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Discriminative Illumination for Classifying Raw Materials 

Raw material classification is needed in a variety of applications:  

Raw	  Material	  Classifica6on:	  What	  &	  Why?	  

Per-‐Pixel	  Raw	  Material	  Classifica6on	  	  
based	  on	  Spectral	  BRDF	  

Key	  Idea:	  Use	  Coded	  Illumina6on	  as	  Classifiers	  

Extension	  2:	  From	  Linear	  to	  Nonlinear	  

Dealing	  with	  Surface	  Normal	  Varia6ons	  

[1]. O. Wang, et al. Material classification using BRDF slices. CVPR 
2009. 
[2].  M. Jehle, et al. Learning of optimal illumination for material 
classification. Pattern Recognition, vol. 6376, 2010. 
[3]. W. Matusik, et al. A data-driven BRDF model. SIGGRAPH 2003.  
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Main challenge: appearance is high dimensional. 
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Jinwei	  Gu	  and	  Chao	  Liu	  

Extension	  1:	  Mul6-‐Class	  Classifica6on	  

SNR	  Benefit	  due	  to	  Illumina6on	  Mul6plexing	  

Both	  color	  and	  BRDF	  are	  useful	  for	  classifica6on	  

Sor.ng	  &	  Recycling	   Food	  Inspec.on	   Skin	  Monitoring	  
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Question: Can we directly measure discriminative features? 

LED-based Multispectral Light Dome:  

Learn coded illumination w that maximizes discriminative ability: 

* Fisher (LDA) Light 

* Support Vector Machine (SVM) Light (linear kernel) 

Solution: Augment training sets with normal-variant “BRDFs”. 

References	  

BRDF1	  

BRDF2	  

Normal	  Map	  (Rough	  Surface)	  

Material	  Map	   Image	  with	  Discrimina.ve	  Illumina.on	  

Image	  with	  Conven.onal	  Illumina.on	  

SNR gain when read noise dominates   (M - # of raw measurements) 

SNR gain when photon noise dominates 

Simulation results on MERL 100-BRDF database [3] 

Simulation results on MERL 100-BRDF database [3] 

y = wT (x+ n) + b SNR =
|wTx|
|w|2σ

1 ≤ Gp ≤
√
M

�
M/2 ≤ Gr ≤ M/

√
2

Classify materials based on appearance-related features: 
* color, BRDF, transmittance, translucency, polarization, texture, etc. 

Pigment	  Iden.fica.on	  

Prior work: (1) measure slices of high-dimensional appearance 
function, and (2) use slices for classification [1], or select a subset 
for classification [2]. 
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Computational Illumination Our work falls in the area
of computational illumination which uses coded light for
efficient material and shape measurement [9, 15]. However,
instead of seeking for coded light for reconstructing signals
with high SNR, our goal is to find coded light with maxi-
mum discriminative ability. This is similar to the relation
between EigenFaces and FisherFaces [2].

Task-Specific and Feature-Specific Imaging Our work
is also related to task-specific and feature-specific imag-
ing [18, 19], in which the goal of such imaging systems
is not to capture visually appealing images but to maximize
the amount of information relevant to given tasks (in our
case, material classification). An essential component in
our work is the supervised learning from labeled data sets.

3. Discriminative Illumination: A Physically-
based Classifier of Spectral BRDF

For a point on an opaque, unpainted surface, its material
property can often be described with a spectral BRDF [20],
f(ωi,ωo,λ), which is a 5-D function describing the ratio
between the incident light in the direction ωi and the re-
flected light in the direction ωo at the wavelength λ. Al-
though in principle f(ωi,ωo,λ) itself can be used as a fea-
ture for material classification, measuring this 5-D function
is time-consuming and error-prone (especially at grazing
angles) and thus directly using it for classification is im-
practical. As mentioned earlier, subsets of spectral BRDF
have been used for material classification [28, 13].

3.1. Two-Class Classification
Our approach is to design imaging systems that directly

extract discriminative features from spectral BRDFs for
classification. Consider a canonical problem of a two-class
material classification with a linear classifier,

wTx+ b =

�
≥ 0 y ∈ Class 1
< 0 y ∈ Class 2 (1)

where x = [f(ωi,ωo,λ)] is a vector of the spectral BRDF
of a point, and the projection vector w and the threshold b
consist of the linear classifier. The key operation here is the
projection of the spectral BRDF x to the direction w.

Instead of measuring the full spectral BRDF and then
performing the projection, we can use coded illumination to
directly measure the projection from reflected light. Con-
sider illuminating the sample with multiple light sources
from different angles with different spectra as shown in
Fig. 2(a), the measured reflected light, I(ωo), is

I(ωo)=

�

λ

�

ωi

f(ωi,ωo,λ)·L(ωi,λ)·max(0,cos θi)·S(λ)·dωidλ,

(2)

Figure 3. Discriminative illumination as a physically-based linear
classifier. (a) A schematic diagram in which coded illumination
acts as a linear classifier, after projecting to which the spectral
BRDFs of different materials are maximally separated. (b) An ex-
ample of aluminum-vs-alloy classification. The image is captured
by one of the 150 LEDs of the dome which yields the best clas-
sification performance on training data. Its classification rate on
testing data is 41%. (c) We train a linear kernel SVM classifier
from the same training data, with the classification rate of 95% on
the testing data. The bar graph shows the learned SVM light, w,
where the 25 bar groups correspond to the 25 LED clusters and the
six bars within each group correspond to the six LEDs. The verti-
cal axis shows the relative brightness of each LED. Since the SVM
light, w, has negative values, we implement it as the difference of
two nonnegative vectors, w = w+ − w−. (d) and (e) show the
corresponding light patterns of w+ and w− on the top view of the
LED dome. The colors of the nodes show the spectra of the LED
clusters. (f) and (g) show the corresponding captured images. (h)
shows the difference of (f) and (g), which is used for classification.
(i) is the classification result, shown as a binary image.

where L(ωi,λ) is the incident light in the direction ωi at
the wavelength λ, f(ωi,ωo,λ) is the spectral BRDF of the
sample, S(λ) is the spectral sensitivity of the camera, and
max(0, cos θi) is the visibility term.

Equation (2) shows that for a given viewing direction
(i.e., fixed ωo), a given camera (i.e., fixed S(λ)), and a flat
sample (cos θi = 1), the measured reflected light I(ωo)

3

I = wTx
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Arduino Duemilanove 

  

Overv iew 

The Arduino Duemilanove ("2009") is a microcontroller board based on the ATmega168 (datasheet) 

or ATmega328(datasheet). It has 14 digital input/output pins (of which 6 can be used as PWM outputs), 6 

analog inputs, a 16 MHz crystal oscillator, a USB connection, a power jack, an ICSP header, and a reset 

button. It contains everything needed to support the microcontroller; simply connect it to a computer with a 

USB cable or power it with a AC-to-DC adapter or battery to get started. 

"Duemilanove" means 2009 in Italian and is named after the year of its release. The Duemilanove is the 

latest in a series of USB Arduino boards; for a comparison with previous versions, see the index of Arduino 

boards. 

Summary  

Microcontroller ATmega168 
Operating Voltage 5V 
Input Voltage 
(recommended) 7-12V 

Input Voltage (limits) 6-20V 
Digital I/O Pins 14 (of which 6 provide PWM output) 
Analog Input Pins 6 
DC Current per I/O Pin 40 mA 
DC Current for 3.3V Pin 50 mA 

Flash Memory 16 KB (ATmega168) or 32 KB (ATmega328) of which 2 KB used by 
bootloader 

SRAM 1 KB (ATmega168) or 2 KB (ATmega328) 
EEPROM 512 bytes (ATmega168) or 1 KB (ATmega328) 
Clock Speed 16 MHz 

Schemat ic  &  Reference  Des ign  

EAGLE files: arduino-duemilanove-reference-design.zip 

Schematic: arduino-duemilanove-schematic.pdf 

Power  

* 25 LED clusters, 
6+1 LEDs/cluster 
* PWM controlled  
with 25 Arduino  
* Lumenera 
camera with HDR 
* 10 classes, 100 
sample plates  

In addition to 
cascade classifier, 
other ensemble 
classifiers can also 
be applied for 
nonlinear 
classification (e.g., 
boosting). 


