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Why is it hard?

1. EachSceneis adynamicalsystem.
2. Objectsinteractwith theirenvironments.
3. Thepresenceof anew objectchangestheenergy

balancein thescene.
4. Theproblemis underconstrained.
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Dir ect Illumination
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Global Illumination
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The Solution

TheDistantScene
TheLocalScene
TheSyntheticObjects
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Distant Scene

A Model of incominglight.
Contributesdirectilluminationonly.
There�ectionsin thescenedonotaffect thedistant
illumination.
Modelledusingaenvionmentmap.
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Local Scene

A modelof thelocalgeometryof thescene.
A modelof thelocal re�ectancein thescene
estimatedfrom thesceneor prior knowledge.
Contributesdirectaswell asindirectillumination to
thesyntheticobjects.
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SyntheticObjects

A modelof thegeometryof theobjects
A modelof there�ectanceof theobject
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The Method

Capturethedistantillumination in thescene.
MeasurethelocalBRDF.
Model thesyntheticobjectsandthelocalgeometry.
Rendertheobjectsandthelocal sceneusingfull
globalilluminations.
Compositinto theoriginal sceneusingdifferential
rendering.
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Anatomy of a light source

Whatis a light source?
Whatis thespaceof all light sources?
How canwemove aboutin this space?
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De�nitions

Radiance
Radianceis theamountof energy perunit timeperunit
solidangleperunit areain thedirectionof travel.

or

Thenumberof photonsstrikingapoint from aparticular
directionpersecond.

Radianceremainsconstantalonga line in freespace.
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De�nitions

FreeSpace(F )
A bounded,openconnectedsubsetof 3deucledian
space.@F is theboundaryof F .

Setof rays(M (F ))
Thesetof all closeddirectedlines[x1; x2] s.t.

1. x1 6= x2

2. x1; x2 2 @F
3. Theline joining x1 andx2 is containedentirelyin

F .
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Ray Manif old

Givenaz0, let r bea raywhichpassesthrough
x0 = f x0; y0; z0g, in thedirection(p0; q0; 1), thenwe
make theassociation

r ! (x0; y0; p0; q0)

Ray Manifold : Given a free spaceF , the set of rays

M (F ) is a4-D manifold
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Ray Manif old

R : M (F ) ! [0; 1 )

R is theradiancealonga ray r . Radianceremains
constantalongin a line in freespace.

Rz0(x0; y0; p0; q0) = Rz1(x+( z1� z0)p0; y0+( z1� z0)q0; p0; q0)
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The LightsourceHypercube

GivenaplanePz0, considerthesetof rays

M = (x; y; p;q) : x 2 [
hx

2
;
hx

2
];

y 2 [�
hy

2
;
hy

2
]

p 2 [�
hp

2
;
hp

2
];

q 2 [�
hq

2
;
hq

2
]g

eachhaving uniformradiance,R(hx; hy; hp; hq).
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LightsourceHypercube

Someintegrationshows thattheradiant�ux from thisset
of raysis

� = hxhyR(hx; hy; hp; hq)
Z hp=2

� hp=2

Z hq=2

� hq=2

dpdq
(1 + p2 + q2)2

set

R(hx; hy; hp; hq) =
1

hxhy

" Z hp=2

� hp=2

Z hq=2

� hq=2

dpdq
(1 + p2 + q2)2

#� 1

sothat
� = 1
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LightsourceHypercube

Let I (�) denotetheindicatorfunctionon theinterval
[� 1=2; 1=2]. A uniformcubicsourceof unit �ux
centeredatposition(0; 0; z0) is asourcewith the
radiancefunction

Rz0(x; y; p;q) =

R(hx; hy; hp; hq)I
�

x
hx

�
I

�
y
hy

�
I

�
p
hp

�
I

�
q
hq

�

The setof all light sourcescan now be obtainedby re-

strictingthecoordinatesin variousmanners.
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Light Sources

RealSource Idealmodel hx hy hp hq

OvercastSky Uniform Source 1 1 1 1
Laser SingleRay 0 0 0 0

FlourescentTube LinearSource 1 0 1 1
Sunlight DirectedPointSource 1 1 0 0
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Light Sources

RealSource Idealmodel hx hy hp hq

Louveres Fanof rays 1 0 0 1
SmallPanelLight PointSource 0 0 1 1

Light throughcrack ParallelRays 1 0 0 0
Rotatingspotlight Fanof rays 0 0 1 0
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SourceRays
Thatminimal subsetM src � M (F ), s.t. if they are
removed,theradianceon themanifoldM (F ) wouldbe
identicallyzero.
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RadianceMap

St. Peter'sBasilica
An omni-directional,highdynamicrangeimagethat
recordstheincidentilluminationconditionsata
particularpoint in space.
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RealPixelsare �oats

I = L
�
4

�
d
h

� 2

cos4 �t (1)

= LP e (2)

L : SceneRadiance
e = � d2

4 t : exposure.

Thereis noboundon themagnitudeof I .
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The radiometric responsefunction

!

"

M = f (I )

M is theobservedimagebrightness.
M is boundedwith �nite dynamicrange.

EstimatingI requiresestimatingg = f � 1.
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Estimating g

Usemultipleexposuresto estimateg.
Non-ParametricRegression- Debevec& Malik
ParametricRegression- Mitsunaga & Nayar
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Debevec& Malik

Therangeof f is discreteand�nite.
f is monotonicandsmooth.

M i;j = f (I i;j ) (3)
g(M i;j ) = I i;j (4)
g(M i;j ) = L i Pi ej (5)

logg(Mi;j ) = logL i + logPi + logej (6)
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Non-Parametric Regression

O =
X

i

X

j

[g(M i;j ) � logL i Pi � logej ]
2+ �

X

z

g00(z)2

g00(z) = g(z � 1) � 2g(z) + g(z + 1)
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Mitsunaga & Nayar

Assumea �e xible polynomialmodel.
Performregressionto estimatetheparametersof the
mode.

I i;j = g(M i;j ) =
NX

n=0

cnM n
i;j
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Mitsunaga & Nayar

I i;j

I i;j +1
=

L i Pi ej

L i Pi ej +1
= Rq;q+1 =

g(Mi;j )
g(M i;j +1 )
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"
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Re-estimatingExposureRatios

R(k)
j;j +1 =

1
N

NX

i=1

P
n c(k)

n M n
i;j

P
n c(k)

n M n
i;j +1
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Calculating the HDR Image

logI i =

P
j w(Mi;j )(g(M i;j ) � logej )

P
j w(Mi;j )

w(z) =
�

z � Zmin for z � 1
2(Zmin + Zmax)

Zmax � z for z > 1
2(Zmin + Zmax)

w(z) =
g(z)
g0(z)
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Estimating g: a secondlook

MA = f (I A) = f (LP eA)

MB = f (I B ) = f (LP eB )

I A

eA
=

I B

eB
= LP

or
g(MB ) = kg(MA); k = eB =eA
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BrightnessTransfer Function

MB = T(MA) = g� 1(kg(MA))

The brightnesstransfer function relatesthe brightness

changefrom one image to the other as the exposure

changes.
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Propertiesof T

If g is smoothandmonotonicallyincreasingwith a
smoothinverse.g(0) = 0; g(1) = 1 andk > 1, then

T is monotonicallyincreasing.

T(0) = 0

T(M ) � M

limn!1 T� n(M ) = 0
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Fractal Ambiguity

g(T(M )) = kg(M )

if T(M ) 2 [a;b], thentheabove equationrelates

g([a;b]) $ g([T � 1(a); T � 1(b)])

in thecaseof [a;b] = [T � (1(1); 1], it is

g([T � 1(1); 1]) $ g([T � 2(1); T � 1(1)])

g([T � n(1); T � (n� 1)(1)]) $ g([T � (n+1) (1); T � n(1)])
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Fractal Ambiguity

Theaboveequationsconstrainthebehaviour of g on
[0; T� 1(1)).

Thebehaviour on [T � 1(1); 1] is underconstrained.

Wecanchooseanabitrarysmoothmonotonic
functions, s.ts(1) = 1, ands(T � 1(1)) = 1=k and
extendit to asolutiong.
Debevec& Mailk solvedtheambiguityby imposing
asmoothnessconstraint.
Mitsunaga & Nayarconstrainedthesolutionto bea
polynomial.
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Exponential Ambiguity

Whatif, k aswell asg arebothunknown ?

g(T(M )) = kg(M )
[g(T(M ))] 
 = [kg(M )]


g
 (T(M )) = k
 g
 (M )

Henceis (g; k) is asolutionthen(g
 ; k
 ), 
 > 0 is alsoa
solution.

g andk cannotbejointly estimated.
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Recovering the ExposureRatio

It is possibleto recover theexposureratioof two images
without knowing theresponsefunctiong.

g(T(M )) = kg(M ) (7)
g0(T(M ))T0(M ) = kg0(M ) (8)

If g'(0) ¿0 , then
k = T0(0)

Whathappenedto theexponentialambiguity?
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Estimation without registration

Previousapproacheswerebasedonexactpixel
correspondences.
Dif�cult gettingdatawhich is perfectlyaligned.
Is it possibleto recover thetransferfunctionwithout
exactpixel correspondence?
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Estimation without registration

HA andHB areempiricaldistribution functionsof image
brightnessvalues.
HA(u) = # of pointsin A with brightnesslessthanor
equalto u.
Hence,
HB (T(u)) = # of pointsin B with brightnesslessthanor
equalto T(u)

= # of pointsin A with brightneesslessthan
or equalto u.

HB (T(u)) = HA(u)

T(u) = H � 1
B (HA(u))

Illumination: TheWhy, theWhatandtheHow – p.39/49



Back to inserting objects
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Estimating local sceneBRDF

1. Assumere�ectancemodel.
2. Renderthelocal scene.
3. Comparecomputedwith actual.
4. Adjustparamertsof re�ectancemodel.
5. Goto2.
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Differ ential Rendering

1. Renderthelocal sceneL local

2. Calculatedifferencebetweentheactualandthe
computed.

Lerr or = Lactual � L local

3. Renderthelocal scenewith thesyntheticobjects
Lobject

4. Compositusingtheerror.

L f inal = Lactual + (Lobject � Lerr or)
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RNL
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Fiat Lux
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