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Objectives :

B Understand the meaning of frequency domain

filtering, and how it differs from filtering in the
spatial domain.

B Befamiliar with the concepts of sampling, func-
tion reconstruction, and aliasing.

M Understand convolution in the frequency
domain, and how it is related to filtering.

B Know how to obtain frequency domain filter
functions from spatial kernels, and vice versa.

B Be able to construct filter transfer functions
directly in the frequency domain.
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B Understand why image padding is important.

M Know the steps required to perform filtering
in the frequency domain.

B Understand when frequency domain filtering
is superior to filtering in the spatial domain.

B Be familiar with other filtering techniques in
the frequency domain, such as unsharp mask-
ing and homomorphic filtering.

B Understand the origin and mechanics of the
fast Fourier transform. and how to use it effec-
tively in image processing.
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Basics of Frequency Domain concepts
for
1-D and 2-D functions
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Fourier Series :

Any periodic function can be expressed as the sum of sines and/or
cosines of different frequencies, each multiplied by a different
coefficient.

Fourier Transform :

Functions that are not periodic (but whose area under the curve is
finite) can be expressed as the integral of sines and/or cosines
multiplied by a weighting function.
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Computational advantage of filtering in Frequency domain
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Impulse function and its properties (Continuous domain)

o ift=0
|0 ifr=0

f a(t)dt =1

f F()s(t)de = £(0)

f F0)8(t )t = F(to)

s, r(t)= i 8(t — kAT)

k=—o0
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Impulse function and its properties (Discrete domain)

5(x) = {1 ifx=0 Y 8(x)=1 Y F0s(0)=F0) 2 F®)3x—x)= f(x)
0 if x=0 x=—o= [ — r=—mx
B 5(1) sa7(0)
cd
FIGURE 4.3 ) o0~
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impulses. (c) Unit _
discrete impulse B(x) Sax(x)
located at x = x,,.
(d) An impulse
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impulses.
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Fourier Transform (1D-Continuous Domain)  X{f(#)} = f f(t)e ™ di
Fourier Transform Pair  f(f) & F(u)

Mf()=Fw)  F(u)= f F(eye 2 dt

F(u)= / f(t)|cos(2amut) — jsin(2mut)|dt

fO=5"{Fw) 10~ [ Fuerd
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FIGURE 4.4 (a) A box function, (b) its Fourier transform, and (c) its spectrum. All functions extend to infinity in both

directions. Note the inverse relationship between the width, W, of the function and the zeros of the transform.
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FT of an impulse and impulse train

o oo
3{8(1)} = F(.tt)=/ S(I}e"f'z““’dr=f e P S(1)dt = e P
s o
= oo
J{8(t—1y)} = F(u) = f 8( — t,)e 2™ dt = / e 5t _ 1 Yt = €2
oo
l'rn
Sar(t) = Z c,€ At
] AT/2 - _ _
1 AT/2 Eq-m :L ! 5(¢ _jﬁrdr‘ _ L 0 _ L
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Ewn 1 = 2an 1 o n
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Convolution (F%h)(t) = f ()t —7)dr
—0o
(f*h)(t) = (HF)(n)

(f+h)(t) = (H* F)(u)
J{(f *h)(1)) = / { f f('r)h(r‘—r)df]e‘”““’dr

_ / ) f(—;){ / mh(t—r] e‘fz““’dr}df

3{(f‘kh)(!}}=f f(T}[H(j.L}e—jzvrm]dT
~Hw [ foere s

= H(p)F(p)
= (H-F)(1)
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5 -
Sar(f)
F(0)= f(t)syp(r) = Z f(t)8(t — nAT)
fk=/ f(t)8(t — kAT)dt ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ e
e o =2AT —ATO0 AT 2AT ---
= f(kAT) F(O)sar(t)
T DT
o =2AT-AT 0 AT 2AT -
fi = [(KAT)
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FT of Sampled Signals

F(u)=3{F(0)} = 3{f(0)ssr (1)}

— (F%S)(w)
S(k) = ﬂ";f(“‘ _;_T)

F() = (F % S)(1) = f F(r)S(u—7)dr

oo
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| = Ve
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Reconstruction from Frequency Domain

F(u) L> 2u

. ~HMmax < K = Hmax
Hw) = 1[] otherwise l

VIN
—2&3?‘ —lf.i'.T : 1] : fﬁT 2@.}"
| |
| |
F(u)= H(wF(p) A
| |
00 | ¥
ft)= / F(u)e ™ dp AT
o | o
0
F(w) = H(u) F(u)
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| |
- L
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FIGURE 4.9

The functions in
(a) and (c) are
totally different,
but their digi-
tized versions in
(b) and (d) are
identical. Aliasing
occurs when the
samples of two or
more functions
coincide, but the
functions are dif-
ferent elsewhere.
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Recovery from the aliased signals

F(p)

f(t)=3"{F(w)}
S H(wF(w)

= hy* 0 | i —1- - | | -
—3/AT —2/AT —1/AT| 0 I1/AT  2/AT  3/AT
| |
oo | |
f(ty= > f(nAT)sinc[(t — nAT)/AT] | H(p) |
= —oc | I' |
| |
t
AT
| | | »
U
F(u) = H(w) ﬁlmj
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| I
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| I
-

“HMmax () M max
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Discrete Fourier Transform (DFT) of 1-D data

F(u)= / F(tye 2 dr

oo

F(p)= f f(tye ™ de = 2 f()8(t — nAT)e ™ dt

oo p=—oo

= i/ f()8(t — nAT)e >™dt

n=—x
_ —2apunAT
= 2 fne

n=—x

M

= m=0,1,2,....M-1
MAT

n

M1 ,
F, = Z f"e"fz“m”-’"” m=012,....M-1

n=I0

M-1 L
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1
fo=77
M m=(
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Relation between sampling (time) and frequency resolutions

M-1

F(u)= z f(x)e =My -0,1,2,....M -1 F(u)=F(u+kM)

x=0

M-1
f(x)= % Y F(u)e?™ M x=0,1,2,....M-1 f(x)= f(x+kM)

u=0
[F(0)},x=0,1,2,...,M—1
T =MAT

1 1

Au=—=—
MAT T

1
R= MAu=—
“EAT
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Example to illustrate the computation of 1-D DFT

f(n f(x)
5 5
4~ 4 ’ '
| | I I
3 I I I | |
L .
2 | ! | 2 1 | |
| |
g N
| I
) — ! . t 0! ! : : x
0 tn+ AT o+ 2AT 4+ 3AT 0 1 2 3

F(0) = Z}’{x} [F(0)+ F(1)+ f(2)+ f(3)]=1+2+4+4=11

=0}

F(1)= Z,ffl}f Pt — 160 4 2672 4 4677 4 47 P72 =34 2

=0

F(2)= —(1+0j) and F(3)=—(3 + 2j).

f(0) = Z F(u)e’*™" = Z F(u) = —[11 —3+2j-1-3-2j]= —[4] =1
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2D Impulse and its properties

1 ift=z=0 NL ifx=y=0
5(t:2) = {(} otherwise o) = {U otherwise
f f 8(t,)dtdz =1 > Y fxy)sxy)= £(0,0)
/ f f(t,z)8(t,z)dtdz = f(0,0) _Z _Z f(x,y)8(x — x5,y = yy) = F(xp. %)

/ff(r,zja(r—r[],z—z[])drdz=f(rﬂ,z[])
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2D Continuous FT pair

oo o
F(u,v)= f / f(t,z)e 2™ #") d dz
—0o oo

oo oo
t.7)= F(u,v)e>™ ™) dy dy
f(t.2) (p.7v) m
oo Joo

W e T/2 £i2
F(pv) = f f F(t,7)e 2+ grdz = f f Ae i +v0) g gz
—00 o—0o -T/2 J-4)2

_ATZ sin(wuT) || sin(mvZ |F (v
(muT) (mvZ) .z
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2D Sampling and Sampling Theorem Saraz(l.2)

ssraz(B:2)= Y D, 8(t —mAT, z— nAZ)

M=—m f=—m=

F(p,v)=0 for |,u|-E‘j.Lmax and |v|33v

1
AT <
ZIu'max
1
AZ < b
2V - Footprint of a
FIGURE 4.16 2-D ideal lowpass
Two-dimensional > (box) filter
Fourier : : : JB :
1 transforms of (a) an r - ' N
AT > 2y over-sampled, and /\ ]\ A v )1 J‘]\
(b) an under-sam- " \[ \_(
pled, band-limited i . \ i s o
1 ) function. Mmax—/ > Vo ' g 2 '
— = 4V
ﬂz max
" p
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FIGURE 4.18
Aliasing. In (a) and
(b) the squares are
of sizes 16 and 6

pixels on the side.
In (c) and (d) the

Digital Imag

Gor.

www.Ima

(
Filtering in th

Low frequency

)

High frequency

squares are of sizes
(.95 and (.48 pixels,
respectively. Each
small square in (c)

is one pixel. Both
(c) and (d) are
aliased. Note how
(d) masquerades as
a “normal” image.
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[llustration of the effect of Anti-aliasing filter (Image resampling & Interpolation)

abc

FIGURE 4.19 Illustration of aliasing on resampled natural images. (a) A digital image of size 772 x 548 pixels with visu-
ally negligible aliasing. (b) Result of resizing the image to 33% of its original size by pixel deletion and then restor-
ing it to its original size by pixel replication. Aliasing is clearly visible. (c) Result of blurring the image in (a) with an
averaging filter prior to resizing. The image is slightly more blurred than (b), but aliasing is not longer objectionable.

(Original image courtesy of the Signal Compression Laboratory, University of California, Santa Barbara.)
©1992-2008 R. C. Gonzalez & R. E. Woods
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alblic

FIGURE 4.18 Illustration of jaggies. (a) A 1024 X 1024 digital image of a computer-generated scene with
negligible visible aliasing. (b) Result of reducing (a) to 25% of its original size using bilinear interpolation.
(c) Result of blurring the image in (a) with a 5 X 5 averaging filter prior to resizing it to 25% using bilinear
interpolation. (Original image courtesy of D. P. Mitchell, Mental Landscape, LLC.)
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FIGURE 4.19 Image zooming. (a) A 1024 X 1024 digital image generated by pixel
replication from a 256 X 256 image extracted from the middle of Fig. 4.18(a).

(b) Image generated using bi-linear interpolation, showing a significant reduction in
jaggies.
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2-D Discrete FT and its Inverse

M-1N-
F(H 1':]_ Z Z f(I _}’}E‘ J2r{ux/M + vy/N)
x=0 y=0
ANy 2ar{ux/ M /N
f(63)= 1= 3 3 Fluu)el e o
N2
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Properties of 2-D DFT and IDFT

Relationships between spatial and frequency intervals

'1 l
Au = Av =
“TMAT "TNAZ

Translation & Rotation

f(x,y)e! 2 uMmwyiN) o By — v —v,)

X=X,V — V) < F(u,v)e 12mxouM+yv/N)
U < 1)

X =rcost y=rsinf U= @COSQ

f(r.0+6,)= Flwo,0+8,)
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Properties of 2-D DFT and IDFT

Periodicity

Fluv)= Flu+ kM v)= Flu,o+ k;N)= F(u + kM, v + k,N)

fx.y) = fx+ kM.y) = f(x,y + k;N) = f(x + I M,y + k;N)

Fu)

periods meet here.

|

Two adjacent half - |

NI

—/IIKM

0 Mgz—l —/”‘LM;Q 1

Fu)

&

periods meet here.

‘ . Two adjacent half

O.0)N/ZNINZT~

f(x)e2mwxM) o F(y — )

F(x)(=1) & F(u—-M12)

f(x,y)(-1
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Y & F(u— MJ2,0— N/J2)

N2~ N -1-

[ Y
F(0,0)
M2~ M2 —
M-1
N\ M=t o
u u
~~~~~~ Four adjacent quarter

periods meet here

EH = M % N data array computed by the DFT with f(x.y) as input

|:| = M x N data array computed by the DFT with f(x, y)(—1)""" as input
----- = Periods of the DFT



TABLE 4.1
Some symmetry
properties of the 1)
2-D DFT and its
inverse. R(u,v) 2)
and [(u,v) are
the real and 3)
imaginary parts of 4)
Fu,v),
respectively. 5)
Use of the word
complex indicates 6)
that a function
has nonzero real 7)
and imaginary
parts. 8)
9)
10)
Symmetry 1)
roperties .
p p 13)

Gonzalez & Woods
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Chapter 4

Spatial Domain’

f(x,y) real

f(x,y) imaginary

f(x,y) real

f(x,y) imaginary
f(—x,—y) real

f(—x.—y) complex

£ (x,y) complex

f(x,y) real and even
f(x,y) real and odd
f(x,y) imaginary and even
f(x,y) imaginary and odd
f(x,y) complex and even

f(x,y) complex and odd

Digital Image Processing, 3rd ed.

g g o000 Q0C QT CTOT DO

0

Filtering in the Frequency Domain

Frequency Domain’

F'(u,v) = F(—u,—v)

F (~u.~v) = —F(u,v)
R(u,v) even; I(u,v) odd
R(u,v) odd; I(u,v) even

F (u,v) complex
F(—u,—v) complex
F"(—u,—v) complex
F(u,v) real and even
F(u,v) imaginary and odd
F(u,v) imaginary and even
F(u,v) real and odd
F(u,v) complex and even

F(u,v) complex and odd

'"Recall that x. v, u, and v are discrete (integer) variables, with x and u in the range [0,M —1]. and y and v in
the range [0, &V — 1]. To say that a complex function is even means that its real and imaginary parts are even. and
similarly for an odd complex function. As before, “<" indicates a Fourier transform pair.

© 1992-2008 R. C. Gonzalez & R. E. Woods
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Fourier Spectrum & Phase Angle F(u,v) = Rw,v) + 1(u,0)

= |F(u,v)|e*“

|F(”5'UJ| = [Rz(u,-u) + Iz(u,-y}]m

I(u,v) }

d(u,v) = al‘ctan[R(mU)

P(u,v) = |F(u,-u)|2
= R*(u,v) + I*(u,v)

F(.0)| = |F(-u.-v)

d(u,v) = —d(—u,—v)

1 M-1N-1 s
F(0.0)= MN—= 3 3 f(x.y) F(0.0) = MN| 7|
M-1N-1 x=0 y=0
F(0,0)= Z{] Zﬂf(m) = MNF

© 1992-2008 R. C. Gonzalez & R. E. Woods
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— .'|.'

The Spectrum? g
of a Rectang|@cUre +.23

a) Image.

(b) Spectrum,
showing small,
bright areas in the
four corners (you
have to look care-
fully to see them).
(c) Centered
spectrum.

{d) Result after a
log transformation.
The zero crossings
of the spectrum

are closer in the
vertical direction
because the rectan-
gle in (a) is longer
in that direction.
The right-handed
coordinate
convention used in
the book places the
origin of the spatial
and frequency
domains at the top

left (see Fig. 2.19).
© 1992-2008 R. C. Gonzalez & I 7|
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FIGURE 4.24

(a) The rectangle
in Fig. 4.23(a)
translated.

(b) Corresponding
spectrum.

(c) Rotated
rectangle.

(d) Corresponding
spectrum.

The spectrum of
the translated
rectangle is
identical to the
spectrum of the

SpECtrum Of original image in

_ Fig.4.23(a).
a Rectangle in
Translation

and Rotation

© 1992-2008 R. C. Gonzalez & R. E. Woods



Digital Image Processing, 3rd ed.

Gonzalez & Woods

www.ImageProcessingPlace.com

Chapter 4
Filtering in the Frequency Domain

The phase spectrum of a Rectangle :
Centered, Translated and Rotated Positions

abc

FIGURE 4.25
Phase angle
images of

(a) centered,
(b) translated.
and (c) rotated
rectangles.

© 1992-2008 R. C. Gonzalez & R. E. Woods



reconstruction
using
(c) only phase,

(d) only mag,
(e) boy-phase
+ rect-mag and
(f) rectphase

+ boy-mag

FIGURE 4.26 (a) Boy image. (b) Phase angle. (c) Boy image reconstructed using only its phase angle (all shape feature
are there. but the intensity information is missing because the spectrum was not used in the reconstruction).(d) Bo
image reconstructed using only its spectrum. (e) Boy image reconstructed using its phase angle and the spectrum ¢
the rectangle in Fig. 4.23(a). (f) Rectangle image reconstructed using its phase and the spectrum of the boy’s imagg

© 1992-2008 R. C. Gonzalez & R. E. Woods
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. . . fi{m) h(nt)
Filtering in the Fre |
- R O 3 o e
2-D Discrete Convolution Theorem 1 e |
0 200 400 0 200 400
M—1N-1 v‘i(—‘"ﬂ h{—m)
(f*h)(x.y)= D Y f(m,n)h(x—m.y—n)
m=0n=0
- mo —
(f *h)(x,y) = (F+H)(u,v) 0 200 400 0 200 400
h(x —m) h(x —m)
1 A
«Mixy —(F*H)uwv
(fem)(x.y) = MN( ), v)
] . L3 O
P>A+B-1 —— em i —
0 200 400 0 200 400
(f *g)(x) (f*g)(x)
flx.y) 0=x=A-1and O=sy=B-1 )
folx.y)= , 1 1200 |
0 Azx=sPor B=sy=Q 1200 ey Py
600 L Mppnend ﬁ([;.._/_\ S
0 200 400 600 800 0 200 400
I (x.y) = hix,y) O=x=C-1and O0=sy=D-1 ~| Range of 1=
A 0 C=xy=<=Por D< = Q Fourier transform

computation

pza+c-1 o=p+p-1  Frequency leakage due to padding
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Summary of 2-D DFT
definitions
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1)

2)

4)

=
—

1)

8)

9

10)

11)

12)

Name

Discrete Fourier
transform (DFT) of
flx.y)

Inverse discrete

Fourier transform
(IDFT) of Flu.v)

Spectrum

Phase angle

Polar representation

Power spectrum

Average value

Periodicity (&, and
k, are integers)

Convolution

Correlation

Separability

Obtaining the IDFT
using a DFT
algorithm

Expression(s)

M-1N-1 .
Flu.v)= Z Z f(x, y)e PrtuMeuyiN)
x=0 y=0
] M-1N-1 .
f{.I J"} =— Z Z F{u b)gj..vr[u:r 'M+uvy/N)
u 0 v=0

[F(uv) =[ R (@v)+ Puw)]”  R=Real(F): I = Imag(F)

P TR )]
dlu,v)=tan [—R[umJ

Flu.v) = |Flu.v)|e*“"

P(u,v) = | Flu,v)]

M-1N-1

Z 2 flxy) =—F (0,0)
x=0 y=0
Fluv)= Flu + kM. v) = Flu,v + k:;N)
=Flu+k.v+kN)
flxy)i= flx+ EM.y)= flx.y + k;,N)
= flx+ M.y +k,N)

MH-1N-1

=YY flmn)h(x—m.y-n)

m=0n=0

(f*h)(x.y)

MH-1N-1

=Y ¥ f(mn)h(x+my+n)

m=0n=0

(fHh)(x.p)

The 2-D DFT can be computed by computing 1-D DFT
transforms along the rows (columns) of the image, followed
by 1-D transforms along the columns (rows) of the result.
See Section 4.11.

M-1N-1
MNf (x,y)= 33 F*(u,v)e12miu/Meuy V)

u=0v=0
This equation indicates that inputting FL{!.!.,‘U] into an
algorithm that computes the forward transform (right side
of above equation) yields MNf" (x. y). Taking the complex
conjugate and dividing by MN gives the desired inverse. See
Section 4.11.
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7)

8)

9)

10)

11)

Name

Symmetry
properties

Linearity

Translation
(general)

Translation
to center of
the frequency
rectangle,
(MJ2.N/2)

Rotation
Convolution
theorem'

Correlation
theorem'

Discrete unit
impulse

Rectangle

Sine

Cosine

DFT Pairs
See Table 4.1

afilr,y)+bfix.v) = aFiuv)+ bFluw)

Fx, y)eltmsiM+wriNY o gy v—v,)

F(X= X0, 5 — yp) & Flu,p)e 7MiM

F 1 o Flu- Mj2,v- Nf2)
flx= M/2,y— N/2) & Fu,v)(-1)*"

fir8+8,) = Flo.e+8;)
r=yx’+y"  B=tan'(y/x) w=Ju’ +0*

frh)(x.y) e (Fo H)(u.v)
(feh)(x,y) = (1/ MN)[(F % H)(uv)]

(f =h)(x,y) = (F« H)(u,v)
(f'«h)(x.y) = (YMN)[(F# H)(u.v)]
Slx.y) =1

1= MN&(uv)

sin{mua) sin(wvh) _imiuas om
(wua)  (wvb)

rec[a.b] < ab

@ = tan"'(v/u)

sin( 2w, x /M + vaﬁyjN}ﬁ%[S{u + Uy U+ ) —

cos(2amuyx/ M + 2arvgy /N ) =

3w — 1y v —1,)]

1
E[S[u + g 0+ 1) + B — 1y v — 1y )|

The following Fourier transform pairs are derivable only for continuous variables, denoted
as before by ¢ and z for spatial variables and by p and » for frequency variables. These
results can be used for DFT work by sampling the continuous forms.

12) Differentiation
(the expressions

13)

on the right
assume that

Fidoe, +o0) = 0.

Gaussian

(i)m( L )" f(t.2) & (j2mp)"(j2mv) F(pv)

ot dz
LD o (rmuy Flury: TL2E & 2muy Pl

~

Azﬂ_a_..e—lwzr.rz{fz-rfj = Ae—{pzf ¥ ) 2e?

(A is a constant)



J Digital Image Processing, 3rd ed.

%_ J’ifgézg;ising Gonzalez & Woods

;?(%&ki# www.ImageProcessingPlace.com

- o Chapter 4

P Filtering in the Frequency Domain

Association of Spatial Features Frequency domain features

ab

FIGURE 4.28 (a) SEM image of a damaged integrated circuit. (b) Fourier spectrum of (a).
(Original image courtesy of Dr. J. M. Hudak, Brockhouse Institute for Materials Research.
McMaster University, Hamilton, Ontario. Canada.)
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Filtering In Frequency Domain
g(x,y) = Real{fﬁ" [H{u.u}F{um}]}

FIGURE 4.29

Result of filter-
ing the image in
Fig. 4.28(a) with
a filter transfer
function that sets
to O the dc term,
F(P/2.0/2),

in the centered
Fourier transform.
while leaving all
other transform
terms unchanged.
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Filtering in the Frequency Domain
:iltering I e H(u,v)
—requency '
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abc
de f

FIGURE 4.30 Top row: Frequency domain filter transfer functions of (a) a lowpass filter. (b) a highpass filter, and (c)
an offset highpass filter. Bottom row: Corresponding filtered images obtained using Eq. (4-104). The offset in (c) is

©1992-2008 R.C. Gonzalez&| g = (.85, and the height of H(u.v) is 1. Compare (f) with Fig. 4.28(a).
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FIGURE 4.32 (a) Image periodicity without image padding,. (b) Periodicity after padding with (s (black). The dashed
areas in the center correspond to the image in Fig. 4.31(a). Periodicity is inherent when using the DFT. (The thin
white lines in both images are superimposed for clarity; they are not part of the data.)
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b d

. FIGURE 4.33
ArtlfaCtS (a) Filter transfer 0.8 -

function specified in

of paddlng the (centered) 0.6

frequency domain.

the filter (b) Spatial 04|

representation (filter

I I kernel) obtained by 02
In Spatlal computing the IDFT

1 of (a). 0
domaln (c) Result of

padding (b) to twice —02 | < —0.0 0
its length (note the -
discontinuities). 0.04 I
(d) Corresponding
filter in the frequen- 0.03
cy domain obtained 0.8 _
by computing the ’
DFT of (c). Note the 0.02 0.6
ringing caused by
the discontinuities 0.4
in (c). Part (b) of the .01 = '
figure is below (a), 0.2 -

and (d) is below (c). 0
0 .—ﬁ P-—
I | I I

—0.01
0 128 255 0 128 256 354 511
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Significance of Phase in Image reconstruction

SN

abec

FIGURE 4.34 (a) Original image. (b) Image obtained by multiplying the phase angle array by —1 in Eq. (4-86) and
computing the IDFT. (c) Result of multiplying the phase angle by 0.25 and computing the IDFT. The magnitude of
the transform, |F(u.v)|. used in (b) and (c) was the same.
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P Filtering in the Frequency Domain

Steps In Filter Design in Frequency Domain

1. f(x,y) is MxN. Pad to PxQ. Typically, P=2M, Q=2N

2. Form fp(x,y) of size PxQ by adding necessary zeros to
f(x,y)

3. Multiply fp(x,y) by (-1)(x+y) to center transform

4. Compute F(u,v) by DFT of fp(x,y)

5. Use real symmetric filter H(u,v), of size PxQ & center at
(P/2,Q/2). Form G(u,v)=H(u,v)F(u,v)

6. Compute gp(x,y) by product of real part of IDFT of G(u,v)
and (—1L)"N(x+y).

/. Extract g(x,y) taking MxN at left top corner of gp(x,y)

© 1992-2008 R. C. Gonzalez & R. E. Woods
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FIGURE 4.35

(a) An M =N
image, f.

(b) Padded image,
fp ofsize Px Q).
{c} Result of
mulljphlna f, bY
(-1)*

(d) SPLclrum of
F. (e) Centered
Gaussian lowpass
filter transfer
function, H, of size
P Q.

(f) Spectrum of
the product HF.
(g) Image g . the
real part of the
IDFT of HF, mul-
tiplied by (-1)"".
(h) Final result,

g, obtained by
extracting the first
M rows and N
columns of g ..
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Correspondence between filtering in spatial and frequency domains

- Hiu) Hiu)
H(u)= Ae™"™" .

hix) = Lrode ™o

= U - U
—u* (2er] —u® 2l
H(u)=Ae ™ - Bem h(x) h(x)

v W 2z -1
h(x) = E'iITUlAE_sz"'-I- _ gﬂu_zﬂf—hr'r.rg.r R
[

1EE T

ull I Tz

211 il

) N \/‘ B
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FIGURE 4.37

(a) Image of a
building, and
(b) its Fourier
spectrum.

© 1992-2008 R. C. Gonzalez & R. E. Woods



Digital Image Processing, 3rd ed.

Gonzalez & Woods

www.ImageProcessingPlace.com

Chanter 4

23 gl | 2

FIGURE 4.38 e | 2
(a) A spatial
kernel and per-
spective plot of
its corresponding
frequency domain
filter transfer
function.

(b) Transfer
function shown as
an image.

(c) Result of
filtering
Fig.4.37(a) in the
frequency domain
with the transfer
function in (b).

. d) Result of
I[lustration of QR ot
image in the

Sobel operator spaial domain

with the kernel

(Fl Ite I‘) ir; (g()j.e'flltlg ;l&sults
Implementation

In spatial and
frequency domains
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