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Crusher and, more recently, PerceptTOR
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WAAS GPS
mounted on
a collapsible
mount

E-Stop
IR Rangefinder

Bumper with
dual switches Differential drive

Dual stereo cameras
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Image

Confident Stereo 
Estimates

Traversable

Gaussian Kernel 
SVM Classification

PROBLEM: The entire image is being classified indis criminatingly!

Image

50 100 150 200 250 300

50

100

150

200

Stereo Labelling

50 100 150 200 250 300

50

100

150

200

SVM Guassian Classification

50 100 150 200 250 300

50

100

150

200

Non-Traversable

Traversable Classification

Non-Traversable Classification

ML
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AutoAuto/Tiger
Classifier

Prediction

Auto/Tiger
Classifier

Prediction Tiger

Should Predict
I don’t know!

Auto/Tiger
Classifier

Prediction

Learn a classifier between Automobiles and Tigers:
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.��
*�����,
>�,���

Image 1

Stereo Labeled Example of
a Path

Use stereo to identify a confident patch
of traversable ground directly in front of

the robot

Image 1: Poly Mahalanobis

Use examples of
path to label entire 

image

Image in front of Robot

Path labeled Image
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Image 1
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Non-path Path

Maximize distance
between these

Goal: Find a distance metric that
efficiently discriminates path from no path
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C��������
>�������
������
Euclidean Distance

( ),E i j i jd = -x x x x

Light means close, dark means far. Zero distance point in blue square.

•Distance measure radiates
spherically from the reference
point
•Distance measure does not 
follow the structure of the data

Data points represent example
windows of paths

, d
i j ÎÂx x
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The Mahalanobis Distance between points     and      is defined by:

( ) ( ) ( )1,
t

M i j i j i jd C-= - -x x x x x x

�����������
>�������

jx

C

, d
i j ÎÂx x

ix

is a covariance matrix
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Mahalanobis Distance

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

2D Data

x
1

x 2

Euclidean Distance

Points used to estimate
the covariance matrix C

( ) ( ) ( )1,
t

M i j i j i jd C-= - -x x x x x x( ),E i j i jd = -x x x x

Light means close, dark means far. Zero distance point in blue square.
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0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

Synthetic 2D Data 2

x
1

x 2

Mahalanobis Distance

-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

Synthetic 2D Data 1

x
1

x 2

Mahalanobis Distance

Light means close, dark means far. Zero distance point in blue square.

Points use to estimate
the covariance matrix
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is obtained by mapping      into all of its polynomial terms of order q or less

is obtained by mapping      into all of its polynomial terms of order q or less

The q-order Polynomial Mahalanobis Distance between points     and      is defined 
by:

( ) ( ) ( )1,
t

PM i j i j i jd C-= - -zz z z z z z

*��	��,���
�����������
>�������

ix

Cz

iz

jxix

jxjz

is a covariance matrix in q-order polynomial space

, d
i j ÎÂx x
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*��	��,���
%+���
��++����

, m
i j ÎÂz z

( )!
! !

d q
m

d q

+
=

×

where the number of polynomial terms is:

2,   2    5d q m= = � =

( ) ( )2 2
1 2 1 2 1 2 1 2,       , , , ,x x x x x x x x= � =x z

950,   8    10d q m= = � >

Example 1:

Example 2:

Problem: Polynomial mappings are computationally prohibitive for 
large d and/or q!!!

 is the data dimension

 is the polynomial order

d

q
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0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

Synthetic 2D Data 2

x1

x 2

Second Order Poly Mahalanobis DistanceMahalanobis Distance Eighth Order Poly Mahalanobis Distance Thirty Second Order Poly Mahalanobis Distance

-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

Synthetic 2D Data 1

x1

x 2

Mahalanobis Distance Second Order Poly Mahalanobis Distance Forth Order Poly Mahalanobis Distance Eigth Order Poly Mahalanobis Distance

Light means close, dark means far. Zero distance point in blue square.
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q=1 q=2 q=4 q=8

q=1 q=2 q=8 q=32
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Image 1 Image 1: Euclidean Image 1: Mahalanobis Image 1: Poly Mahalanobis

Image 2 Image 2: Euclidean Image 2: Mahalanobis
Image 2: Poly Mahalanobis

- Level of darkness is proportional to confidence in labeled path
- White areas indicate no path
- Path threshold chosen through cross validation

/������
*���
��������
Image patches used to construct models

Samples: 10 by 10 window of normalized rgb pixels (d = 300)

Euclidean Mahalanobis Poly Mahalanobis
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Image 4
Image 4: MahalanobisImage 4: Euclidean Image 4: Poly Mahalanobis

Image 6 Image 6: Euclidean Image 6: Mahalanobis Image 6: Poly Mahalanobis

Image 3 Image 3: Euclidean Image 3: Mahalanobis
Image 3: Poly Mahalanobis

Euclidean Mahalanobis Poly Mahalanobis
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0 500 1000 1500 2000 2500 3000 3500
0

2000

4000

6000

8000

10000

12000

14000
Euclidean

0 500 1000 1500 2000 2500 3000 3500
0

0.5

1

1.5

2

2.5
x 10

5 Mahalanobis

0 500 1000 1500 2000 2500 3000 3500
0

0.5

1

1.5

2

2.5

3
x 10

7 Poly Mahalanobis

Sorted Distances of image patches to the training set patch
•Green is segmented path (chosen by threshold on validation data)
•Red is non-path

Nonlinear local structure in data helps efficiently discriminate path from 
no path through trivial threshold estimation

Euclidean Mahalanobis Poly Mahalanobis
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In the following two videos you will see the results of trying to discriminate
the hay bale obstacles from traversable terrain.
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Sparse Goal: most
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Traversable ModelNon-traversable Model

Bright:
•High Confidence

Dark:
•Low Confidence
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