
Quiz 5 (on Canvas)
Closed book / closed note

Ends at 1:08pm



Light & Perception
CS5670: Computer Vision



Announcements

• Project 3 code due Monday, March 20, by 8pm to 
GitHub Classroom

• Project 3 artifact (panorama) due Tuesday, March 21, by 
8pm to CMSX

• Project 4 to be released on Tuesday, March 21, due Friday, 
March 31 by 8pm

• Final exam is planned to be in class during the last lecture 
on Tuesday, May 9



Can we determine shape from lighting?

• Are these spheres?
• Or just flat discs painted with varying color (albedo)?
• There is ambiguity between shading and reflectance
• But still, as humans we can understand the shapes of these 

objects



What we know: Stereo

Key Idea: use camera motion to compute shape



Next: Photometric Stereo

Key Idea: use pixel brightness to understand shape



Photometric Stereo

Input
(1 of 12)

Normals (RGB 
colormap)

Normals (vectors) Shaded 3D
rendering

Textured 3D
rendering

What results can you get?





Light

• Readings
– Szeliski, 2.2, 2.3

by Ted Adelson



Light

by Ted Adelson

• Readings
– Szeliski, 2.2, 2.3



Properties of light

• Today
–What is light?
– How do we measure it?
– How does light propagate?
– How does light interact with matter?



Radiometry

• What determines the 
brightness of a pixel?

Light source properties

Surface properties

Surface properties



Radiometry

https://www.instagram.com/p/BtgX55ZBhU-/
@robertwestonbreshears

• What determines the 
brightness of a pixel?

https://www.instagram.com/p/BtgX55ZBhU-/
https://www.instagram.com/p/BtgX55ZBhU-/


Radiometry

• What determines the 
brightness of a pixel?



Radiometry
Light source
properties

Surface 
shape

Surface reflectance
properties

Optics

Sensor characteristics

Slide by L. Fei-Fei

Exposure

• What determines the 
brightness of a pixel?



What is light?
Electromagnetic radiation (EMR) moving along rays in space

• R(l) is EMR, measured in units of power (watts)
– l is wavelength

Light field
• We can describe all of the light in the scene by specifying the radiation (or “radiance”

along all light rays) arriving at every point in space and from every direction

The plenoptic function describes all of this light: 



Color perception

Electromagnetic radiation (EMR) moving along rays in space
• R(l) is EMR, measured in units of power (watts)

– l is wavelength

Perceiving light
• How do we convert radiation into “color”?
• What part of the spectrum do we see?



Visible light

We “see” 
electromagnetic 
radiation in a range of 
wavelengths



Light spectrum
• The appearance of light depends on its power spectrum

– How much power (or energy) at each wavelength

daylight tungsten bulb

Our visual system converts a light spectrum into “color”
• This is a rather complex transformation

fluorescent bulb



The human visual system

• Color perception
– Light hits the retina, which 

contains photosensitive cells
• rods and cones

– These cells convert the spectrum 
into a few discrete values



Density of rods and cones

• Rods and cones are non-uniformly
distributed on the retina
– Rods responsible for intensity, cones 

responsible for color
– Fovea: Small region (1 or 2°) at the center of 

the visual field containing the highest density 
of cones (and no rods).

– Less visual acuity in the periphery—many 
rods wired to the same neuron



Demonstrations of visual acuity

With one eye shut, at the right distance, all of these letters 
should appear equally legible (Glassner, 1.7).



Demonstrations of visual acuity

With left eye shut, look at the cross on the left.  At the right 
distance, the circle on the right should disappear (Glassner, 1.8).



Brightness contrast and constancy
• The apparent brightness depends on the surrounding region 

– brightness contrast: a constant colored region seems lighter or darker depending on the 
surrounding intensity

– brightness constancy:  a surface looks the same under widely varying lighting 
conditions.



Light response is nonlinear

• Our visual system has a large dynamic range
–We can resolve both light and dark things at the same time
– One mechanism for achieving this is that we sense light 

intensity on a logarithmic scale
• an exponential intensity ramp will be seen as a linear ramp 

– Another mechanism is adaptation
• rods and cones adapt to be more sensitive in low light, less sensitive in 

bright light.



Visual dynamic range

A piece of white paper can be 
1,000,000,000 times brighter in 
outdoor sunlight than in a 
moonless night.

BUT in a given lighting 
condition, light perception 
ranges over only about two 
orders of magnitude.

https://threader.app/thread/1134003178515701762

https://threader.app/thread/1134003178515701762


http://cchen156.web.engr.illinois.edu/SID.html

http://cchen156.web.engr.illinois.edu/SID.html




Visual dynamic range

Dark night Indoor lighting Cloudy day Sunny day

If we were sensitive to this whole range all the time, we wouldn’t be able to 
discriminate lightness levels in a typical scene. 
The visual system solves this problem by restricting the ‘dynamic range’ of its 
response to match the current overall or ‘ambient’ light level.

Dark night Indoor lighting Cloudy day Sunny day

Dark night Indoor lighting Cloudy day Sunny day



Color perception
• Three types of cones

– Each is sensitive in a different region of the 
spectrum
• but regions overlap
• Short (S) corresponds to blue
• Medium (M) corresponds to green
• Long (L) corresponds to red

– Different sensitivities:  we are more sensitive 
to green than red
• varies from person to person (and with age)

– Colorblindness—deficiency in at least one 
type of cone

L response curve



Color perception

• Rods and cones act as filters on the spectrum
– To get the output of a filter, multiply its response curve by the spectrum, 

integrate over all wavelengths
• Each cone yields one number

– Q: How can we represent an entire spectrum with 3 numbers?
– A: We can’t!  Most of the information is lost

– As a result, two different spectra may appear indistinguishable
– such spectra are known as metamers

S

M L

Wavelength

Power        



Metamers

1. Combined light spectrum



Metamers

1. Combined light spectrum

2. Cone sensitivity (S, M, L)

3. Multiplication of 1 and 2



Metamers

1. Combined light spectrum

2. Cone sensitivity (S, M, L)

3. Multiplication of 1 and 2

4. Observed color (yellow)



What kind of bulb is it?

http://www.chemistryland.com/CHM107Lab/Exp7/Spectroscope/Spectroscope.html

http://www.chemistryland.com/CHM107Lab/Exp7/Spectroscope/Spectroscope.html


What color is the dress?

• White and gold?
• Black and blue?



Reflectance and Illumination In Popular Culture…



What color is the center ball?



What color is the center ball?



Perception summary
• The mapping from radiance to perceived color is quite complex!
– We throw away most of the data
– We apply a logarithm
– Brightness affected by pupil size and adaptation of rods/cones
– Brightness contrast and constancy effects

• The same is true for cameras
– But we have tools to correct for these effects

• (Computational Photography)



Cameras also see color

• Common technique is to 
place a mosaic of color 
filters (a Bayer filter) in front 
of the sensor

• Colors are interpolated to 
create a full-resolution 
“demosaicked” color image

Bayer filter pattern in front of sensor

What the camera sees
(“raw” image)

Demosaicked image
https://en.wikipedia.org/wiki/Bayer_filter

https://en.wikipedia.org/wiki/Bayer_filter


Early color photography
• Prior to the invention 

of color film, Sergey 
Prokudin-Gorsky took 
three separate 
exposures with three 
different color filters 

Blue, Green, Red 
exposures

Combined color image (1911)



Film has its own sensitivity
• “… the film of Lincoln’s era was 

sensitive only to blue and UV light, 
causing cheeks to appear dark, and 
overly emphasizing wrinkles by 
filtering out skin subsurface scatter 
which occurs mostly in the red 
channel. Hence, the deep lines and 
sharp creases that we associate with 
Lincoln’s face are likely exaggerated 
by the photographic process of the 
time.”Time-Travel Rephotography

Xuan Luo, Xuaner Zhang, Paul Yoo, Ricardo Martin-Brualla, Jason Lawrence, Steven M. Seitz
SIGGRAPH Asia 2021

https://time-travel-rephotography.github.io/
https://arxiv.org/search/cs?searchtype=author&query=Luo%2C+X
https://arxiv.org/search/cs?searchtype=author&query=Zhang%2C+X
https://arxiv.org/search/cs?searchtype=author&query=Yoo%2C+P
https://arxiv.org/search/cs?searchtype=author&query=Martin-Brualla%2C+R
https://arxiv.org/search/cs?searchtype=author&query=Lawrence%2C+J
https://arxiv.org/search/cs?searchtype=author&query=Seitz%2C+S+M


Questions?



Light transport



Light sources
• Basic types
– point source
– directional source

• a point source that is infinitely far away
– area source

• a union of point sources

• More generally
– a light field can describe *any* distribution of light sources

• What happens when light hits an object?



Modeling Image Formation

We need to reason about:
• How light interacts with the scene
• How a pixel value is related to light energy 

in the world

Track a “ray” of light all the way 
from light source to the sensor



Directional Lighting

• Key property: all rays are parallel
• Equivalent to an infinitely distant 

point source



Lambertian Reflectance

Image 
intensity

Surface 
normal

Light 
direction

Image 
intensity cos(angle between N and L)



© Kavita Bala, Computer Science, Cornell University

Materials - Three Forms
Ideal diffuse 
(Lambertian)

Ideal
specular

Directional
diffuse



© Kavita Bala, Computer Science, Cornell University

Reflectance—Three Forms

Ideal diffuse 
(Lambertian)

Directional
diffuse

Ideal
specular



© Kavita Bala, Computer Science, Cornell University

Ideal Diffuse Reflection

• Characteristic of multiple scattering materials
• An idealization but reasonable for matte surfaces



Lambertian Reflectance

1. Reflected energy is proportional to cosine of angle between L 
and N (incoming)

2. Measured intensity is viewpoint-independent (outgoing)



Lambertian Reflectance: Incoming

• Reflected energy is proportional to cosine of angle 
between L and N



Lambertian Reflectance: Incoming

• Reflected energy is proportional to cosine of angle 
between L and N



Lambertian Reflectance: Incoming

• Reflected energy is proportional to cosine of angle 
between L and N

Light hitting surface is proportional to the cosine



Lambertian appearance is view-
independent

B = B0 cos(✓)

<latexit sha1_base64="/xe8h9kYXYgvn8ypaDQLynjPHpM=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAU6qYkUtCNUOrGZQV7gSaEyXTSDp1cmDkRSsgTuPFV3LhQxK1rd76Nkzagtv4w8PGfc5hzfi/mTIJpfmmltfWNza3ydmVnd2//QD886skoEYR2ScQjMfCwpJyFtAsMOB3EguLA47TvTa/zev+eCsmi8A5mMXUCPA6ZzwgGZbl6zQ4wTDw/bWdXP+imZmaTSNZtmFDAZ65eNRvmXMYqWAVUUaGOq3/ao4gkAQ2BcCzl0DJjcFIsgBFOs4qdSBpjMsVjOlQY4oBKJ52fkxk15YwMPxLqhWDM3d8TKQ6knAWe6sw3lsu13PyvNkzAv3RSFsYJ0JAsPvITbkBk5NkYIyYoAT5TgIlgaleDTLDABFSCFRWCtXzyKvTOG1az0bxtVlvtIo4yOkGnqI4sdIFa6AZ1UBcR9ICe0At61R61Z+1Ne1+0lrRi5hj9kfbxDXWGnFw=</latexit>

B0

<latexit sha1_base64="J5glMHg2oOsOqO3swEB90JM0fJc=">AAAB9XicbVBNSwMxFHypX7V+VT16CRbBU9mVgh5LvXisYFuhXUs2zbah2eySZJWy7P/w4kERr/4Xb/4bs+0etHUgMMy8x5uMHwuujeN8o9La+sbmVnm7srO7t39QPTzq6ihRlHVoJCJ17xPNBJesY7gR7D5WjIS+YD1/ep37vUemNI/knZnFzAvJWPKAU2Ks9DAIiZn4QdrKhqmTDas1p+7MgVeJW5AaFGgPq1+DUUSTkElDBdG67zqx8VKiDKeCZZVBollM6JSMWd9SSUKmvXSeOsNnVhnhIFL2SYPn6u+NlIRaz0LfTuYp9bKXi/95/cQEV17KZZwYJuniUJAIbCKcV4BHXDFqxMwSQhW3WTGdEEWosUVVbAnu8pdXSfei7jbqjdtGrdkq6ijDCZzCObhwCU24gTZ0gIKCZ3iFN/SEXtA7+liMllCxcwx/gD5/AKSBkpw=</latexit>

Lambert's cosine law:B = B0 cos(✓)

<latexit sha1_base64="/xe8h9kYXYgvn8ypaDQLynjPHpM=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAU6qYkUtCNUOrGZQV7gSaEyXTSDp1cmDkRSsgTuPFV3LhQxK1rd76Nkzagtv4w8PGfc5hzfi/mTIJpfmmltfWNza3ydmVnd2//QD886skoEYR2ScQjMfCwpJyFtAsMOB3EguLA47TvTa/zev+eCsmi8A5mMXUCPA6ZzwgGZbl6zQ4wTDw/bWdXP+imZmaTSNZtmFDAZ65eNRvmXMYqWAVUUaGOq3/ao4gkAQ2BcCzl0DJjcFIsgBFOs4qdSBpjMsVjOlQY4oBKJ52fkxk15YwMPxLqhWDM3d8TKQ6knAWe6sw3lsu13PyvNkzAv3RSFsYJ0JAsPvITbkBk5NkYIyYoAT5TgIlgaleDTLDABFSCFRWCtXzyKvTOG1az0bxtVlvtIo4yOkGnqI4sdIFa6AZ1UBcR9ICe0At61R61Z+1Ne1+0lrRi5hj9kfbxDXWGnFw=</latexit>

• Number of photons reflected to a 
given angle θ is proportional to 
cos(θ)



Lambertian appearance is view-
independent

• But appearance is the same 
from every angle due to 
larger pixel footprint at larger 
angles

B = B0 cos(✓)

<latexit sha1_base64="/xe8h9kYXYgvn8ypaDQLynjPHpM=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAU6qYkUtCNUOrGZQV7gSaEyXTSDp1cmDkRSsgTuPFV3LhQxK1rd76Nkzagtv4w8PGfc5hzfi/mTIJpfmmltfWNza3ydmVnd2//QD886skoEYR2ScQjMfCwpJyFtAsMOB3EguLA47TvTa/zev+eCsmi8A5mMXUCPA6ZzwgGZbl6zQ4wTDw/bWdXP+imZmaTSNZtmFDAZ65eNRvmXMYqWAVUUaGOq3/ao4gkAQ2BcCzl0DJjcFIsgBFOs4qdSBpjMsVjOlQY4oBKJ52fkxk15YwMPxLqhWDM3d8TKQ6knAWe6sw3lsu13PyvNkzAv3RSFsYJ0JAsPvITbkBk5NkYIyYoAT5TgIlgaleDTLDABFSCFRWCtXzyKvTOG1az0bxtVlvtIo4yOkGnqI4sdIFa6AZ1UBcR9ICe0At61R61Z+1Ne1+0lrRi5hj9kfbxDXWGnFw=</latexit>

B0

<latexit sha1_base64="J5glMHg2oOsOqO3swEB90JM0fJc=">AAAB9XicbVBNSwMxFHypX7V+VT16CRbBU9mVgh5LvXisYFuhXUs2zbah2eySZJWy7P/w4kERr/4Xb/4bs+0etHUgMMy8x5uMHwuujeN8o9La+sbmVnm7srO7t39QPTzq6ihRlHVoJCJ17xPNBJesY7gR7D5WjIS+YD1/ep37vUemNI/knZnFzAvJWPKAU2Ks9DAIiZn4QdrKhqmTDas1p+7MgVeJW5AaFGgPq1+DUUSTkElDBdG67zqx8VKiDKeCZZVBollM6JSMWd9SSUKmvXSeOsNnVhnhIFL2SYPn6u+NlIRaz0LfTuYp9bKXi/95/cQEV17KZZwYJuniUJAIbCKcV4BHXDFqxMwSQhW3WTGdEEWosUVVbAnu8pdXSfei7jbqjdtGrdkq6ijDCZzCObhwCU24gTZ0gIKCZ3iFN/SEXtA7+liMllCxcwx/gD5/AKSBkpw=</latexit>

Lambert's cosine law:B = B0 cos(✓)

<latexit sha1_base64="/xe8h9kYXYgvn8ypaDQLynjPHpM=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAU6qYkUtCNUOrGZQV7gSaEyXTSDp1cmDkRSsgTuPFV3LhQxK1rd76Nkzagtv4w8PGfc5hzfi/mTIJpfmmltfWNza3ydmVnd2//QD886skoEYR2ScQjMfCwpJyFtAsMOB3EguLA47TvTa/zev+eCsmi8A5mMXUCPA6ZzwgGZbl6zQ4wTDw/bWdXP+imZmaTSNZtmFDAZ65eNRvmXMYqWAVUUaGOq3/ao4gkAQ2BcCzl0DJjcFIsgBFOs4qdSBpjMsVjOlQY4oBKJ52fkxk15YwMPxLqhWDM3d8TKQ6knAWe6sw3lsu13PyvNkzAv3RSFsYJ0JAsPvITbkBk5NkYIyYoAT5TgIlgaleDTLDABFSCFRWCtXzyKvTOG1az0bxtVlvtIo4yOkGnqI4sdIFa6AZ1UBcR9ICe0At61R61Z+1Ne1+0lrRi5hj9kfbxDXWGnFw=</latexit>

• Number of photons reflected to a 
given angle θ is proportional to 
cos(θ)

A0

<latexit sha1_base64="S0cqrN3m5hGiYSQuvSZcMiemU3Y=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQKuqy6cVnBPqApZTKdtEMnkzBzI5TQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE14P6IjJULBKFrJ9yOK4yDMbmYDd1CpujV3DrJKvIJUoUBzUPnyhzFLI66QSWpMz3MT7GdUo2CSz8p+anhC2YSOeM9SRSNu+tk884ycW2VIwljbp5DM1d8bGY2MmUaBncwzmmUvF//zeimG1/1MqCRFrtjiUJhKgjHJCyBDoTlDObWEMi1sVsLGVFOGtqayLcFb/vIqaV/WvHqt/lCvNm6LOkpwCmdwAR5cQQPuoQktYJDAM7zCm5M6L86787EYXXOKnRP4A+fzB9cSkY8=</latexit>



Lambertian appearance is view-
independent

• But appearance is the same 
from every angle due to 
larger pixel footprint at larger 
angles

B = B0 cos(✓)

<latexit sha1_base64="/xe8h9kYXYgvn8ypaDQLynjPHpM=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAU6qYkUtCNUOrGZQV7gSaEyXTSDp1cmDkRSsgTuPFV3LhQxK1rd76Nkzagtv4w8PGfc5hzfi/mTIJpfmmltfWNza3ydmVnd2//QD886skoEYR2ScQjMfCwpJyFtAsMOB3EguLA47TvTa/zev+eCsmi8A5mMXUCPA6ZzwgGZbl6zQ4wTDw/bWdXP+imZmaTSNZtmFDAZ65eNRvmXMYqWAVUUaGOq3/ao4gkAQ2BcCzl0DJjcFIsgBFOs4qdSBpjMsVjOlQY4oBKJ52fkxk15YwMPxLqhWDM3d8TKQ6knAWe6sw3lsu13PyvNkzAv3RSFsYJ0JAsPvITbkBk5NkYIyYoAT5TgIlgaleDTLDABFSCFRWCtXzyKvTOG1az0bxtVlvtIo4yOkGnqI4sdIFa6AZ1UBcR9ICe0At61R61Z+1Ne1+0lrRi5hj9kfbxDXWGnFw=</latexit>

B0

<latexit sha1_base64="J5glMHg2oOsOqO3swEB90JM0fJc=">AAAB9XicbVBNSwMxFHypX7V+VT16CRbBU9mVgh5LvXisYFuhXUs2zbah2eySZJWy7P/w4kERr/4Xb/4bs+0etHUgMMy8x5uMHwuujeN8o9La+sbmVnm7srO7t39QPTzq6ihRlHVoJCJ17xPNBJesY7gR7D5WjIS+YD1/ep37vUemNI/knZnFzAvJWPKAU2Ks9DAIiZn4QdrKhqmTDas1p+7MgVeJW5AaFGgPq1+DUUSTkElDBdG67zqx8VKiDKeCZZVBollM6JSMWd9SSUKmvXSeOsNnVhnhIFL2SYPn6u+NlIRaz0LfTuYp9bKXi/95/cQEV17KZZwYJuniUJAIbCKcV4BHXDFqxMwSQhW3WTGdEEWosUVVbAnu8pdXSfei7jbqjdtGrdkq6ijDCZzCObhwCU24gTZ0gIKCZ3iFN/SEXtA7+liMllCxcwx/gD5/AKSBkpw=</latexit>

Lambert's cosine law:B = B0 cos(✓)

<latexit sha1_base64="/xe8h9kYXYgvn8ypaDQLynjPHpM=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAU6qYkUtCNUOrGZQV7gSaEyXTSDp1cmDkRSsgTuPFV3LhQxK1rd76Nkzagtv4w8PGfc5hzfi/mTIJpfmmltfWNza3ydmVnd2//QD886skoEYR2ScQjMfCwpJyFtAsMOB3EguLA47TvTa/zev+eCsmi8A5mMXUCPA6ZzwgGZbl6zQ4wTDw/bWdXP+imZmaTSNZtmFDAZ65eNRvmXMYqWAVUUaGOq3/ao4gkAQ2BcCzl0DJjcFIsgBFOs4qdSBpjMsVjOlQY4oBKJ52fkxk15YwMPxLqhWDM3d8TKQ6knAWe6sw3lsu13PyvNkzAv3RSFsYJ0JAsPvITbkBk5NkYIyYoAT5TgIlgaleDTLDABFSCFRWCtXzyKvTOG1az0bxtVlvtIo4yOkGnqI4sdIFa6AZ1UBcR9ICe0At61R61Z+1Ne1+0lrRi5hj9kfbxDXWGnFw=</latexit>

• Number of photons reflected to a 
given angle θ is proportional to 
cos(θ)

A✓ / A0
1

cos ✓

<latexit sha1_base64="Z8VySNaJB98FtXULy2HgQck0CrM=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSK4KokUdCVVNy4r2Ac0oUymk3boJBNmboQS8jdu/BU3goro0j9x0kaorQcGDuecy9x7/JgzBbb9ZZRWVtfWN8qbla3tnd09c/+grUQiCW0RwYXs+lhRziLaAgacdmNJcehz2vHHN7nfeaBSMRHdwySmXoiHEQsYwaClvnnphhhGfpBeZf3UhREFnLmxFDGIecfO3EBikjpZ6hKhfpNZ36zaNXsKa5k4BamiAs2++eoOBElCGgHhWKmeY8fgpVgCI5xmFTdRNMZkjIe0p2mEQ6q8dHpnZp1oZWAFQuoXgTVV5ydSHCo1CX2dzHdXi14u/uf1EgguvJRFcQI0IrOPgoRbIKy8NGvAJCXAJ5pgIpne1SIjrAsBXW1Fl+AsnrxM2mc1p16r39WrjeuijjI6QsfoFDnoHDXQLWqiFiLoET2jN/RuPBkvxofxOYuWjGLmEP2B8f0DOj6ooA==</latexit>
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<latexit sha1_base64="Z8VySNaJB98FtXULy2HgQck0CrM=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSK4KokUdCVVNy4r2Ac0oUymk3boJBNmboQS8jdu/BU3goro0j9x0kaorQcGDuecy9x7/JgzBbb9ZZRWVtfWN8qbla3tnd09c/+grUQiCW0RwYXs+lhRziLaAgacdmNJcehz2vHHN7nfeaBSMRHdwySmXoiHEQsYwaClvnnphhhGfpBeZf3UhREFnLmxFDGIecfO3EBikjpZ6hKhfpNZ36zaNXsKa5k4BamiAs2++eoOBElCGgHhWKmeY8fgpVgCI5xmFTdRNMZkjIe0p2mEQ6q8dHpnZp1oZWAFQuoXgTVV5ydSHCo1CX2dzHdXi14u/uf1EgguvJRFcQI0IrOPgoRbIKy8NGvAJCXAJ5pgIpne1SIjrAsBXW1Fl+AsnrxM2mc1p16r39WrjeuijjI6QsfoFDnoHDXQLWqiFiLoET2jN/RuPBkvxofxOYuWjGLmEP2B8f0DOj6ooA==</latexit>



Lambertian appearance is view-
independent

A✓ / A0
1

cos ✓

<latexit sha1_base64="Z8VySNaJB98FtXULy2HgQck0CrM=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSK4KokUdCVVNy4r2Ac0oUymk3boJBNmboQS8jdu/BU3goro0j9x0kaorQcGDuecy9x7/JgzBbb9ZZRWVtfWN8qbla3tnd09c/+grUQiCW0RwYXs+lhRziLaAgacdmNJcehz2vHHN7nfeaBSMRHdwySmXoiHEQsYwaClvnnphhhGfpBeZf3UhREFnLmxFDGIecfO3EBikjpZ6hKhfpNZ36zaNXsKa5k4BamiAs2++eoOBElCGgHhWKmeY8fgpVgCI5xmFTdRNMZkjIe0p2mEQ6q8dHpnZp1oZWAFQuoXgTVV5ydSHCo1CX2dzHdXi14u/uf1EgguvJRFcQI0IrOPgoRbIKy8NGvAJCXAJ5pgIpne1SIjrAsBXW1Fl+AsnrxM2mc1p16r39WrjeuijjI6QsfoFDnoHDXQLWqiFiLoET2jN/RuPBkvxofxOYuWjGLmEP2B8f0DOj6ooA==</latexit>

• But appearance is the same 
from every angle due to 
larger pixel footprint at larger 
angles

B = B0 cos(✓)

<latexit sha1_base64="/xe8h9kYXYgvn8ypaDQLynjPHpM=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAU6qYkUtCNUOrGZQV7gSaEyXTSDp1cmDkRSsgTuPFV3LhQxK1rd76Nkzagtv4w8PGfc5hzfi/mTIJpfmmltfWNza3ydmVnd2//QD886skoEYR2ScQjMfCwpJyFtAsMOB3EguLA47TvTa/zev+eCsmi8A5mMXUCPA6ZzwgGZbl6zQ4wTDw/bWdXP+imZmaTSNZtmFDAZ65eNRvmXMYqWAVUUaGOq3/ao4gkAQ2BcCzl0DJjcFIsgBFOs4qdSBpjMsVjOlQY4oBKJ52fkxk15YwMPxLqhWDM3d8TKQ6knAWe6sw3lsu13PyvNkzAv3RSFsYJ0JAsPvITbkBk5NkYIyYoAT5TgIlgaleDTLDABFSCFRWCtXzyKvTOG1az0bxtVlvtIo4yOkGnqI4sdIFa6AZ1UBcR9ICe0At61R61Z+1Ne1+0lrRi5hj9kfbxDXWGnFw=</latexit>

B0

<latexit sha1_base64="J5glMHg2oOsOqO3swEB90JM0fJc=">AAAB9XicbVBNSwMxFHypX7V+VT16CRbBU9mVgh5LvXisYFuhXUs2zbah2eySZJWy7P/w4kERr/4Xb/4bs+0etHUgMMy8x5uMHwuujeN8o9La+sbmVnm7srO7t39QPTzq6ihRlHVoJCJ17xPNBJesY7gR7D5WjIS+YD1/ep37vUemNI/knZnFzAvJWPKAU2Ks9DAIiZn4QdrKhqmTDas1p+7MgVeJW5AaFGgPq1+DUUSTkElDBdG67zqx8VKiDKeCZZVBollM6JSMWd9SSUKmvXSeOsNnVhnhIFL2SYPn6u+NlIRaz0LfTuYp9bKXi/95/cQEV17KZZwYJuniUJAIbCKcV4BHXDFqxMwSQhW3WTGdEEWosUVVbAnu8pdXSfei7jbqjdtGrdkq6ijDCZzCObhwCU24gTZ0gIKCZ3iFN/SEXtA7+liMllCxcwx/gD5/AKSBkpw=</latexit>

Lambert's cosine law:B = B0 cos(✓)

<latexit sha1_base64="/xe8h9kYXYgvn8ypaDQLynjPHpM=">AAACDnicbZDLSsNAFIYn9VbrLerSTbAU6qYkUtCNUOrGZQV7gSaEyXTSDp1cmDkRSsgTuPFV3LhQxK1rd76Nkzagtv4w8PGfc5hzfi/mTIJpfmmltfWNza3ydmVnd2//QD886skoEYR2ScQjMfCwpJyFtAsMOB3EguLA47TvTa/zev+eCsmi8A5mMXUCPA6ZzwgGZbl6zQ4wTDw/bWdXP+imZmaTSNZtmFDAZ65eNRvmXMYqWAVUUaGOq3/ao4gkAQ2BcCzl0DJjcFIsgBFOs4qdSBpjMsVjOlQY4oBKJ52fkxk15YwMPxLqhWDM3d8TKQ6knAWe6sw3lsu13PyvNkzAv3RSFsYJ0JAsPvITbkBk5NkYIyYoAT5TgIlgaleDTLDABFSCFRWCtXzyKvTOG1az0bxtVlvtIo4yOkGnqI4sdIFa6AZ1UBcR9ICe0At61R61Z+1Ne1+0lrRi5hj9kfbxDXWGnFw=</latexit>

• Number of photons reflected to a 
given angle θ is proportional to 
cos(θ)

A✓ / A0
1

cos ✓

<latexit sha1_base64="Z8VySNaJB98FtXULy2HgQck0CrM=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSK4KokUdCVVNy4r2Ac0oUymk3boJBNmboQS8jdu/BU3goro0j9x0kaorQcGDuecy9x7/JgzBbb9ZZRWVtfWN8qbla3tnd09c/+grUQiCW0RwYXs+lhRziLaAgacdmNJcehz2vHHN7nfeaBSMRHdwySmXoiHEQsYwaClvnnphhhGfpBeZf3UhREFnLmxFDGIecfO3EBikjpZ6hKhfpNZ36zaNXsKa5k4BamiAs2++eoOBElCGgHhWKmeY8fgpVgCI5xmFTdRNMZkjIe0p2mEQ6q8dHpnZp1oZWAFQuoXgTVV5ydSHCo1CX2dzHdXi14u/uf1EgguvJRFcQI0IrOPgoRbIKy8NGvAJCXAJ5pgIpne1SIjrAsBXW1Fl+AsnrxM2mc1p16r39WrjeuijjI6QsfoFDnoHDXQLWqiFiLoET2jN/RuPBkvxofxOYuWjGLmEP2B8f0DOj6ooA==</latexit>

Radiance
(what eye sees)



Final Lambertian image formation model

1. Diffuse albedo: what fraction of incoming light is reflected?
• Introduce scale factor 

2. Light intensity: how much light is arriving?
• Compensate with camera exposure (global scale factor)

3. Camera response function
• Assume pixel value is linearly proportional to incoming energy 

(perform radiometric calibration if not)



Source: https://en.wikipedia.org/wiki/Albedo

Objects can have varying albedo and 
albedo varies with wavelength

Albedo

https://en.wikipedia.org/wiki/Albedo


A Single Image: Shape from shading
Suppose (for now)  

You can directly measure angle between normal and light source
• Not quite enough information to compute surface shape
• But can be if you add some additional info, for example

– assume a few of the normals are known (e.g., along silhouette)
– constraints on neighboring normals—“integrability” 
– smoothness

• Hard to get it to work well in practice
– plus, how many real objects have constant albedo?
– But, deep learning can help



https://www.good.is/optical-illusion-plates-and-bowls-upside-down-or-not

https://www.good.is/optical-illusion-plates-and-bowls-upside-down-or-not


Application: Detecting composite photos

Fake photo

Real photo



Questions?


