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ÂȨɈɋɊɋɓɎɋ

Â Gradient-basedɒɋɘɔɊɡ
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Optical flow

Optical flow ðɈɋɐɘɔɖɓɔɋ ɕɔɑɋ, ɔɕɖɋɊɋɑɥɤɟɋɋ 
ɗɐɔɖɔɗɘɢ ɊɈɎɌɋɓɎɥ ɐɆɌɊɔɏ ɘɔɝɐɎ ɎɍɔɇɖɆɌɋɓɎɥ

Â ȭɆɊɆɝɆ ɐɔɒɕɢɤɘɋɖɓɔɉɔ ɍɖɋɓɎɥ

Â ȵɋɖɈɡɋ ɕəɇɑɎɐɆɜɎɎ ð1980 ɉ.

Â ȨɔɍɒɔɌɓɡɋ ɕɖɎɒɋɓɋɓɎɥ:

Â ȷɋɉɒɋɓɘɆɜɎɥ

Â ȮɍɒɋɓɋɓɎɋ ɝɆɗɘɔɘɡ ɐɆɊɖɔɈ ɈɎɊɋɔ

Â ȸɔɝɓɆɥ ɐɔɒɕɋɓɗɆɜɎɥ ɊɈɎɌɋɓɎɥ
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ȩɖɆɊɎɋɓɘɓɡɋ ɒɋɘɔɊɡ
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Optical flow estimation. D. J. Fleet, Y. Weiss.
The Handbook in Mathematical models for Computer Vision. 
N. Paragios, Y.Chen, and O. Faugeras, Springer, 2005
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ȩɖɆɊɎɋɓɘɓɡɋ ɒɋɘɔɊɡ

ȹɗɑɔɈɎɋ optical flow (optical flow constraint, gradient constraint equation):
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Optical flow estimation. D. J. Fleet, Y. Weiss.
The Handbook in Mathematical models for Computer Vision. 
N. Paragios, Y.Chen, and O. Faugeras, Springer, 2005
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ȦɑɢɘɋɖɓɆɘɎɈɓɆɥ ɕɔɗɘɆɓɔɈɐɆ
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( ) ð ɘɖɆɋɐɘɔɖɎɥ ɊɈɎɌɋɓɎɥ ɘɔɝɋɐ ɎɍɔɇɖɆɌɋɓɎɥtx

Ȩ Ɏɘɔɉɋ ɕɔɑəɝɆɋɒ əɗɑɔɈɎɋ optical flow:

( , ) ( , ) ( , ) 0tI t t I tÐ Ö + =x v x x

Optical flow estimation. D. J. Fleet, Y. Weiss.
The Handbook in Mathematical models for Computer Vision. 
N. Paragios, Y.Chen, and O. Faugeras, Springer, 2005
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Aperture problem

ȹɗɑɔɈɎɋ optical flow ɓɋ ɥɈɑɥɋɘɗɥ ɐɔɖɖɋɐɘɓɔ ɕɔɗɘɆɈɑɋɓɓɔɏ 
ɍɆɊɆɝɋɏ.
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ȹɗɑɔɈɎɋ optical flow

The Computation of Optical Flow. S. S. Beauchemin and 
J. L. Barron. ACM Computing Surveys, 1995
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ȴɉɖɆɓɎɝɋɓɎɥ ɒɔɊɋɑɎ

ȲɔɊɋɑɢ:

9The Computation of Optical Flow. S. S. Beauchemin and 
J. L. Barron. ACM Computing Surveys, 1995

( , ) ( , )I t I t td d= + +x x x

ȷɑɔɌɓɔɗɘɎ:

Â ȳɆɑɔɌɋɓɎɥ

Â ȵɖɔɍɖɆɝɓɔɗɘɢ, ɘɋɓɎ

Â ȴɘɖɆɌɋɓɎɥ, ɇɑɎɐɎ
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ȷɖɆɈɓɋɓɎɋ optical flow

ȷɖɋɊɓɥɥ əɉɑɔɈɆɥ ɔɞɎɇɐɆ (average angular error, AAE):
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Performance of optical flow techniques. J. L. Barron, D. J. Fleet, 
and S. S. Beauchemin. International Journal of Computer Vision,
1994
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Ground truth Ɏ ɈɎɍəɆɑɎɍɆɜɎɥ

11

ȵɔɗɑɋɊɔɈɆɘɋɑɢɓɔɗɘɢ Yosemite Ground truth
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Horn & Schunck

ȼɋɑɢðɒɎɓɎɒɎɍɆɜɎɥ ɔɞɎɇɐɎ:
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ȷɈɔɊɎɒ ɐ ɗɎɗɘɋɒɋ ɊɎɚɚɋɖɋɓɜɎɆɑɢɓɡɛ əɖɆɈɓɋɓɎɏ:

 ð ɕɆɖɆɒɋɘɖ ɒɔɊɋɑɎa

ȹɗɑɔɈɎɋ optical flow ȹɗɑɔɈɎɋ ɉɑɆɊɐɔɗɘɎ

Performance of Optical Flow Techniques on Graphics Hardware. 
M. Durkovic, M. Zwick, F. Obermeier, K. Diepold.
IEEE International Conference on Multimedia and Expo, 2006
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Horn & Schunck
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ȵɔɑəɝɋɓɓɆɥ ȷȱȦȹ ɖɋɞɆɋɘɗɥ ɎɘɋɖɆɜɎɔɓɓɡɒ ɒɋɘɔɊɔɒ:

Performance of Optical Flow Techniques on Graphics Hardware. 
M. Durkovic, M. Zwick, F. Obermeier, K. Diepold.
IEEE International Conference on Multimedia and Expo, 2006

http://www.compression.ru/video/


CS MSU Graphics & Media Lab (Video Group ) www.compression.ru/video/

Only for 
Maxus J

i + 2

ȶɋɆɑɎɍɆɜɎɥ ɓɆ GPU

ȵɖɔɎɍɈɔɊɓɡɋ ɈɡɝɎɗɑɥɤɘɗɥ 
ɕɖɎɒɋɓɋɓɎɋɒ ɚɎɑɢɘɖɆ:
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Performance of Optical Flow Techniques on Graphics Hardware. 
M. Durkovic, M. Zwick, F. Obermeier, K. Diepold.
IEEE International Conference on Multimedia and Expo, 2006
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ȶɋɆɑɎɍɆɜɎɥ ɓɆ GPU

ȨɡɝɎɗɑɋɓɎɋ ɓɆ GPUɔɊɓɔɏ ɎɘɋɖɆɜɎɎ:
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Performance of Optical Flow Techniques on Graphics Hardware. 
M. Durkovic, M. Zwick, F. Obermeier, K. Diepold.
IEEE International Conference on Multimedia and Expo, 2006
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Lucas & Kanade
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ȼɋɑɢðɒɎɓɎɒɎɍɆɜɎɥ ɔɞɎɇɐɎ:

ȸɔɝɐɆ ɒɎɓɎɒəɒɆ ðɐɖɎɘɎɝɋɗɐɆɥ ɘɔɝɐɆ:

Performance of Optical Flow Techniques on Graphics Hardware. 
M. Durkovic, M. Zwick, F. Obermeier, K. Diepold.
IEEE International Conference on Multimedia and Expo, 2006
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Lucas & Kanade

Ȫɑɥ ɐɆɌɊɔɏ ɘɔɝɐɎ ɎɍɔɇɖɆɌɋɓɎɥ ɓɆɛɔɊɎɒ Ɉɋɐɘɔɖ ɗɐɔɖɔɗɘɎ:
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Performance of Optical Flow Techniques on Graphics Hardware. 
M. Durkovic, M. Zwick, F. Obermeier, K. Diepold.
IEEE International Conference on Multimedia and Expo, 2006
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ȶɋɆɑɎɍɆɜɎɥ ɓɆGPU

Â ȺɔɖɒɆɘ ɘɋɐɗɘəɖ:
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Â Ƀɑɋɒɋɓɘɡ M Ɏ b ɈɡɝɎɗɑɥɤɘɗɥ ɕɖɎɒɋɓɋɓɎɋɒ ɚɎɑɢɘɖɆ ɗ 

ɥɊɖɔɒ w(x):

Â ȨɡɝɎɗɑɋɓɎɋ optical flow:
1-=v M b

Performance of Optical Flow Techniques on Graphics Hardware. 
M. Durkovic, M. Zwick, F. Obermeier, K. Diepold.
IEEE International Conference on Multimedia and Expo, 2006
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ȶɋɍəɑɢɘɆɘɡ
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Athlon64 3500+, 512 kB Cache, 2GB RAM vs. GeForce 6800 Ultra
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Performance of Optical Flow Techniques on Graphics Hardware. 
M. Durkovic, M. Zwick, F. Obermeier, K. Diepold.
IEEE International Conference on Multimedia and Expo, 2006
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ȩɖɆɊɎɋɓɘɓɡɋ ɒɋɘɔɊɡ

ÂȪɔɗɘɔɎɓɗɘɈɆ

ÂȵɖɔɗɘɔɘɆ

ÂȨɡɗɔɐɆɥ ɗɐɔɖɔɗɘɢ ɖɆɇɔɘɡ

ÂȳɋɊɔɗɘɆɘɐɎ

ÂȳɎɍɐɆɥ ɘɔɝɓɔɗɘɢ
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ȹɘɔɝɓɋɓɎɋ ɒɋɘɔɊɆ
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1( ) ð ɊɋɚɔɖɒɎɖɔɈɆɓɓɡɏ ɗɎɉɓɆɑf x d-

Optical flow estimation. D. J. Fleet, Y. Weiss.
The Handbook in Mathematical models for Computer Vision. 
N. Paragios, Y.Chen, and O. Faugeras, Springer, 2005
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ȹɘɔɝɓɋɓɎɋ ɒɋɘɔɊɆ
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ȮɘɋɖɆɘɎɈɓɔɋ ɕɖɎɇɑɎɌɋɓɎɋ ɐ ɘɔɝɓɔɒə ɖɋɞɋɓɎɤ:

Optical flow estimation. D. J. Fleet, Y. Weiss.
The Handbook in Mathematical models for Computer Vision. 
N. Paragios, Y.Chen, and O. Faugeras, Springer, 2005
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Coarse-To-Fine Refinement

25
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ɎɗɕɔɑɢɍɔɈɆɓɎɋɒ ɖɆɗɗɒɔɘɖɋɓɓɡɛ ɒɋɘɔɊɔɈ.

, 0k n=

Optical flow estimation. D. J. Fleet, Y. Weiss.
The Handbook in Mathematical models for Computer Vision. 
N. Paragios, Y.Chen, and O. Faugeras, Springer, 2005
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Robust estimator
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Optical flow estimation. D. J. Fleet, Y. Weiss.
The Handbook in Mathematical models for Computer Vision. 
N. Paragios, Y.Chen, and O. Faugeras, Springer, 2005
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ȷɔɊɋɖɌɆɓɎɋ

ÂȨɈɋɊɋɓɎɋ

Â Gradient-basedɒɋɘɔɊɡ

ÂȩɑɔɇɆɑɢɓɆɥ ɒɔɊɋɑɢ Horn & Schunck

ÂȱɔɐɆɑɢɓɆɥ ɒɔɊɋɑɢ Lucas & Kanade

Â Energy -based ɒɋɘɔɊ

Â Phase-based ɒɋɘɔɊ
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Energy-based ɒɋɘɔɊ
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( )SE u v dr
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, 0a b²

2 2 2( )s sr s= +

ȼɋɑɢðɒɎɓɎɒɎɍɆɜɎɥ ɣɓɋɖɉɎɎ:

 ð ɖɋɉəɑɥɖɎɍɆɜɔɓɓɡɏ ɕɆɖɆɒɋɘɖs

Towards ultimate motion estimation: combining highest 
accuracy with real-time performance. A. Bruhn, J. Weickert. 
IEEE International Conference on Computer Vision, 2005
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ȽɎɗɑɋɓɓɔɋ ɖɋɞɋɓɎɋ

29
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GPU-Based Multigrid: Real-Time Performance in High Resolution 
Nonlinear Image Processing. H.Grossauer, P.Thoman. 
Computer Vision Systems, Springer Berlin, 2008
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ȮɘɋɖɆɜɎɔɓɓɔɋ ɖɋɞɋɓɎɋ
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GPU-Based Multigrid: Real-Time Performance in High Resolution 
Nonlinear Image Processing. H.Grossauer, P.Thoman. 
Computer Vision Systems, Springer Berlin, 2008
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ȶɋɆɑɎɍɆɜɎɥ ɓɆ GPU

Â calcIdJd ðɈɡɝɎɗɑɋɓɎɋ ɕɖɔɗɘɖɆɓɗɘɈɋɓɓɡɛ ɕɖɔɎɍɈɔɊɓɡɛ

Â calcIzIxzIyz ðɈɡɝɎɗɑɋɓɎɋ ɕɖɔɎɍɈɔɊɓɡɛ ɕɔ ɈɖɋɒɋɓɎ

Â calcST ðɈɡɝɎɗɑɋɓɎɋ ɘɋɓɍɔɖɔɈ S Ɏ T:

31
GPU-Based Multigrid: Real-Time Performance in High Resolution 
Nonlinear Image Processing. H.Grossauer, P.Thoman. 
Computer Vision Systems, Springer Berlin, 2008

T
Ð Ð=S I I

T T
x x y yÐ Ð Ð Ð= +T I I I I
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ȶɋɆɑɎɍɆɜɎɥ ɓɆ GPU

32
GPU-Based Multigrid: Real-Time Performance in High Resolution 
Nonlinear Image Processing. H.Grossauer, P.Thoman. 
Computer Vision Systems, Springer Berlin, 2008

un u ud= +

vn v vd= +

Â calcPsiðɕɖɋɊɈɆɖɎɘɋɑɢɓɡɋ ɈɡɝɎɗɑɋɓɎɥ

Â coupledJacobiðɈɡɝɎɗɑɋɓɎɋ ɔɊɓɔɏ ɎɘɋɖɆɜɎɎ

http://www.compression.ru/video/
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ȶɋɍəɑɢɘɆɘɡ

33
GPU-Based Multigrid: Real-Time Performance in High Resolution 
Nonlinear Image Processing. H.Grossauer, P.Thoman. 
Computer Vision Systems, Springer Berlin, 2008

Â ȵɔɗɑɋɊɔɈɆɘɋɑɢɓɔɗɘɢ Yosemite

Â GPU Ɏ GPU-RTðɕɖɋɊɑɔɌɋɓɓɡɏ ɒɋɘɔɊ, Ɉ GPU-RT
ɕɖɎɒɋɓɥɋɘɗɥ ɒɋɓɢɞɋ ɎɘɋɖɆɜɎɏ

http://www.compression.ru/video/
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ȶɋɍəɑɢɘɆɘɡ

34
GPU-Based Multigrid: Real-Time Performance in High Resolution 
Nonlinear Image Processing. H.Grossauer, P.Thoman. 
Computer Vision Systems, Springer Berlin, 2008

Â ȵɖɔɎɍɈɔɊɎɘɋɑɢɓɔɗɘɢ ɖɋɆɑɎɍɆɜɎɎ GPU-RT

Â GeForce8800 GTX

http://www.compression.ru/video/
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ȷɔɊɋɖɌɆɓɎɋ

ÂȨɈɋɊɋɓɎɋ

Â Gradient-basedɒɋɘɔɊɡ

ÂȩɑɔɇɆɑɢɓɆɥ ɒɔɊɋɑɢ Horn & Schunck

ÂȱɔɐɆɑɢɓɆɥ ɒɔɊɋɑɢ Lucas & Kanade

Â Energy-based ɒɋɘɔɊ

Â Phase -based ɒɋɘɔɊ
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Phase-based ɒɋɘɔɊ

ȴɗɓɔɈɓɆɥ ɎɊɋɥ ðɕɖɎɒɋɓɎɘɢ ɕɖɋɊɈɆɖɎɘɋɑɢɓəɤ ɚɎɑɢɘɖɆɜɎɤ 
ɎɍɔɇɖɆɌɋɓɎɏ.

36
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T( , ) ð ɝɆɗɘɔɘɆ ɚɎɑɢɘɖɆ x yf fq q q=f

Ȯɗɕɔɑɢɍəɋɘɗɥ ɚɎɑɢɘɖ ȩɆɇɔɖɆ:

( )( , ) ( )( , )I F t I F t t td dÖ = Ö + +x x v

Realtime phase-based optical flow on the GPU. K. Pauwels, 
M. M. Van Hulle. IEEE Computer Society Conference on 
Computer Vision and Pattern Recognition Workshops, 2008
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ȺɎɑɢɘɖɆɜɎɥ

Â ȵɖɔɈɔɊɎɘɗɥ Ɉ ɖɆɍɑɎɝɓɡɛ ɓɆɕɖɆɈɑɋɓɎɥɛ:

37

Â Ȯɗɕɔɑɢɍəɋɘɗɥ ɕɖɎɇɑɎɌɋɓɎɋ ɚɎɑɢɘɖɔɈ ɓɆ ɔɗɓɔɈɋ ɔɊɓɔɒɋɖɓɡɛ 
ɗɈɦɖɘɔɐ:

24Ĭ

Realtime phase-based optical flow on the GPU. K. Pauwels, 
M. M. Van Hulle. IEEE Computer Society Conference on 
Computer Vision and Pattern Recognition Workshops, 2008
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ȺɎɑɢɘɖɆɜɎɥ

38
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Realtime phase-based optical flow on the GPU. K. Pauwels, 
M. M. Van Hulle. IEEE Computer Society Conference on 
Computer Vision and Pattern Recognition Workshops, 2008
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ȨɡɝɎɗɑɋɓɎɋ optical flow

39
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ȼɋɑɢ ðɒɎɓɎɒɎɍɆɜɎɥ:

Realtime phase-based optical flow on the GPU. K. Pauwels, 
M. M. Van Hulle. IEEE Computer Society Conference on 
Computer Vision and Pattern Recognition Workshops, 2008
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Â ȲɋɘɔɊ ɒɔɌɋɘ Ɉɋɖɓɔ ɔɕɖɋɊɋɑɥɘɢ ɘɔɑɢɐɔ ɈɋɐɘɔɖɆ, ɐɔɘɔɖɡɋ 
ɒɋɓɢɞɋ ɕɔɑɔɈɎɓɡ ɊɑɎɓɡ Ɉɔɑɓɡ ɚɎɑɢɘɖɆ

Â ȵɎɖɆɒɎɊɆɑɢɓɔɋ ɈɡɝɎɗɑɋɓɎɋ:

Coarse-To-Fine Refinement

Â ȪɋɚɔɖɒɆɜɎɥ ɎɍɔɇɖɆɌɋɓɎɥ ɕɋɖɋɊ əɘɔɝɓɋɓɎɋɒ ɓɆ ɇɔɑɋɋ 
Ɉɡɗɔɐɔɒ ɖɆɍɖɋɌɋɓɎɎ:

40
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Realtime phase-based optical flow on the GPU. K. Pauwels, 
M. M. Van Hulle. IEEE Computer Society Conference on 
Computer Vision and Pattern Recognition Workshops, 2008
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ȶɋɆɑɎɍɆɜɎɥ ɓɆ CUDA

Â ȵɖɋɎɒəɟɋɗɘɈɆ GPU:
Â ȧɡɗɘɖɆɥ ɖɋɆɑɎɍɆɜɎɥ ɗɈɦɖɘɐɎ

Â ȨɡɗɔɐɆɥ ɕɖɔɕəɗɐɓɆɥ ɗɕɔɗɔɇɓɔɗɘɢ ɞɎɓɡ

Â ȮɓɘɋɖɕɔɑɥɜɎɥ çɓɆ ɑɋɘəè

Â ȴɗɓɔɈɓɡɋ ɎɊɋɎ:
Â ȧɆɓɐ ɚɎɑɢɘɖɔɈ ɖɋɆɑɎɍɔɈɆɓ ɗ ɕɔɒɔɟɢɤ ɇɎɇɑɎɔɘɋɐɎ CUDA

Â ȨɡɝɎɗɑɋɓɎɋ optical flow ɕɖɔɎɗɛɔɊɎɘ ɍɆ ɔɊɓɔ ɕɖɎɒɋɓɋɓɎɋ ɥɊɖɆ ɐ 
ɐɆɌɊɔɒə ɕɎɐɗɋɑɤ ɎɍɔɇɖɆɌɋɓɎɥ

Â ȶɆɗɝɦɘ ɊɋɚɔɖɒɎɖɔɈɆɓɓɔɉɔ ɎɍɔɇɖɆɌɋɓɎɥ ɔɗɓɔɈɆɓ ɓɆ 
ɎɓɘɋɖɕɔɑɥɜɎɎ, ɕɖɋɊɔɗɘɆɈɑɥɋɒɔɏ GPU

Â ȰɔɓɈɋɏɋɖɓɆɥ ɔɇɖɆɇɔɘɐɆ

41
Realtime phase-based optical flow on the GPU. K. Pauwels, 
M. M. Van Hulle. IEEE Computer Society Conference on 
Computer Vision and Pattern Recognition Workshops, 2008
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ȶɋɍəɑɢɘɆɘɡ

Â GeForce 8800 GTX

Â ȮɍɒɋɖɋɓɎɥ ɈɐɑɤɝɆɤɘ 
ɔɇɒɋɓ ɊɆɓɓɡɒɎ ɒɋɌɊə GPU 
Ɏ CPU

Â Core 2 Quad2.4 GHz

Â ȮɗɕɔɑɢɍɔɈɆɑɔɗɢ ɘɔɑɢɐɔ 
ɔɊɓɔ ɥɊɖɔ

42
Realtime phase-based optical flow on the GPU. K. Pauwels, 
M. M. Van Hulle. IEEE Computer Society Conference on 
Computer Vision and Pattern Recognition Workshops, 2008
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ȶɋɍəɑɢɘɆɘɡ

43

ȮɗɛɔɊɓɡɏ ɐɆɊɖ Ground truth

Realtime phase-based optical flow on the GPU. K. Pauwels, 
M. M. Van Hulle. IEEE Computer Society Conference on 
Computer Vision and Pattern Recognition Workshops, 2008
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ȶɋɍəɑɢɘɆɘɡ
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ȮɗɛɔɊɓɡɏ ɐɆɊɖ 0.02lt=

Realtime phase-based optical flow on the GPU. K. Pauwels, 
M. M. Van Hulle. IEEE Computer Society Conference on 
Computer Vision and Pattern Recognition Workshops, 2008
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ȶɋɍəɑɢɘɆɘɡ

45

ȮɗɛɔɊɓɡɏ ɐɆɊɖ

Realtime phase-based optical flow on the GPU. K. Pauwels, 
M. M. Van Hulle. IEEE Computer Society Conference on 
Computer Vision and Pattern Recognition Workshops, 2008
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