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Announcement	  

•  Today’s	  office	  hour	  moves	  to	  4-‐5pm	  this	  Friday.	  



Last	  Ime:	  Image	  FormaIon	  in	  Cameras	  

•  The	  first	  camera	  
–  5th	  B.C.	  Aristotle,	  Mozi	  (Chinese:	  墨子)	  	  
– How	  does	  the	  aperture	  size	  affect	  the	  image?	  

http://en.wikipedia.org/wiki/Pinhole_camera 



Last	  Ime:	  Image	  FormaIon	  in	  Cameras	  

scene sensor  
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•  A	  digital	  camera	  replaces	  film	  with	  a	  sensor	  array	  
•  Each	  cell	  in	  the	  array	  is	  a	  light-‐sensiIve	  diode	  that	  converts	  

photons	  to	  electrons	  
YungYu Chuang’s slide 



Last	  Ime:	  Image	  FormaIon	  in	  Cameras	  
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Last	  Ime:	  Image	  FormaIon	  in	  Cameras	  
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Frédo Durand’s slide 



Last	  Ime:	  Image	  FormaIon	  in	  Cameras	  

Changing the aperture size affects depth of field. A smaller aperture increases the 
range in which the object is approximately in focus 



Last	  Ime:	  Image	  FormaIon	  in	  Cameras	  
•  Slower	  shuXer	  speed	  =>	  more	  light,	  but	  more	  moIon	  blur	  

•  Faster shutter speed freezes motion 

YungYu Chuang’s slide 



Last	  Ime:	  Image	  FormaIon	  in	  Cameras	  

•  Field	  of	  View,	  MoIon	  blur,	  Depth	  of	  Field	  

•  Can	  all	  be	  simulated	  in	  OpenGL	  



Last	  Ime:	  Image	  FormaIon	  in	  Cameras	  

YungYu Chuang’s slide 
Lecture 3-4: Image Re-sampling and Filtering 



Last	  Ime:	  Image	  FormaIon	  in	  Cameras	  

automatic white balance warmer 

YungYu Chuang’s slide 



Last	  Ime:	  Image	  FormaIon	  in	  Cameras	  

•  Bayer	  PaXern	  =>	  color	  image,	  white	  balance	  	  

•  Are	  good	  exercises	  for	  project	  1.	  



Lens has different refractive indices 
for different wavelengths. 

Lens related issues: Chromatic Abberation 

Special lens systems using two or more 
pieces of glass with different refractive 
indexes can reduce or eliminate this 
problem.  

http://www.dpreview.com/learn/?/Glossary/Optical/chromatic_aberration_01.htm 



Lens related issues: Distortion 

•  Radial distortion of the image 
– Caused by imperfect lenses 
– Deviations are most noticeable for rays that pass 

through the edge of the lens 

No distortion Pin cushion Barrel 

Steve Seitz’s slide 



Correcting radial distortion 

from Helmut Dersch 
Steve Seitz’s slide Lecture 6: Image Warping 



Digital camera review website 

•  http://www.dpreview.com/ 
•  http://www.imaging-resource.com/ 
•  http://www.steves-digicams.com/ 



Image	  as	  a	  discreet	  funcIon	  

x

y
f(x,y) Represented by a matrix: 

x

y
f(x,y)

Q1:	  How	  many	  discrete	  samples	  are	  needed	  to	  
represent	  the	  original	  con7nuous	  func7on?	  	  

Q2:	  How	  to	  reconstruct	  the	  con7nuous	  
func7on	  	  from	  the	  samples?	  	  



Sampling	  in	  digital	  audio	  

•  Recording:	  sound	  to	  analog	  to	  samples	  to	  disc	  

•  Playback:	  disc	  to	  samples	  to	  analog	  to	  sound	  again	  
–  How	  can	  we	  make	  sure	  we	  are	  filling	  in	  the	  gaps	  correctly?	  



Sampled	  RepresentaIon	  in	  General	  

•  How	  to	  store	  and	  compute	  with	  conInuous	  
funcIons?	  	  

•  Sampling:	  write	  down	  the	  funcIon’s	  values	  at	  many	  
points	  



Sampled	  RepresentaIon	  in	  General	  

•  Making	  samples	  back	  into	  a	  conInuous	  funcIon	  

–  For	  output	  
–  For	  analysis	  or	  processing	  

•  Amounts	  to	  guessing	  what	  the	  funcIon	  did	  in	  between	  	  



Advantage	  of	  sampled	  representaIon	  

•  Simplifying	  the	  job	  of	  processing	  a	  funcIon	  

•  Simple	  example:	  smoothing	  by	  averaging	  
–  Can	  be	  executed	  in	  conInuous	  form	  (analog	  circuit	  design)	  
–  But	  can	  also	  be	  executed	  using	  sampled	  representaIon	  



History	  of	  sampling	  

•  Nyquist	  1928;	  Shannon	  1949	  
–  Famous	  results	  in	  informaIon	  theory	  

•  1940s:	  first	  pracIcal	  uses	  in	  telecommunicaIons	  

•  1960s:	  first	  digital	  audio	  systems	  

•  1970s:	  commercializaIon	  of	  digital	  audio	  

•  1982:	  introducIon	  of	  the	  Compact	  Disc	  
–  The	  first	  high-‐profile	  consumer	  applicaIon	  

•  This	  is	  why	  all	  terminology	  has	  ECE	  flavor	  instead	  of	  CS	  

•  Compressed	  Sensing	  2004;	  sub-‐Nyquiest-‐Shannon	  
criterion	  



Sampling	  a	  conInuous	  funcIon	  (1D)	  
Continuous Function 

Discrete Samples 

Sampling	  Period	  T	  =	  32	   Sampling	  Period	  T	  =	  16	   Sampling	  Period	  T	  =	  8	   Sampling	  Period	  T	  =	  4	  

The denser the better, but at the expense of storage and processing power 



Under-‐sampling	  

•  Sampling	  a	  sine	  wave	  



Under-‐sampling	  

•  Sampling	  a	  sine	  wave	  
•  What	  if	  we	  “missed”	  things	  between	  the	  samples?	  

–  Unsurprising	  result:	  informaIon	  is	  lost	  



•  Sampling	  a	  sine	  wave	  
•  What	  if	  we	  “missed”	  things	  between	  the	  samples?	  

–  Unsurprising	  result:	  informaIon	  is	  lost	  

–  Surprising	  result:	  indisInguishable	  from	  lower	  frequency	  



•  Sampling	  a	  sine	  wave	  
•  What	  if	  we	  “missed”	  things	  between	  the	  samples?	  

–  Unsurprising	  result:	  informaIon	  is	  lost	  

–  Surprising	  result:	  indisInguishable	  from	  lower	  frequency	  



•  Sampling	  a	  sine	  wave	  
•  What	  if	  we	  “missed”	  things	  between	  the	  samples?	  

–  Unsurprising	  result:	  informaIon	  is	  lost	  

–  Surprising	  result:	  indisInguishable	  from	  lower	  frequency	  

–  Also	  indisInguishable	  from	  high	  frequency	  

–  Aliasing:	  Insufficient	  samples	  to	  reconstruct	  original	  signal	  



PrevenIng	  aliasing	  



PrevenIng	  aliasing	  

Introducing lowpass filters: 
 remove high frequency leaving only safe low frequencies 
 choose lowest frequency in reconstruction (disambiguate) 



Linear	  filtering:	  a	  key	  idea	  

Transformation on signals; e.g.: 
•  bass/treble controls on stereo 
•  blurring/sharpening operations in image editing 
•  smoothing/noise reduction in tracking 

Can be mathematically by convolution 







































Let’s	  take	  a	  break	  
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Linear	  filtering	  (warm-‐up	  slide)	  
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Linear	  filtering	  (warm-‐up	  slide)	  
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Linear	  filtering	  
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Linear	  filtering	  
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Blurring	  
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(remember	  blurring)	  

Blurred (filter 
applied in both 
dimensions). 
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sharpening	  
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Sharpening	  example	  
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Sharpening	  
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