Radiometry and reflectance

!

4
4
B
b
_..\s 1,..,.. % 7..
—.,» y
l,_, .

LI
ik

)
~

16-385 Computer Vision
Spring 2019, Lecture 14

http://www.cs.cmu.edu/~16385/



Course announcements

« Lot’s of grades posted during spring break.
- Mid-semester grades.
- Comments for HW1.
- Grades and comments for HW2.

« Homework 4 will be posted tonight and will be due on March 3,
- [t’s another shorter homework, based on material from this and the next lecture.

« TJalk tomorrow: Jun-Yan Zhu, “Learning to synthesize images,” noon-1 pm, GHC 6115



Overview of today’s lecture

« Measuring light and radiometry.
* Reflectance and BRDF.

* Light sources.



Slide credits

Most of these slides were adapted from:
« Srinivasa Narasimhan (16-385, Spring 2014).
« Todd Zickler (Harvard University).

« Steven Gortler (Harvard University).



Appearance



Appearance




"Physics-based” computer vision
(a.k.a “inverse optics”)

Our challenge: Invent computational representations of , , ,
shape, lighting, and reflectance that are efficient: simple llumination
enough to make inference tractable, yet general enough to \\“/;7

capture the world’s most important phenomena "%/V\\QZ

reflectance

shape

P —

{ I = shape, illumination reﬂectance}




Example application: Photometric Stereo




Why study the physics (optics) of the
world?

| ets see some pictures!



Light and Shadows









Reflections












Refractions












Interreflections



Mies Courtyard House with Curved Elements
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More Complex Appearances
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Measuring light and
radiometry



Solid angle

» The solid angle subtended by a small surface patch with respect to point O
IS the area of its central projection onto the unit sphere about O

Depends on:
» orientation of patch

» distance of patch




Solid angle

» The solid angle subtended by a small surface patch with respect to point O
IS the area of its central projection onto the unit sphere about O

Depends on:
» orientation of patch

» distance of patch

One can show:

dA cos 6

r2

dw =

Units: steradians [sr]



Solid angle

» The solid angle subtended by a small surface patch with respect to point O
IS the area of its central projection onto the unit sphere about O

Depends on:
» orientation of patch

» distance of patch

One can show: |
“surface foreshortening”

Units: steradians [sr]



Solid angle

» T0 calculate solid angle subtended by a surface S relative to O you must
add up (integrate) contributions from all tiny patches (nasty integral)

Q://r-ilgdS
s |7l

One can show: |
“surface foreshortening”

Units: steradians [sr]



Question

o Suppose surface S is a hemisphere centered at O. What is the solid angle
It subtends?



Question

o Suppose surface S is a hemisphere centered at O. What is the solid angle
It subtends?

o Answer: 2\pi (area of sphere is 4\pi*r*2; area of unit sphere is 4\pi; half of
that is 2\pi)



Quantifying light: flux, irradiance, and radiance

o Imagine a sensor that counts photons passing through planar patch X in
directions within angular wedge W

o It measures radiant flux [watts = joules/sec]: rate of photons hitting sensor
area

« Measurement depends on sensor area |X|

|

* shown in 2D for clarity; imagine three dimensions

radiant flux ®(W, X)



Quantifying light: flux, irradiance, and radiance

o Irradiance:
A measure of incoming light that is independent of sensor area |X]|

« Units: watts per square meter [W/m?]
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Quantifying light: flux, irradiance, and radiance

o Irradiance:
A measure of incoming light that is independent of sensor area |X]|

« Units: watts per square meter [W/m?]

» Depends on sensor direction normal.

lim
X —x

Ea(W,z)

o We keep track of the normal because a planar sensor with
distinct orientation would converge to a different limit

» In the literature, notations n and W are often omitted, and
values are implied by context




Quantifying light: flux, irradiance, and radiance

» Radiance:
A measure of incoming light that is independent of sensor area |X|,
orientation n, and wedge size (solid angle) |W|

« Units: watts per steradian per square meter [W/(m?-sr)]

wy . ¢
n w .
Il
lim
Exa(W, x) Li(w, )
‘ [ [ ‘ « Has correct units, but still depends on sensor orientation

o 10 correct this, convert to measurement that would have
been made if sensor was perpendicular to direction w



Quantifying light: flux, irradiance, and radiance

» Radiance:
A measure of incoming light that is independent of sensor area |X|,
orientation n, and wedge size (solid angle) |W|

« Units: watts per steradian per square meter [W/(m?-sr)]

w .
A w, - /2
n 9 I cosf) = ——
_ | X /2
lim l —0 = |X]|cosf
W—w ) “ ,,
£L £ XI foreshortened area
Eﬁ(W}fﬂ) Lﬁ(@}fﬂ)
‘ W ‘ o Has correct units, but still depends on sensor orientation

o 10 correct this, convert to measurement that would have been
made if sensor was perpendicular to direction w



Quantifying light: flux, irradiance, and radiance

» Radiance:
A measure of incoming light that is independent of sensor area |X|,
orientation n, and wedge size (solid angle) |W|

« Units: watts per steradian per square meter [W/(m?-sr)]

|44
w A 1, 0 - W
lim [~ 17/ cos 6 1
g woe o/ :
X
Exa(W, x) Li(w, ) L(w,x)
‘ W ‘ o Has correct units, but still depends on sensor orientation

o 10 correct this, convert to measurement that would have been
made if sensor was perpendicular to direction w



Quantifying light: flux, irradiance, and radiance

» Radiance:
A measure of incoming light that is independent of sensor area |X|,
orientation n, and wedge size (solid angle) |W|

o Units: watts per steradian per square meterAW/(mZ-sr)]

W foreshs i e
N ) ~ ~
L i Wy 4 v
lim [~ 17/ cos 6 1
Ea(W, z) La(@, 7) L(&,7)
‘ W ‘ o Has correct units, but still depends on sensor orientation

o 10 correct this, convert to measurement that would have been
made if sensor was perpendicular to direction w



Quantifying light: flux, irradiance, and radiance

» Attractive properties of radiance:

 Allows computing the radiant flux measured by any finite sensor




Quantifying light: flux, irradiance, and radiance

» Attractive properties of radiance:

 Allows computing the radiant flux measured by any finite sensor

@(W,X)z// L(w, x) cos Bdwd A
X JW




Quantifying light: flux, irradiance, and radiance

» Attractive properties of radiance:

 Allows computing the radiant flux measured by any finite sensor
d(W,X) = / / L(w, x) cos Bdwd A
X JW

« Constant along a ray in free space

Lw,z) = L(w,z + w)




Quantifying light: flux, irradiance, and radiance

» Attractive properties of radiance:

 Allows computing the radiant flux measured by any finite sensor
d(W,X) = / / L(w, x) cos Bdwd A
X JW

« Constant along a ray in free space

Lw,z) = L(w,z + w)

* A camera measures radiance (after a one-time radiometric calibration).
So RAW pixel values are proportional to radiance.

- “Processed” images (like PNG and JPEG) are not linear radiance
measurements!!



Question

» Most light sources, like a heated metal sheet, follow Lambert’s Law

. J(w) = J,(w,n) = J,cosb
=S

7 radiant intensity [W/sr]

« What is the radiance L(w, ) of an infinitesimal patch [W/sr-m?]?



Question

» Most light sources, like a heated metal sheet, follow Lambert’s Law

. J(w) = J,(w,n) = J,cosb
=S

7 radiant intensity [W/sr]

« What is the radiance L(w, ) of an infinitesimal patch [W/sr-m?]?

Answer: L(w,z) = J,/|X|(independent of direction)



Question

» Most light sources, like a heated metal sheet, follow Lambert’s Law

= J(w) = J,(w,n) = J,cosb
D

=3 radiant intensity [W/sr]

« What is the radiance L(w, ) of an infinitesimal patch [W/sr-m?]?

Answer: L(w,z) = J,/|X|(independent of direction)

“Looks equally bright when viewed from any direction”
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"Physics-based” computer vision
(a.k.a “inverse optics”)

Illumination
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Reflectance and BRDF



Reflectance

» Ratio of outgoing energy to incoming energy at a single point
» Want to define a ratio such that it:

e converges as we use smaller and smaller incoming and outgoing
wedges

» does not depend on the size of the wedges (i.e. is intrinsic to the
material)



Reflectance

» Ratio of outgoing energy to incoming energy at a single point
» Want to define a ratio such that it:

e converges as we use smaller and smaller incoming and outgoing
wedges

* does not depend on the size of the wedges (i.e. is intrinsic to the
material)

Win—>Win fm,ﬁ(ﬁbim (:Jﬂut)

» Notations x and n often implied by context and omitted,

L.Dut ~ directions \omega are expressed in local coordinate system
A (:E; wgut ) defined by normal n (and some chosen tangent vector)
fm,ﬁ( l;[’ ins wgut) — . o Units: sr’

Eln( [/[/ ins fL‘) « Called Bidirectional Reflectance Distribution Function (BRDF)



BRDF: Bidirectional Reflectance Distribution Function

source
: §>
Incident

direction viewing
0 direction
/\ E (Hi’¢i) (Hr’¢r)
: > y
S
@
surface
X element

E ™™ (6.,¢.) Irradiance at Surface in direction (6., ¢,)

L™ (9,4 ) Radiance of Surface in direction (4 ,¢, )

Lsurface (er | ¢r)
E surface ((9| | ¢|)

BRDF: f (0.,6.;0 ,¢.) =




Reflectance: BRDF

o Units: sr!

» Real-valued function defined on the double-hemisphere

» Has many useful properties



Important Properties of BRDFs

source
T O
Incident

direction viewing
P direction
/\ é (Hi’¢i) (Hr’¢r)

normal

surface
X element

» Conservation of Energy:

Va"in: / f(f-:’in: ‘-:’ﬂut) cos Ooutdwout < 1
Quut

\ Why smaller
than or equal?



Property: “Helmholtz reciprocity”

- Helmholtz Reciprocity: (follows from 2" Law of Thermodynamics)

BRDF does not change when source and viewing directions are swapped.

fr(ﬁim C4_-*’:'*{:-111:) — fr(ﬁﬂut: Cﬁiﬂ)



Common assumption: Isotropy

when surface Is rotated

about the normal.

YV
=
Fns
Win
BRDF does not change fr (ujin; )
4D — 3D
— —
fr (EHTH ; 'r*"ﬂﬂt)

Bi-directional Reflectance Distribution Function (BRDF)

- ~ .

[Matusik et al., 2003]

Can be written as a function of 3 variables : f(6.,6, ,¢. —¢)



Reflectance: BRDF

o Units: sr!

» Real-valued function defined on the double-hemisphere

» Has many useful properties

» Allows computing output radiance (and thus pixel value) for any configuration
of lights and viewpoint

L (@) = / f(@in, @out ) L™ (Win) cos Oind@in
Qin

reflectance equation

Why Is there a cosine in the reflectance equation?



Derivation of the Reflectance Equation

L™ (0,,¢,)

From the definition of BRDF:

Lsurface (Hr | ¢r) _ E surface (‘9| | ¢|) f (Hl , ¢i : er , ¢r)



Derivation of the Scene Radiance Equation

From the definition of BRDF:

Lsurface (Qr | ¢r) _ E surface (9I | ¢|) f (@I , ¢i : Hr 1 ¢r)

Write Surface Irradiance in terms of Source Radiance:

L0 ,4.) = L0.,4)f(0.,6.;0_ ¢ )cos 0.dw.

Integrate over entire hemisphere of possible source directions:

Lsurface (gr ’ ¢r) — j Lsrc (9| ) ¢|) f (9| ) ¢i 1 Hr ) ¢r) COS gi d a)i
27 -
Convert from solid angle to theta-phi representation:
7 rwl?2
L (0, ¢.) = j j L (0.,¢.)f(0.,4.; 0,6 )cos 0. sin 6.d60.d ¢,

-7 0



Differential Solid Angles

dA =(rd@)(rsinf dg)
=r’sin@d6@ dg

» do = i —31n6?d0d¢

2

I sinfd@de =4rx
0

S =

O'—-,'ﬁ



SRDF

fr(ﬁin; )

fr (Ujin; Ujﬂut)

Bi-directional Reflectance Distribution Function (BRDF)




SRDF

Lambertian (diffuse) BRDF: energy equally distributed in all directions

What does the BRDF equal in this case?

fr (Ujin; Ujﬂut)

Bi-directional Reflectance Distribution Function (BRDF)




Diffuse Reflection and Lambertian BRDF

source intensity |

-

Incident
direction S

normal N @
viewing ~
direction Vv

surface
element

-

« Surface appears equally bright from ALL directions! (independent of v )

albedo

Pa”

7T

* Lambertian BRDF is simply a constant: f (6.,¢.;0_,¢ ) =

* Most commonly used BRDF in Vision and Graphics!



SRDF

Specular BRDF: all energy concentrated in mirror direction

\\

What does the BRDF equal in this case? —

TR

Q
/

V\\

fr(ﬁin; )

fr (Ujin; Ujﬂut)

Bi-directional Reflectance Distribution Function (BRDF)




Specular Reflection and Mirror BRDF

source intensity | specular/mirror -
direction r (g ,4)

viewing ~
direction V (0,,4,)

Incident ~
direction S

(0,,9,)

—

normal N

element

 Valid for very smooth surfaces.

-

 All incident light energy reflected in a SINGLE direction (only when V = 1 ).

* Mirror BRDF is simply a double-delta function :
specular albedo

1(6,,0,.0,,0,)=p,0(0,-06,)0(¢ +7—-9,)



Example Surfaces

Body Reflection: Surface Reflection:
Diffuse Reflection Specular Reflection
Matte Appearance Glossy Appearance

Non-Homogeneous Medium Highlights
Clay, paper, etc Dominant for Metals

Many materials exhibit
both Reflections:




SRDF

Glossy BRDF: more energy concentrated in mirror direction than elsewhere

fr(ﬁin; )

fr (Ujin; Ujﬂut)

Bi-directional Reflectance Distribution Function (BRDF)




Trick for dielectrics (non-metals)

« BRDF is a sum of a Lambertian diffuse component and non-Lambertian
specular components

* The two components differ in terms of color and polarization, and under
certain conditions, this can be exploited to separate them.

f(@i,&o) = fa+ fs(Wi, Wo)



Trick for dielectrics (non-metals)

« BRDF is a sum of a Lambertian diffuse component and non-Lambertian
specular components

* The two components differ in terms of color and polarization, and under
certain conditions, this can be exploited to separate them.

f(&i,@Do) = fa+ fs(Wi, Do)

Often called the dichromatic BRDF.

 Diffuse term varies with wavelength,
constant with polarization

« Specular term constant with
wavelength, varies with polarization




Trick for dielectrics (non-metals)

DIFFUSE SPECULAR

* In this example, the two components were separated using linear polarizing
filters on the camera and light source.



Trick for dielectrics (non-metals)

DT I” — %Idiffuse

I specular




Tabulated 4D BRDFs (hard to measure)

Cylinder (1D normal variation)
with stripes of the material
at different orientations (1D) ¥

Precision
motor k \ Camera
: } @
Rotation of J
cylinder (1D) 4 \
M PR\ (2
oy S
- A% (P .
~ - X c0 Transmittance Detector
Light source Gonioreflectometer
Precision
motor

[Ngan et al., 2005]



Low-parameter (non-linear) BRDF models

» A small number of parameters define the (2D,3D, or 4D) function

o Except for Lambertian, the BRDF is non-linear in these parameters

o« Examples:
Where do these constants come from?
. a /
Lambertian: f(wi,wo) = -
a
Phong: f(wi:wo) — ; + bcos® (2<w’iﬁn> <w07n> — (wiaw*ﬂ))
Blinn:  f(wi,wo) = ~ +beos® blwi, wo)
Lafortune:  f(wi,wo) = = + b(—w] Aw,)* e
afortune: isWo) = i Awo &S
a b — tan? b(w;, wo))
. Wi, We) = — + ex
Ward:  f( )=t 2 T oo ( 2

a is called the albedo



Reflectance Models

Reflection: An Electromagnetic Phenomenon

A

1‘7h

Py ~
~ 7

T

Two approaches to derive Reflectance Models:

— Physical Optics (Wave Optics)
— Geometrical Optics (Ray Optics)

Geometrical models are approximations to physical models
But they are easier to use!



Reflectance that Require Wave Optics




| Ignht sources



"Physics-based” computer vision
(a.k.a “inverse optics”)

Illumination
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Lighting models: Plenoptic function

 Radiance as a function of
position and direction

e Radiance as a function of
position, direction, and time

« Spectral radiance as a function
of position, direction, time and
wavelength

L(x,w,t, \)

NS

/
/
/

Fig.1.3

The plenoptic function describes the information available to
an observer at any point in space and time. Shown here are two
schematic eyes-which one should consider to have punctate
pupils-gathering pencils of light rays. A real observer cannot
see the light rays coming from behind, but the plenoptic
function does include these rays.

e —

[Adelson and Bergen, 1991]



Lighting models: far-field (or directional) approximation

« Assume that, over the observed region of interest, all source of incoming
flux are relatively far away

L(x,w,t,\) — L(w,t, \)
L(z,w) — L(w)

radiange Only depends on
dirgction; not location % I%%
% % ignoresclose

inter-reflections

[Debevec, 1998]



Application: augmented reality

light probe

-

[Debevec, 1998]



Application: augmented reality

(g) Final result with differential rendering

(b) Camera calibration grid and light probe

[Debevec, 1998]



Application: augmented reality

http://gl.ict.usc.edu/LightStages/



Application: augmented reality

i0S Overview iPhone X iPad Machine Learning Augmented Reality

Introducing ARKit

iOS 11 introduces ARKit, a new framework that allows you to easily
create unparalleled augmented reality experiences for iPhone and
iPad. By blending digital objects and information with the
environment around you, ARKit takes apps beyond the screen,
freeing them to interact with the real world in entirely new ways.

Watch "Introducing ARKit: Augmented Reality for iOS" >

From WWDC17

[https://developer.apple.com/arkit/]

Discover

ARCore Overview

Fundamental Concepts

SEND FEEDBACK

ARCore Overview

ARCore is a platform for building augmented reality apps on Android.
ARCore uses three key technologies to integrate virtual content with the
real world as seen through your phone's camera:

¢ Motion tracking allows the phone to understand and track its
position relative to the world.

¢ Environmental understanding allows the phone to detect the size
and location of flat horizontal surfaces like the ground or a coffee
table.

¢ Light estimation allows the phone to estimate the environment's
current lighting conditions.

[https://developers.google.com/ar/]



https://developers.google.com/ar/
https://developer.apple.com/arkit/

Lighting models: far-field approximation

TABLE OF LIGHT PROBES:

HDR {T.3MB)
EXR [7.9MB)
Diffuse comoalutlon

HDR [14ME])
EXR (16ME)
Diffuse comalutlon

HDR [S4MEB)
EXR (&1ME])
Diffuse comoalution

HDR [4.3MB)
EXR [4.5MB)
Diffuse comolutlon

HDR [20MEB)
EXR (Z2MBE)
Diffuse comoalution

HDR [ZZMBE)
EXR [19MB)
Diffuse comolutlon

» One can download far-field
lighting environments that
have been captured by
others

[http://gl.ict.usc.edu/Data/HighResProbes/]

» A number of apps and
software exist to help you
capture capture your own
environments using a light
probe

]
~—N

Figure 6. To produce the equal-area cylindrical projection of a
spherical map, one projects each point on the surface of the
sphere horizontally outward onto the cylinder, and then unwraps
the cylinder to obtain a rectangular “panoramic” map.


http://gl.ict.usc.edu/Data/HighResProbes/%5d

Application: inferring outdoor illumination

From a single image (left), we estimate the most likely sky appearance (middle) and insert a 3-D object
(right). lllumination estimation was done entirely automatically.

[Lalonde et al., 2009]



A further simplification:
Low-frequency illumination

First nine basis
functions are sufficient
for re-creating
Lambertian
appearance

[Ramamoorthi and Hanrahan, 2001; Basri and Jacobs, 2003]



Low-frequency illumination

.

Fig. 2. On the left, a white sphere illuminated by three directional (distant point) sources of light. All the lights are parallel to the image plane, one
source illuminates the sphere from above and the two others illuminate the sphere from diagonal directions. In the middle, a cross-section of the
lighting function with three peaks corresponding to the three light sources. On the right, a cross-section indicating how the sphere reflects light. We
will make precise the intuition that the material acts as a low-pass filtering, smoothing the light as it reflects it.

1.2

0.8¢

0.6}

0.4}

0.2}

Lambertian brdf coefficient ==

il &

i] o8 % e ]

-U. o o 5
34 6 & 10 12 14 16 18 20

Figure 3. Plot of spherical harmonic terms in
Lambertian BRDF filter.

[Ramamoorthi and Hanrahan, 2001; Basri and Jacobs, 2003]



Low-frequency illumination

L(w) = Zam(w)

\/ Truncate to first 9 terms

—

£=(b1,...,0)

[Ramamoorthi and Hanrahan, 2001; Basri and Jacobs, 2003]



Application: Trivial rendering

Capture light probe Rendering a (convex) diffuse object in this
environment simply requires a lookup based on the
surface normal at each pixel

Low-pass filter (truncate
to first nine SHs)




White-out: Snow and Overcast Skies

CAN’ T perceive the shape of the snow covered terrain!

CAN perceive shape in regions
lit by the street lamp!!

WHY?




Diffuse Reflection from Uniform Sky

T rwl?2

Lsurface (Hr’¢r) = j j LSI’C (‘9i1¢i) f (‘9w¢i; Hr’¢r) COS 6)i Sin 9|d8|d¢|

-7 0

* Assume Lambertian Surface with Albedo = 1 (no absorption)

1
f(9i1¢i;9r’¢r):_

T
« Assume Sky radiance Is constant

Lsrc (el | ¢|) _ Lsky

 Substituting in above Equation:

Lsurface (9,, | ¢r) _ Lsky

Radiance of any patch is the same as Sky radiance !! (white-out condition)



—ven simpler:
Directional lighting

« Assume that, over the observed region of interest, all source of incoming
flux is from one direction

L(z,w,t,A\) — L(z,t,\) — s(t, A\)d(w = w,(t))
L(z,w) — Lw) — sé(w = wy)

» Convenient representation

E:(gmjgngz) _é: i

“light direction” —
1£1]

“ight strength” | |£]]



Simple shading

ASSUMPTION 1: ASSUMPTION 2:
LAMBERTIAN @ DIRECTIONAL LIGHTING
\i s
Ebi;

TN

Lmlt (L:J) = / f(f-:’in; u’)out)Li“(d‘:in) COS einda’in
Qiﬂ

{I —an'l @J




“N-dot-I" shading

ASSUMPTION 1: ASSUMPTION 2:
LAMBERTIAN @ DIRECTIONAL LIGHTING
\i s
Ebi;

TN

Lmlt (L:J) = / f(f-:’in; u’)out)Li“(d‘:in) COS einda’in
Qiﬂ

{I —an'l @J




An ideal point light source

5(u= T~ %o )
|z — ||

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
"
‘—

e Think of this as a spatially-varying directional
T, source where
1. the direction is away from x_o
2. the strength is proportional to 1/(distance)*2



Summary of some useful lighting models

 plenoptic function (function on 5D domain)

o far-field illumination (function on 2D domain)
 low-frequency far-field illumination (nine numbers)

« directional lighting (three numbers = direction and strength)

 point source (four numbers = location and strength)
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