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Lecture 10:

Radiometry, BRDFs, and 
the Re!ection Equation
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Things you know so far!
Representing geometry 
- As triangle meshes, subdivision surfaces, implicit 

surfaces, etc.  

Visibility and occlusion 
- Rasterization: determining what point on what triangle 

covers a sample 
- Ray tracing: determining what triangle a ray hits  

Today: basics of lights and materials 
- Computing the “appearance” of the surface at a point 
- Thinking about “appearance” in terms of re!ected light 

(electromagnetic energy)
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“Shading” in drawing
Depicting the appearance of the surface 

Due to factors like surface material, 
lighting conditions

MC Escher pencil sketch
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Lighting

Credit: ETC

Credit: Pixar
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Lighting

Credit: Wikipedia 
(Nasir ol Molk Mosque) 
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Lighting

Credit: Platon



Stanford CS248A, Winter 2025

Di"use material
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Plastic
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Red semi-gloss paint



Stanford CS248A, Winter 2025

Ford mystic lacquer paint
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Mirror
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Gold
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A renderer measures light energy along a ray

Pinholeo,d
o,d x

y

p
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Up until now in the course I’ve said that we are sampling “the color of the surface” visible along a ray… 
but now let’s make that more precise.
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Renderer measures light energy along a ray

Pinholeo,d
o,d x

y

We want to compute the amount of light from this light 
source re!ected o" surface point p toward the camera

p
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Multiple light sources

Pinholeo,d
o,d x

y

Now the appearance of surface is brighter, because it is 
re!ecting more light (light from three sources).

p
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What is light?
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Light is electromagnetic radiation that is visible to the eye

Image credit: Licensed under CC BY-SA 3.0 via Commons  
https://commons.wikimedia.org/wiki/File:EM_spectrum.svg#/media/File:EM_spectrum.svg
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What do lights do?

Cree 11 W LED light bulb 
(“60 Watt” incandescent replacement)

Physical process converts input energy into photons 
- Each photon carries a small amount of energy 

Over some amount of time, light #xture consumes some amount of energy, Joules 
- Some input energy is turned into heat, some into photons 

Energy of photons hitting an object ~ exposure 
- Film, sensors, sunburn, solar panels, … 

In graphics we generally assume “steady state” process 
- Rate of energy consumption = power, Watts (Joules/second)
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Measuring illumination: radiant !ux (power)
Given a sensor, we can count how many photons reach it 
- Over a period of time, gives the power received by the sensor 

Given a light, consider counting the number of photons 
emitted by it 
- Over a period of time, gives the power emitted by the light 

Energy carried by a photon:

Q =
hc

�
h ⇡ 6.626⇥ 10�34

Sensor 
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Measuring illumination: radiant !ux (power)
Flux: energy per unit time (Watts) received by the 
sensor (or emitted by the light)

Sensor 

� = lim
�!0

�Q

�t
=

dQ

dt


J

s

�

Q =

Z t1

t0

�(t) dt

▪ Time integral of !ux is total radiant energy
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Spectral power distribution
Describes distribution of energy by wavelength

Figure credit:
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“Warm” vs. “cool” white light LED

Credit: https://www.ledholidaylighting.com/LED-faq.aspx
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Radiant intensity
The radiant intensity is the power per unit solid angle emanating from a point source.

( ) dI
d

ω
ω
Φ

≡

W lm cd candela
sr sr
! " ! "= =# $ # $% & % &

ω
!

<latexit sha1_base64="W6I1wUHSSRnIS0xtIa8YLf/iElY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAlxwjmAckS5idnU2GzGOZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUs6M9f1vr7SxubW9U96t7O0fHB5Vj086RmWa0DZRXOlehA3lTNK2ZZbTXqopFhGn3WhyP/e7T1QbpuSjnaY0FHgkWcIItk7qxgMl6AgPqzW/7i+A1klQkBoUaA2rX4NYkUxQaQnHxvQDP7VhjrVlhNNZZZAZmmIywSPad1RiQU2YL86doQunxChR2pW0aKH+nsixMGYqItcpsB2bVW8u/uf1M5vchTmTaWapJMtFScaRVWj+O4qZpsTyqSOYaOZuRWSMNSbWJVRxIQSrL6+TzlU9uKkHD9e1RrOIowxncA6XEMAtNKAJLWgDgQk8wyu8ean34r17H8vWklfMnMIfeJ8/UtyPlQ==</latexit>

d!

Units = Watts per steradian
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Angles and solid angles

Angle 

      

Solid angle

l
r

θ =

2
A
R

Ω =

⇒ circle has 2 π radians

⇒ sphere has 4 π steradians
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Review of spherical coordinates
(x, y, z) = (r sin ✓ cos�, r sin ✓ sin�, r cos ✓, )

<latexit sha1_base64="L85+y71q0J7OlJZt/H4etrm/PLo="></latexit>
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Di"erential solid angles

dφ
dθ

θ

φ

r

sinr θ

2

( )( sin )
sin

dA r d r d
r d d

θ θ φ

θ θ φ

=

=

Sphere with radius r
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Di"erential solid angles

2

( )( sin )
sin

dA r d r d
r d d

θ θ φ

θ θ φ

=

=

2 sindAd d d
r

ω θ θ φ= =

dφ
dθ

θ

φ

r

sinr θ

Sphere with radius r
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Integrating solid angle over the unit sphere

2SSphere

dφ
dθ

θ

φ

sinr θ

A sphere subtends          steradians.           4⇡
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⌦ =

Z

S2

d!

=

Z 2⇡

0

Z ⇡

0
sin ✓ d✓ d�

= 4⇡
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d! = sin ✓ d✓ d�
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Isotropic point source

2

4
S

I d

I

ω

π

Φ =

=

∫

4
I

π
Φ

=

Radiating total power       .   Radiating with same intensity I in all directions. 
2

4
S

I d

I

ω

π

Φ =

=

∫
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Anisotropic intensity 
distributions

http://www.photometrictesting.co.uk/File/understanding_photometric_data_#les.php

ADJ H2O Dmx Pro Ir Led Water E"ect Spotlight
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Measuring illumination: irradiance
Flux: time density of energy 
Irradiance: area density of !ux

Given a sensor of with area A, we can consider the average !ux over the entire sensor area:

�

A

Irradiance (E) is given by taking the limit of area at a single point on the sensor:

E(p) = lim
�!0

��(p)

�A
=

d�(p)

dA


W

m2

�

A

Units = Watts per area
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Beam power in terms of irradiance

A

� = EA

E =
�

A

Consider beam with !ux        incident on surface with area A� = EA
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Projected area

A

Consider beam with !ux        incident on angled surface with area A’� = EA

A0

✓

A = A0 cos ✓

A = projected area of surface relative to direction of beam
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Lambert’s Law

A

Irradiance at surface is proportional to cosine of angle between light direction and 
surface normal. 

A0

✓

A = A0 cos ✓

E =
�

A0 =
� cos ✓

A

✓
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Why do we have seasons?

Summer 
(Northern hemisphere)

Winter 
(Northern hemisphere)

Earth’s axis of rotation: ~23.5° o" axis 

[Image credit: Pearson Prentice Hall]

Sun
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Irradiance fallo" with distance

Assume light is emitting !ux      in a 
uniform angular distribution

�

r1

r2

E2 =
�

4⇡r22
! � = 4⇡r22E2

E1 =
�

4⇡r21
! � = 4⇡r21E1

E2

E1
=

r21
r22

Compare irradiance at surface of 
two spheres:
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Why does a room get darker farther from a light source? 

Image credit: LeRamz on Flickr
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Measuring illumination: radiance
Radiance (L) is the solid angle density of irradiance (irradiance per unit direction) 
 
where the di"erential surface area is oriented to face in the direction

In other words, radiance is energy along a ray de#ned by origin point p and direction  

dA

!

!

P

!

L(p,!) = lim
�!0

��(p,!)

�A�!
=

d2�(p,!)

dA d!
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Radiance as energy in an in#nitesimal small beam

dA

P

! d!
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Outgoing from a region: energy leaving an tiny patch of area leaving in the direction of a tiny solid angle

Incoming to a region: Energy arriving at a tiny patch of area from a tiny solid angle.

dA
d!
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Properties of radiance
Fundamental #eld quantity that characterizes the distribution of light in an 
environment  
- Radiance is the quantity associated with a ray 
- Ray tracers compute the radiance along a ray 

If we assume ray travel through a vacuum, radiance is invariant along a ray 
- For now, we won’t consider “participating media” like fog, smoke, clouds, dust, etc.
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1st Law: conservation of radiance
The radiance in the direction of a light ray remains constant as the ray propagates 
through empty space

2
1 1 1 1d L d dAωΦ =

1 2
1 1 2 22

dA dAd dA d dA
r

ω ω= =

1 2L L∴ =

1dω

2dω

2
1d Φ 2

2d Φ Φ = Φ2 2
1 2d d

1dA

2dA

r

2
2 2 2 2d L d dAωΦ =

1L

2L
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Quiz
Does radiance increase under a magnifying glass?

No!!



Stanford CS248A, Winter 2025

How much light hits the surface at point p?

Pinhole x

y

p0

L1

(What is irradiance at point p?) 

N
✓1

p

L1 cos ✓1
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Imagine one incoming ray with radiance L1 

What is energy per unit area at p?
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How much light hits the surface at point p from multiple light 
sources?

Pinhole x

y

p0

L1

N
✓1

p
✓2

L2

X

i

Li cos ✓i

(What is irradiance at point p?) 



Stanford CS248A, Winter 2025

How much light hits the surface at point p from light from all 
directions?

Pinhole x

y

p0

N
✓1

p

L2

(What is irradiance at point p?) L1

Z

S2

L(!i) cos ✓i d!i =

Z 2⇡

0

Z ⇡

0
L(✓i,�i) cos ✓i sin ✓i d✓id�i
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Types of lights
Attenuated omnidirectional point light 
(emits equally in all directions, energy arriving at point P (radiant intensity) falls o" with distance: 1/R2 fallo") 

In#nite directional light in direction d 
(in#nitely far away, all points in scene receive light with radiance L from direction d

L =
�

r2

pr

d
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Spot light
Does not emit equally in all directions… 
intensity falls o" in directions away from main spotlight direction d

d

Or, if spotlight intensity falls o" from direction d

if  
otherwise  = L0

✓ p

pL

!

<latexit sha1_base64="amRWnBX673DWeoMIa72Gd54pRsI=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPksmPIw==</latexit>

! = normalize(p� pL)

<latexit sha1_base64="IJvIyGkKZ6S5t/f8CXjsOzoQXos="></latexit>

L(!) = 0

<latexit sha1_base64="V4KWh7TV8XSUzrwzUa7KdjoQodI=">AAAB9HicbVA9SwNBEN3zM8avqKXNYhBiE+4koo0QtLGwiGA+IDnC3mYuWbK7d+7uBcKR32FjoYitP8bOf+MmuUITHww83pthZl4Qc6aN6347K6tr6xubua389s7u3n7h4LCho0RRqNOIR6oVEA2cSagbZji0YgVEBByawfB26jdHoDSL5KMZx+AL0pcsZJQYK/n3pU4koE/O8DV2u4WiW3ZnwMvEy0gRZah1C1+dXkQTAdJQTrRue25s/JQowyiHSb6TaIgJHZI+tC2VRID209nRE3xqlR4OI2VLGjxTf0+kRGg9FoHtFMQM9KI3Ff/z2okJr/yUyTgxIOl8UZhwbCI8TQD3mAJq+NgSQhWzt2I6IIpQY3PK2xC8xZeXSeO87FXKFw+VYvUmiyOHjtEJKiEPXaIqukM1VEcUPaFn9IrenJHz4rw7H/PWFSebOUJ/4Hz+AJypkLM=</latexit>

! · d > cos ✓

<latexit sha1_base64="/Q9zuAkCGUQ8Ipu3wc44RNo07/s=">AAACF3icbZDJSsRAEIY77o7bqEcvjYPgaUhE0ZMMevGo4CwwCUOnU5lp7KRDd0UYQt7Ci6/ixYMiXvXm29izCG4/NPx8VUVX/WEmhUHX/XBmZufmFxaXlisrq2vrG9XNrZZRuebQ5Eoq3QmZASlSaKJACZ1MA0tCCe3w5nxUb9+CNkKl1zjMIEhYPxWx4Awt6lXrfsJwEMaFrxLos5L6PFJIv2hU0lOLlKE+DgBZr1pz6+5Y9K/xpqZGprrsVd/9SPE8gRS5ZMZ0PTfDoGAaBZdQVvzcQMb4DetD19qUJWCCYnxXSfcsiWistH0p0jH9PlGwxJhhEtrO0b7md20E/6t1c4xPgkKkWY6Q8slHcS4pKjoKiUZCA0c5tIZxLeyulA+YZhxtlBUbgvf75L+mdVD3DutHV4e1xtk0jiWyQ3bJPvHIMWmQC3JJmoSTO/JAnsizc+88Oi/O66R1xpnObJMfct4+Afkin8s=</latexit>

L(!) / ! · d

<latexit sha1_base64="PF24TTVXQUysDbtOamXp7XZruYM=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEjtUiWoCMYKFgaGItGH1ESV4zitVceObAepivoNLPwKCwMIsTKx8Tc4bQZoOZKl43Pu1b33BAmjSjvOt7Wyura+sVnaKm/v7O7t2weHHSVSiUkbCyZkL0CKMMpJW1PNSC+RBMUBI91gfJ373QciFRX8Xk8S4sdoyGlEMdJGGti126onYjJENeglUiRawPkfejgUGnox0qMgysLpwK44dWcGuEzcglRAgdbA/vJCgdOYcI0ZUqrvOon2MyQ1xYxMy16qSILwGA1J31COYqL8bHbSFJ4aJYSRkOZxDWfq744MxUpN4sBU5huqRS8X//P6qY4u/YzyJNWE4/mgKGXQHJ7nA0MqCdZsYgjCkppdIR4hibA2KZZNCO7iycukc1Z3G/Xzu0aleVXEUQLH4ARUgQsuQBPcgBZoAwwewTN4BW/Wk/VivVsf89IVq+g5An9gff4AeeadZA==</latexit>
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Spot light
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Environment light (represented by a texture map)

Image credit: USC High-Resolution Light Probe Image Gallery

Pixel (x,y) stores radiance L from direction (�, ✓)
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So far… we’ve discussed how to compute the light arriving at a surface point 
(radiance along incoming ray) 

Pinholeo,d
o,d x

y

But goal is to compute what fraction of that 
light is re!ected toward a camera!

L2

L1



Stanford CS248A, Winter 2025

How much light is REFLECTED from p toward p0?

Pinhole x

y

p0

L1

N
✓1

p
✓2

L2

!o = normalize(p0 � p)

L(p,!o) =
X

i

f(p,!i,!o)Li cos ✓i

!1

!2

Radiance re!ected from       in directionp

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

!0

<latexit sha1_base64="OMU98vr6do4/eZJyrB6k2BzbDAI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCrXt7XKvWbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG6m4/G</latexit>

L(p,!o) =

<latexit sha1_base64="tG+Rit1fN4WkBrcb3eiMYXe86xw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEClISqehGKLpx4aKCfUATwmQ6aYdOZsLMRCihuPFX3LhQxK1f4c6/cdJ2odUDFw7n3Mu994QJo0o7zpdVWFhcWl4prpbW1jc2t+ztnZYSqcSkiQUTshMiRRjlpKmpZqSTSILikJF2OLzK/fY9kYoKfqdHCfFj1Oc0ohhpIwX23k3Fi5EehFGWjI+hJ2LSR4E4gheBXXaqzgTwL3FnpAxmaAT2p9cTOI0J15ghpbquk2g/Q1JTzMi45KWKJAgPUZ90DeUoJsrPJi+M4aFRejAS0hTXcKL+nMhQrNQoDk1nfq6a93LxP6+b6ujczyhPUk04ni6KUga1gHkesEclwZqNDEFYUnMrxAMkEdYmtZIJwZ1/+S9pnVTdWvX0tlauX87iKIJ9cAAqwAVnoA6uQQM0AQYP4Am8gFfr0Xq23qz3aWvBms3sgl+wPr4BueSWXA==</latexit>
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Bidirectional re!ectance distribution function (BRDF)
Gives fraction of light arriving at surface point p from incoming direction* ωi is re!ected 
in the direction ω0 (outgoing direction)

f(p,!i,!o)

N

p

* (Convention: ωi is oriented out from the surface “towards the incoming direction”)



Stanford CS248A, Winter 2025

Measuring BRDFs: the Stanford Goniore!ectometer
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The re!ection equation

n
ωo

ωi

BRDF Illumination

<latexit sha1_base64="EDcIQ11UzAyEi+TLJYQXaOH955k="></latexit>

Lo(p,!o) =

Z

⌦2

fr(p,!i ! !o)Li(p,!i) cos ✓i d!i

Gives radiance re!ected from point p in direction direction ω0 due to light incident on 
the surface at p.
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Units of the BRDF

<latexit sha1_base64="RjPZ8jHfWnQwBY7FzLhLwIaZA/o=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKkpJRNRlwU0XLirYCzQhTKaTduhMEmYmQgl5CDe+ihsXirh14c63cdJGqNUDAx//fw5zzu/HjEplWV9GaWl5ZXWtvF7Z2Nza3jF39zoySgQmbRyxSPR8JAmjIWkrqhjpxYIg7jPS9cfXud+9J0LSKLxTk5i4HA1DGlCMlJY88+TGczhSI8FTmtV+MM5OoRNxMkRz7rFnVq26NS34F+wCqqColmd+OoMIJ5yECjMkZd+2YuWmSCiKGckqTiJJjPAYDUlfY4g4kW46PSqDR1oZwCAS+oUKTtX5iRRxKSfc1535inLRy8X/vH6igis3pWGcKBLi2UdBwqCKYJ4QHFBBsGITDQgLqneFeIQEwkrnWNEh2Isn/4XOWd2+qNu359VGs4ijDA7AIagBG1yCBmiCFmgDDB7AE3gBr8aj8Wy8Ge+z1pJRzOyDX2V8fAPDR59K</latexit>

Li(p,!i)
<latexit sha1_base64="tIRCsFojQJAv7s0k1oCzMSHlHOo=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARKkiZEW/LgpsuXFSwF+iUkknTNjSZDElGKMM8iRtfxY0LRQRX+jZm2inU1gOBj/8/h5zz+yGjSjvOj5VbWV1b38hvFra2d3b37P2DhhKRxKSOBROy5SNFGA1IXVPNSCuUBHGfkaY/uk395iORiorgQY9D0uFoENA+xUgbqWtfehzpoeRxL7nrzlgkpRmGyRn0BCcDNOeedu2iU3YmBZfBzaAIsqp17S+vJ3DESaAxQ0q1XSfUnRhJTTEjScGLFAkRHqEBaRsMECeqE0/OS+CJUXqwL6R5gYYTdX4iRlypMfdNZ7qiWvRS8T+vHen+TSemQRhpEuDpR/2IQS1gmhXsUUmwZmMDCEtqdoV4iCTC2iRaMCG4iycvQ+O87F6V3fuLYqWaxZEHR+AYlIALrkEFVEEN1AEGT+AFvIF369l6tT6sz2lrzspmDsGfsr5/AYhto/s=</latexit>

dLo(p,!o)
n

ωo
ωiθi

<latexit sha1_base64="A6BX+BOSKp3DMj1RizqJ7C7FslU="></latexit>

fr(!i ! !o) ⌘
dLo(!o)

dEi(!i)


1

sr

�

“For a given change in incident irradiance, how much does exit radiance change”
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BRDF energy conservation

Reflectance

0  ⇢  1
<latexit sha1_base64="9kjC+1YNgZZBOmn8bsnykn4u+cE=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCLosuOmygr1AE8pkOmmHTmbCzKRQQt/EjQtF3Pom7nwbp2kW2vrDwMd/zuGc+aOUM20879upbG3v7O5V92sHh0fHJ+7pWVfLTBHaIZJL1Y+wppwJ2jHMcNpPFcVJxGkvmj4s670ZVZpJ8WTmKQ0TPBYsZgQbaw1d10MBpyhQE1mAP3TrXsMrhDbBL6EOpdpD9ysYSZIlVBjCsdYD30tNmGNlGOF0UQsyTVNMpnhMBxYFTqgO8+LyBbqyzgjFUtknDCrc3xM5TrSeJ5HtTLCZ6PXa0vyvNshMfB/mTKSZoYKsFsUZR0aiZQxoxBQlhs8tYKKYvRWRCVaYGBtWzYbgr395E7o3Dd9r+I+39WarjKMKF3AJ1+DDHTShBW3oAIEZPMMrvDm58+K8Ox+r1opTzpzDHzmfP1yekjE=</latexit><latexit sha1_base64="9kjC+1YNgZZBOmn8bsnykn4u+cE=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCLosuOmygr1AE8pkOmmHTmbCzKRQQt/EjQtF3Pom7nwbp2kW2vrDwMd/zuGc+aOUM20879upbG3v7O5V92sHh0fHJ+7pWVfLTBHaIZJL1Y+wppwJ2jHMcNpPFcVJxGkvmj4s670ZVZpJ8WTmKQ0TPBYsZgQbaw1d10MBpyhQE1mAP3TrXsMrhDbBL6EOpdpD9ysYSZIlVBjCsdYD30tNmGNlGOF0UQsyTVNMpnhMBxYFTqgO8+LyBbqyzgjFUtknDCrc3xM5TrSeJ5HtTLCZ6PXa0vyvNshMfB/mTKSZoYKsFsUZR0aiZQxoxBQlhs8tYKKYvRWRCVaYGBtWzYbgr395E7o3Dd9r+I+39WarjKMKF3AJ1+DDHTShBW3oAIEZPMMrvDm58+K8Ox+r1opTzpzDHzmfP1yekjE=</latexit><latexit sha1_base64="9kjC+1YNgZZBOmn8bsnykn4u+cE=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCLosuOmygr1AE8pkOmmHTmbCzKRQQt/EjQtF3Pom7nwbp2kW2vrDwMd/zuGc+aOUM20879upbG3v7O5V92sHh0fHJ+7pWVfLTBHaIZJL1Y+wppwJ2jHMcNpPFcVJxGkvmj4s670ZVZpJ8WTmKQ0TPBYsZgQbaw1d10MBpyhQE1mAP3TrXsMrhDbBL6EOpdpD9ysYSZIlVBjCsdYD30tNmGNlGOF0UQsyTVNMpnhMBxYFTqgO8+LyBbqyzgjFUtknDCrc3xM5TrSeJ5HtTLCZ6PXa0vyvNshMfB/mTKSZoYKsFsUZR0aiZQxoxBQlhs8tYKKYvRWRCVaYGBtWzYbgr395E7o3Dd9r+I+39WarjKMKF3AJ1+DDHTShBW3oAIEZPMMrvDm58+K8Ox+r1opTzpzDHzmfP1yekjE=</latexit><latexit sha1_base64="9kjC+1YNgZZBOmn8bsnykn4u+cE=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJCLosuOmygr1AE8pkOmmHTmbCzKRQQt/EjQtF3Pom7nwbp2kW2vrDwMd/zuGc+aOUM20879upbG3v7O5V92sHh0fHJ+7pWVfLTBHaIZJL1Y+wppwJ2jHMcNpPFcVJxGkvmj4s670ZVZpJ8WTmKQ0TPBYsZgQbaw1d10MBpyhQE1mAP3TrXsMrhDbBL6EOpdpD9ysYSZIlVBjCsdYD30tNmGNlGOF0UQsyTVNMpnhMBxYFTqgO8+LyBbqyzgjFUtknDCrc3xM5TrSeJ5HtTLCZ6PXa0vyvNshMfB/mTKSZoYKsFsUZR0aiZQxoxBQlhs8tYKKYvRWRCVaYGBtWzYbgr395E7o3Dd9r+I+39WarjKMKF3AJ1+DDHTShBW3oAIEZPMMrvDm58+K8Ox+r1opTzpzDHzmfP1yekjE=</latexit>

<latexit sha1_base64="sVbtE/w8hv994Koa9XpVnoMIk4U=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURUZcFN11WsA9oQphMJ+3QmSTMTIQa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcqZ0o7zbVU2Nre2d6q7tb39g8O6fXTcU0kmCe2ShCdyEGJFOYtpVzPN6SCVFIuQ0344vSv8/iOViiXxg56l1Bd4HLOIEayNFNh1rzNhgSewnkiRs3lgN5ymswBaJ25JGlCiE9hf3ighmaCxJhwrNXSdVPs5lpoRTuc1L1M0xWSKx3RoaIwFVX6+CD5H50YZoSiR5sUaLdTfGzkWSs1EaCaLhGrVK8T/vGGmo1s/Z3GaaRqT5aEo40gnqGgBjZikRPOZIZhIZrIiMsESE226qpkS3NUvr5PeZdO9brr3V41Wu6yjCqdwBhfgwg20oA0d6AKBDJ7hFd6sJ+vFerc+lqMVq9w5gT+wPn8AJeiTbw==</latexit>

�i
<latexit sha1_base64="6JQOR13sYPFV4b1ETPs8VOt8+aE=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIqMuCmy4r2Ac0IUymk3boPMLMRKihX+LGhSJu/RR3/o2TNgttPTBwOOde7pkTp4xq43nfTmVjc2t7p7pb29s/OKy7R8c9LTOFSRdLJtUgRpowKkjXUMPIIFUE8ZiRfjy9K/z+I1GaSvFgZikJORoLmlCMjJUitx50JjQKODITxXM5j9yG1/QWgOvEL0kDlOhE7lcwkjjjRBjMkNZD30tNmCNlKGZkXgsyTVKEp2hMhpYKxIkO80XwOTy3yggmUtknDFyovzdyxLWe8dhOFgn1qleI/3nDzCS3YU5Fmhki8PJQkjFoJCxagCOqCDZsZgnCitqsEE+QQtjYrmq2BH/1y+ukd9n0r5v+/VWj1S7rqIJTcAYugA9uQAu0QQd0AQYZeAav4M15cl6cd+djOVpxyp0T8AfO5w8vBpN1</latexit>

�o <latexit sha1_base64="CQl9Mn/U76nPXqF1fDp1bT7JqUU=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIqMuCm+6sYB/QDkMmzbSheQxJRiljP8WNC0Xc+iXu/Bsz7Sy09UDgcM693JMTJYxq43nfTmltfWNzq7xd2dnd2z9wq4cdLVOFSRtLJlUvQpowKkjbUMNIL1EE8YiRbjS5yf3uA1GaSnFvpgkJOBoJGlOMjJVCtzq45WSEwgFHZqx4JmehW/Pq3hxwlfgFqYECrdD9GgwlTjkRBjOkdd/3EhNkSBmKGZlVBqkmCcITNCJ9SwXiRAfZPPoMnlplCGOp7BMGztXfGxniWk95ZCfzhHrZy8X/vH5q4usgoyJJDRF4cShOGTQS5j3AIVUEGza1BGFFbVaIx0ghbGxbFVuCv/zlVdI5r/uXdf/uotZoFnWUwTE4AWfAB1egAZqgBdoAg0fwDF7Bm/PkvDjvzsditOQUO0fgD5zPH7RxlFE=</latexit>

⌦o <latexit sha1_base64="x5dYHdoz27ZWC7Ze5xnimUUaDH0=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRIRdVlw050V7APaECbTm3bozCTMTJQS+yluXCji1i9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZXW1jc2t8rblZ3dvf0Du3rYUXEqCbRJzGLZC7ECRgW0NdUMeokEzEMG3XByk/vdB5CKxuJeTxPwOR4JGlGCtZECuzq45TDCwYBjPZY8o7PArrl1dw5nlXgFqaECrcD+GgxjknIQmjCsVN9zE+1nWGpKGMwqg1RBgskEj6BvqMAclJ/No8+cU6MMnSiW5gntzNXfGxnmSk15aCbzhGrZy8X/vH6qo2s/oyJJNQiyOBSlzNGxk/fgDKkEotnUEEwkNVkdMsYSE23aqpgSvOUvr5LOed27rHt3F7VGs6ijjI7RCTpDHrpCDdRELdRGBD2iZ/SK3qwn68V6tz4WoyWr2DlCf2B9/gCrU5RL</latexit>

⌦i

<latexit sha1_base64="jNbCs1zmN8DLlSiKfudT899z+XI="></latexit>

⇢ =
�o

�i
=

R
⌦o

Lo(!o) cos ✓o d!oR
⌦i

Li(!i) cos ✓i d!i
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Re!ection models
Re!ection is the process by which light incident on a surface interacts with the surface 
such that it leaves on the incident (same) side without change in frequency 
Choice of re!ection function determines surface appearance
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What is this material?

Light is scattered equally in all directions
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Uniform colored di"use BRDF 
Albedo (fraction of light re!ected) is same 

for all surface points p

Textured di"use BRDF 
Albedo is spatially varying, 

and is encoded in texture map.

[Mitsuba renderer, Wenzel Jakob, 2010]

Di"use / Lambertian material
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BRDF for di"use surface with albedo 
Lo(wo) =

Z

H2

frLi(wi) cos ✓i d!i

= fr

Z

H2

Li(wi) cos ✓i d!i

= frE

<latexit sha1_base64="SN2bN4yf4PtrtHtx1Mga4453zK0="></latexit>

Let’s call the overall re!ectance (albedo) of the surface ⇢

<latexit sha1_base64="fyk8jr6SXwF8ra76Jl7GGyjIIGU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZrND5rHMzAoh5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+y/3OE9WGKfloJykNBR5JFjOCbS71daIG1Zpf9+dAqyQoSA0KNAfVr/5QkUxQaQnHxvQCP7XhFGvLCKezSj8zNMVkjEe056jEgppwOr91hs6cMkSx0q6kRXP198QUC2MmInKdAtvELHu5+J/Xy2x8E06ZTDNLJVksijOOrEL542jINCWWTxzBRDN3KyIJ1phYF0/FhRAsv7xK2hf14LJ+9XBZa9wWcZThBE7hHAK4hgbcQxNaQCCBZ3iFN094L96797FoLXnFzDH8gff5AyJEjk8=</latexit>

fr(!o) = fr = c

<latexit sha1_base64="HQISgWVuaif0bvM8Jyq7Ho10LEo=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLUDdlRiq6EYpuXFawD2iHIZNm2tA8hiQjlKEbf8WNC0Xc+hnu/BvTdhbaeiDh5Jx7ubknShjVxvO+ncLK6tr6RnGztLW9s7vn7h+0tEwVJk0smVSdCGnCqCBNQw0jnUQRxCNG2tHoduq3H4nSVIoHM05IwNFA0JhiZKwUukdxqCo9yckAhfIMXkP7tjcO3bJX9WaAy8TPSRnkaITuV68vccqJMJghrbu+l5ggQ8pQzMik1Es1SRAeoQHpWioQJzrIZgtM4KlV+jCWyh5h4Ez93ZEhrvWYR7aSIzPUi95U/M/rpia+CjIqktQQgeeD4pRBI+E0DdinimDDxpYgrKj9K8RDpBA2NrOSDcFfXHmZtM6rfq16cV8r12/yOIrgGJyACvDBJaiDO9AATYDBBDyDV/DmPDkvzrvzMS8tOHnPIfgD5/MHRO2U6A==</latexit>

⇢

<latexit sha1_base64="fyk8jr6SXwF8ra76Jl7GGyjIIGU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZrND5rHMzAoh5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+y/3OE9WGKfloJykNBR5JFjOCbS71daIG1Zpf9+dAqyQoSA0KNAfVr/5QkUxQaQnHxvQCP7XhFGvLCKezSj8zNMVkjEe056jEgppwOr91hs6cMkSx0q6kRXP198QUC2MmInKdAtvELHu5+J/Xy2x8E06ZTDNLJVksijOOrEL542jINCWWTxzBRDN3KyIJ1phYF0/FhRAsv7xK2hf14LJ+9XBZa9wWcZThBE7hHAK4hgbcQxNaQCCBZ3iFN094L96797FoLXnFzDH8gff5AyJEjk8=</latexit>

Total outgoing 
surface irradiance

Let E = total incoming irradiance

So given a desired ⇢

<latexit sha1_base64="fyk8jr6SXwF8ra76Jl7GGyjIIGU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZrND5rHMzAoh5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+y/3OE9WGKfloJykNBR5JFjOCbS71daIG1Zpf9+dAqyQoSA0KNAfVr/5QkUxQaQnHxvQCP7XhFGvLCKezSj8zNMVkjEe056jEgppwOr91hs6cMkSx0q6kRXP198QUC2MmInKdAtvELHu5+J/Xy2x8E06ZTDNLJVksijOOrEL542jINCWWTxzBRDN3KyIJ1phYF0/FhRAsv7xK2hf14LJ+9XBZa9wWcZThBE7hHAK4hgbcQxNaQCCBZ3iFN094L96797FoLXnFzDH8gff5AyJEjk8=</latexit>

, the BRDF should be the constant
⇢

⇡

<latexit sha1_base64="qe8HqQrpanIanrdeGHSZdo9FMfE=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoseiF48V7Ac0oWy2m3bpZhN2N2IJ+StePCji1T/izX/jps1BWx8MPN6bYWZekHCmtON8W5W19Y3Nrep2bWd3b//APqx3VZxKQjsk5rHsB1hRzgTtaKY57SeS4ijgtBdMbwu/90ilYrF40LOE+hEeCxYygrWRhnbdCyUmmScncZ55CctrtaHdcJrOHGiVuCVpQIn20P7yRjFJIyo04Vipgesk2s+w1Ixwmte8VNEEkyke04GhAkdU+dn89hydGmWEwliaEhrN1d8TGY6UmkWB6YywnqhlrxD/8wapDq/9jIkk1VSQxaIw5UjHqAgCjZikRPOZIZhIZm5FZIJNGNrEVYTgLr+8SrrnTfeieXl/0WjdlHFU4RhO4AxcuIIW3EEbOkDgCZ7hFd6s3Hqx3q2PRWvFKmeO4A+szx+7NZQ9</latexit>

⇢E =

Z

H2

frE cos ✓o d!o

⇢ = fr

Z

H2

cos ✓o d!o

⇢ = fr⇡

fr =
⇢

⇡

<latexit sha1_base64="BxuUh/6QNA8ls3qnAAF69iuB2vE="></latexit>

Lo(!o)

<latexit sha1_base64="PEEayF3pHIRIrApRzmPlfX7ymW4=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoMQm3AnES2DNhYWEcwHJMext9lLluztnrt7gRDyO2wsFLH1x9j5b9wkV2jig4HHezPMzAsTzrRx3W8nt7a+sbmV3y7s7O7tHxQPj5paporQBpFcqnaINeVM0IZhhtN2oiiOQ05b4fB25rdGVGkmxaMZJ9SPcV+wiBFsrOTfB7LclTHt40CeB8WSW3HnQKvEy0gJMtSD4le3J0kaU2EIx1p3PDcx/gQrwwin00I31TTBZIj7tGOpwDHV/mR+9BSdWaWHIqlsCYPm6u+JCY61Hseh7YyxGehlbyb+53VSE137EyaS1FBBFouilCMj0SwB1GOKEsPHlmCimL0VkQFWmBibU8GG4C2/vEqaFxWvWrl8qJZqN1kceTiBUyiDB1dQgzuoQwMIPMEzvMKbM3JenHfnY9Gac7KZY/gD5/MHCeORog==</latexit>
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Next time we’ll talk about more types of materials: 
Glossy materials, mirrors, glass, etc
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Summary
Appearance of a surface is determined by: 
- The amount of light reaching the surface from di"erent directions 

- Surface irradiance: the amount of light arriving at a surface point 
- Radiance: the amount of light arriving at a surface point from a given direction 

- The re!ectance properties of the surface: 
- BRDF(wi,wo): the fraction of energy from direction wi re!ected in direction wo 
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