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The Middlebury Computer Vision Pages

Welcome to vision.middlebury.edu. This site is a repository for computer vision evaluations and datasets. It contains:

« The Middlebury Sterec Vision Page, an evaluation of dense two-frame stereo algotithms (described in IJCV 2002)

» The Optical Flow Page, an evaluation of optical flow algorithms (presented at ICCV 2007)

The material on this site has been developed by Daniel Scharstein and Richard Szeliski, as well as several other researchers, who are listed on the individual project pages. Support by Middlebury College, Microsoft Research,
and the MNational Science Foundation is gratefully acknowledged. Providing computer vision test datasets and benchmarks is also a goal of the |SPRS working group [11/2.

Any guestions about content, server status, etc., should be directed to Daniel Scharstein. Other pages hosted on this server are listed here.
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Evaluation of stereo and motion data

« engineered high-resolution, high contrast data
» synthesized or indoor color images

« each set only a few images

« images designed on purpose

e ground truth and evaluation method available



.enpeda.. Image Sequence Analysis Test Site

This web site of the .enpeda.. (Environmental Perception and Driver Assistance) project offers sets of ego-motion corrected and
geometrically rectified stereo image sequences for the purpose of comparative performance evaluation of stereo, motion, or 6D
analysis techniques.
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Set 1: Night Vision Stereo Sequences

These seven stereo night vision sequences (12 bit, between 220 and 300 pairs of frames each) have been provided by Daimler AG, Germany, in

Evaluation of stereo and motion data

 outdoor gray value images (low resolution and contrast ..)
 long sequences of rectified stereo images at 25 Hz
 real-world scenes, with “surprises”

« approximate ground truth and ideas about evaluation

www.citr.auckland.ac.nz/6D/



#1: Construction-site sequence

#2: Save-turn sequence

#3: Squirrel sequence

#4: Dancing-light sequence

Seven stereo sequences

Uwe Franke, Tobi Vaudrey et al.,
Daimler A.G. 2007

#5: Intern-on-bike sequence

#7: Crazy-turn sequence

#6: Traffic-light sequence
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Part I _ STEREO #1: Construction-site sequence

R

DP with temporal propagation Trajectory of ego vehicle
with Zhifeng Liu 2008 with Ali Al-Sarraf 2008
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DP with spatio-temporal _—
propagation

with Darren Troy 2007 Resulting disparities on row y



#2: Save-turn sequence

SGM + Mutual Information, 3 iterations
Heiko Hirschmuller 2005




Ground truth for
disparities on road areas:
assume that the road

Ad infinitum

is planar | AR _ _ \

Image plane

Road surface

with Zhifeng Liu 2008
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Tilt angle:

H cos) - (1) |
— L"‘

f# = arcsin (
l) ’ (f

Computed disparity Disparity with mask



Manual estimation of tilt angles

Selected pairs of corresponding points
for 5 different pairs of frames in each of |G L |
the 220 ... 300 long sequences e A Ry i

Sequence Name

Tilt Angle (radian)

N

2007-03-06_121807
2007-03-07_-144703
2007-03-15-182043
2007-04-20_083101
2007-04-27_145842
2007-04-27_155554
2007-05-08_132636

0.01608
0.01312
0.02050
0.06126
0.06223
0.06944
0.05961

Estimated tilt angles

Right ede image o



Calibrated parameters of stereo camera system, also with respect to car:

AR R R R R R R R R R R R AR R R R R AR R R AR AR R R R AR AR R AR R AR R AR BB AR R A R R AR R AR AR AR R
Camera parameter file for ts_StereoCamera class. #
#RSRRR AR R R R R R R R R

#

# [pixel] pixel size in X direction
[pizel] pixel size in ¥ direction
[pixel] X-coordinate of principle point
[pixel] Y-coordinate of principle point

[m] width of baseline of stereo camera rig

[m] lateral position of rectified images (virtual camera)
# [m] height of rectified images (wirtual camera)
# [m] distance of rectified images (wirtual camera)

[INTERNAL]

F = 820.428 # [pixel] focal length
SX = 1.0

SY = 1.000283 #

X0 = 306.278 #

T0 = 239.826 #

[EXTERNAL]

B = 0.308084 #

LATPOS = -0, 07 #

HEIGHT = 1.24

DISTANCE = 0.0

TILT = 0.06 # [rad] tilt angle

TAW = —-1. Ul # lrad] waw angle

ROLL = 0.0 # [rad] roll angle

Estimated angle seems to be more accurate, may be
improved based on calculated (correct) disparities



Root Mean Squared
Error and Bad Matches
(> 1 pixel difference)

Sequence Name Num of Frames RMS Bad Match %
1: 2007-03-06_121807 300 0.020271 2.68%
2: 2007-03-07-144703 300 0.023257 8.51%
3: 2007-03-15.182043 300 0.023400 23.11%
4: 2007-04-20_083101 250 0.067744 21.40%
5: 2007-04-27_-145842 250 0.063743 17.50%
6: 2007-04-27_155554 250 0.071799 44.78%
7: 2007-05-08_132636 220 0.056440 35.75%

Original DP (without propagation) on road areas



Root Mean Squared
Error and Bad Matches
(> 1 pixel difference)

Sequence Name Num of Frames RMS Bad Match %
1: 2007-03-06_121807 300 0.026014 15.12%
2: 2007-03-07_144703 300 0.053607 51.87%
3: 2007-03-15.182043 300 0.025122 40.37%
4: 2007-04-20_083101 250 0.069820 46.37%
5: 2007-04-27_145842 250 0.064231 24.85%
6: 2007-04-27_155554 250 0.074456 58.16%
7: 2007-05-08_132636 220 0.061994 50.80%

DP with spatial propagation on road areas



Root Mean Squared
Error and Bad Matches
(> 1 pixel difference)

Sequence Name Num of Frames RMS Bad Match %
1: 2007-03-06_121807 300 0.019513 1.88%
2: 2007-03-07_144703 300 0.018198 3.28%
3: 2007-03-15.182043 300 0.022127 17.75%
4: 2007-04-20_083101 250 0.067528 19.24%
5: 2007-04-27_145842 250 0.063678 16.37%
6: 2007-04-27_155554 250 0.071739 45.28%
7: 2007-05-08_132636 220 0.054376 32.87%

DP with temporal propagation on road areas



Root Mean Squared
Error and Bad Matches
(> 1 pixel difference)

Sequence Name Num of Frames RMS Bad Match %
1: 2007-03-06_121807 300 0.020348 5.54%
2: 2007-03-07_144703 300 0.038693 18.98%
3: 2007-03-15.182043 300 0.022827 24.36%
4: 2007-04-20_083101 250 0.067902 31.79%
5: 2007-04-27_145842 250 0.063755 16.19%
6: 2007-04-27_155554 250 0.072373 51.01%
7: 2007-05-08_132636 220 0.058989 41.79%

DP with spatio-temporal propagation on road areas
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Best: DP3 (with temporal propagation only)



Sequence Name Num of Frames RMS Bad Match %
1: 2007-03-06-121807 300 0.089806 60.98%
2: 2007-03-07_144703 300 0.105662 96.80%
3: 2007-03-15_182043 300 0.109850 81.04%
4: 2007-04-20_083101 250 0.125842 99.21%
5: 2007-04-27 145842 250 0.116894 94.63%
6: 2007-04-27_155554 250 0.135165 99.82%
7: 2007-05-08_132636 220 0.104936 99.43%

Birchfield
Birchfield-Tomasi
on road areas




Sequence Name Num of Frames RMS Bad Match %
1: 2007-03-06-121807 300 0.036927 44.88%
2: 2007-03-07_-144703 300 0.076011 77.97%
3: 2007-03-15-182043 300 0.063756 71.58%
4: 2007-04-20_083101 250 0.077724 60.57%
5: 2007-04-27_145842 250 0.080806 65.85%
6: 2007-04-27_155554 250 0.083163 73.90%
7: 2007-05-08-132636 220 0.067442 64.65%

SGM:3 MI16
on road areas




Original left input sequence BP on original input sequences

Sobel of left input sequence BP on Sobel input sequences

with Shushi Guan 2007




KovesiQwen max - Kovesi-Owen min

. OpenCV
Canny (high thresholds)




Sobel Canny Kovesi-Owen max



Sobel Canny Kovesi-Owen max



Canny, different thresholds:

Upper: 12
Lower: 5

Upper: 20
Lower: 12

Upper: 28
Lower: 19

Upper: 36
Lower: 26




BP on Middlebury
stereo image
pairs

Table below:
results get
slightly worse
for edge (Sobel)
images of those
stereo pairs

Image pair Tsukuba edge Map edge Sawtooth edge Venus edge

error 1.75 1.81 031 0.33 0.94 0.95 0.99 1.02




Specification of (finally) used BP algorithms

Number Max-disparity Iterations Image size Running time Truncation of discontinuity cost Truncation of data cost

1 30 pixel 7 640 x 360 pixel 29s 11 30

2 35 pixel 7 640 x 360 pixel 3.1s 11 25

3 40 pixel 5 640 x 360 pixel 29s 23 20

1 30 pixel 7 640 x 360 pixel 29s 20 60

5 30 pixel 5 640 x 360 pixel 27s 11 30

6 35 pixel 6 640 x 360 pixel 3.1s 10 30

7 40 pixel 5 640 x 360 pixel 29s 11 30
(for one pair (penalty for (allows to handle

Sobel preprocessing
max-product
4-adjacency
quadratic cost function
red-black speed-up method
coarse to fine for more reliable matching (5 to 7 layers; reduces #iterations)

(no initialization with disparities at time t-1, for t>0)

of images)

intensity differences)

occlusions)



Brightness differences between left and right image

causes BP to fail (in difference to DP, SGM MI, or BT) - so far not discussed on
Middlebury stereo page



Part Il - MOTION

OpenCV OpenCV
1. Horn-Schunck 2. Lucas-Kanade

OpenCV
3. Lucas-Kanade with Pyramids

Squirrel Sequence (#3)






Ground truth for

Optic flow on road areas Side view
Image plane

H

Road surface

|
|
|
|
|
4 P p 0,

Top view 3D view




Mean Angular Error and
End Point Error

1 . W
Eip=— Z arccos ( e )
n lul|up|

Sequence Name Num of Frames Angular Error End Point Error
1: 2007-03-06-121807 300 89.52 39.37
2: 2007-03-07-144703 300 84.96 8.87
3: 2007-03-15-182043 300 84.61 13.73
4: 2007-04-20_083101 250 86.34 27.74
5: 2007-04-27_-145842 250 87.48 16.01
6: 2007-04-27_155554 250 46.29 25.22
7: 2007-05-08_132636 220 73.14 10.58

Horn-Schunck on road areas



Mean Angular Error and
End Point Error

1 . W
Eip=— Z arccos ( ] )
n lul|up|

Sequence Name Num of Frames Angular Error End Point Error
1: 2007-03-06-121807 300 89.31 34.90
2: 2007-03-07_-144703 300 81.82 8.82
3: 2007-03-15_182043 300 83.02 13.80
4: 2007-04-20_083101 250 85.33 27.59
5: 2007-04-27_-145842 250 85.40 16.19
6: 2007-04-27_-155554 250 45.13 25.03
7: 2007-05-08_-132636 220 69.60 10.38

Lucas-Kanade on road areas



Mean Angular Error and
End Point Error

1 . W
Eip=— Z arccos ( e )
n lul|up|

Sequence Name Num of Frames Angular Error End Point Error
1: 2007-03-06-121807 300 72.69 20.72
2: 2007-03-07_144703 300 97.49 8.90
3: 2007-03-15_182043 300 64.12 9.50
4: 2007-04-20-083101 250 45.19 14.37
5: 2007-04-27_145842 250 65.88 13.38
6: 2007-04-27_-155554 250 31.80 20.94
7: 2007-05-08_-132636 220 32.36 6.46

Pyramid Lucas-Kanade on road areas



Dancing-Light Sequence (#4)

OpenCV

1. Horn-Schunck 2. DP with temporal propagation

OpenCV
3. Lucas-Kanade with Pyramids






BP for Optical Flow

Maximum disparities =2

Maximum displacement =2

Left image Right image

One-dimensional Search window

2 labels = 2 arrays

Image at time t Image at time t+1

Two-dimensional Search window

25 labels = 25 arrays

with Shushi Guan 2008



2D search in input sequences:
: insufficient time (space) for
o | accurate results
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1D search in a simulated input
sequence: BP leads to a
perfectly accurate result !




KLT tracker, max-response disks in scale space for 3D vector estimation

www.ces.clemson.edu/~stb/klt/ with Jorge Sanchez 2008



Feature detection with automatic scale selection
Tony Lindeberg 1998

VnormL(x,0)= 0* |(:D3L)(x. o)+ (D;')/L[)(x,a)| for pixel x

. . / ( \ .—P OCmazx/? .
with magnitude A = ¢(oq)o; Peme= at local maxima
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Scale evolutions of the centers of the three white blobs:
The ratio between the location of the extrema in scale equals the ratio between

the areas of corresponding white disks.



It follows that

b =NA _ 2
7
XZL 1 ILL O 0 Xt
Xiy1 Yitq + .
Zt+1 0 0 p Ly

Note: only corresponding image points and w, (i.e., A, and A,) needed.



B W

. Use KLT tracker and calculate pairs of a tracked 3D point

between L, and L,,,.
Calculate scale-space representations for set of predefined

scales.
Select both local maxima for each pair of points.
Compute scale ratio for each pair of points and thus its u,-

factor.
Obtain the 3D motion angles as arctan of the ratios
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Evaluation for known ground truth: angles of about -10 and 12
for a translated calibrated camera and a desk-top scene:
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Mean direction of estimated 3D directions:
red mark = instantaneous estimation
green mark = smoothed (Kalman-filtered) version



Crazy-Turn Sequence (#7)




Conclusions

Significant differences in evaluation for Middlebury data and used data
Stereo: (1) Tilt angle calibration based on accurate road disparity method
(2) DP3 on road better than DP1, DP2, DP4, BT (! ), SGM3 MI'6 (1)
(3) BP on Sobel fine if both images of equal brightness
(

4) Edge operator prior to BP should not filter out any "structure’

Motion: (1) PyrLK better than HS, LK, but actually - still not usable
(2) BP potentially fine - but we need faster (or: parallel) computers
(3
(

4) Use left and right sequence for 3D direction + location

Scale ratio between tracked points: depends on scale estimation

)
)
)
)
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.enpeda.. Project at The University of Auckland

(Environment Perception and Driver Assistance)
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Ground truth for

rectangular regions:

assume that those are parallel to
the image plane




Performance evaluation: — el
subjective, using a / N\
“Mini-IMAX” /|

' N\ \Glasses

|'| I‘ l !

l
Polarizing filters
7 7

Projectors

-r . or -y Warped right image
Original left image Original right image and polarized light

with Zhifeng Liu 2008

Generated right image

Disparity result



