
Interactive Computer Graphics 
Stanford CS248A, Winter 2026

Lecture 8:

Radiometry, BRDFs, and 
the Reflection Equation

+ plus a bit on simple volume rendering to get you going on assignment 2
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Warm up: 
Reviewing the rasterization pipeline we discussed last time 

(We’ll discuss on top of last lecture’s slides)
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Things you know so far!
Representing geometry 
- As triangle meshes, implicit surfaces, SDFs, occupancy 

fields, etc.  

Visibility and occlusion 
- Ray tracing: determining what is the closest surface a 

ray hits  
- Rasterization using zbuffer: determining if projected 

primitives “cover” a sample (and which one is closest) 

Today: basics of lights and materials 
- Computing the “appearance” of the surface at a point 
- Thinking about “appearance” in terms of reflected 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
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Diffuse material
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Plastic
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Red semi-gloss paint
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Ford mystic lacquer paint
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Mirror



Stanford CS248A, Winter 2026

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 reflected off 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 
reflecting 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



Stanford CS248A, Winter 2026

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 fixture 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 flux (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 flux (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 flux 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
!
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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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A
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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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Differential 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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Differential 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 =

=

∫



Stanford CS248A, Winter 2026

Anisotropic intensity 
distributions

http://www.photometrictesting.co.uk/File/understanding_photometric_data_files.php

ADJ H2O Dmx Pro Ir Led Water Effect Spotlight
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Measuring illumination: irradiance
Flux: time density of energy 
Irradiance: area density of flux

Given a sensor of with area A, we can consider the average flux 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 flux        incident on surface with area A� = EA
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Projected area

A

Consider beam with flux        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° off axis 

[Image credit: Pearson Prentice Hall]

Sun
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Irradiance falloff with distance

Assume light is emitting flux      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 differential surface area is oriented to face in the direction

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

dA

!

!

P

!

L(p,!) = lim
�!0

��(p,!)

�A�!
=

d2�(p,!)

dA d!

<latexit sha1_base64="pgFkmTofNirpDnfyrq0YOY/PoCM="></latexit>
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Radiance as energy in an infinitesimal 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 field 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 rays 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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Quiz
Does radiance increase under a magnifying glass?

No!! 
But irradiance does since magnifying glass 
focuses many rays of light on the same spot.
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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

<latexit sha1_base64="VG7rZH6I/oZr5QvTVIEms0klOSo=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoseiFw8eKtgPaELYbDft0s0m7E6UEvtTvHhQxKu/xJv/xm2bg7Y+GHi8N8PMvDAVXIPjfFulldW19Y3yZmVre2d3z67ut3WSKcpaNBGJ6oZEM8ElawEHwbqpYiQOBeuEo+up33lgSvNE3sM4ZX5MBpJHnBIwUmBXbwMXezTR2IMhAxK4gV1z6s4MeJm4BamhAs3A/vL6Cc1iJoEKonXPdVLwc6KAU8EmFS/TLCV0RAasZ6gkMdN+Pjt9go+N0sdRokxJwDP190ROYq3HcWg6YwJDvehNxf+8XgbRpZ9zmWbAJJ0vijKBIcHTHHCfK0ZBjA0hVHFzK6ZDoggFk1bFhOAuvrxM2qd196x+fndWa1wVcZTRITpCJ8hFF6iBblATtRBFj+gZvaI368l6sd6tj3lrySpmDtAfWJ8/3BuTHA==</latexit>

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?) 
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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

<latexit sha1_base64="wl9xNv5K3seh+iLb79E8ksVXwJQ="></latexit>
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Types of lights
Attenuated omnidirectional point light 
(emits equally in all directions, energy arriving at point P (radiant intensity) falls off with distance: 1/R2 falloff) 

Infinite directional light in direction d 
(infinitely 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 off in directions away from main spotlight direction d

d

Or, if spotlight intensity falls off 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 reflected toward a camera!

L2

L1



Stanford CS248A, Winter 2026

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 reflected 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 reflectance distribution function (BRDF)
Gives fraction of light arriving at surface point p from incoming direction* ωi is reflected 
in the direction ω0 (outgoing direction)

f(p,!i,!o)

N

p

* (Convention: ωi is oriented out from the surface “towards the incoming direction”)
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Measuring BRDFs: the Stanford Gonioreflectometer
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The reflection 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 reflected 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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Reflection models
Reflection 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 reflection 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 diffuse BRDF 
Albedo (fraction of light reflected) is same 

for all surface points p

Textured diffuse BRDF 
Albedo is spatially varying, 

and is encoded in texture map.

[Mitsuba renderer, Wenzel Jakob, 2010]

Diffuse / Lambertian material
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BRDF for diffuse 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 reflectance (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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But what about scenes like this…
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Absorption in a volume

                    radiance along a ray from p in direction ω 
Absorption cross section at point in space: 
- Probability of being absorbed per unit length 
- Units: 1/distance

L(p,!) L+ dL
�a(p)

�a(p)

dL(p,!) = ��a(p)L(p,!) ds

<latexit sha1_base64="uZUxEoPp7S41VlkvCf+UD6TBg7s=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUF+4DpUDKZTBuaZIYkI5Shn+HGhSJu/Rp3/o2ZdhbaeiBwOOdecu4JU860cd1vZ219Y3Nru7JT3d3bPzisHR13dZIpQjsk4Ynqh1hTziTtGGY47aeKYhFy2gsnd4Xfe6JKs0Q+mmlKA4FHksWMYGMlfyCwGSuRRzM9rNXdhjsHWiVeSepQoj2sfQ2ihGSCSkM41tr33NQEOVaGEU5n1UGmaYrJBI+ob6nEguogn0eeoXOrRChOlH3SoLn6eyPHQuupCO1kEVEve4X4n+dnJr4JcibTzFBJFh/FGUcmQcX9KGKKEsOnlmCimM2KyBgrTIxtqWpL8JZPXiXdZsO7ajQfLuut27KOCpzCGVyAB9fQgntoQwcIJPAMr/DmGOfFeXc+FqNrTrlzAn/gfP4A2+KRow==</latexit>

ds

p = (x, y, z)

<latexit sha1_base64="GyeBDh+davkHb3nDbIR6GvqB2iI=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQoZREKroRim5cVrAPaEOZTCft0JkkzEykMeRX3LhQxK0/4s6/cdJmoa0HBg7n3Ms9c9yQUaks69sorK1vbG4Vt0s7u3v7B+ZhuSODSGDSxgELRM9FkjDqk7aiipFeKAjiLiNdd3qb+d1HIiQN/AcVh8ThaOxTj2KktDQ0ywOO1ETwJEyvq7NaXHs6G5oVq27NAVeJnZMKyNEaml+DUYAjTnyFGZKyb1uhchIkFMWMpKVBJEmI8BSNSV9TH3EinWSePYWnWhlBLxD6+QrO1d8bCeJSxtzVk1lSuexl4n9eP1LelZNQP4wU8fHikBcxqAKYFQFHVBCsWKwJwoLqrBBPkEBY6bpKugR7+curpHNetxv1i/tGpXmT11EEx+AEVIENLkET3IEWaAMMZuAZvII3IzVejHfjYzFaMPKdI/AHxucPZDqUBQ==</latexit>

! = (�, ✓)

<latexit sha1_base64="8kg+hUG4P4ZaXiSuX4wwrtKsvCg=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQxCBAkzEtGLEPTiMYJZIDOEnk5N0qRnobtGCEPAX/HiQRGvfoc3/8bOctDog4LHe1VU1fMTKTTa9peVW1peWV3Lrxc2Nre2d4q7e00dp4pDg8cyVm2faZAiggYKlNBOFLDQl9DyhzcTv/UASos4usdRAl7I+pEIBGdopG7xwI1D6LOrspsMxCl1cQDITrrFkl2xp6B/iTMnJTJHvVv8dHsxT0OIkEumdcexE/QyplBwCeOCm2pIGB+yPnQMjVgI2sum54/psVF6NIiVqQjpVP05kbFQ61Hom86Q4UAvehPxP6+TYnDpZSJKUoSIzxYFqaQY00kWtCcUcJQjQxhXwtxK+YApxtEkVjAhOIsv/yXNs4pTrZzfVUu163kceXJIjkiZOOSC1MgtqZMG4SQjT+SFvFqP1rP1Zr3PWnPWfGaf/IL18Q3spJTT</latexit>

L(p,!)

<latexit sha1_base64="pijO9OP4J8nL6P5pFk6auVFnTN8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRahgpREKrosunHhooJ9QBPKZDpph84jzEyEGoq/4saFIm79D3f+jZM2C209MHA4517umRPGlCjtut9WYWl5ZXWtuF7a2Nza3rF391pKJBLhJhJUyE4IFaaE46YmmuJOLDFkIcXtcHSd+e0HLBUR/F6PYxwwOOAkIghqI/Xsg9uKz6AeSpbGk1NfMDyAJz277FbdKZxF4uWkDHI0evaX3xcoYZhrRKFSXc+NdZBCqQmieFLyE4VjiEZwgLuGcsiwCtJp+olzbJS+EwlpHtfOVP29kUKm1JiFZjJLqua9TPzP6yY6ugxSwuNEY45mh6KEOlo4WRVOn0iMNB0bApEkJquDhlBCpE1hJVOCN//lRdI6q3q16vldrVy/yusogkNwBCrAAxegDm5AAzQBAo/gGbyCN+vJerHerY/ZaMHKd/bBH1ifPwfFlPY=</latexit>

dL(p,!)

ds
= ��a(p)L(p,!)

<latexit sha1_base64="80aALtSC36IgtUA51ZPLtmit9WU="></latexit>
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Absorption in a volume

L(p,!) L+ dL
�a(p)

<latexit sha1_base64="uZUxEoPp7S41VlkvCf+UD6TBg7s=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUF+4DpUDKZTBuaZIYkI5Shn+HGhSJu/Rp3/o2ZdhbaeiBwOOdecu4JU860cd1vZ219Y3Nru7JT3d3bPzisHR13dZIpQjsk4Ynqh1hTziTtGGY47aeKYhFy2gsnd4Xfe6JKs0Q+mmlKA4FHksWMYGMlfyCwGSuRRzM9rNXdhjsHWiVeSepQoj2sfQ2ihGSCSkM41tr33NQEOVaGEU5n1UGmaYrJBI+ob6nEguogn0eeoXOrRChOlH3SoLn6eyPHQuupCO1kEVEve4X4n+dnJr4JcibTzFBJFh/FGUcmQcX9KGKKEsOnlmCimM2KyBgrTIxtqWpL8JZPXiXdZsO7ajQfLuut27KOCpzCGVyAB9fQgntoQwcIJPAMr/DmGOfFeXc+FqNrTrlzAn/gfP4A2+KRow==</latexit>

ds

p = (x, y, z)

<latexit sha1_base64="GyeBDh+davkHb3nDbIR6GvqB2iI=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQoZREKroRim5cVrAPaEOZTCft0JkkzEykMeRX3LhQxK0/4s6/cdJmoa0HBg7n3Ms9c9yQUaks69sorK1vbG4Vt0s7u3v7B+ZhuSODSGDSxgELRM9FkjDqk7aiipFeKAjiLiNdd3qb+d1HIiQN/AcVh8ThaOxTj2KktDQ0ywOO1ETwJEyvq7NaXHs6G5oVq27NAVeJnZMKyNEaml+DUYAjTnyFGZKyb1uhchIkFMWMpKVBJEmI8BSNSV9TH3EinWSePYWnWhlBLxD6+QrO1d8bCeJSxtzVk1lSuexl4n9eP1LelZNQP4wU8fHikBcxqAKYFQFHVBCsWKwJwoLqrBBPkEBY6bpKugR7+curpHNetxv1i/tGpXmT11EEx+AEVIENLkET3IEWaAMMZuAZvII3IzVejHfjYzFaMPKdI/AHxucPZDqUBQ==</latexit>

! = (�, ✓)

<latexit sha1_base64="8kg+hUG4P4ZaXiSuX4wwrtKsvCg=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQxCBAkzEtGLEPTiMYJZIDOEnk5N0qRnobtGCEPAX/HiQRGvfoc3/8bOctDog4LHe1VU1fMTKTTa9peVW1peWV3Lrxc2Nre2d4q7e00dp4pDg8cyVm2faZAiggYKlNBOFLDQl9DyhzcTv/UASos4usdRAl7I+pEIBGdopG7xwI1D6LOrspsMxCl1cQDITrrFkl2xp6B/iTMnJTJHvVv8dHsxT0OIkEumdcexE/QyplBwCeOCm2pIGB+yPnQMjVgI2sum54/psVF6NIiVqQjpVP05kbFQ61Hom86Q4UAvehPxP6+TYnDpZSJKUoSIzxYFqaQY00kWtCcUcJQjQxhXwtxK+YApxtEkVjAhOIsv/yXNs4pTrZzfVUu163kceXJIjkiZOOSC1MgtqZMG4SQjT+SFvFqP1rP1Zr3PWnPWfGaf/IL18Q3spJTT</latexit>

dL(p,!)

L(p,!)
= ��a(p)ds

<latexit sha1_base64="qLSUEVm6xBRMZlO40+WKrHM4Oqk="></latexit>

Transmittance: 

<latexit sha1_base64="cMCmOiTcZo4fF51uF0hA/E9j8Lo="></latexit>

T (s) = e�
R s
0 �a(p+s0!,!) ds0

L(p + s!,!) = e�
R s
0 �a(p+s0!) ds0L(p,!) = T (s)L(p,!)

<latexit sha1_base64="/PNflPOdopdW4g0gTGx3VNnDPCs="></latexit>
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Absorption: lower density

Credit: Walt Disney Animation Studios
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Absorption: higher density

Credit: Walt Disney Animation Studios
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Ray marching to compute transmittance through volume
Step through volume in small steps

�(p)

<latexit sha1_base64="pxcJWXi5tbrsuRnU3gqSlICpwzk=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmkosuiG5cV7AOaUCbTSTt0JgkzE7GE/oobF4q49Ufc+TdO2iy09cDA4Zx7uWdOkHCmtON8W2vrG5tb26Wd8u7e/sGhfVTpqDiVhLZJzGPZC7CinEW0rZnmtJdIikXAaTeY3OZ+95FKxeLoQU8T6gs8iljICNZGGtgVT7GRwDVPYD2WIktm5wO76tSdOdAqcQtShQKtgf3lDWOSChppwrFSfddJtJ9hqRnhdFb2UkUTTCZ4RPuGRlhQ5Wfz7DN0ZpQhCmNpXqTRXP29kWGh1FQEZjKPqJa9XPzP66c6vPYzFiWpphFZHApTjnSM8iLQkElKNJ8agolkJisiYywx0aausinBXf7yKulc1N1G/fK+UW3eFHWU4AROoQYuXEET7qAFbSDwBM/wCm/WzHqx3q2PxeiaVewcwx9Ynz8IZJRy</latexit>

r(t) = o+ t!

<latexit sha1_base64="cMwn0bqImWG/ylQ/hlEPaBXI3M8=">AAACFnicbVDLSgMxFM3UV62vqks3wSJUxDIjFd0IRTcuK9gHtKVk0kwbmpkMyR2hDPMVbvwVNy4UcSvu/BszfYC2Hgice8695N7jhoJrsO1vK7O0vLK6ll3PbWxube/kd/fqWkaKshqVQqqmSzQTPGA14CBYM1SM+K5gDXd4k/qNB6Y0l8E9jELW8Uk/4B6nBIzUzZ+2fQID14tVUoRjfIVntUzwCYZZ1ZY+65Okmy/YJXsMvEicKSmgKard/Fe7J2nkswCoIFq3HDuETkwUcCpYkmtHmoWEDkmftQwNiM90Jx6fleAjo/SwJ5V5AeCx+nsiJr7WI981nemaet5Lxf+8VgTeZSfmQRgBC+jkIy8SGCROM8I9rhgFMTKEUMXNrpgOiCIUTJI5E4Izf/IiqZ+VnHLp/K5cqFxP48iiA3SIishBF6iCblEV1RBFj+gZvaI368l6sd6tj0lrxprO7KM/sD5/AM+bny4=</latexit>

Given “camera ray” from point o in direction w….

And volume with density

Estimate optical thickness as:

pi = o+
i+ 0.5

N
!

<latexit sha1_base64="O5jEs+AE3Vg/Wf72PPignRPOJeQ=">AAACG3icbVDLSgMxFM34rPVVdekmWAShUGZKi26EohtXUsE+oDOUTJppQ5PJkGSEMsx/uPFX3LhQxJXgwr8xnc5CWw8ETs65l3vv8SNGlbbtb2tldW19Y7OwVdze2d3bLx0cdpSIJSZtLJiQPR8pwmhI2ppqRnqRJIj7jHT9yfXM7z4QqagI7/U0Ih5Ho5AGFCNtpEGp5nKkx5InUTqg8BJmXz9IRAor0A0kwgmt2NVGmtym0BWcjNCgVLardga4TJyclEGO1qD06Q4FjjkJNWZIqb5jR9pLkNQUM5IW3ViRCOEJGpG+oSHiRHlJdlsKT40yhIGQ5oUaZurvjgRxpabcN5Wz1dWiNxP/8/qxDi68hIZRrEmI54OCmEEt4CwoOKSSYM2mhiAsqdkV4jEygWgTZ9GE4CyevEw6tapTrzbu6uXmVR5HARyDE3AGHHAOmuAGtEAbYPAInsEreLOerBfr3fqYl65Yec8R+APr6wf1gaC7</latexit>

r(t)

Trying to approximate this integral

To compute:

T (s) = e�⌧(s)

<latexit sha1_base64="UDLCZazqdM2Wg85Jur6FdlVIoEo=">AAACHHicbZDLSgMxFIYzXmu9VV26CRahbsqMSnVZdOOqVLAqdOpwJs3UYDITkoxYhnkQN76KGxeKuHEh+Dam7Sy8/RD4+M85nJw/lJxp47qfztT0zOzcfGmhvLi0vLJaWVs/10mqCO2QhCfqMgRNOYtpxzDD6aVUFETI6UV4czyqX9xSpVkSn5mhpD0Bg5hFjICxVlDZ8w2kNb2DfZBSJXfYjxSQTOdZK8e+TkWQsfyqZZENBNRkwHbKQaXq1t2x8F/wCqiiQu2g8u73E5IKGhvCQeuu50rTy0AZRjjNy36qqQRyAwPatRiDoLqXjY/L8bZ1+jhKlH2xwWP3+0QGQuuhCG2nAHOtf9dG5n+1bmqiw17GYpkaGpPJoijl2CR4lBTuM0WJ4UMLQBSzf8XkGmw6xuY5CsH7ffJfON+te41643S/2jwq4iihTbSFashDB6iJTlAbdRBB9+gRPaMX58F5cl6dt0nrlFPMbKAfcj6+AA97oVo=</latexit>

ω(s) → s

N

N∑

i

ε(pi)
<latexit sha1_base64="523GcKwdtQyIJL0jYdYDRQses2k="></latexit>

ω(s) =

∫ s

0
ε(p + s→ϑ)ds→

s
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Simple volume rendering

Credit: Taubmann et al. , Siemens Healthineers 

Volume rendered CT scan Volume rendered scene 
(Mildenhall et al.)

Consider representing a scene as a volume

�(p)

<latexit sha1_base64="pxcJWXi5tbrsuRnU3gqSlICpwzk=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmkosuiG5cV7AOaUCbTSTt0JgkzE7GE/oobF4q49Ufc+TdO2iy09cDA4Zx7uWdOkHCmtON8W2vrG5tb26Wd8u7e/sGhfVTpqDiVhLZJzGPZC7CinEW0rZnmtJdIikXAaTeY3OZ+95FKxeLoQU8T6gs8iljICNZGGtgVT7GRwDVPYD2WIktm5wO76tSdOdAqcQtShQKtgf3lDWOSChppwrFSfddJtJ9hqRnhdFb2UkUTTCZ4RPuGRlhQ5Wfz7DN0ZpQhCmNpXqTRXP29kWGh1FQEZjKPqJa9XPzP66c6vPYzFiWpphFZHApTjnSM8iLQkElKNJ8agolkJisiYywx0aausinBXf7yKulc1N1G/fK+UW3eFHWU4AROoQYuXEET7qAFbSDwBM/wCm/WzHqx3q2PxeiaVewcwx9Ynz8IZJRy</latexit>

Volume density and “reflectance” at all points in space

c(p,!) = c(x, y, z,�, ✓)

<latexit sha1_base64="j/5vIbUDxLPXyWQTYj4RaG/FI0g=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMQ5Qh3EtFGCNpYKhgVciHsbSbJkt27Y3dOjEf+g41/xcZCEVsbO/+Nm5jCrwcDj/dmmJkXJlIY9LwPJzc1PTM7l58vLCwuLa8UV9cuTJxqDnUey1hfhcyAFBHUUaCEq0QDU6GEy7B/PPIvr0EbEUfnOEigqVg3Eh3BGVqpVdzh5UAx7GmVJUM3iBV02fYhL9+4A/fWDZKecGmAPUC23SqWvIo3Bv1L/AkpkQlOW8X3oB3zVEGEXDJjGr6XYDNjGgWXMCwEqYGE8T7rQsPSiCkwzWz805BuWaVNO7G2FSEdq98nMqaMGajQdo7uN7+9kfif10ixc9DMRJSkCBH/WtRJJcWYjgKibaGBoxxYwrgW9lbKe0wzjjbGgg3B//3yX3KxW/Grlb2zaql2NIkjTzbIJikTn+yTGjkhp6ROOLkjD+SJPDv3zqPz4rx+teacycw6+QHn7RNGRZ0k</latexit>

The reflectance off surface  
at point p in direction ω
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Rendering volumes

�(p)

<latexit sha1_base64="pxcJWXi5tbrsuRnU3gqSlICpwzk=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmkosuiG5cV7AOaUCbTSTt0JgkzE7GE/oobF4q49Ufc+TdO2iy09cDA4Zx7uWdOkHCmtON8W2vrG5tb26Wd8u7e/sGhfVTpqDiVhLZJzGPZC7CinEW0rZnmtJdIikXAaTeY3OZ+95FKxeLoQU8T6gs8iljICNZGGtgVT7GRwDVPYD2WIktm5wO76tSdOdAqcQtShQKtgf3lDWOSChppwrFSfddJtJ9hqRnhdFb2UkUTTCZ4RPuGRlhQ5Wfz7DN0ZpQhCmNpXqTRXP29kWGh1FQEZjKPqJa9XPzP66c6vPYzFiWpphFZHApTjnSM8iLQkElKNJ8agolkJisiYywx0aausinBXf7yKulc1N1G/fK+UW3eFHWU4AROoQYuXEET7qAFbSDwBM/wCm/WzHqx3q2PxeiaVewcwx9Ynz8IZJRy</latexit>

Volume density and color at all points in space.
c(p,!) = c(x, y, z,�, ✓)

<latexit sha1_base64="j/5vIbUDxLPXyWQTYj4RaG/FI0g=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMQ5Qh3EtFGCNpYKhgVciHsbSbJkt27Y3dOjEf+g41/xcZCEVsbO/+Nm5jCrwcDj/dmmJkXJlIY9LwPJzc1PTM7l58vLCwuLa8UV9cuTJxqDnUey1hfhcyAFBHUUaCEq0QDU6GEy7B/PPIvr0EbEUfnOEigqVg3Eh3BGVqpVdzh5UAx7GmVJUM3iBV02fYhL9+4A/fWDZKecGmAPUC23SqWvIo3Bv1L/AkpkQlOW8X3oB3zVEGEXDJjGr6XYDNjGgWXMCwEqYGE8T7rQsPSiCkwzWz805BuWaVNO7G2FSEdq98nMqaMGajQdo7uN7+9kfif10ixc9DMRJSkCBH/WtRJJcWYjgKibaGBoxxYwrgW9lbKe0wzjjbGgg3B//3yX3KxW/Grlb2zaql2NIkjTzbIJikTn+yTGjkhp6ROOLkjD+SJPDv3zqPz4rx+teacycw6+QHn7RNGRZ0k</latexit>

r(t) = o+ t!

<latexit sha1_base64="cMwn0bqImWG/ylQ/hlEPaBXI3M8=">AAACFnicbVDLSgMxFM3UV62vqks3wSJUxDIjFd0IRTcuK9gHtKVk0kwbmpkMyR2hDPMVbvwVNy4UcSvu/BszfYC2Hgice8695N7jhoJrsO1vK7O0vLK6ll3PbWxube/kd/fqWkaKshqVQqqmSzQTPGA14CBYM1SM+K5gDXd4k/qNB6Y0l8E9jELW8Uk/4B6nBIzUzZ+2fQID14tVUoRjfIVntUzwCYZZ1ZY+65Okmy/YJXsMvEicKSmgKard/Fe7J2nkswCoIFq3HDuETkwUcCpYkmtHmoWEDkmftQwNiM90Jx6fleAjo/SwJ5V5AeCx+nsiJr7WI981nemaet5Lxf+8VgTeZSfmQRgBC+jkIy8SGCROM8I9rhgFMTKEUMXNrpgOiCIUTJI5E4Izf/IiqZ+VnHLp/K5cqFxP48iiA3SIishBF6iCblEV1RBFj+gZvaI368l6sd6tj0lrxprO7KM/sD5/AM+bny4=</latexit>

Given “camera ray” from point o in direction w….

And volume with density and directional radiance.

Step through the volume to compute radiance along the ray.

r(t)

tn

tf

<latexit sha1_base64="IsWQoKar/i7zmk+9mj4WsFNV3CI=">AAAB7nicbVDLSgNBEJyNrxhfUY9eBoPgxbArEj0GvXiMYB6QLGF20psMmccyMyuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1hSZVXOlORAxwJqFpmeXQSTQQEXFoR+O7md9+Am2Yko92kkAoyFCymFFindS+6CkBQ9IvV/yqPwdeJUFOKihHo1/+6g0UTQVISzkxphv4iQ0zoi2jHKalXmogIXRMhtB1VBIBJszm507xmVMGOFbalbR4rv6eyIgwZiIi1ymIHZllbyb+53VTG9+EGZNJakHSxaI45dgqPPsdD5gGavnEEUI1c7diOiKaUOsSKrkQguWXV0nrshrUqrWHq0r9No+jiE7QKTpHAbpGdXSPGqiJKBqjZ/SK3rzEe/HevY9Fa8HLZ47RH3ifP/3zj10=</latexit>→ω-
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Summary
Appearance of a surface is determined by: 
- The amount of light reaching the surface from different 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 reflectance properties of the surface: 
- BRDF(wi,wo): the fraction of energy from direction wi reflected in direction wo 
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