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Radiometry and Photometry

Measure spatial properties of light 

￭ Radiant power 

￭ Radiant intensity 

￭ Irradiance  

￭ Inverse square law and cosine law 

￭ Radiance 

￭ Radiant exitance (radiosity) 

Goal is to perform lighting calculations in a 
physically correct way 

Acknowledgement: Pat Hanrahan
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From London and Upton



https://en.wikipedia.org/wiki/Visible_spectrum https://en.wikipedia.org/wiki/Photon_energy 

Photon energy

https://en.wikipedia.org/wiki/Visible_spectrum
https://en.wikipedia.org/wiki/Photon_energy


KEY IDEA OF PHOTOMETRY:  
Radiant power at each wavelength is weighted by a  
luminosity function that models human brightness sensitivity
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"Photopic (daytime-adapted, black curve) and scotopic [1] (darkness-adapted, green 
curve) luminosity functions. The photopic includes the CIE 1931 standard [2] (solid), the 
Judd-Vos 1978 modified data [3] (dashed), and the Sharpe, Stockman, Jagla & Jägle 2005 
data [4] (dotted). The horizontal axis is wavelength in nm." https://en.wikipedia.org/wiki/Photometry_(optics) 
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https://en.wikipedia.org/wiki/Luminosity_function
http://www.cvrl.org/database/text/lum/scvl.htm
http://www.cvrl.org/database/text/cmfs/ciexyz31.htm
http://www.cvrl.org/database/text/lum/vljv.htm
http://www.cvrl.org/database/text/lum/ssvl2.htm
https://en.wikipedia.org/wiki/Photometry_(optics)


Rendering under low-light conditions
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https://en.wikipedia.org/wiki/Scotopic_vision 

HUMAN

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


Rendering under low-light conditions
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https://en.wikipedia.org/wiki/Scotopic_vision 

CAT

https://en.wikipedia.org/wiki/Scotopic_vision
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Radiant Energy and Power

Power ( ) units: 

• Watts (radiometry)  

• Lumens (photometry) 

Related concepts:  

￭ Spectral efficacy 

￭ Energy efficiency 

Energy: Joules vs. Talbot 

￭ Exposure 

￭ Film response  

￭ Skin - sunburn

Φ
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( ) ( )Y V L dλ λ λ= ∫
Photometric luminance:

1 1 02 1 04 1 06 1 08 1 01 01 01 21 01 41 01 61 01 81 02 01 02 21 02 41 02 6

1 01 61 01 41 01 21 01 01 08 1 06 1 04 1 02 1 1 0- 21 0- 41 0- 61 0- 8

Cosmic
R a y s

Gamma
R a y s

X-RaysUltra-
Violet

Infra-
Red

RadioHeatP o w e r

7 0 0 4 0 06 0 0 5 0 0

IR R G B UV

Wavelength (NM)

Conversion factor: 683 lumens/Watt @ 550nm



Radiant Intensity
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Radiant Intensity

Definition: The radiant (luminous) intensity, , is the 

power per unit solid angle emanating from  

a point source.

I
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Radiant Intensity

Fatahalian / James / Pharr, Spring 2022

https://www.jensign.com/LEDIntensity 

https://www.jensign.com/LEDIntensity
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Angles and Solid Angles

Angle 

      

Solid angle

Fatahalian / James / Pharr, Spring 2022

⇒ circle has 2 π radians

⇒ sphere has 4 π steradians
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Differential Solid Angles
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Differential Solid Angles
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Differential Solid Angles
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Isotropic Point Source
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Anisotropic Point Sources
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http://www.photometrictesting.co.uk/File/understanding_photometric_data_files.php 

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


Warn’s Spotlight
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ω
!

<latexit sha1_base64="yK5eytEPOepdkHPtRpodrGo+y60=">AAACBXicbVDLSsNAFJ3UV62vqktdDBbBhZSkFHVZdOOygn1AEspkOmmHTiZh5kYoIRs3/oobF4q49R/c+TdOHwttPXDhcM693HtPkAiuwba/rcLK6tr6RnGztLW9s7tX3j9o6zhVlLVoLGLVDYhmgkvWAg6CdRPFSBQI1glGNxO/88CU5rG8h3HC/IgMJA85JWCkXvnYgyEDgj0usWufe6EiNPMSnme13O+VK3bVngIvE2dOKmiOZq/85fVjmkZMAhVEa9exE/AzooBTwfKSl2qWEDoiA+YaKknEtJ9Nv8jxqVH6OIyVKQl4qv6eyEik9TgKTGdEYKgXvYn4n+emEF75GZdJCkzS2aIwFRhiPIkE97liFMTYEEIVN7diOiQmCDDBlUwIzuLLy6RdqzoX1fpdvdK4nsdRREfoBJ0hB12iBrpFTdRCFD2iZ/SK3qwn68V6tz5mrQVrPnOI/sD6/AGw0JgU</latexit>

✓ 2 [0,
⇡

2
]where



Warn’s Spotlight
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Warn’s Spotlight
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Warn’s Spotlight
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Light Source Goniometric Diagrams
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IES Light Profiles
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https://docs.unrealengine.com/4.26/en-US/BuildingWorlds/LightingAndShadows/IESLightProfiles 

https://docs.unrealengine.com/4.26/en-US/BuildingWorlds/LightingAndShadows/IESLightProfiles


Complex Light Sources

https://specialneedstoys.com/usa/h20-projector.html 

https://specialneedstoys.com/usa/h20-projector.html


Irradiance



Beautiful Irradiance: Caustics
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Irradiance

Definition: The irradiance (illuminance) is the 
power per unit area incident on a surface. 

  

Also referred to as the radiant (luminous) incidence.

Fatahalian / James / Pharr, Spring 2022
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Typical Values of Illuminance [lm/m2]

Sunlight plus skylight   100,000 lux 

Sunlight plus skylight (overcast)    10,000 

Interior near window (daylight) 1,000 

Artificial light (minimum)  100 

Moonlight (full)            0.02 

Starlight             0.0003

Fatahalian / James / Pharr, Spring 2022



Beam Power in Terms of Irradiance
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Beam Power Falling on the Surface
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Projected Area
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θ

A

Project A' onto the surface perpendicular to the direction



Lambert’s Cosine Law
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Irradiance: Isotropic Point Source

CS348b Lecture 4 Fatahalian / James / Pharr, Spring 2022

θ h
r

4
I

π

Φ
=



Irradiance: Isotropic Point Source
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Irradiance: Isotropic Point Source
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Irradiance: Isotropic Point Source

CS348b Lecture 4 Fatahalian / James / Pharr, Spring 2022

θ

r

4
I

π

Φ
=dω

dA

2

cos
4

I d dA
r
θ

ω
π

Φ
=

h



Irradiance: Isotropic Point Source
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Irradiance: Isotropic Point Source
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The Invention of Photometry

Bouguer’s classic experiment 
 Compare a light source and a 

candle 
 Move until they both appear 

equally bright 
 Intensity is proportional to ratio 

of distances squared 

Definition of a candela 
 Originally a “standard” candle 
 Currently 550 nm laser  

   with 1/683 W/sr 
 1 of 6 fundamental SI units

Fatahalian / James / Pharr, Spring 2022

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


Radiance



Definition: The surface radiance (luminance) is 

the intensity per unit area leaving a surface 

  

Area Lights – Surface Radiance

ω
ω

ω

ω

≡

Φ
=

2

( , )( , )

( , )

dI xL x
dA

d x
d dA

! " ! "
= =# $ # $

% & % &
2 2 2

W cd lm nit
sr m m sr mdA

dω

( , )L x ω
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Typical Values of Luminance [cd/m2]

Surface of the sun  2,000,000,000 nit 

Sunlight clouds                  30,000 

Clear sky            3,000 

Overcast sky          300 

Moon             0.03

Fatahalian / James / Pharr, Spring 2022



Directional Power Leaving a Surface
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ω( , )oL x

dA

θ

dω

ω ω θ ωΦ =2 ( , ) ( , )coso od x L x dAd

Same dA for all directions introduces cosine



Radiant Exitance 

(Radiosity)
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Radiant Exitance

Definition: The radiant (luminous) exitance is the  
power per unit area leaving a surface. 

  

In computer graphics, this quantity is   
usually referred to as the radiosity (B)

Fatahalian / James / Pharr, Spring 2022

( ) odM x
dA
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Area Light Source
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Area Light Source
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Area Light Source
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Uniform Diffuse Emitter
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Projected Solid Angle
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Projected Solid Angle
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Uniform Diffuse Emitter
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Radiometry and Photometry 

Summary



Radiometric and Photometric Terms
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Physics Radiometry Photometry

Energy Radiant Energy Luminous Energy

Flux (Power) Radiant Power Luminous Power

Flux Density Irradiance

Radiosity

Illuminance

Luminosity

Angular Flux Density Radiance Luminance

Intensity Radiant Intensity Luminous Intensity



Photometric Units
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Photometry Units

MKS CGS British

Luminous Energy Talbot

Luminous Power Lumen   

Illuminance

Luminosity

Lux Phot Footcandle

Luminance Nit

Apostilb, Blondel

Stilb

Lambert Footlambert

Luminous Intensity Candela (Candle, Candlepower, Carcel, Hefner)

“Thus one nit is one lux per steradian is one candela per square 
meter is one lumen per square meter per steradian. Got it?”  

-- James Kajiya





The Light Field
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Next up!!!



CS348b Lecture 4

The Light Field

Last lecture: Radiometry and photometry 

This lecture: Light field = radiance function on rays 

- Conservation of radiance 

- Measurement equation 

- Throughput and counting rays 

- Irradiance calculations 

Subtitle: “Lines and Light” 
Acknowledgement: Pat Hanrahan

Fatahalian / James / Pharr, Spring 2022

From London and Upton
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Field Radiance or Light Field

Definition: The field radiance (luminance) at a  

point in space in a given direction is the power  

per unit solid angle per unit area perpendicular  

to the direction

Fatahalian / James / Pharr, Spring 2022

dA
dω

( , )L x ω
<latexit sha1_base64="i/EZB8Ck8NxpPLH2IuMwzABpp5c="></latexit>

L(x,!) ⌘ d2�(x,!)

d! dA



Capture Light Field
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Captures all the light leaving 
an object - like a hologram

( , , , )L x y θ ϕ

( , )θ ϕ



Multi-Camera Array
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Two-Plane 4D Light Field

CS348b Lecture 4 Fatahalian / James / Pharr, Spring 2022

2D Array of Cameras 2D Array of Images
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Lenslet Arrays
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http://cameramaker.se/Lightfield.htm 

http://cameramaker.se/Lightfield.htm


Lenslet Arrays
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http://cameramaker.se/Lightfield.htm 

http://cameramaker.se/Lightfield.htm


Lytro Camera

Ren Ng  
Light Field Camera







Lytro Immerge 2.0



Lytro Immerge 2.0

https://www.dpreview.com/sample-galleries/1120152581/lytro-immerge-2-0/3070632200 

https://www.dpreview.com/sample-galleries/1120152581/lytro-immerge-2-0/3070632200


Google VR180

https://www.blog.google/products/google-vr/experimenting-light-fields 

https://www.blog.google/products/google-vr/experimenting-light-fields/
https://www.blog.google/products/google-vr/experimenting-light-fields


Light Field Video

https://augmentedperception.github.io/deepviewvideo 

https://augmentedperception.github.io/deepviewvideo


Estimating Light Fields from Images

NeRF
Representing Scenes as Neural Radiance Fields for View Synthesis

ECCV 2020

https://www.matthewtancik.com/nerf 

https://www.matthewtancik.com/nerf


Estimating Light Fields from Images

Plenoxels
Radiance Fields without Neural Networks 

CVPR 2022 

https://alexyu.net/plenoxels 

https://alexyu.net/plenoxels


Properties of Radiance
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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 radiance 

Radiance  is invariant along a ray 

￭ Reduces parameters from 5D to 4D 

Response of a sensor proportional to the radiance 

￭ Cameras measure radiance

L(x, ω)

Fatahalian / James / Pharr, Spring 2022
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1st Law: Conservation of Radiance

The radiance in the direction of a light ray remains  

constant as the ray propagates

Fatahalian / James / Pharr, Spring 2022
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Quiz

Does radiance increase under a magnifying glass?

Fatahalian / James / Pharr, Spring 2022

No!!



The Measurement Equation
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2nd Law: Sensors measure radiance

The response of a sensor is proportional to the 

radiance of the surface visible to the sensor. 

 (throughput) quantifies the gathering power of the device; the 
higher the throughput the greater the amount of light gathered 

 is constant, sensor response  proportional to average radiance 

T

T R L̄
Fatahalian / James / Pharr, Spring 2022

A

R Ld dA LTω
Ω

= =∫ ∫
A

T d dAω
Ω
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Aperture SensorΩ A
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Quiz

Assume a wall has constant radiance 

Does the response of a sensor when pointed a 
wall depend on the distance to the wall?

Fatahalian / James / Pharr, Spring 2022

No!!



Supplemental Material



Throughput  

Measuring the Number of Rays
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Beam of Rays

Define an infinitesimal beam as the set of rays 
intersecting two infinitesimal surface elements 

Definition:  
  The throughput is the number of rays in a beam.

Fatahalian / James / Pharr, Spring 2022

1 1 1( , )dA u v 2 2 2( , )dA u v
1 1 2 2( , , , )r u v u v
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Number of Rays in a Beam

Define an infinitesimal beam as the set of rays 
intersecting two infinitesimal surface elements 

How many rays are in this beam? 

This many: 

Fatahalian / James / Pharr, Spring 2022

2 1 2
2

1 2

dA dAd T
x x
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1 1 1( , )dA u v 2 2 2( , )dA u v
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Why is this the Right Measure?

Suppose we double the area dA1 (or dA2), then the number 
of rays in the beam should double 

Suppose we half the distance |x1-x2|2, then the number of 
rays also doubles 

Fatahalian / James / Pharr, Spring 2022

2 1 2
2

1 2

dA dAd T
x x

=
−

1 1 1( , )dA u v 2 2 2( , )dA u v
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Alternative Definition of Radiance

Two physical laws 

￭ Energy is conserved 

￭ The size of a beam         does not change as 
rays propagate 

Radiance is the ratio of 2 conserved quantities, 

therefore, the radiance is also conserved
Fatahalian / James / Pharr, Spring 2022

Beam
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Changing Ray Coordinates

Parameterize rays wrt to receiver 

Same value for the throughput, different formula

Fatahalian / James / Pharr, Spring 2022

2 2 2( , )dA u vω θ φ2 2 2( , )d
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Changing Ray Coordinates

Parameterize rays wrt to source

Fatahalian / James / Pharr, Spring 2022

1 1 1( , )dA u v ω θ φ1 1 1( , )d

2 2
1 1 12
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Changing Ray Coordinates Again

Tilting the surfaces re-parameterizes the rays! 

Fatahalian / James / Pharr, Spring 2022

1 1 2 2( , , , )r u v u v
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Number of Rays Hitting a Shape

Parameterize rays by 

Measuring the number or rays that hit a shape

Fatahalian / James / Pharr, Spring 2022
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Calculated Another Way

Parameterize rays by

Fatahalian / James / Pharr, Spring 2022
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Irradiance  
from a 

Uniform Area Light Source



Irradiance from the Environment
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Irradiance from a Uniform Area Source
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Uniform Disk Source
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Spherical Source
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The Sun

Solar constant (normal incidence at zenith) 

 Irradiance 1353 W/m2 

 Illuminance 127,500 lm/m2 = 127.5 kilolux 

Solar angle 

  = .25 degrees = .004 radians (half angle) 

           = 6 x 10-5 steradians 

Solar radiance

Fatahalian / James / Pharr, Spring 2022
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Polygonal Source
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Polygonal Source
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Polygonal Source
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Consider 1 Edge
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Lambert’s Formula
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Penumbras and Umbras
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