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Sampling
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Reconstruction f(x) * sine(x) = i f(nAx) sinc(x - "Ax)

Ax
Sampled ][
signal “
— | | ‘ | . M_
% X
1/3PULSE(1/3)
Sinc 3x “
- 1
Reconstructed

SignM “ | l

f(x) F(u



Sufficient Samples

X

SIGNAL(w)

comb(2x) 2COMB(u/2)
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Sampled
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Insufficient Samples
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SIGNAL(u)
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comb(1.5x) 1.5COMB(2u/3)
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signal | I | <)
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Aliasing

Alias: A different identity

 What happens if sampling rate
IS too low, 1/AT < 2lmax?

» Different frequencies become
iIndistinguishable!




Aliasing In images
Frequency-limit signal BEFORE sampling

p °




Triangle/Tent Filter

Sampled ][
sional
od ], <= QNN
% X
2
tent(x) i SINCA@)
Reconstructed

LN o S

J(x) F(u)




Box Filter

Sampled

signal
|f| = NAN

X
pulse SINC

*j*—"’\/\/

Reconstructed
signal

g 0

J(x) F(u)




2D Box Filter

0

N—1 N—-1
=0 n=

m

Recall convolution (cxpj.k1= Y > Clm.nl flj - mk-n)

* flm,n)is 2D pulse/box, Height = 17?

+ + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + + X
+ + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + + +
+ + + + + + +

 Symmetric about x and y axes

+ + + + + + 4+ + + + + + + + o+ +
+ 4+ + + + + 4+ + + + + + + + + +
+ 4+ + + + + 4+ + + + + + + + + +
+ 4+ + + + + 4+ + + + + + + + + +
+ + + + + + 4+ + + + + + + + o+ +
+ + + + + + 4+ + + + + + + + + +
+ 4+ + + + + 4+ + + + + + + + + +
+ 4+ + + + + 4+ + + + + + + + + +
+ + + + + + 4+ + + + + + + + + +



2D Box Filter .

Recall convolution (cxpj.k1= Y > Clm.nl flj - mk-n)

m=0 n=0

o flm,n)is 2D pulse/box, Height = 17

 Symmetric about x and y axes




2D Box Filter

=0

On

N—1 N—1

m

Recall convolution (cxf)j.k1=> Y Clm,nl f1j - m. k - n]

* flm,n)is 2D pulse/box, Height = 17?

0 6606 00O O OO0 60 06| 060,0)606

0 6,0 6 606 6 6 6 6 6 6 6 606 60,06
0 6,0 6 6066 6 6 6 6 6 6 06 60,06
0 60 6 6066 6 6 6 6 6 6 06 60,06
06,66+t + 1+ 1+ 1 6 06 6 06, 6,00
16/ 06/06 |+t + 1|1 1 6,06 06|06, 06,6,0

00666 + 1+ x 1+ 1 06,06 60 06 06,0,0
0 06/6 6+t 1+ 1+ 1+ 6,6, 606 06 06,0,0
0 06/6 6+t 1+ 1+ 1+ 6,6 6 06 6,0,0
0 6 6,0 0 0 0 06 60 0 06 6 606,006
0 6 6,0 0 0/ 0 06 60 0 06 6 606,006
0 6 6,0 0 0 0 606 60 60 06 6 606,006
0 6 6,0 06 0 0 06 60 60 06 6 6 06,006
0 6 6,0 0 0 0 606 60 60 606 6 606,006
0 6 6,0 0 0 0 06 60 60 606 6 606,006

066,006 000 0O/ 060 60 606/ 06006

 Symmetric about x and y axes




2D Box Filter

Recall convolution (cx)]], k] = Z 2 Clm,n] flj—m,k — n]

m=0 n=0

* flm,n)is 2D pulse/box, Height = 17?

 Symmetric about x and y axes

 Normalize: Divide by sum of filter values
N_l N_ Mm+m
Flu,ul= ) ) flm,nle™"
m=0 n=0

N—1 N—1

= F[O O] =) ) flm.n]

+ + + B[RRI+ +
+ o+ + BRI R(R [+ +

n
n
n
1
1
X
1
1
+
+
+
+
+
+

+ + + + + + + + + + + + + +
+ + + + + + + + + + + + + +
+ + + + + + + + + + + + + +

+ o+ + A+ b R RR (R +

+ o+ + A+ b || R R R+ +

+ + + + + + + + + + + + + +

+ + + + + + + + + + + + + +

+ + + + + + + + + + + + + +

+ + + + + + + + + + + + + +

+ + + + + + + + + + + + + +

+ + + + + + + + + + + + + +



2D Box Filter

=0

N—1 N—-1
m=0 n

Recall convolution (cxpj.k1= Y > Clm.nl flj - mk-n)

* flm,n)is 2D pulse/box, Height = 17?

+ + + 4+ 4+ 4+ + + + + + + + + + 4+
+ + + 4+ 4+ 4+ + + + + + + + + + 4+
+ + + 4+ 4+ 4+ + + + + + + + + + 4+
+ + + + + + + + + + + + + + + 4+
+ 4+ + 4+ 1RSARSRSRSRS + + + + +  + +

o+ + + + [MRSARSIRSIIARSTRS + + + + + + +

 Symmetric about x and y axes

 Normalize: Divide by sum of filter values

+ + + + 1%251425-14251425 + + + + + + +

+ 4+ 4+ + [1RNRSRSRSNRS + + + +  +  + 4+

+ 4+ 4+ + [1RONRSRSRSNRS + + + +  +  + 4+

+ 4+ + + + + 4+ + + + + + + + + +
+ 4+ + + + + 4+ + + + + + + + + +
+ + + + + + 4+ + + + + + + + o+ +
+ + + + + + 4+ + + + + + + + + +
+ 4+ + + + + 4+ + + + + + + + + +
+ 4+ + + + + 4+ + + + + + + + + +
+ + + + + + 4+ + + + + + + + + +



2D Box Filter

0

N—1 N—-1
=0 n=

m

Recall convolution (cxpj.k1= Y > Clm.nl flj - mk-n)

* flm,n)is 2D pulse/box, Height = 17?

+ + + + 4+ + + + + + + + + + + +
+ + + + 4+ + + + + + + + + + + +
+ + + + 4+ + + + + + + + + + + +
+ + + + 4+ + + + + + + + + + + +
+ + 4+ 4+ 4+ [1/25]1/25(1/251/2511/25| + + + + + +

 Symmetric about x and y axes

 Normalize: Divide by sum of filter values

+ 4+ +  + + TRIARIARARRS + + + + +  +

+ + + + + 1#251@5-14251/25 + + + + + +

+ 4+ o+ + + [TRIARIARNARINRS + + + + +  +

+ 4+ o+ + + [TRIARIRNARNRS + + + + +  +

+ 4+ + + + + 4+ + + + + + + + + +
+ 4+ + + + + 4+ + + + + + + + + +
+ + + + + + 4+ + + + + + + + o+ +
+ + + + + + 4+ + + + + + + + + +
+ 4+ + + + + 4+ + + + + + + + + +
+ 4+ + + + + 4+ + + + + + + + + +
+ + + + + + 4+ + + + + + + + + +



2D Box Filter

0

N—1 N—-1
=0 n=

m

Recall convolution (cxpj.k1= Y > Clm.nl flj - mk-n)

* flm,n)is 2D pulse/box, Height = 17?

o+ o+ F o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ +
o+ o+ F o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ +
o+ o+ F o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ +
o+ o+ o+ o+ o+ + o+ o+ o+ o+ o+ o+ o+ o+ +
+ + + 4+ + + [1/e5|1/e5|1/e5] /0501008 + + + o+
+ + + 4+ + + [1/25|1/e5|1/e5] /0501008 + + o+ o+ o+
o4 4+ 4+ 4+ |[1/es|1/es|iBl1es|1es) + ¢+ o+ 4
Y+ 4+ 4+ 4+ + [1/e5|1/e5|1/e5 10501008+ + o+ o+ 4+
Y+ 4+ 4+ 4+ + [1/e5|1/e5|1/e5 10501008+ + o+ o+ 4
o+ o+ o+ o+ + + o+ o+ o+ o+ o+ o+ +
o+ o+ o+ + 4+ o+ o+ o+ o+ o+ o+ +
o+ o+ F o+ o+ + o+ o+ o+ o+ o+ o+ o+ +
o+ o+ F o+ + + F o+ o+ o+ o+ o+ o+ +
o+ o+ o+ o+ + o+ o+ o+ o+ o+ o+ o+ +
o+ o+ o+ o+ + o+ o+ o+ o+ o+ o+ o+ +
o+ o+ F o+ o+ + o+ o+ o+ o+ o+ o+ o+ +

 Symmetric about x and y axes

 Normalize: Divide by sum of filter values




2D Box Filter

N—1 N—-1
Recall convolution (cx«p)j.k1=> Y Clm,nl flj - m.k - n
m=0 n=0
* flm,n)is 2D pulse/box, Height = 17?
* Symmetric about x and y axes 1/25 1/25
1/25 1725
« Normalize: Divide by sum of filter values ﬁ ﬁz
: /2 1P
* Options for boundary color e
+ + + + +
e AIlO + + + + o+
+ + + + +
 Repeat the edge colors oo T
+ + + + +
+ Repeat (periodically) R
+ + + + +
+ + + + +
+ + 4+ + +

+ + + 4+ + + + + + + + + + + + +

+ + + 4+ + + + + + + + + + + + +

+ + + 4+ + + + + + + + + + + + +

+ + + 4+ + + + + + + + + + + + +

+ + + 4+ + + + + + + + + + + + +

+ + + 4+ + + + + + + + + + + + +

+ + + 4+ + + + + + + + + + + + +

+ + + 4+ + + + + + + + + + + + +

+ + + 4+ + + + + + + + + + + + +

+ + + 4+ + + + + + + + + + + + +

+ + + + + + + + + + + + + + + +



2D Box Filter is Separable

x Box = X SINC (Fourier domain)

e nXn (Odd valued n)

 O(nMN) for an MxN image, as it is separable instead of O(n2MN)

= = Rank 1: rows are linearly dependent on each other

=~ Rows are scalar multiples of each other /

I T 1 / 1D
1/251/25/1/25(1/25/1/25 BB f /
1/25/1/25(1/25|1/25(1/25 T T T T 5 . _

|
1/251/25/1/25[1/251/25 L L L L =[ClHp [5|*p |5 3

|
1/25[1/251/25[1/25/1/25 215 215 % 215 215 5 ution 1n each row,
1/25|1/25(1/25|1/25(1/25 1 1 1 1 1 1 d by 1D vertical convolution

25 25 25 25 25 5 O S e P a———




Gaussian Filter
« Gaussian = x GAUSSIAN
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Box vs Gaussian Filt




Filter Comparison
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