaeﬁmwwu ( signal )

uauaouaantﬁu back ground qsNualu DC bias 1u13uun17uaetwunauatu113
nﬁnnannaawntﬁanauuﬂnaatnuaUﬁeﬂnnnwwuﬂTu NAUBINT1Y high pass fPilter fiu
uouaawwsuautuauuwn 6 x 6 nnuaﬂe1u histogran 19971 5-3 awuauﬁanaaawaau
tﬂaﬂuuﬂaowsa1utﬂaaun1ﬂ ﬂﬂOﬂﬂUQﬂDUﬂ? ( degree of saturation ) BIBULNT

a.1.q. 909 high pass filter nq11a1n1u.matrix convolution mask YRR

3 x 3 Ap

(1) @l awnTariuldfeuan ¢ positive %70 U ( nagative )

(2) waTIu09 d.1.3. 1fu “o"

\NTEAITINNDY  d.1ld. Mafy "or #audidu pe avqnnni?aéwaaugﬁd aNa
TWIMAY "+1" @10 BC Iediaelian L uRIKaR LYY ( original signal )
A1y filter QnTﬁﬁn #.1.9.999 matrix mesk ¥R 3 x 3 WILBNANIW ¢ image
data ) n1TAn 4.1.4. uasiaua1unnéﬁuae 9 element UALWAWINNS 9 How A lusl
DINTURUY  element mﬂnmmwaa matrix 3 x 3 mask wnmaaﬂﬂan "1" Uay
dr¥3nanatn UAERIAT1DY element §36n 11l ﬂaaaw4nuaﬂanwsﬂ15n1auatuaw1ﬂw1u1ﬂ

5-4 convolution 14929 mask u38ﬂagﬂ1ﬂﬂﬁﬂ00ﬂ70ﬂaﬁﬂ element nnﬂunuo (2,2)



+1

+1

+1

+1

+1

mask

(2,2)

+1

+1

+1

1r g - 1
4 8 8 - - -
4 8 8 - [ -
4 8 8 - - -
J L J L i
data elenent

+(1 x 4)+(1 x 8)+(1 x 8)+{(1 x 4)-(8 x 8)
+(1 x 8)+(1 x B8)+(1 x 4)+(1 x 8)
+4+8+8+4-64+8+4+8+8

+52-64

-12

WOUNE L UDNIHY  matrix azﬂsﬂnﬂnﬂsLﬂ%ﬂuuﬂaozdiﬂa1uéﬂuauﬁﬂtﬁaiwaLﬁae

Lol e 2 o s “ ‘0 o ] ﬂl [ d
ﬂﬂuﬂﬂﬁquZﬂ 5-4 @941y B ﬁagauﬂvwuauwuanunﬁuwuouazuuWQMaanaun1uﬁeqnﬂ1

W wIounuade, high spatial frequency ¥SIRINALTALUBNLINR

b 4 x

x 4

x 4

x 4

x x
b

r~ -

-1 -1 -1
-1 +9 e |
-1 -1 -1

-

7 B q
x x X X X X x x x
4 x x 4 -8 +20 8 8 x
4 x x 4 -8 +20 8 8 b 4
4 x x 4 -8 +20 8 8 x
x x X X X x x x x

effect of modified high pass filter on examples a and b



WU31 high pass filter AWNTRMAAANAES bies lugiage A waEn 19 uoy
AW ( edge pixel ) Au w1080 B Fowauos metrix ULANLDINDT uaLANALTa
vy "high

a. 1. 4-199 matrix FWIT0 modify FewaTanimfy 1 uauwaauﬁnumnn1onn
fmunly 150 filsen nnuw1ﬂ1ﬁnuuaua1un1aﬂwa A uar B

WRUBINTIT convolution UDINTG modtf‘y high pass filter nu‘uausﬂuamm
A uar B smiafeadainaldld e bias naonqaa uavﬂawuaaaasannawa ¢ amplifi-

ed )

Pixel values for
image with background bias

{a)

~—— Shift

°Distribution
changes

Pixel values
image after high pass filter

(b)

Tﬂﬁ 5-3 Effect of a high pass filter on a histogram.
]
When values of pixels are shifted, the shape of the

histogram changdes.




matrix 1WA 3 x 3 LﬁuéauﬁL§n%§nuaz£1ﬁqn1unwiﬁwuaaﬁﬁaaﬁwnws convo-
lution 3368 Ao w818idu 5 x 5 war 9 x 9 matrices WAHADIIIE IRAIILAN
a1 la auta umu%nwsﬁwuvmgnuaﬂaTﬂaaeﬁﬂ7unau ( factor ) 194 2.7 Uar 9 Abu
A7 convolution HP1WI 3 x 3 awu17nﬁ11ﬁ§ﬂ38§n§nww51w¥unw71§a1u1ueﬂuqm
AIMATIN WAL 9 x 9 ANMNTMMUNTEUY 3 x 3 1AEN1TEAAUNT convolution
1mWn 3 x 3 éw%aéuanxwﬁaévuiauquwa tufwviﬁ;ﬁuﬁagaﬁiﬂﬁwﬁq high pass fil
ter  Spaanin %eiagaTuU?tvmnauqn modify URYUDUINAAONITUENE edge detec—
tion tﬂunaﬁuf§u§1u1un17w1awn3uLua tufﬁviwﬁagaﬁﬂaﬁuﬁuﬁuéﬁu contrast ,
chape , location Uy dimemsion

vauaw ¢ edge ) ifwuntinedingw « critical paremeter ) T0IUWIAIW
AN UALATURLIUD DU Lﬁuéaiwﬁqéo Tussuunsuasi syl darnaunni1991n hign

1 v
pass filter 1ﬂn11ﬁ?ﬂlﬂu ( feature ) nnaaauawsuwagTﬁnuu

8 8+ o Tewaw
|
4 4l
o} 0
(= =
4 4 4 4 4 4 4 4 4 4 8828 8
4 4 4 4 4 4 4 4 4 4828 88
4 4 4 4 4 4 4 4 4 4. 8 8 8 8
4 4 4 4 4 4 4 4 4 4 8 88 8
4 4 4 4 4 4 4 4 4 4 88 8 8
r_xxxxx.‘xx X X X X X X x
x 00 00O x x 0 ~12 +12 0 0 x
x 00000 x x 0 =12 +12 0 0 «x
x 0 0 0 0 0 x x 0 =12 +12 0 0 «x
X X X X X X X X X x X X x x
{a) (b)

Tﬂﬁ 5-4 Results of high pass filter on image not having
L]
an edde (a) and on an image containing an edge (b). x

equals last value because of incomplete data.




5.4 Edge Enhancement

WU LS 1IMTOUN TERIN9a0INTLIRIAINNLANAN JUBS gray level TOUAW
1ugﬂuﬂﬁaztﬁuﬁaﬁguuuu§u ( step Punction ) WALAINATARAYLIUAITNANTARTONT
1 FemruwiinToroun v ininanan et a0 s lTEnou D 1 NI B L YO LA TN
\An 5e1uzﬂ 5-5 Tuar i uaFevosnirlfernseuumaa iiu voun v Inalniseliduunn
FUN9% ¢ noise ) 1auaé1uﬁaga57ﬂ

ﬂawugaaﬁqniouaéﬁunWTLﬂgauuﬂaaﬁﬁntauTuéﬁnqwuLﬁuuaeuaeﬁﬂtﬁa AT IR
youswasuaru 1arin lalng nﬁiiizﬂuunnao high pass filter ﬁuiaganﬁu (image
data) @7 operator %iﬁu1ﬂ1w@ QvﬁﬁTﬁnaunwwﬁﬁuﬁéuﬂazﬂiwauaoﬁvSan usniew
Tflusngnarmnssy o

- Laplscian edge enhancement

~ Robert's gradient

- Sobel edge detector

L )/ .

vounINLLLTY ¢ step ) Irugniunesnt JuassdruRuAININERLIAY AT L A0
100 gray level UMUAAEININOINOUATN LAUTHANTAIILIUOUAINADITY ( 2 step )
fo Swxialiuian warBnsunios duay nawun3ﬁeuacx5u§uaéﬁnnﬁ1uansuaun1evuwinc

WYY step



16
Transition in
one pixel —___
Gray
scale
0 —
x direction
{a)
15 Transition over a
number of pixels
Gray
scale
0 7 Ve
x direction
{b)
15
Gray
scale
[o]  —
. x direction
(c}
15
Gray
scale
[o] o
x direction
"{d)

‘Iﬂ'?l 5-5 Types of edges in an image ¢ ideal step (a),wide
u
(b) ,break down of wide edge (c),and ideal step with noise

(d).




5.4.1 Laplacian Edge Enhancement Operator
L Jq:ﬂ .ﬁ & a ¢ v ¢
Laplacisn operstor N{¥lusruuni1TUTENIANAN uwufﬂunﬁuﬂmﬂﬂ1an1 aguuﬁ

' . . (o - vo &
89819y laptltacian uaﬂequzﬂﬂaoﬁanﬁuﬂatuaoiﬂnou

a dat s - )
AMIraad1anInnoL oy awrsalTenalagnl uuanAt 1189 operator 1unnT

ﬂ' [ 3 § ﬂ. d -~
match Nidnoti09 199017 1 H9NuTENIANANITHBIL RULULUAIADR Rotationcally in-
sensitive w9inTUsranawa  laplacian 3911 dufierdaeninig dgwulaadiuaudy

& aa a
AIAINLBBUAINUA L TR 1uﬂﬁﬂﬁ§ X Uag y

LCi,3) = vopCiy§) = ax plis i) + ay plisd)

>
"
1}

[p(i-1,§)-p(i, 323 - [p(i,j)-p(it+tl,§)]

[pCi,j+1)-pli j23 - [p(i,Jj)-pli,j-1)]

>
<
N

\ :
a b c
d e f ax’ = [d-e) - [e-f]
g h i
a b c
d e f ay. = [h-el - [e-b]
g€ h i

- ‘ . . DA .
oTravatL teatues lawanestneatedeiu Laptecien operstor

L(i,j) = b +d + f + h —-4e

5 - 10



w

PR !Iﬂ lla”
L(i,§) awuwsnamzﬂ1ws % mask 19aed

0 +1 0
+1 -4 +1
0 +1 O

a7l Laplacian operator AIWIARIAIINUANANITERINY gray level 19930
Quénawauaoﬁﬂtﬁa UAYATLAREIDY  gray level 1DINALTAtIILEHe 4 A7 lufdnie
umuauuavuuwze Laplacian operator tﬁu high pass filter (NTIEINATINGDY
aloa. e vor wawiugfe a.d.a. e Suunnuavan N171497%09 Laplacian Ay

v
input matrix UDIAI0E1S B UTENOUAILLOUATNNIILUIG ﬂouaﬂa1u§ﬂ 5-6

4448888 X x| X Xix x X
1
4 4 4/8 8 8 8 x 0}+4|-4,0 0 x
4 4 4lg8 88 8 x 0! +4 —4:o 0 x
|
4 4 4l8 8 8 8 x 01+4|-410 0 x
1
4448888—‘ Lxxlx Xix x x
8 +4
0
0 -4
{a) {b}

Tﬂﬁ 5-6 Laplecian operator applied to image containing
u
a verticle edge (a) results in zero crossing identifi-

cation of edge in output (h),
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n171497%10¢ Laplecian ﬁuﬁaganwwuauuaunwuﬁﬁguﬁozﬂ 5-7

nwsuaﬂonaouaunwuﬁtﬁuuanﬁuanaquzﬂ 5-8 NNAlY positive impulse M1y
38 negative impulse LWF1¢ Laplacian operstor ﬁﬂﬁoﬁﬂagﬁuéﬁuaa OUNINIY
Qnﬁwwuﬂﬁwundo1uwiwcaaa impulse ﬁqﬁéuﬁgm%o impulse function FANIW*ZERO"
§eu Laplacian operator @1unTalimiNsouawasuls warniiniassumiAadiu
"ZERO" @1371701H0UAIUMLINDI10UAIN impulse function 310 4 zﬂuuuuaeuauniu

5ouana1uzﬂ 5-8

4 4\8 8 8 8 8 X X X (X X x x X

a4 4\8 8 8 8 x O\ 0 00 0

444}@88 00\3V0~00x

4444 D8 8 x 00 O\Ewa x

4 4 4 4 4 a8 YR 3 x x\x\x\x
(a) {b}

1ﬂﬁ 5-7 Laplacian operator aepplied to image containing
|

an edge at an an¥gle (a) results in output (b)),

vounmuas i dulvounw awnsamuldlufaniineg duiduannasosnsodns

49 9 operator (iu Isoropic 51ﬁunn1iﬁmu15utuaﬁﬁjﬂau1a1ﬁﬁntau1uﬁuLuatﬁa

fisslfidu 1sotropic @7 operator asﬁaaLﬁﬂﬁﬁ@ﬂﬁﬂtawﬁuagﬁuéﬁﬁ order 1iuia1
é uaﬂ11ﬁﬁu1mﬁﬁnﬂjf1ﬁ Isotropic operator ﬁuﬁutuauavnwwugutawﬁgn Qvtﬂu
Lonanus ¢ indentical ) AUNITAINIG tﬁaﬁugngnnquuaztﬁa operator Qnﬁﬁuw1i

operator  Al#lun1avRuItaua IRl Aeatoofunaniaofy  indentity 99
mrulaguulasmnudure s Tauiuaitesiia e Teund Laadn ag§u§5uﬁuﬁ 2 9139

rsanlngAl 1uunndit 0 uAuR S
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Tﬂi 5-8 Results of Laplgcian operator on four types of
' .
edges t positive edge (a),negative edge (b) , positive

ramp (c) , and negative ramp (d).
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N1TUdAS matrix 99 1Ea1%TU £, , o

row : i 1 ———> M ( y direction )

J > N ({ x direction )

-
Cs
1l

Column

MN matrix % M W07 Uar N wan

W, 2 £, M

5.4.2 Robert's Gradient Operator

Robert's ¢gradient operstor ( zﬂ 5-9 ) lﬁ“%%%éﬁﬂniﬁ Laplacian -
operator  \NTIEIINUNTERMULNER 2 x 2 uaqﬁnxﬁauaaudaaqﬂ nﬁsiﬁawuuaoiaga
Qﬁﬂﬂuﬂﬂﬁu%ﬁaﬂniﬁﬁuﬁ d x 3 %99 Laplacian operator Qvaﬂtﬁaﬁ1unﬁ751u1maq
WAEAIINAINITOLUDITEUY  operator 1§ﬁua¥ﬁu§1uuu1nvuaoLﬁaﬂsvuwméw gradient
ﬁnﬁuqﬂuuwnuao operator  LNAUTINAADIIDINATINIDINAANIENATISIRDY  HuAN
sadsranalanld  sumTdrwnwueng naewasauﬁaeéwaugv&naouﬁaauaéna1uuu7

newey



Magnitude operator = (A1 + A2%)'?
Absolute value estimate = | A1 | + | A2]

where Al = p(i, j) ~ P+, 1) and A2 = p(i+1,)) = pli, j+1)

1(1"/7
\/\

,\,1 Newq(ll)—|All+|A7[

N

where Al = (a—d) and A2 = (h—¢)

Operator

Tﬂﬁ 5-9 Robert's gradient operator.
]

2 6 2
i\ \
X J,> 3 4 New (I ) = Q=)+ (S=3) = | 1] + |2] =3
2 3 51
input

I3

14 3

X X X

outpuis after

Robert’s

5.4,3 Sobel Edge Detector Operator

Sobel operator ¢ lutl 5-10 ) tdun1Tarwauuylss fuide i duvasrninuen
u

nwwﬁxﬁugﬂ witinas L4l dinhantasiivioalumadiuag Avesiiaiga dwualilaa
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= (A + 4"

where
a b ¢ Av=(a+2d+g) - (cF A+ ¢
[d c f
g h i Ay =(g+2h+i)-(a+2b+¢)
input
I 0 =1 -1 =2 -1
Ax =2 0 =2 Ay =] 0 0 0
1 0 =1 | 2 |

convolution masks for sobel operator

FS 4 21 5 1—w X X XX ox

2 (D 6 4 2 X 22

3 5 711 3

4 2 .5 7.1

N
wn

A (\5\ \ P

L -

input
(Ax* + Ay*)'"* around pixel 2,2
3+443-2-12~-7="+11
-3-8-2+3+10+7=+17
(=112 + (+ )32
1121 + 49)'2
(170)'? = 13!

g2
Ax

.\
oo

7ﬂﬁ 5-10 Sobel edge detector opersatar.,
o

5.4.4 Other Local Operator
FEmvtmuwnl vdavinaraandeuninin fuumvug  wasnuly  stendard pro-
' vu /-]
cessing package 1¥991UTUATNEOE ( software routines ) ldRuseuumesifinlu

v
n19f1aY Convolution mask Tduuud19n deuanaliliiiel



CONVOLUTION MASKS

1. Low pass filters
(coefficients
positive and added
to une)

1

. High pass filters
(coctficients added
to zero)

3. High pass filter with
DC Bias
{coelficients added
to one)

4. Gradient-directional
{coefficients added
to zero)

5. Shift and.ditference
filters (coelficients
added to zero)

6. Blurs

7. Difference filters

8. Vertical
differentiation filters

9. Horizontal
differencing and
vertical smoothing
filters

10. Laplaciun filters
(coefficients added
to zero)

11. Bright region
expansion

Convolut ion mask

0.1 0.1 0.1 1116 18 -1/16
0.1 02 0.1 18 14 18
0.1 01 0.1 ] 116 18 116
0 -1 0] T
R T2 iy
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-1 -1 ] N|1//447 4
-1 9 - W52
-1 -1 -1 N
g Xt AN X ¢
2 -2Y § ALY
-1 =1 =1 (-1 -1
: N, NE
0 0 0 R XC M
20200 \ 0 0 Y
= o 0 0]
Vertical edges Horizontal edges
— i —
0 0 0 sl
e, PAN! o HIRITd
o 0 o b W |
Horizontal Vertical
[0 1 o0 0 o o
o o0 o0 N\ e (&
Lo -1 0 P\

Vertical *  Horizontal

Take absolute
value
difference {7).

1 0 -1
1 0 =1
1 0 -t
0 -1 o 1 -2
-1 4 -1 -2 4 -2
0 -1 0 1 -2 1
Maximum of 1 1 1
1 i 1
. 1 1 1

T
-1 -2
-1 1

E
[0 o
051
=

Horizontal and
vertical edges

1 0

0 1

0 0
Diagonal

17



. Medium lilter

(reduce cumera
noise)

N

. Enhance line

segment
{coetticients added
1o zero)

. Edge detector

. Line detector

. Templute matching

(Cross correlation)

Convolut.ion mask

Fifth largest of 1 1
1 1
1 1
=12 =1 IS Ay
-1 2 -1 2 2
 dll 2 =) -1 -1
Vertigdl Horizontal
A
Max (A) = (&) [ 1
where: A=11 |
L1 i
a2 = A = Min
(Min{Max(Max(8N)
where: 0 0
A=110 1
Lo o

[~
[~ =]
—

-1

=)

==
2
-1

2
=l
-1

L-R Diagonal

T
0
Lo

0
|
0

0]
0
0]
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ATRE15-ATeAN

( Zero-crossing )

6.1 ZERO-CROSSING OF LAPLACIAN-GAUSSIAN FILTER 1MAGE

ansilfun 1911 convolution mask tTog Marr1 1y 2 38 Ao
]

3 1 _‘: -2
Ve ) = 5 (2 - (L‘i*“)»

(* + '\.Z)l

(1)

)]

- exp [— =

F 0 1ludneTiuee Geussisn warlTIARLGLE W = 202 unuAnuninetes

central excitatory redion naaﬁa operator %ﬁdﬂ parameter ﬁﬁaq1ﬁuaﬂe1§1u

TN 6-1
Y

LoG

i W k=
et |

1ﬂﬁ 6-1 Parameters associated with LoG masks.
]

mﬁuﬂquﬁuaa Marr-Hildreth 712102801TATIIMNIDUABINU(edge detection)

“‘ ] [ d o g r- ‘.
delonana1377 A fureusunw C(intensity edge) LRARTNITN AINNAELDEANLAN



ﬁ1eﬁu (different resolution) QeQnNUTﬂﬂ convolution nﬁwﬁuagnfuﬂaq LaoG
filter ?;?m’z’mumnv'rmﬂae spatial frequency parameters uaumn&umté'ume%o
convolution WAYLW output AAKEIY "ZERO®

n'\ﬂﬂ?;ﬂuuﬂawauﬂ’z’)m%u (intensity) E‘I‘nm')wﬂumw%mm H(x,y) lag
N1T¥1 zero-crossing 1uzﬂauﬂﬁ7 sz(x.y)*I(x.y) Lﬁa * uaﬂaﬁonws convolu-
tion awlalun1TnT0 (Pilter sensitivity) fon1TiUbanulasainu. sy %uaéﬁu

Al W (W = ﬂjﬂungﬁaﬂaa central excitatory region 199 operator) uasﬁqﬂaﬁ

Gaussian () Faarlatenq wlariulalunis Fiteer

Tﬂﬁ 6-2 The point-spread function corresponding to -
bl

Gaussian filtering followed by differencing is closely
approximated by the difference of two appropriste -

Gaussians.




6.2 nwsnscasvnwsxﬂ%nunﬂaannqu;%g (Detectiop of Intensity change)
Lﬁaﬁnﬁstﬂ%ﬂuuﬂaaﬂawutﬁutﬁgﬁu avﬁwiﬁtﬁnaﬂﬂaﬂ (pesk) |u first dire
—ctional derivative uaemﬁmfm Ua¥ zero-crossing cl'u second directional
derivative 5q2ﬂﬁ 6-3 nWTWTQqunﬁilﬂéﬂuuﬂaﬂﬂadﬁﬁﬁut%MQﬂﬁﬂqﬁaﬂaa L%@%Qu
%1 zero-crossing 14 second derivative uavnvﬁut§u1uﬁﬂn1aﬂacﬂﬁﬁuﬁu§e§ﬂ
(maximum slope) @& ﬁ’\uwfw zero-crossing Tﬂﬂ‘lf orientation-independent
operator Q1WIUNIINT  convolution LANANAILHADLNEY 1 a¥s uav Famawnld

Qﬁnﬁﬂﬂiﬂuguéeéﬂ

bi(x,y)

b+h;

Pt -——

‘Iﬂ?l 6-3 Response of a step to a LoG mask,
L]

d v a o
71l 6-3(a) UAAIAIINLTNLDIUBUTAQUDY Ideal step edge 1uhena d___ @
. ] L]
%71 slope MIAAIN zero-crossing 5ﬁxﬂu3ﬂ§oiﬁuauaa filter LUAgUAINNY zero

TuuFioauma 3 x 3 A1 magnitude anuTeAwale 3 58



1)Local slope Ad A1 slope ﬁuwnﬁqa v 4 famefidululy vosuFion axa
[] v
2) The peak to peak difference @9 ?ﬂﬂﬁaﬂuavaaéﬂﬂaaneaaaﬁwquaq zero
' L]

-crossing Qnuuxﬁu local slope ¥IAN@R [ lpz-Pt Tusih 6-3¢m) 1
L} . b}

r- ] v ( gd:‘ v o dﬂ
3)Energy A® nwauy7anadwun1ﬂ peak-to—-peak curve 1u1ﬂn 6-3(b) fRa
v

t |a |+|a_ | Tusdh s-3(m) 1
1 2 -

%aaaq%%wﬁoﬁnwiﬁﬂuaaﬁéqawn AILuSILAoN 1 TIFUTN

6.3 équaéwnaqnaunﬂuﬁgﬂﬁaa%%Tsﬂsaaée

( Edge Position Accuracy at Zeroc-Crossing )

nwvnvaaﬁuuaunﬁuﬁuﬁwuwﬁaﬁgnﬁaeuaauaunwuﬁuaéﬁudﬁ W oiZo w o@p M
excitatory region naeﬁa operator Tﬂﬂﬁ?ﬂ1ﬂ zero-crossing contour Qxﬁéw
uognIA1 W uazawaaéﬁnﬁu zero-crossing contour 194ANVILHINALAEIAY 0814
11hana ﬂiﬁngnWT&iﬁtﬁuﬂsuTaﬁﬁiunwsﬂTuqnﬁiiowu éﬁgﬂé@ﬁ»ﬂﬂ%@vwwuaunaanww
Vrloh snungaah s vorfianuus « Suliudame 19u lunaw halftone Zﬂﬁ 6-4

1uzﬂ% 6-4(a) | TuroUAMREANMALAINNAIISUDITANLNARY d (solid 1ine)
ﬁunﬂuﬂae LoG (broken line) 57ﬂd1 central excitatory region Lﬁﬁﬁu w zﬂ

6-4(b) UANINANDUANDIUDY operator (broken line) wadiaudteluuuaaedus

=So.

RN zeno-ordds (ny aniaasuuauﬁwwunWﬁxﬁuuau A0 d<w AaeTuanauauoeh
(W-d)/2 uazuuiﬁnuﬁ position energy Uﬁnﬂiﬁ nagative enerdy (ﬁuﬁuTLQﬁ)
1uzﬂ% 6-5¢(a) YWIANDY d > W UAROERI & (s = WUINUBY operator) zﬂ%
6—-5(b) UWOINANDUIUDINUDY operator (broken line) uautﬁuﬂsuiuuuvéc 2 L5u
LARIAIURLIDIIBUMN  zero-crossing 3| Funuatuniezosrotiuinoule uiavay
éeﬁagnﬁadanuwnuaonauéuqﬁaﬂ positive energy  #4AJNANNINNIN negdative
energy %quaunwuﬁaegnuanTﬂﬂdﬁ s ﬁﬁaaﬁqﬂ tdaﬁazaaagnwﬂ%aﬁuuauﬁu
voufiansart fui funTeuarRiean (ramp and roof) wulguin second deriv-
ative operator AYIWANDUANDIRD "zero® i iuAnidarnnaluidunTefiianmee. Jay
§11u1A199 operator FANNNNNIINTOLMIAUAINNSAILBILAUATY FIBRIOULDL FuAT o

ﬁnfaaﬁqn A179¢ 183NN21A1189 operator (s)
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2ﬂ% 6-4 Hatftone Image : (a) Gray level image (512 x 512 pixels),
(b) Zero-craossings at pixel accuracy from % = 16.3.(c) Zero-cros-
sing at pixel accuracy from reduced image (128 x 128 pixels) and
a LoG withd = 4,2, (d) subpixel precision zero-crossing from (c)
with 174 th pixel accuracy. (e) The quant ity 10g(1+F2) y+ where f
f is the spectrum , for the full resolution ( 512 x 512 pixels )
halftone image. The quantities were threshold at 1/255 the value
of the -peak. (f) The same quantity for the reduced version of the

halftone image ( 128 x 128 ) pixels.




v ]
AWUBY  LoG F2aMe W Ul s 15uam01uzd 6-6(a) wiouNuANN1TLIREULIRY
199 ramp WARBUAUIIUDY operator,‘lé\'uaﬂﬂﬂuzﬂﬁ 6-6(b) (broken line) %oy
ﬂ. (7] v ﬂl v ﬁ' + o v
naonwwnasqaqu\auanaiuzﬂn 6-6(b) laaiawlseluuwifignrimfiuainuniie d ey
{ v 1
wuTNAteEnI11u1e s Nariuvousr luantinua 1 NolinT93u zero-crossing M9
']

viulugd 6-7(a) war (B
“

zﬂ% 6-5 (a) A Log with an excitatory region of width ¥
(broken line) superimposed on the profile of a8 bright
feature of size d.(h) the filter reponse (broken line)
shows that when d < w .The zero-crossing are displaced
by (w-d)/2.As indicated by the position of zero-corss-
ings (vertucal dotted lines). Nearbhy edges have & lar-
ge influence on each other's magnitude } the positive

energy is much larger than the negative energy.
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(b)

Tﬂﬁ 6-6(a) The same LoG filter superimposed on the pro-
L'}

file of a wider feature of size d. (h) The filter res-

ponse shows accurate position of zero-crossing as long

as d > w althoudh edge magnitudes are still influenced
by a nearby edge if d > s , the size of the filter.




(a)

(b)

1ﬂﬁ 6-7(a) The width d of the ramp edde (solid line) is
“

larger than the size s of the operator (broken line).

(b) No zero-crossing is detected

in this case,

ection of ramp eddges requires that d < s,

The det-
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Zﬂ% 6-8 The profile of a roof edge (solid line) whose
ramﬁs ha&e a width d smaller than the width w of the

exitatory region of the operstor (broken line) is
shown. (b) The zero-crossing are detected since d < s,

but thay are displaced since d<{w as with the step edge.




HANDUAUDIYDY operator M9 roof edge NUAY 1uzﬂﬁ 6-8(a) Qnuana1uzﬂﬁ
6-8(b) Q1AAATINY d DY remp FALDEAINAT W zero—crossing ILADUALDIIaE
NITUNUAIEAT  (W-d) /2 Linihaanulundii step edge BaudindnBuauos ramp ufar

[T o v v o
ramp UHUUUINUDIUSLUAREDY v UL IUUENINNAY

6.4 Separable Decomposition of LoG Operator

Toeln@eeld  operator %inuwmiw@ oY PRI PTIERE FEPS. L NS,
1719814 operator  WIMLANAINTALTAR 5 x 5 Tunqnai Lﬁaﬁavaﬁuagu operator
WIATKYY N7 convolution fag operator wwiRlMEqariilF L Faia1an Felu
aﬁmt111inﬁ7ﬂtuuwm LoG operator 51ﬂ Difference of two Guassian (DoG) %q
auinafufiin  space  constant quwaﬁaﬁqﬁ1ﬁ DoG unu LoG ALWTIEdn¥mynIIne

o .~ a a v & o va w
AUUUL B ﬁi%lﬁ?ﬂﬂiﬂﬂ 6-9 ﬂuﬂﬂﬂiﬂLﬂuﬂﬂﬂ11ﬂ1ﬂatﬂﬂﬂﬂu

boGy / Loty

zﬂ% 6-9 A LoG filter (solid line) with 6 = 12.35 and the
closest possible DOG (broken line). corresponding to &
= 10 and 6 = 16, in the optimal ratio proposed in [51].
The DOG requires a slightly larger support (4W) than the

LeG (3W),
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6 - 11
) v v ° a { . ﬁ ) )
uﬂ1ﬂﬁﬂ?ﬂﬂl1ﬁ1ﬁﬂ11n101%ﬂ30ﬂauu1lﬂBT Tatuan Gaussian 11w 2 @7% ud
avafodn 1 SRAe woruaewsn Fearmlfiaannltanassin M- (lunamia convo-
tlution Uni) 13y 2% (Taan938m separate) t17FsuuIImTlTvanalafiaaindn

a vo lo '
vludnmal warlaninivuanyendy Lo aaniilu uiily row filter Way column
i 1 wael Jandy LoG du 2 dauiiln filter Way col

filter

v3G(x. y) = K<2-—££¥i512 cxpl—-Qi—ifijl (2)
G- I 20° |

where K is a scale factor. Equation (2) can be rewritten
as the sum of two separable filters, Jija(x, ¥) and I, (x. v).
as follows:

T Glx. ) = hyateo v) + Day(e, v) (3)

where ;
s vy = h(xhs(y) (4)
hay(xe ¥) = In(x)n(y) (5)

h(g) = VK <l = g—,) exp

(6)

ha(E) = \/}exp [ . = (7)

-
2¢°

M K %tﬁan1§avLﬁuﬁuﬂﬁuﬁnégoqﬂnae filter Feaanovtidenndiuauin
Yot iEenTe watToNtosdulTEangune filter FAntiL "0* mirAwImIranasles
AITLENMTAN convolution fy 2 zﬁaﬁqvaﬂnqitiﬁﬁaia%a wartalglfeudi fitter
TANUAYAINMIRY  row  Lap column %qaﬂi1uvuﬂ¥ouaonwsquﬂaﬁaﬂsunauguq1ﬁ

%38 2

6.5 5ana§ﬁn§u3ﬁun17ﬁ1uwaxiaﬁwwuaﬁwuxianauuauﬁﬁnﬁanaen1u

{ Predicate-Based Algorithm For Determining Edge Location and Orien-
tation )
LI. v (Y] ) v » [
Lua‘lﬂj Second Derivative Edge Operator adld% LoG uauwanw‘lﬂ Tﬂim']
“

v o ' a - v w» a
uwummuaummgmaomi Convolution |.ﬂaﬂum‘:awmmﬂummumu (Tmm
) ' ° v é ' [} a aq v
Zero-Crossing wa%monma) mwsumﬂﬁﬂw‘faﬁu DEREES ) ‘WUU'&LF]OTTOTI‘I'Q

Epipola Geomety Zero-crossing 919387193116 lngn15aunuawn laainnisan
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a1 9101 Lo snTnananens o mitrndnisodufidn 15014 operator
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+
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( Stereoc Vision and Experiment )
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WanI1INnaa v

oFs = 10 om.
i = 7 mm.
k = 0.009 mm./pixel
L(x) R(x) Different 2Ol | zhwm | + % Gawann
(pixel) (cm.) (cm.)
26 -59 85 100 91.76 8.24
21 ~64 85 100.7 91.81 8.82
14 -70 84 101.4 92.97 8.31
9 ~78 84 102.3 93.02 9.07
3 -80 83 103.2 94. 20 8.72
-2 -84 82 104.05. 95.40 8.31
~7 -89 82 104.9 95.47 .98
=02 -84 82 105.65 95.54 9250
¥ ~97 80 106.4 97.98 7.91
<29 -103 80 107.1 98.07 8.43




aE - 8 cm.

Toge= 7 mm.

k = 0.009 mm./pixel

L(x) R(x) Different zC¥ald) | zAwaw) | + % Reawaie

(pixel) (cm.) (cm.)

14 =49 63 100 98.96 1.04

10 -53 63 100.7 98.00 1.68

3 58 61 101.4 102.28 0.87
=2 -63 61 102.3 102.34 0.04
-8 -68 60 103.2 104.10 0.87
-18 =73 60 104.05 104.16 0.11
— 1B -78 60 1049 104.22 0.65
=23 —82 59 105.65 106.05 0.37
~2Z8 =87 58 106.4 107.95 1.46
-33 -91 58 107.1 108.01 0.85




di & 6 cm.

Fei o 7 mm.

k = 0,009 mm./pixel
L(x) R(x) Different zAald) | z¢dwam | + % Bewane

(pixel) (cm. ) (cm.)

5 -41 46 100 101.58 1.59

1 —-44 45 100.7 103.86 3.14

=6 51 45 101.4 103.93 2.49
<50 +35 44 102.3 103.96 1.62
‘—17 —6% 43 : 103.2 106.38 3.08
SYe —=0b 43 104.05 108.90 4.66
AT =10 43 104.9 108.96 3.87
=82 -75 43 105.65 109.02 3.18
= -80 43 106.4 109.10 2.53
—-41 -84 43 107.1 108.15 1.91
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