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MotivationMotivation

• Non-translucent materials with complex 
reflectance and texture 
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MotivationMotivation

• Classic approach: Modeling on different 
scales

Microscopic scale
(BRDF modeling)

Mesoscopic scale
(image-maps, bump-maps)

Macroscopic scale
(polygons, NURBS, etc.)
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MotivationMotivation

• Classic approach: Modeling on different scales
– Extremely optimized hardware available

– Artistic freedom to model almost everything

– Interaction and dynamics possible 

• BUT
– Extremely difficult and artistic task to model realistic meso- and 

microstructure
• Unintuitive material parameters 

• Complex interaction between meso- and microscale

• …
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Mesoscopic scale
(image-maps, bump-maps)

MotivationMotivation

• Use BTF for meso- and microscale

Macroscopic scale
(geometry i.e. triangles)

Microscopic scale
(BRDF modeling)

BTF
Introduction Acquisition Compression Rendering 



2

Course 10: Realistic Materials in Computer Graphics - BTFs

The Bidirectional Texture 
Function [Dana et al. 1999]
The Bidirectional Texture 
Function [Dana et al. 1999]

• Measured 6D-slice of a materials Reflectance 
Field parameterized over planar surface S

• Integrates:
– Occlusions (shadowing, masking)

– Interreflections and subsurface 
scattering from neighboring positions

( , , ) ( , , , )rgb rgb i i
S

BTF RF d= ∫x v l x x v l x

x
l v
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AcquisitionAcquisition
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• Sampling a 6D-function
–Take pictures… (spatial dimension)   

– ...under various view and light directions (angular
dimensions)

BTF AcquisitionBTF Acquisition

Advice: Don’t try it by hand!!

Advice: Don’t try it by hand!!

( , , )rgbBTF x v l

Introduction Acquisition Compression Rendering Course 10: Realistic Materials in Computer Graphics - BTFs

Measurement setupsMeasurement setups

• Gonioreflectometer-like
–Advantages

• fully automatic

• flexible sampling rate

–Problems
• measurement time: ~14h

(81x81=6561 images)

• moving parts: 
camera, light, sample carrier

[Sattler et al. 2002]

[McAllister 2002]

[Koudelka et al. 2003]
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Measurement setupsMeasurement setups

• Using Mirrors [Han et al. 2003]

–Advantages
• parallel

• fast

• no moving parts

–Problems
• small resolution

• non-perfect mirrors
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Measurement setupsMeasurement setups

• Using a camera array [Sarlette et al. 2005]
–Advantages

• fast, parallel ~1 hour
(151x151=22501 images)

• no moving parts

• high resolution

–Problems
• fixed angular sampling

• complex control apparatus

Introduction Acquisition Compression Rendering 
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Post-processingPost-processing

• Extraction of consistent ROI 
– Texel-to-texel correspondence

• Compensation for non-directional light source and 
non-orthographic projection

• Requirements: 
– Fully automatic

– Robust

– Reduced jittering

Introduction Acquisition Compression Rendering 

...
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BTF Database BonnBTF Database Bonn

www.cg.cs.uni-bonn.de/btf
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CompressionCompression

…

“Some“ GBs

…

“Some“ MBs

Introduction Acquisition Compression Rendering 

Example (Camera array):

After postprocessing: 

22501 hdr-images (OpenEXR)

ROI-size 1024x1024

~70-90 GB depending on 
effectivity of built-in OpenEXR
compression
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CompressionCompression

• Preferable properties:

–fast (real-time), random access 
decompression

–preservation of visual important features

–maximum of a few MBs
• depends on the graphics card memory and 

material complexity of scene
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CompressionCompression

• Two main approaches
– Fitting analytical functions

– Statistical data analysis
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Fitting Analytical FunctionsFitting Analytical Functions

• |p| small,  evaluation of cheap 

Good compression and fast evaluation

( )F xparameters

-5 -4 -3 -2 -1 0 1 2 3 4 5

( ),F x p%

( ),F x p%

Feature or Noise?
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Fitting Analytical FunctionsFitting Analytical Functions

• Spatial variation (texture domain)  too complex

Fixing spatial position

( , ) : ( , , )B BTF=x v l x v l

Apply techniques from  
BRDF modeling
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ll

vv

Fitting analytical functionsFitting analytical functions

• How do these functions look like?

• How do typical BRDFs look like?

shiny plastic
Introduction Acquisition Compression Rendering 

Specular lobe
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Fitting Analytical FunctionsFitting Analytical Functions

• How do these functions look like?

ll

vv
Retro-reflection
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Fitting Analytical FunctionsFitting Analytical Functions

• Are these functions typical BRDFs?

influence from
neighborhood

ll

vv
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Fitting Analytical FunctionsFitting Analytical Functions

• ABRDF = Apparent 
BRDF [Wong et al.  97]
– Contains also influence from 

neighborhood:

• Self-Shadowing

• Self-Occlusion

• Sub-Surface Scattering

• Resampling artefacts

• …

ll

vv

ll

vv
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Fitting BRDF-ModelsFitting BRDF-Models

• Generalized Cosine-Lobe Model [Lafortune et al. 97] :

( )
,

, , ,
1

( , , ) ( , , )
ink

T
d s i

i
BTF f ρ ρ

=

⇒ ≈ = + ⋅∑
x

x x x xx v l v l p v D l

• Non-linear least-squares fitting (Levenberg-Marquardt)
• typically around 2 lobes
• Improvement [Daubert et al. 2001]: 

view-dependent scale factor per texel to account 
for shadowing effects 

specular colordiffuse color

Introduction Acquisition Compression Rendering 

lobe matrix

exponent



5

Course 10: Realistic Materials in Computer Graphics - BTFs

Fitting BRDF-ModelsFitting BRDF-Models

• Advantages
– High compression
– Efficient evaluation

• Problems
– loss of depth impression 
– Non-linear fitting

• expensive

• results depend on initialization McAllister 2002
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Fitting (Hemi-) Spherical 
Functions
Fitting (Hemi-) Spherical 
Functions
• Approximate hemispherical slices (fixing e.g. view 

direction) of per-texel ABRDF separately and blend

,
( )

( , , ) ( )v v
v N

BTF w HSF
∈

⇒ ≈ ∑ v x,
v

x v l l
Hemispherical 
Function (2D)

Interpolation 
weights

• [Meseth et al. 2003] used polynomials and cosine lobes
[Sloan et al. 2003] used spherical harmonics 
(consider also [Masselus et al. EGSR04])
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Fitting Hemispherical 
Functions
Fitting Hemispherical 
Functions
• Advantages

– Better preservation of ABRDF features

• Problems
– Chosen approximation for HSF 

may introduce artifacts

– Memory consuming
(Apply clustering
⇒ quantization artifacts)

– More expensive evaluation
(view-interpolation required)

Meseth et al. 2003
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CompressionCompression

• Two main approaches
– Fitting analytical functions

– Statistical data analysis
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Statistical Data AnalysisStatistical Data Analysis

• Motivation
–Assuming general basis functions (polynomials, 

lobes, etc…) suboptimal for a given measured BTF-
dataset 

• Idea
–Find customized basis functions adapted for the 

actual data set

–Exploit the inherent redundancy more effectively

Course 10: Realistic Materials in Computer Graphics - BTFs

• Most recent and general: Tensor Approaches
– Organize BTF-data in 3D-Tensor [Vasilescu et al. 2004]

– Apply multi-linear Singular Value Decomposition (SVD)

Statistical Data AnalysisStatistical Data Analysis

Vasilescu et al. 2004

| | | | | |T I VR × ×∈A
Introduction Acquisition Compression Rendering 
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Statistical Data AnalysisStatistical Data Analysis

• Tensor approaches (On this conference):
– Wang et al.: 

Out-of-Core Tensor Approximation of Multi-
Dimensional Matrices of Visual Data

• Problem
– Decompression currently two expensive for 

interactive applications
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Statistical Data AnalysisStatistical Data Analysis

• Linear approaches
– Full BTF-matrix factorization 

[Koudelka et al. 2003] [Liu et al. 2004]

– Per-texel ABRDF factorization
[Suykens et al. 2003]

– Per-view factorization
[Sattler et al. 2003]
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Full BTF-FactorizationFull BTF-Factorization

• Stack images as column vectors into large matrix

…

...

⎛ ⎞
⎜ ⎟

= ⎜ ⎟
⎜ ⎟
⎝ ⎠

M

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

…=V

“Eigen-ABRDFs“

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

=U …

“Eigen-Textures“SVD

T=M USV
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Full BTF-FactorizationFull BTF-Factorization

• Write the BTF as sum of products of two 
functions

• Note:
smooth reconstruction requires 
interpolation

( , , ) ( ) ( , ) ( ) ( , )
N c

j j j j j j
j j

BTF t b t bσ σ⇒ = ⋅ ≈ ⋅∑ ∑x v l x v l x v l

“Eigen-Textures“ “Eigen-ABRDFs“
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Full BTF-FactorizationFull BTF-Factorization

• Number of terms

2

1

N

i
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Full BTF-FactorizationFull BTF-Factorization

• Advantages
– clean and simple

• Problems
– implementation: SVD of large BTFs

– complex materials require many 
terms

not suitable for real-time
reconstruction

possible solution: factorize smaller subsets…

Liu et al. TVCG2004

Introduction Acquisition Compression Rendering 
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Per-Texel ABRDF FactorizationPer-Texel ABRDF Factorization

• Chained-Matrix Factorization [Suykens et al. 2003]
– Generalization of common BRDF-Factorization techniques 

[Kautz&McCool 1999],[McCool et al. 2001]

– Idea: 

• Apply chain of factorizations (SVD) to reparameterized data

• Each parameterization accounts for certain ABRDF-features

( ) ( )( ) ( )( ), , ,1 , , ,2, , , ,
jcd

j k j j k j
kj

BTF P Qπ π≈ ⋅∑∏ x xx v l v l v l

Different parameterizations for each factor j
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Per-Texel ABRDF FactorizationPer-Texel ABRDF Factorization

• Advantages
– Suitable for real-time rendering:

Combination of few factors on GPU

• Problems
– Resampling artifacts

– Memory consumption

– Spatial coherence not exploited
(authors propose clustering of 
factors ⇒ quantization artifacts)

Suykens et al. 2003
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Per-View FactorizationPer-View Factorization

• Apply SVD to BTF-slices with fixed view direction 
(Spatially varying Hemispherical Functions)

,( , , ) ( , ) ( )
c

j j
j

BTF b t⇒ ≈ ∑ vx v l v l x

“Eigen-ABRDFs“ (segmented)
“Eigen-Textures“ 

(per view)
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Per-View FactorizationPer-View Factorization

• Advantages
– Low-term factorization enables high-quality interactive 

rendering on graphics hardware

• Problems
– Memory consumption

– Coherence between 
different views not exploited

Sattler et al. 2003

Introduction Acquisition Compression Rendering 

Course 10: Realistic Materials in Computer Graphics - BTFs

Statistical Data AnalysisStatistical Data Analysis

• Independent factorization of fixed BTF subsets 
doesn’t exploit coherence between these subsets

• Improvement:
– Adapt these subsets to the data using clustering algorithms
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Statistical Data AnalysisStatistical Data Analysis

• Clustering alone leads to quantization artifacts

• Solution: linear approximation of data in each 
cluster (Local-PCA)

3 components 8 components

Introduction Acquisition Compression Rendering 
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Per-Cluster FactorizationPer-Cluster Factorization

• Local-PCA with clustering along spatial dimension 
leads to:

( ),( , , ) ( ) ( )
c

j k j
j

BTF t b⇒ ≈ ∑ xx v l x v, l

“Eigen-ABRDFs“ 
(per cluster)

“Eigen-Textures“ 
(segmented)
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Per-Cluster FactorizationPer-Cluster Factorization

• Advantages
– Low-term factored representation suitable for GPU 

implementation

– Exploits redundancy across
spatial and angular dimensions

• Problems
– Expensive fitting 

Mueller et al. 2003
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RenderingRendering
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Rendering on GPURendering on GPU

• Example: BTF Factorization
– Store 4D Eigen-ABRDFs and Eigen-Textures in textures

– Use 4D interpolation and combine in pixel shader

– (cluster look-up)

= + g1 + g2 + g3 + ...

recon. ABRDF mean

h0 h1 h2 h3

sl, tl1, tl2
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GPU Implementation DetailsGPU Implementation Details

• Discrete BTF representation
– Interpolation in angular domain

required

– Interpolation rather expensive
graphics hardware

Interpolation from regular samples

Introduction Acquisition Compression Rendering Course 10: Realistic Materials in Computer Graphics - BTFs

GPU Implementation DetailsGPU Implementation Details

• Reparameterization
– Approximately uniform sampling of hemisphere

– Suitable for hardware filtering

Parabolic Maps

Heidrich + Seidel 1998
Introduction Acquisition Compression Rendering 
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GPU Implementation DetailsGPU Implementation Details

• 4D Eigen-ABRDFs
–Quadrilinear filtering required

–Hardware: trilinear filtering

Trilinear filtering of sv,tv,sl

3D textures Si for fixed tli

Manual interpolation of tl

vs

vt
0,ls t

0S

vs

vt
,

il ls t

iS

...

Introduction Acquisition Compression Rendering Course 10: Realistic Materials in Computer Graphics - BTFs

GPU Implementation DetailsGPU Implementation Details

• Mip-Mapping compressed BTFs
– In general BTF depends non-linear on 

compression parameters

– GPU supported Mip-Mapping not applicable

Standard Mip-Mapping on uncompressed data
([Ma et al. I3D2005] proposed use of Laplacian
pyramid ⇒ better compression)

Compression of each individual Mip-Map level

Introduction Acquisition Compression Rendering 
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ResultsResults
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Image-Based LightingImage-Based Lighting

• Infinitely distant Lighting Environment

( ) ( ) ( )*
,,

i

ref iL L dρ
Ω

= ⋅∫ x vx v l l l

( ) ( ) ( )*, , ,
i

ref iL L dρ
Ω

= ⋅∫ xx v v l l lx

no spatial dependence

( ),
N

ref i i
i

L b l≈ ∑ x,vx v

project lighting and material on ONB
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Image-Based Lighting with
Spherical Harmonics
Image-Based Lighting with
Spherical Harmonics

• Extensions: precompute shadows and inter-
reflections (Precomputed Radiance Transfer)

No Shadows Shadows Shadows + Interreflections

[Sloan et al. 2002]
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Image-Based Lighting of 
BTFs
Image-Based Lighting of 
BTFs

• Radiance Transfer Texture (RTT)
[Sloan et al. 2003]

–Extend per-vertex Precomputed Radiance Transfer 
to handle BTFs

–Encode every texel in SH-Basis

–Lighting dot-products in pixel shader

–SH-encoded BTF requires about 300 MB per 2562

pixel BTF

Introduction Acquisition Compression Rendering 
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Image-Based Lighting of 
BTFs
Image-Based Lighting of 
BTFs

• Clustered Precomputed RTT
[Müller et al. 2004]

– Compress both SH-encoded BTF and precomputed transfer
using clustered factorization

– Storage size independent of BTF size and geometry size

– High quality setting: 

• 16.9 MB

– Good quality: 

• 4.2 MB
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Image-Based Lighting of 
BTFs
Image-Based Lighting of 
BTFs

HDR environments galileo, kitchen and rnl from www.debevec.org
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Software RenderingSoftware Rendering

• (Real-time) Raytracing

– Implement decompression on CPU

Model courtesy of DaimlerChrysler
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Global IlluminationGlobal Illumination
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ConclusionsConclusions

• BTFs capture 6D-slice of the reflectance field  
and are able to represent “look-and-feel” of an 
opaque material
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ConclusionsConclusions

• Several high-quality acquisition setups

...
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ConclusionsConclusions

• Effective and appearance preserving 
compression algorithms available

…

…
Compression
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ConclusionsConclusions

• Real-time rendering possible with point light 
sources and image-based lighting
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