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Digital Signal Processing

Lecture 20
2D Signals




Announcements

« Midterm Survey, please fill

M. Lustig, EECS UC Berkeley




Multi-Dimensional Signals

 Our world is more complex than 1D
- Images: f(x,y)
* Videos: f(x,y,t)
* Dynamic 3D scenes: f(x,y,z,t)
—Medical Imaging
—3D Video
—Computer Graphics

 We will focus on 2D

M. Lustig, EECS UC Berkeley




Continuous-Time 2D functions

* 0(x,y): Impulse at x=0, y=0

* 0(x) : Impulse line (vertical or horizontal?)

* [1(x,y) : 2D rect function

» cos(2n(fxx + fyy)) - Spatial harmonic

» Circularly Symmetic:
— | ](x,y): Pillbox

M. Lustig, EECS UC Berkeley




Spatial Frequency

* What is a spatial frequency?
— Complex Harmonic:

ej(Qm:c—I—ny) _ ejQW(fwa;—l—fyy)

— Units (for example):
*X,y - CM
- fi,fy - 1/cm
« Qy, Qy - rad/cm

M. Lustig, EECS UC Berkeley




Spatial Frequency

* Vinyl Record
—Transforms a temporal signal to a spatial signal

SkV Z27Tmm
RESLOMW.TIF

M. Lustig, EECS UC Berkeley




Spatial Frequency

» CD ROM

— encodes digital temporal signals to spatial
signals

i
)
‘l
' '
.l
iyt

,l
|
I
L
i
cl'
'
I

freeg!
I
¢! T
;'!,cclllnll :
g ! ML
‘l,l"‘ i
TR
I
felete
RO
“ '. “l‘
T ?
i 0
L

I
{
:
f.

l‘.'
st

411 an

I

begl
[t
O L c!
)

'

ol.":‘
i
:': .{

g

Ty

HL
'l
i
IT A

2y
l:'l T
(H¥
i
gt
n"
il
cl'! ':l
il

[

:

’

I

ol

MO
ML)
.. L
.
l‘l
'

n!i:!!,: . ’:

i
] 'Y
.;'o

P
)
n

il
[

‘Ie;
o:‘
f

'lo‘.;
]
’
’
.'
’
"
1

)

’ ‘:
it
‘ o‘.. .
il
T
LML

|

fihises
¢!
l'.
i
I
: ‘:::o
::‘o ‘i"
et

I
"
.a“'
n‘:'
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What is the frequency?

sin(27( fz + fyy))
(-1,1) (1,1)
(-1,-1) (1,-1)
a) fx=2, fy=2 C) fx —_ 4, fy=o
b) fx=1, fy=0 d) none of the above

M. Lustig, EECS UC Berkeley




What is the frequency?

('1:1)

('19'1)

sin(27(fzz + fyy))
(1,1)

(19'1)

2 cycles for 2 cm = fx=1 cm-?

M. Lustig, EECS UC Berkeley




What is the frequency?

sin(2m(fzx + fyy)) or cos(2m(fzz + fyy))
(-1,1) (L,1)

@[y (1,-1)
a) sin, fx=0, f,=2 C) cos, fx = 0, fy=2

b) cos, fx=0, fy=4 d) none of the above

M. Lustig, EECS UC Berkeley




What is the frequency?

cos(2m(fax + fyy))

(-1,1) (1,1)

(-1,-1) (1,-1)
This is the answera)
f _1 f _2 C) fx —_ 2, fy=1
b) fx,=4>-/, fy=2 d) fX=2, fy=4

M. Lustig, EECS UC Berkeley




What is the frequency?

cos(2m(fzT + fyy))
(-L1) (1,1
(-1,-1) (1,-1)
a) fix=1, fy=2 c) fx = 2, fy=1
b) fx=4, fy=2 d) fX=2, fy=4

M. Lustig, EECS UC Berkeley




What is the Temporal Frequency?

Vinyl rotates at 1 Hz

(-1,1) (1,1)

(-1,-1) (1,-1)
a) cos(2rm8t) C) cos(2r14t)
b) cos(2m8t?) d) cos(2ri4t?)

M. Lustig, EECS UC Berkeley




What is the Temporal Frequency?

Vinyl rotates at 1 Hz

(-1,1) (1,1)

Aliasing!
(-1,-1) (1,-1)
a) cos(2rt100t) c) cos(2140t)
b) cos(2r100t2) d) none of the answers

M. Lustig, EECS UC Berkeley




Challenge: What is the password?

2sec
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2D Fourier Transform

Fifod)= | [ flay)e 0w dudy

M. Lustig, EECS UC Berkeley
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sinc(ax)sinc(by)

M. Lustig, EECS UC Berkeley




sinc(ax)sinc(by)

M. Lustig, EECS UC Berkeley




2D DTFT
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— 12T (KaeNge+ Ky
/ﬁ)x,liy E E fnaj?ny j2m( yMy)

Mg =—00 Ty =—00

—0.50 < Kz, Ky < 0.5
* | prefer 2nd

» “Massaging” the DTFT leads to separable
transforms in each axis

M. Lustig, EECS UC Berkeley




2D - DFT

» Similarly to 1D:
— Forward:

N—1 M1 |
Flkg,kyl = ) Y flng,nyle 72T (eke/Ntnyky /M)

nge=0mn,=0

Ky = ke /N, ky = ky /M

—Inverse:
1 N—1 M-—-1
_ o o +j2n(ngke /N+nyky /M
fne,my) = 537 ,}:o ,?_‘OF[%”%]G Pl /M)

M. Lustig, EECS UC Berkeley




N—1 M-—1
—192 cke /N k. /M

Flkw iy = 3 flng,nyle2n(nshe/Nnky /a0

nge=0mn,=0

f i, ny] Fky, ky]

M R (0,M)- N
ny ky
(0.0 n, N (0.0) K (1{0)

Need to fftshift in 2D to get it to look like DTFT.

M. Lustig, EECS UC Berkeley




Properties of 2D DFT

* Circular Convolution

flna, ny| * xh[ng, ny| = Flky, ky|Hkg, ky]

 Circular shift

flng —mg) N, (ny — my)M] — e_j%(kwmm/NJrkymy/M)F[kx7 ky]

M. Lustig, EECS UC Berkeley
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