Cop yright © Pa t Ha nra ha n CS24 8 Fa ll 9 8 Lecture 6

Signa l Processing a nd Sa m pling

The sa m pling a nd reconstruction process Rea l w orld: continuous Digita l w orld: discrete The Fourier Tra nsform a nd spectra Filtering The convolution theorem The sa m pling theorem Alia sing a nd a ntia lia sing

Cop yright © Pa t Ha nra ha n CS24 8 Fa ll 9 8 Lecture 6

Displa ys = Signa l Reconstruction

All physica l displa ys recrea te a continuous im a ge from a discrete sa m pled im a ge by using a finite sized source of light for ea ch pix el.

Ex a m ples:

DAC�s: sa m ple a nd hold Ca thode ra y tube: phosphor spot a nd grid

DAC CRT

Page 2

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

R(i, j) = E(x,y)P^{i,j}(x,y)dxdy

A^{i,j}∫

Im a gers = Signa l Sa m pling

All im a gers convert a continuous im a ge to a discrete sa m pled im a ge by integra ting over the a ctive a rea of a sensor.

Ex a m ples:

Retina : photoreceptors

CCD a rra y

Vidicon: phosphors

Virtua l com puter gra phics ca m era s do not integra te, instea d they sim ply sa m ple ...

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

Sa m pling in Com puter Gra phics

Artifa cts due to sa m pling - Alia sing

Ja ggies

Moire

Flickering sm a ll objects

Spa rkling highlights

Tem pora l strobing

Preventing these a rtifa cts - Antia lia sing

First com puter gra phics com m a ndm ent:

Thou sha lt not m a ke pictures w ith com puta tiona l a rtifa cts

Page 3

Cop yright © Pa t Ha nra ha n CS24 8 Fa ll 9 8 Lecture 6

Ja ggies

Retort sequence by Don Mitchell

Sta irca sing or ja ggies

Cop yright © Pa t Ha nra ha n CS24 8 Fa ll 9 8 Lecture 6

Spectra l Ana lysis

Spectra l representa tion trea ts the function a s a w eighted sum of sines a nd cosines Ea ch function ha s tw o representa tions

Spa tia l (tim e) dom a in - norm a l representa tion Frequency dom a in - spectra l representa tion The Fourier tra nsform converts betw een the spa tia l a nd frequency dom a in

F(ω) = f(x)e^{− iωx} dx −∞

∞ ∫ f(x) = 1 2π F(ω)e^{iωx} dω −∞

∞ ∫

Page 4

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

Spa tia l a nd Frequency Dom a in

Spa tia l Dom a in Frequency Dom a in

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

The �Sinc� Function

square(x)e_{− iwx} dx −∞ ∞ ∫_{= e− iwxdx}− 1^2_{12}∫ = e − iwx

− iwx^{− 12} 1 2

= e_{− 12 iw} − e_{12 iw} 1 2 iw+_1^2 iw

= sin_{12} w^1 2 w = sincf

Page 5

Cop yright © Pa t Ha nra ha n CS24 8 Fa ll 9 8 Lecture 6

Filtering: Frequency Dom a in

Cop yright © Pa t Ha nra ha n CS24 8 Fa ll 9 8 Lecture 6

Low -Pa ss Filter

Origina l Blurred

Page 6

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

High-Pa ss Filter

Origina l Edge enha ncem ent

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

Filtering: Spa tia l Dom a in

Filtering

Convolution of tw o functions h(x) = f ⊗ g = f(y)g(x− y)dy ∫

Page 7

Cop yright © Pa t Ha nra ha n CS24 8 Fa ll 9 8 Lecture 6

F × G ⇔ f ⊗ g

f × g ⇔ F ⊗ G

Convolution Theorem

Theorem : Multiplica tion in the frequency dom a in is

equiva lent to convolution in the spa ce dom a in.

Sym m etric Theorem : Multiplica tion in the spa ce

dom a in is equiva lent to convolution in the

frequency dom a in.

Cop yright © Pa t Ha nra ha n CS24 8 Fa ll 9 8 Lecture 6

Sa m pling: Spa tia l Dom a in

× →

Page 8

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

Sa m pling: Frequency Dom a in

⊗

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

Reconstruction: Frequency Dom a in

× →

Page 10

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

Sa m pling Theorem

This result if know n a s the Sa m pling Theorem a nd is due to Cla ude Sha nnon w ho first discovered it in

1949

A signa l ca n be reconstructed from its sa m ples w ithout loss of inform a tion, if the origina l signa l ha s no frequencies a bove 1/ 2 the sa m pling frequency

For a given ba ndlim ited function, the ra te a t w hich it m ust be sa m pled is ca lled the Nyquist Frequency

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

Undersa m pling: Alia sing

× ⊗

Page 11

Cop yright © Pa t Ha nra ha n CS24 8 Fa ll 9 8 Lecture 6

�Alia ses�

Cop yright © Pa t Ha nra ha n CS24 8 Fa ll 9 8 Lecture 6

Sa m pling a �Zone Pla te�

Note Moire Pa tterns

Page 12

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

Antia lia sing by Prefiltering

× ⊗

Cop yright © Pa t Ha nra ha n

CS24 8 Fa ll 9 8 Lecture 6

Antia lia sing by Prefiltering

Idea lly: perfectly low -pa ss filter (convolve w ith a sinc function) to ba ndlim it the function to the Nyquist sa m pling ra te.

Typica lly: convolve w ith a box filter (squa re pix el a rea a vera ge) or circula r filter (circula r pix el a vera ge) before sa m pling

Pra ctica lly:

Consta nt colored lines a nd polygona l fra gm ents doa ble

Com plex environm ents not doa ble