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A Spatially-Varying BRDF
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– compact
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– sampling

• challenges

– scattered data

– dimensionality

– massive datasets

Goal

• input: large set of reflectance measurements

• representation that is compact and editable

input measurements
(1000s of images)

result of editing
material properties

Strategy: Basis Decomposition

S(u, v,ωi,ωo,λ) ≈
K∑

k=1

Tk(u, v)ρk(ωi,ωo,λ)
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Strategy: Basis Decomposition

S(u, v,ωi,ωo,λ) ≈
K∑

k=1

Tk(u, v)ρk(ωi,ωo,λ)

x x x+ +!

General Strategy

• parametric

– fit parametric BRDF model

– cluster

– reproject onto basis

• non-parametric

– tabulate the reflectance data

– cast as matrix factorization

– place constraints on factors

Acquisition

Lensch, H., Kautz, J., Goesele, M., Heidrich, W., Seidel, H.-P.

Image-Based Reconstruction Spatial Appearance
ACM Transactions on Graphics 22(3), 2003

Registration

silhouette-based alignment procedure

Fitting Lafortune Parameters

ρ("l,"v) = kd +
∑

i

[Cx,i(lxvx + lyvy) + Cz,ilzvz]
Ni

Ωi × Ωo

Clustering

split / refine



Reprojection Goldman et al. 2005

Goldman, D., Curless, B., Hertzmann, A., Seitz, S.

Shape and Spatially Varying BRDFs from Photometric Stereo
Proceedings of ICCV 2005.

one input image normal map

reconstruction

blending weights +
basis BRDFs (Ward)

General Strategy

• parametric

– fit parametric BRDF model

– cluster

– reproject onto basis

• non-parametric

– tabulate the reflectance data

– cast as matrix factorization

– place constraints on factors

Wallpaper Dataset

u

v

(!V , !L)

Inverse Shade Trees

…

x

…
! !

!

x x

Lawrence, J., Ben-Artzi, A., DeCoro, C., Matusik, W.,

Pfister, H., Ramamoorthi, R., Rusinkiewicz, S.

Inverse Shade Tree Framework for Non-Parametric
Material Representation and Editing
Proceedings of SIGGRAPH 2006.

Inverse Shade Tree Framework

Shade Trees
Cook 1984

…

x

…
! !

!

x x



Inverse Shade Tree Framework

Inverse
Shade Trees

Shade Trees
Cook 1984

…

x

…
! !

!

x x

Inverse Shade Tree Framework

decomposition at
each level is cast as
matrix factorization

…

x

…
! !

!

x x

Tabulate Raw Data

…

S(u, v, !V , !L)

Tabulate Raw Data

S(u, v, !V , !L)
(!V , !L)

(u, v)

…

Factor SBRDF

!

…

…

(!V , !L)

(u, v)

6D SVBRDF

!

…

…

!

x x

…



6D SVBRDF

!

…

…

!

x x

2D Spatial
Blending Weights

… 6D SVBRDF

!

…

…

!

x x

4D Basis
BRDFs

…

Research Challenge

providing an intuitive factorization:

! ?

?

Key Idea

incorporate domain-specific knowledge as 
constraints of factorization:

!

plausible BRDFs

plausible
blending
weights

Factorization Constraints

• non-negativity: reflectance functions are non-

negative

• sparsity: few BRDFs at each position

• domain-specific:

– energy conservation, monotonicity, etc.

Factorization Algorithms

algorithm
properties

linear positive sparse domain

PCA

clustering

NMF

ACLS



Alternating Constrained LS

1.  Initialize W and H

2.  Update W

3.  Update H

4.  Iterate until convergence

!V W

H

Alternating Constrained LS

H
!v !w

convex QP problem

min
!w
‖!v − !wH‖2

!l ≤
{

!wT

A!wT

}
≤ !u1.  Initialize W and H

2.  Update W

3.  Update H

4.  Iterate until convergence

!

Reflectance Constraints

• non-negativity

– constraint on value

• energy conservation

– constraint on sum

• monotonicity

– constraint on derivative

!l ≤
{

!wT

A!wT

}
≤ !u

Measure of Sparsity

!

!v !w
H

Esparse =
∑

i !=j

wi

wj ≥ wi, i = 1...K

!w

!h1

!h2

Measure of Sparsity

!

!v !w
H

Esparse =
∑

i !=j

wi

wj ≥ wi, i = 1...K

!h1

!h2

0.5

0.16

0.16

0.0

0.0

Season’s Greetings Dataset

Gold Foil Silver Foil White Paper Blue Paper

5 Camera Positions x 350 Light Positions ~ 1,750 Images



Season’s Greetings Dataset

Silver Foil Gold Foil White Paper Blue Paper

Factorization Computed with ACLS (4 Terms)

Wood+Tape Dataset

Oak Wood
(Anisotropic)

Semi-Transparent
Tape

Retroreflective
Bicycle Tape

12 Camera Positions x 480 Light Positions = 6,000 Images

Wood+Tape Dataset

Blending Weights from ACLS (5 Terms)

Scotch Tape Dark Grain Light Grain Red Bicycle White Bicycle

0.014
(RMS)

SVD

NMF 0.015

k-means 0.029

ACLS 0.022

…6D SVBRDF

!

x x

2D blending 
weights

4D basis
BRDFs

…

!

x x

2D blending 
weights

4D basis
BRDFs

6D SVBRDF



x

!
reparameterization
and factorization

BRDF
4D

“lobes”

curves
1D

specular highlight grazing effects

single-term
factorization

x

!

BRDF
4D

“lobes”

curves
1D

original

x

!

sharper

BRDF
4D

“lobes”

curves
1D

edits at leaf
propagate
up the tree

…

x

…
! !

!

x x

…

x

…
! !

!

x x

Summary

• representation goals:

– compact

– editable

– supports rendering

• basis decomposition

– parametric

– non-parametric
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Future Directions

• higher-dimensional datasets

– subsurface scattering / reflectance field

– time-varying properties

– etc.

• rigorous probabilistic framework

• measurement

– synchronous shape + appearance

– lowering calibration burden
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