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PERCEPTION COGNITION ACTION

MEMORY
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decision vs prediction



Slide Credit: Antonio Torralba
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What did you see?
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Slide Credit: Antonio Torralba
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Slide Credit: Antonio Torralba
Wednesday, October 13, 2010



“THE EYE SEES ONLY WHAT THE MIND 
IS PREPARED TO COMPREHEND.”

--- Henri Bergson, 1927
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Slide Credit: Antonio Torralba
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WHY IS SCENE 
UNDERSTANDING FROM IMAGES 

HARD?
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VIEW
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Credit: Shimon Ullman

ILLUMINATION
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INTRA-CLASS VARIATION

CREDIT: FEI-FEI, FERGUS & TORRALBA 
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ARTICULATION
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THE SET OF ALL IMAGES

640 x 480
9 x 9

= 4.31 x 1027x 30
fps

x 60
secs

x 60
mins

x 24
hrs

x 365
days

x 6,000,000,000
people

x 200,000
years

6 pixels

6 pixels

Credit: “KANADE’S THEOREM”

181 223 53 170 210 52

55 242 177 66 246 185

75 29 239 78 22 233

183 219 44 76 66 43

58 79 90 48 191 177

73 38 70 82 24 234

2559x9 = 8.51 x 10194Size of the Set of 
all possible 9x9 patches
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15

1950s 

“The best way to learn about a difficult problem 
is to give it to an intrepid undergraduate 
who doesn’t know enough to realize it’s 

impossible.”

-- Marvin Minsky 
Quote provided by Gerald Sussman
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radiometry

geometry

this lecture

next lecture





red
green
blue
x
y




=





178
172
158
545
1540





2048 x 3072 x 3

WHERE DOES A PIXEL COME FROM?
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INTROMISSIVE THEORY OF VISION

• Greeks understood geometry but not radiometry
• Euclid’s Optica, 300 BC
• Ptolemy’s Almagest, 147 AD

• “Light” travels in straight lines
• But which way?
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EXTROMISSIVE THEORY OF VISION

• Abu Ali Ibn al-Haytham, 1039 AD
–Kitaab al-Manazir (Perspectiva)

• Direction of light by argument
–“…when the eye looks into exceedingly bright lights, it 

suffers greatly because of them.”
–How could a ray from the eyes reach the distant stars the 

moment we open our eyes?
• (One of the) Earliest construction of Camera Obscura

– Al-Bait al-Muthlim (The Dark Chamber)
– Observed that the aperture size is related to sharpness 
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PINHOLE CAMERA

Image Source: Le Ministère de la Culture et de la Communication - The Cave Of Lascaux
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PINHOLE CAMERA

f

Image 
plane

P′

Y
X

Z

P

Pinhole
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IMAGE FORMATION

• RADIOMETRY

• OPTICS

• GEOMETRY
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RADIOMETRY
LIGHT TRANSPORT

surface
element

medium
medium

light source

camera

surface
normal

radiometric
response image(x,y)

[37, 83, 44]

Wednesday, October 13, 2010



IMAGE FORMATION

NIEPCE, 1826
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OPTICS
THIN LENSES

1. ANY RAY ENTERING THE LENS PARALLEL TO THE AXIS ON ONE SIDE 
GOES THROUGH THE FOCUS ON THE OTHER SIDE

2. ANY RAY ENTERING THE LENS FROM THE FOCUS ON ONE SIDE 
EMERGES PARALLEL TO THE AXIS ON THE OTHER SIDE

O

Fl Fr

left focal point right focal point

ff
focal length
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OPTICS
THIN LENSES

O

Fl

Fr

ffZ z

R

P

S
s

p

Q

1. ANY RAY ENTERING THE LENS PARALLEL TO THE AXIS ON ONE SIDE 
GOES THROUGH THE FOCUS ON THE OTHER SIDE

2. ANY RAY ENTERING THE LENS FROM THE FOCUS ON ONE SIDE 
EMERGES PARALLEL TO THE AXIS ON THE OTHER SIDE
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HOW ARE Z AND z RELATED TO f?
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OPTICS
SIMILAR TRIANGLES

O

Fl

Fr

ffZ z

R

P

S
s
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|sp| =

Z

f

Q

|PS|
|sp| =

|PS|
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|SFl|
|FlO| =

Z

f
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OPTICS
SIMILAR TRIANGLES
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OPTICS
RELATING Z AND z

O

Fl

Fr

ffZ z

R

P

S
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|sp| =

f

z
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|sp| =

Z

f
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Wednesday, October 13, 2010



OPTICS
FUNDAMENTAL EQUATION OF THIN LENSES

O

Fl

Fr

ffZ z

R

P

S
s

p

1

Ẑ
+

1
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Q
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Discovered by Edmund Halley in 1693 (of Halley’s comet fame). 



FIELD OF VIEW

d

f

tan(ω) =
d

2f

ω

field of view

aperture effective 
diameter

Image source: Wikipedia
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Effective diameter is usually much smaller than the physical diameter because of the 
aperture.



SURFACE IRRADIANCE TO SURFACE RADIANCE

surface
element

medium
medium

light source

camera

surface
normal

radiometric
response image(x,y)

incident 
direction
(θi,φi)

viewing 
direction
(θr,φr)

Wednesday, October 13, 2010

Assume perfect medium, i.e., no attenuation of 
light



RADIANCE AND IRRADIANCE

Amount of light emitted from a 
surface in a particular direction

Power traveling at some point in a specified 
direction, per unit area perpendicular to the 

direction of travel, per unit solid angle:

How much light is arriving at a 
particular location?

Total power arriving at a surface point 
computer by adding irradiance over all 

incoming directions

RADIANCE
IRRADIANCE
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Assume perfect medium, i.e., no attenuation of 
light



(θi,φi)

f(θi,φi; θr,φr) =
Lsurface(θr,φr)

Esurface(θi,φi)

Lsurface(θr,φr) = f(θi,φi; θr,φr)Esurface(θi,φi)

BRDF
BI-DIRECTIONAL REFLECTANCE DISTRIBUTION FUNCTION

surface
element

surface
normalincident 

direction viewing 
direction

BASED ON SLIDE BY SRINIVASA NARASIMHAN

(θr,φr)

Esurface(θi,φi) : Irradiance at surface in direction (θi,φi)

Lsurface(θr,φr) : Radiance of surface in direction (θr,φr)

BRDF
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• ROTATIONAL SYMMETRY

• BRDF DOES NOT CHANGE WHEN SURFACE IS ROTATED ABOUT NORMAL

• BRDF IS A FUNCTION OF THREE VARIABLES:

• HELMHOLTZ RECIPROCITY

• BRDF DOES NOT CHANGE WHEN INCIDENT AND VIEWING DIRECTIONS 
ARE SWAPPED

(θi,φi)

BRDF: IMPORTANT PROPERTIES

surface
element

surface
normalincident 

direction viewing 
direction

f(θi,φi; θr,φr) = f(θr,φr; θi,φi)

f(θi, θr,φi − φr)

BASED ON SLIDE BY SRINIVASA NARASIMHAN

(θr,φr)

Wednesday, October 13, 2010



• SURFACE APPEARS EQUALLY BRIGHT FROM ALL DIRECTIONS

• LAMBERTIAN BRDF IS CONSTANT (W.R.T VIEW): 

• SURFACE RADIANCE:

(θi,φi)

f(θi,φi; θr,φr) = ρ

BRDF: LAMBERTIAN REFLECTANCE

surface
element

ns
v

BASED ON SLIDE BY SRINIVASA NARASIMHAN

(θr,φr)

L = ρ I n · s
RADIANCE

ALBEDO
(BRDF)

IRRADIANCE

LIGHT INTENSITY
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Lambertʼs Law



IS THIS SURFACE LAMBERTIAN?
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Nearly.



EXAMPLES OF LAMBERTIAN SURFACES

SAND PLANETARY 
SURFACE

CG RENDERING

CLAY
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EXAMPLES OF NON-LAMBERTIAN SURFACES?

Shiny, specular, fluorescent, interreflective, refractive, transparent...
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SURFACE RADIANCE TO IMAGE IRRADIANCE

surface
element

medium
medium

light source

camera

surface
normal

radiometric
response image(x,y)

[37, 83, 44]
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Medium assumed to be perfect 
again.



SURFACE RADIANCE TO IMAGE IRRADIANCE
PINHOLE CASE

surface
element

medium
medium

light source

camera

surface
normal

radiometric
response image(x,y)

[37, 83, 44]

Eimage(p) = Lsurface(P ) · constant

Wednesday, October 13, 2010

Image Radiance = Surface Reflectance x 
constant



r

δA

δω =
δA cos(ψ)

r2

SOLID ANGLE

: Area of the patch

ψ : angle between normal and ray to origin

solid angle
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Solid angle!



P
E(p) = L(P )

π

4

d2

f2
cos4(α)

SURFACE RADIANCE TO IMAGE IRRADIANCE

surface
element

fZ

p

camera sensor

pixel

∆ΩδO

α

δI
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Solid angle!



COLOR IMAGING

• DIFFERENT FREQUENCIES 
CORRESPOND TO DIFFERENT COLORS

• SUN EMITS MOST ENERGY IN THE 
VISIBLE SPECTRUM
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COLOR IMAGING
RECEPTOR SENSITIVITY

brightness
sensitivity

image 
irradiance

pk =

�
σk(λ)Eimage(λ)dλ

Wednesday, October 13, 2010



COLOR IMAGING
CHARGE COUPLED DEVICES

• CCD: IMAGE IRRADIANCE TO INTENSITY

• THREE CCD

• CORRESPONDING TO RED, GREEN, BLUE FREQUENCIES

• TRICHORIC PRISM ASSEMBLY
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CCD: Charge-coupled device
CMOS: Complementary metal-oxide-semiconductor



COLOR IMAGING
CHARGE COUPLED DEVICES

• ONE CCD

• BAYER FILTER

• DEMOSAICING

IMAGE SOURCE: WIKIPEDIA
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CCD: Charge-coupled device
CMOS: Complementary metal-oxide-semiconductor



SERGEI MIKHAILOVICH PROKUDIN-GORSKII
(1911)

Wednesday, October 13, 2010



SURFACE RADIANCE TO IMAGE IRRADIANCE

surface
element

medium
medium

light source

camera

surface
normal

radiometric
response image(x,y)

[37, 83, 44]
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CAMERA RESPONSE
IMAGE IRRADIANCE TO INTENSITY

image irradiance

image intensity

255

0

(Mitsunaga)
Wednesday, October 13, 2010



Wednesday, October 13, 2010



RADIOMETRIC RESPONSE
IMAGE IRRADIANCE TO INTENSITY

Image source: Grossberg and Nayar, Modeling the Space of Camera Response Functions, TPAMI, 2004
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DYNAMIC RANGE

• OFFICE INTERIOR

• INDIRECT LIGHT FROM 
WINDOW

• 1/60TH SEC SHUTTER

• F/5.6 APERTURE

Based on slides by Paul Debevec
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DYNAMIC RANGE

Based on slides by Paul Debevec

• OUTSIDE IN THE SHADE

• 1/1000TH SEC SHUTTER

• F/5.6 APERTURE

• 16 TIMES AS MUCH LIGHT AS 
INSIDE
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DYNAMIC RANGE

Based on slides by Paul Debevec

• OUTSIDE IN THE SUN

• 1/1000TH SEC SHUTTER

• F/11 APERTURE

• 64 TIMES AS MUCH LIGHT AS 
INSIDE
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DYNAMIC RANGE

Based on slides by Paul Debevec

• STRAIGHT AT THE SUN

• 1/10,000TH SEC SHUTTER

• F/11 APERTURE

• 5,000,000 TIMES AS MUCH LIGHT 
AS INSIDE
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DYNAMIC RANGE

Based on slides by Paul Debevec

• VERY DIM ROOM

• 1/4TH SEC SHUTTER

• F/1.6 APERTURE

• 1/1500TH THE LIGHT AS INSIDE
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HIGH DYNAMIC RANGE

Based on slides by Paul Debevec

1 1500 25,000 400,000 2,000,000,000
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RADIOMETRY
LIGHT TRANSPORT

surface
element

medium
medium

light source

camera

surface
normal

radiometric
response image(x,y)

[37, 83, 44]

Radiometric Image 
Formation

Camera Response 
FunctionBRDFLight Source

Scene Irradiance Scene Radiance Image Irradiance Intensity
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Canon.com
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NEXT LECTURE
GEOMETRY
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