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5.1 ElfgiR /e ET iRmiaR

HZMEUBAT RS, MRS
WM SERMFIRIANE
H [af 1(X’ y) +b f 2(X’ y)] =aH [ f 1(X1 y)] +bH [ f 2(X1 y)]

B BAT: MAEBE, WHERENER
HIf(x—a,y-B)l=9d(x—«,y-f)

FIGURE 5.1 A
) model of the
flx.¥y) image
degradation/
restoration
pProcess.

Degradation
function
H

Restoration

f(x.y) filter(s)

nlx, v)

DEGRADATION

g(x, y) =h(xy)* 1(x,y)+n(xy)
G(u,v)=H(u,v)F(u,v) + N(u,v) 5

RESTORATION
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R HH
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\k

HF

3 1%37:%1 CCD#E#1
g kiR

o2 7 B 25 SR 1 AR ST A 1
FEHFEY: BRENERFESh
B SuEsEME . A TEFouriersiig _ ERY TR
JURh SR i P A A
B SHERE (Gaussian noise), Bs F1IE & (Rayleigh noise),

JE =M= (Erlang noise), 35 #1% /& (Exponential noise),
15 5]0 75 (Uniform noise), #ELME 5 (salt-and-pepper)
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o (2-10) /267 (pyting s

y
p(z) = \/—0
“f(7_ (z—a)’/b
0(z) =1 b (z a)e” for z > (}ﬁ”ﬁﬂuﬁ,‘gﬁé)
kO forz<a
b_b-1
a'z e forz=0 .
p(z) =< (b-1! (Ju. =R )
0 for z<0
ae™® forz> .
Z) = e
P(2) {O for z<O (E' )
1 |f a<z<b L
p(z)=<b-a (F51 2] e )
0 otherW|se
P, forz=a
p(z) =1 p, forz=b  (PELMEF)
0 otherwise
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FIGURE 5.3 'lest
pattern used to
illustrate the
characteristics of
the noise PDFs
shown in Fig. 5.2,
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Craussian Rayleigh Gamma

SR

de f

FIGURE 5.4 Images and histograms resulting from adding Gaussian. Ravleigh, and gamma noise to the image
in Fig. 5.3.



Exponential Uniform Salt & Pepper

g h i
J

=]

k 1

FIGURE 5.4 (Continued) Images and histograms resulting from adding exponential, uniform, and impulse
noise to the image in Fig. 5.3. 2



[E1 BARsE 7= (Periodic Noise)

a
b

FIGURE 5.5

(a) Image
corrupted by
sinusoidal noise.
(b) Spectrum
(each pair of
conjugate
impulses
corresponds to
one sine wave).
{Original image
courtesy of
NASA)

cos(2mugx + 2mvyx)

DFT

1
> [6(u + Muy, v+ Nvy) + §(u— Muy, v — Nvy)]




i

FIGURE 5.6 Histograms computed using small strips (shown as inserts) from (a) the Gaussian, (b) the Rayleigh,
and (¢) the uniform noisy images in Fig. 5.4.
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AFHERFNER

BT =R A 72 A (AT X N RSE A=
gx,y) = flx,y) +n(x,y)

i e R IR

)-Lfl:l] I%J . /lL. / ﬁE

m H{EERE (Mean Filters)

B XFGitiERas (Order Statistic Filters)

B BHi&NiER#s(Adaptive Filters)
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O BEARF4585 88 (Arithmetic mean filters)

(s,t)eg
O JLAAT 2245858 28 (Geometric mean filtelr)
i Jmn
fon=| TT g(st) (IO TR )
| (S)esxy i
O] R0 3558 K 28 (Harmonic mean filter)
R mn
f(x,y)=

Z 1
(s0)eg,, g(s,t)
O AR I55E 8 88 (Contraharmonic filter)

> g(st)”

A B (s,t)esxy

f(x,y) 5
>, g(s,t) 17

(S,t)ESXy
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FIGURE 5.7 (a)
X-ray image.

(b) Image
corrupted by
additive (Gaussian
noise. (¢) Result
of filtering with
an arithmetic
mean filter of size
3 %X 3.(d) Result
of filtering with a
ceomelric mean
filter of the same
size. (Original
image courtesy of
Mr. Joseph E.
Pascente, Lixi,
Inc.)
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FIGURE 5.8

(a) Image
corrupted by
pepper noise with
a probability of
(.1.(b) Image
corrupted by salt
noise with the
same probability.
(c) Result of
filtering (a) with a
I X3
contraharmonic
filter of order 1.5.
(d) Result of
filtering (b) with
0 =—1.5.
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ab

FIGURE 5.9 Results
of selecting the
WIONg sign in
contraharmonic
filtering. (a) Result
of filtering

Fig. 5.8(a) with a
contraharmonic
filter of size 3 X 3
and Q = —1.5.

(b) Result of
filtering 5.8(b) with
Q= 15.
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B P JEV 25 (Median filter)

f(x,y)= rpebdlan{g(s t)}

B B%ﬁﬁ%é\?)ﬁ?ﬂi #%(Max and min filters)
f(x y)_ max { (s,1)}

f(x y)_(rtr)un {g(s,t)}

m S/ﬁﬁz%g(Mldpomt filter)

f(x,y)== Lm)az;( {9(s, t)}+(rtr)nn {9(s, t)}}
B Alpha# B A7 {H i i % (Alpha-trimmed mean filter)
o) =—r— 3 g "

(st) €S,
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FIGURE 5.10

(a) Image
corrupted by salt-
and-pepper noise
with probabilities
P,=PF =01
(b) Result of one
pass with a
median filter of
size 3 X 3.

(c) Result of
processing (b)
with this filter.
(d) Result of
processing {(c)
with the same
filter.
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FIGURE 5.11

(a) Result of
filtering

Fig. 5.8(a) with a
max filter of size
3 % 3.(b) Result
of filtering 5.8(b)
with a min filter
of the same size.
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FIGURE 5.12 (a) Image corrupted by additive uniform noise. (b) Image additionally cor-
rupted by additive salt-and-pepper noise. Image in (b) filtered with a 5 X 5:(c) arithmetic 24
mean filter; (d) geometric mean filter: (e) median filter; and (f) alpha-trimmed mean fil-

ter withd = 5.
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54 %ﬁiﬁﬁil&\;} 3\I.'|37"\}% :/H:HI];T%E

BERINMERY B HARE A
w75 BE B K 2% (Bandreject Filters)
BT8R K 25 (Bandpass Filters)
m % 388 22 (Notch Filters)
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o PEER 25 (Bandreject Filters)

=

-
@E
G
—+

BT BH JEE % 25 (1deal Bandreject Filters)
/1imeW<m—%

H(u,v)=<0 if DO—V?Vg D(u,v)sDO+V?v

1 WD@W>Dﬁ%—

Butterworthis FH €% 28 (Butterworth Bandreject Filters)
1

2n
14 ;)(u,v)W ,
D“(u,v) + D§

H(u,v) =

= 2 BEL ke U 2% (Gaussian Bandreject Filters)

2
1{02(UYV)+D%}

H (u’V) = 1— e_E D(u,v)W 27



=1]

T PEER 25 (Bandreject Filters)

i fl"'r LI LEL O |||"||
.,|||||

L p

FIGURE 5.15 From left to right, perspective plots of ideal, Butterworth (of order 1), and Gaussian bandreject
filters
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H
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e 8% (Bandreject Filters)

ab
¢ d

FIGURE 5.16

(a) Image
corrupted by
sinusoidal noise.
(b) Spectrum of (a).
(¢) Butterworth
bandreject filter
(white represents
1. (d) Result of
filtering. (Original
image courtesy of
NASA.)
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¢

G

1R 38K 2% (Bandpass Filters

T I R VR s 5 iy PEL I I 4 T REAH I
H bp(U,V) =1-H br(uvv)

FIGURE 5.17
Noise pattern of
the image in

Fig. 5.16(a)
obtained by
bandpass filtering.
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FIGURE 5.18 Perspective plots of (a) ideal. (b) Butterworth (of order 2), and (c¢) Gaussian
notch (reject) filters. 31




a
bc
de
FIGURE 5.19 (a) Satellite image of Florida and the Gulf of Mexico (note horizontal sen-
sor scan lines). (b) Spectrum of {a). {c) Notch pass filter shown superimposed on (b).
(d) Inverse Fourier transform of filtered image, showing noise patternin the spatial do-
main. (e) Result of notch reject filtering. (Original image courtesy of NOAAL)
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5.5 iR R ZE

iz Ef& El’h.%*%*i!?’a
B AAEZEMMERE

9(x, y) = h(x,y) * f(x,y)
G(u,v) =H(u,v) - f(u,v)

BITRICERE R (x, y) BIFF A
®E W EM& i3 (Estimation by Image Observation)
A SERE{H T (Estimation by Experimentation)

B EE HF EAR G (Estimation by Modeling)
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(1) EMGINGET

O Rig: RUEEREAZ%ME, LEATHY
H [af 1(X’ y) +b f 2(X’ y)] =aH [ f 1(X1 y)] +bH []c 2(X1 y)]
H[ T (x—a,y-B)]=9(x-a,y-p)

O BEEGRASFEEERRMETREEKH
[
[

MNEGHIEREREESATHXE (SXLEE)
SPZEG TR, SRIRFIRERMRER
MG EEFITHELE

n AETREZ FEREIGIE, AihREREINE
_ G(w,v)
H(u,v) = F(u,v)

35



(2) 5Lt

iRtz i &iail, ES MK

Xt IR IT RS, MMZERB) A RS R
gx,y) =6(x,y)*h(x,y) = h(x,y)

&

FIGURE 5.24
Degradation
estimation by
impulse
characterization.
(a) An impulse of
light (shown
magnified).

(b) Imaged
(degraded)
impulse.
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(3)

O xR iEzE FR4)TE

FIGURE 5.25
Illustration of the
atmospheric
turbulence model.
(a) Negligible
turbulence.

(b) Severe
turbulence,

k = 0.0025.

(¢) Mild
turbulence,

k = 0.001.

(d) Low
turbulence,

k = 0.00025.
(Original image
courtesy of
NASA.)

.IE.E
>f_|lj
IH
<l

SR

TS

H (U,V) _ e—k(u2+vz)5/6




(3) EF=R{LTT-1l

O NEXRFRBESHFERE

-
g(x,y) = jo f[x—x, (1), y— Y, (0)Jdt 906, ) FHIT  SURAT 47
@ x(Yy=at/T; y(t)y=5bt/T
T : — ja(ua+vb)
Hu,v)= sin[7(ua+vb)le™’
7(ua+vb)

FIGURE 5.26 (a) Original image. (b) Result of blurring using the function in Eq. (5.6-11)
witha=5b=01land T = 1.
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[

pE Ri=EY
G(u,v) =F(u,v) -Hw,v) + N(u,v)
B% J\%1%’ ET:::F%U E['i 73'&
F(u,v) = CH;((l:\\//)) —>  FU,v)=F(u,v)+ IIE:EE://;
FHTN(u, v)xH, BIESEIFEREREH(, v), BXELSH
HiF

ERLEANE, H(u, v) A0EEZIEE/NEIE, mMF(u,v)iE

RSB K, SHERANEEEEWER

B ARG E: PREERBINER, ﬁﬂw&}_ =

® H(0,0)fESmZERE HiEEZH, V)EI’J , BT nER
PREIZEIR m B IE o 4T, Fmb Tﬁ?@ﬁﬁ’\]*ﬂ%i 40




FIGURE 5.27
B Restoring
Fig. 5.25(b) with
Eq.(5.7-1).
(a) Result of
using the full
filter. (b) Result
with H cut off
outside a radius of
40: (¢) outside a
radius of 70; and
(d) outside a
radius of 85.

K[ (u-M 12" +(v-N12 T
H (u,v) =g M=
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5.7 &/NITIRE (H) JRIK

D gﬁ élt.l 51&\5&

A% RBALR BRI G, #ITERER

WACEHT: BMLRISREIR B2 AR5 IRE
e? = E{[If — 7]}

BME ik EIRE, AR

F(u,v) = = LICU) G(u,v)
H (U, V) [H(u,v)[" +S, u,v)/S, u,v)

BRI
v KAIBE AR HiERE, FEEENEGURSREE
TR
H (U, V) [H(u,v)| +K

F(u,v):{ }G(U,V)
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15 B 5 4 4 0 EL ER

aublie

FIGURE 5.28 Comparison of inverse- and Wiener filtering. (a) Result of full inverse filtering of Fig. 5.25(b).
(b) Radially limited inverse filter result. (¢) Wiener filter result.
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FIGURE 5.29 {a) Image corrupted by motion blur and additive noise. (b Result of inverse filtering, () Result
of Wiener filtering, (d(F) Same sequence, but with noise variance ong order of magnitude less (g)—(i) Sama
sequence, bul noise variance reduced by five onders of magnitude from (a). Note in (h) how the deblurred

image is quite visible through a “curlain™ of noise.
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5.8 R /N FIEM

O S%9niE R tEEE
B AEEMEESMRENIUE, (NEMERAENERN S =
B BEERNREREREN P, RECERHNE—IBEKER
O SEIAE
B EMERERSIENE A EEREER
g(x,y)=h(x, y)* (X, y) +n(X,y)

v

g=Hf +n

g, f,n MXN - MN X1
H: MN X MN
47



5.8 AR/ FIEH

M—1N-1 2
LIEFEEARE min C = [sz(x, y)]
Eﬁﬂ"]%ﬁﬂj x=0 y=0

subjectto |lg = HF||" = lIn |2

1z B R B Shia .
F(u,v) = n Y

> = |G(u,V)
_\H(u,v)\ +y|P(u,v) |

0 -1 0] FFT

p(xy) = -1 4 -1| S PUY)

0 -1 0

- - 48




5.8 )R /N_FeFTiEK

O RFEsRFHNRRHER, FILE

a blle

FIGURE 5.30 Results of constrained least squares filtering. Compare (a), (b), and (c) with the Wiener filtering
results in Figs. 5.29(c), (f), and (i), respectively.
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O HEHERE (CT) JRIE
n XGPSR AE T HE, BURkiny, EE—EI"4EIR
" EMERRELRENERLSR, ATLUEREMIEMENRZR

Absorption profile

A
liml

|
e
(T

5.9 %

A3

a b — e
cde — -
FIGURE 5.32 — N
(a) Flat region Beam _» -
showing a simple — -
object, an input —_ -
parallel beam, and —_ .
a detector strip. —> -
(b) Result of back- — N
projecting the \_ Ray Detector strip —

sensed strip data
(i.e., the 1-D absorp- m

tion profile). (c) The
beam and detectors
rotated by 90°.

(d) Back-projection.
(e) The sum of (b)
and (d). The inten-
sity where the back-
projections intersect

TIRTARRRAANRRRIRIAR

is twice the intensity
of the individual
back-projections.




5.9 A= EEEZE %

O i EHERE (CT) [RiE

" BEERFHERNEMN, THRXRFREEENT SR
AR XEREE, SEZERFR

" KA, BRXEFXESER, ROIAEXHIRFIFRIEA

de =2
S

abc

d et

FIGURE 5.33

(a) Same as Fig.

5.32(a).

(b)—(e)
Reconstruction
using 1,2,3,and 4

backprojections 45°
apart.

(f) Reconstruction
with 32 backprojec-
tions 5.625° apart
(note the blurring).

e




5.9

THEALETE (CT) [RiE

s EEEE

B ETRFEE, AJURE tlj/‘%’a/\%ﬁ‘ﬂ’]l%

abc

dliel &

FIGURE 5.34 (a) A region with two objects. (b)—(d) Reconstruction using 1, 2, and 4

backprojections 45° apart. (e) Reconstruction with 32 backprojections 5.625° apart. 53
(f) Reconstruction with 64 backprojections 2.8125° apart.




5.9 AN EE

(T

THE LR = (CT) [RIE

® 1919 Johann Rodon##
RadonZr#:

m 19624EAllan M.
Cormack, Tuffs Univ. ¥

THCTR A

® G. N. Hounsfield, =t [E &
HEMI A E] TAEM, [F
Mgt — & EAHCT

® A. M. CormackflG. N.

Hounsfield3k19794E 4
NIREEEAL

ab
cd

FIGURE 5.35 Four
generations of CT
scanners. The
dotted arrow
lines indicate
incremental
linear motion.
The dotted arrow
arcs indicate
incremental
rotation. The
cross-mark on
the subject’s head
indicates linear
motion
perpendicular to
the plane of the
paper. The
double arrows in
(a) and (b)
indicate that the
source/detector
unit is translated
and then brought
back into its
original position.
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o1
©

JLE/ ==
% 22 FNEE B 2L #% (Radon Transform)

. H _|_ - H _ v’ 1 A.Poi‘r_]l_:g‘(,_r;j. ;) In

A COS y sin P (\’fnmpllclc projection, g(p. t). \ ~N"-{‘_‘ < the projection

\k for a fixed angle 7/ ;
P " X ‘.,‘. i

0) - L(pp o)
\ K0
e Ui

%15 9(0,.0)=] [ f(xy)d(xcoss, +ysing, - p;)dxdy

9(p.0) = [ f(x,y)d(xcos+ysin&— p)dxdy
M-1N-1

g(p.0) =D > f(xy)s(xcos@+ ysind— p)dxdy

x=0 y=0
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5.9

]
(T

2y

ZTT"_/ FE

(sinogram): g(p.9)

180

135

6 90

45

P

ab
cld

FIGURE 5.39 Two images and their sinograms (Radon transforms). Each row of a sinogram
is a projection along the corresponding angle on the vertical axis. Image (c) is called the
Shepp-Logan phantom. In its original form, the contrast of the phantom is quite low. It is
shown enhanced here to facilitate viewing. 56
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(rrd

EEERK

O MIESZE g(p, 0) BRI RIFEE S (x,y)
f, (X,¥)=9(p,6,) =9(xcosb, +ysing,, 6,)dxdy

5.9 %

3

A3

fo(x,y) = g(xcos8 +ysinf,0)dxdy

(" N Xt BT AT A (x, y)
f (X’ y) J-O f6? (X’ y) f (X1 y) ; f@ (X1 y) E"JE@%*H%E"J*H
EEERGHE
FEERMIIR
a b
FIGURE 5.40
Backprojections

of the sinograms
in Fig. 5.30.
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G(w.0)=[ g(p.0 > dp

®+00 40

o —00 o —00

®+00 @400

o —00 o —

®+00 @00

o —00 —0o0

7ty

-1 j 7F (%, y)5(xC0s 0+ ysin @ — p)e 1 dxdyd p
- f(x, y)“ S(xcos@+ysind—p)e” J2”“”’d,o}dxdy

_ f(X y)e jZﬂa)(XCOSH+ySIn9)dXdy

U=wCosO;v=wsin g

=[F U], sepnning (F V)T (X, YR HLIH-A5 46

=F(wcos 8, wsin 9)

e,
15‘/

R E BT RER

=/
T

X35 — B TR — 1M A




A

&

¥

O EEMYIA EHE

P MEEMEEMTSRER YR T EEH TR — A

" EE—MEEM—EEEH TR A LUAE— MR — R4
R VREREE], ZAEESEEEH AR

5.9 %=

[Tt
R

A
2-D Fourier
transform
F(u,v)

» X

1-D Fourier\‘

transform




2y

0 ATHREERRPSHOER
& BRI T
O AR RRIRY N ER

50 HIg=EE

(T

II)Q

RRMICRE, AIAER

f(xy)= j j F (u,v) e 2" dudy

= '02” '0+O° F (wcos@, wsin @) e/ pdmdd (u=wcosd,v=wsin o)
= .'02”.'0”(3 (0,0)e20 ) pdpdd  (F(wcosd,wsind)=G(w,0))

— 7 [T j2rew(xcosd+ysin )
: LO |G (w,0)e dwdd

:[ [7|elG (0.0)e7 dw} 46

P=XC0SO+Yysinb

61



2y

O fERHTHER RN ERE
" BRI w| AN EE A E 'I Rﬁ:, HEEMRERAFE
o XPRHRGE R AR
" MEEETERIEKES, ﬁéﬁﬁlﬂﬂﬁﬁﬂwﬁ’/“?}ﬁ%\f'ﬂ%

50 HIg=EE

(T

[Ty

/\

ab
cde

FIGURE 5.42

(a) Frequency
domain plot of the ~
filter |w| after band-

limiting it with a *\ {'

Spatial

box filter. (b) Spatial Frequency _
domain

doimain domain
representation.

(c) Hamming
windowing function.
(d) Windowed ramp
filter, formed as the
product of (a) and
(c). (e) Spatial
representation of the
product (note the
decrease in ringing).

Frequency Frequency Spatial
domain domain domain
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FIGURE 5.43

Filtered back-
projections of the
rectangle using (a) a
ramp filter, and (b) a
Hamming-windowed
ramp filter. The
second row shows
zoomed details of the
images in the first
row. Compare with
Fig.5.40(a).
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FIGURE 5.44

Filtered
backprojections of
the head phantom
using (a) a ramp
filter,and (b) a
Hamming-windowed
ramp filter. Compare
with Fig. 5.40(b).
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