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= 3aKto4eHue
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Optical Flow — BekTopHOe none, onpeaenstoulee
CKOPOCTb ABVMXXEHUS KaXKA0WN TOUYKN n306parkeHns

= [lepBble nybnunkaummn nosisnnmce B 1980 .

= BO3MOXHblE NPUMEHEHUS:
= [locTpoeHue KapT rnyouHbl
« CermeHTaums
= 3aja4a paCrno3HaBaHUA
= TOYHas KOMNEHcALUMS ABMKEHNS]

CS MSU Graphics & Media Lab (Video Group) 3
www.compression.ru/video/


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

i BeepeHue

= [poeKumMs ABMKEHUS OBEKTOB .
B 3D cueHe Ha 2D nnockoCcTb —
real motion @ ;
= Real motion cnoxHo oueHnTb N
n3-3a OT/INYNKM OT apparent I
motion:

= Occlusion problem

= Wrong motion problem
= Aperture problem

= Texture problem aperture problem

CS MSU Graphics & Media Lab (Video Group) 4
www.compression.ru/video/ http://www.pc.rhul.ac.uk/st/].Zanker/PS1061/L4/PS1061_4.htm


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

i [10OCTAaHOBKA 3a4auun

[laHbl ABa nocneaoBaTesbHbIX M306pa>KEHVIFI:

[1(x) — nepBblit Kagp x = (z,y) €Q

I,(x) — BTOpOIA Kaap () C R* — obnactb n306paxeHus

HeobxoaMMO HaNTKU BEKTOPHOE Mnosne u(x),
3a/jaloLlee COOTBETCTBME TOUEK N30DpaxXeHun,

Hanpumep:
L(x+u(x)) = L(x),Vx € Q)
u(x) = (u(x),us(x)) 1 R* — R

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



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

i J1oKalbHble MeToabl

Ycnosue Optical Flow (Gradient constraint equation):

VIx) u+I(x) =0 VI=(,1I,"
JlokanbHbIM MeToa Lucas & Kanade:

= " g(x) (VIx)u+ L(x))

Xew

g(x) > 0,x € w — BecoBast byHKLUS

BekTop CMELEeHNs ULLIETCA B KaXXA0M TOYKE HE3AaBMCMMO

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


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

i [ nobanbHble MeToabl

"nobanbHbI MeToa Horn & Schunck:
E(V) = | [(vu v, +a? (vl +\VvH§ﬂdx
Q

l_'_l \ Y J
Ycnosue optical flow Ycnosue rnagkocTm ( U ou j
vu=| &, &
V(x) = (U(X), v(x)) \OX 0y
o — NapaMeTp Moaenu vy [ @ @
\@X ’ 8y
CrnaxkvBaeT MnoJsie HeE3aBUCUMO OT CTPYKTYpb!
ABWM>KEeHUA
CS MSU Graphics & Media Lab (Video Group) 7

www.compression.ru/video/


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

‘L BapvaLlnoHHble MeTOAbI

Llenb — mu

HUMU3aL A SHEPTUMN.

E(u) = Eg, (U)+@Ep, (U)+ BEs (U)

Ep (u) = ]

Ep, (u) = .

'Qp(||(x+u)— | (x)|2)dx

P |Vl(x+u)—VI(x)|2)dx

E(u) = jQp( Vu|2 + |Vv|2)dx

O — perynsapusaunoHHbIA NapaMeTp

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

a, >0

p(s%) =Vs* +o°



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

GRAPHICS & MEDIA LAB
VIDEO GROUP

i ®a30Bble METOAbI

OCHOBHast Uaest — NPUMEHUTb NPeaBapPUTENbHYIO DUNLTPALMIO

n306pakeHnn o
(I-F)(x, t)=(1 - F)(x+Vvét, t+ot) 90

dunbTpaLmMa NPoOBOANTCS B Pa3IMYHbIX HAaNPaBIEHUSX: 0°
R(X) — oTdunbTpoBaHHOE M306paXkeHre

R(x)=(I-F)(x) = p(x)e”™

p(x) = Re(RO))? + IM(R(X))? —amnnuryna  ¢h(x) = arctan (
Phase gradient constraint:

Im(R(x))

Re(R(x))) — (aza

V¢‘V+W=0 v=(Uu,v)
T V|, — npoekums V Ha V¢
VW(%%} w=2t—¢ A7)
" vellvel

Realtime phase-based optical flow on the GPU. K. Pauwels,
CS MSU Graphics & Media Lab (Video Group) M. M. Van Hulle. IEEE Computer Society Conference on 9
www.compression.ru/video/ Computer Vision and Pattern Recognition Workshops, 2008


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

‘L CopaeprkaHue

= BBegeHue

= JIoKasibHbIX MeToA
= BapnaumoHHbIM MeTOA
= Da30BbIM METOA

= 3aK/1l0YeHme

CS MSU Graphics & Media Lab (Video Group) 10
www.compression.ru/video/


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

JIoKanbHbIN MeToA
ANroputm

GRAPHICS & MEDIA LAB
VIDEO GROUP

cnonb3yetca mogenb Lucas & Kanade:
I(x+w,t+1)—I(x,t) =0, (V) o+, =0 (VI) = (Id,)T

T
= Buaumoe cMeleHre @ = (4,Vv)" nweTcs B Buge:

U . - L 1y I
i L Iyn i i Iy

= [losnyyeHHas cucTema peLlaeTcs C MOMOLLbIO METOAA
HauMeHbLUMX KBaapaToB C L2-HOpMOM:
u _ _
[V}:(ATAjLaI) TATD O0<a<103

CS MSU Graphics & Media Lab (Video Group) Julien Marzat, Yann Dumortier, Andre Ducrot, “Real-Time Dense 11
www.compression.ru/video/ and Accurate Parallel Optical Flow using CUDA”, WSCG, 2009


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

JIoKanbHbIN MeToA
[MpaMmaanbHbIN ANrOPUTM

GRAPHICS & MEDIA LAB
VIDEO GROUP

Optical flow
computation
= [unpamunabl cTpoaTcs ans = at the n" level
ABYX NOCNEAOBATEJIbHbIX
KaapoB Under sampled

image

= Kaxkabin cneayiowmm
YPOBEHb - pa3speLleHne &£ g Optical flow
YMEHbLUAETCHA BABOE —— computation
= Optical Flow cuntaeTcs at the 1% level
Ha BEPHEM YPOBHE

= MWcnonb3yetca kak 4L .
HayanbHOe 3HayeHVe Ans

HOBOM OLEHKU s

= bBunuHenHad
MHTEpNoNALNS

=

Final Optical flow
computation

Original image #1

CS MSU Graphics & Media Lab (Video Group) Julien Marzat, Yann Dumortier, Andre Ducrot, “Real-Time Dense 12
www.compression.ru/video/ and Accurate Parallel Optical Flow using CUDA”, WSCG, 2009


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

JIoKanbHbIN MeToA
ITepaTMBHOE U BPEMEHHOE Y/yyLlEHNE

GRAPHICS & MEDIA LAB
VIDEO GROUP

3 o
= Ha ka)xaom ypoBHe [ | \ Tetalive refisrment
nMpaMnabl — UTEPATUBHOE (g s s
ynydlieHne

= Tekywun kagp
TpaHChHOpPMUMPYETCS C NOMOLLbIO

PN

nocnegHero noCYUTaHHOro (Bilinear interpolation) (fterative refinement)
MOTOKA: KaXKaas TOUKa <= (A
n306paXkeHns caBuraeTcs
Ha COOTBETCTBYHOLLEE CMELLEHNE
NMOCUMTaHHOE paHee
P —
(Bilinear interpolation) (Iterative refinement)
CS MSU Graphics & Media Lab (Video Group) Julien Marzat, Yann Dumortier, Andre Ducrot, “Real-Time Dense 13

www.compression.ru/video/ and Accurate Parallel Optical Flow using CUDA”, WSCG, 2009


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

JIoKanbHbIN MeToA
ITepaTMBHOE U BPEMEHHOE Y/yyLlEHNE

GRAPHICS & MEDIA LAB
VIDEO GROUP

z 3 O

= Ecnu cMeweHue | (Herative refinement

He uenoe, ucnonb3yeTcs T Lo

bunnHenHaa MHTEpnonsaUns
= BpeMeHHoe yny4yllueHue

3aKo4vaeTcs Fan

B UCMONb30BaHUM (Bilnear srpoiaton) _— ="

nocynTaHHbix mexxay N-1 1 N <= (‘?‘

KaapaMu Nosien CKOPOCTEW,

KaK HadanbHoe 3Ha4yeHue ang

pacyeTa ONTUYECKOro NoToKa

mexxay N n N+1 kagpamu

—_—

.

CS MSU Graphics & Media Lab (Video Group) Julien Marzat, Yann Dumortier, Andre Ducrot, “Real-Time Dense 14
www.compression.ru/video/ and Accurate Parallel Optical Flow using CUDA”, WSCG, 2009


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

JTokanbHbIM MEeTOA
Algorithm parallelization

GRAPHICS & MEDIA LAB
VIDEO GROUP

Building of the pyramids
(null aptical flow initialization)

PacueTsl optical flow ans oaHoro ;
MUKCENS NMPOMCXOAAT HE3ABUCUMO el fldintopolton] , | pommtve commutton
OpYr OT Apyra. Belumcnsiorcs —

OLHOBPEMEHHO y

Optical flow refinement

= [locTpoeHue nupamua, NHTeEpnonsAUms
M pacyeT Npon3BOAHbIX — HE 3aBUCST
OT COCefHUX NuKcenewu

= BbluncneHve cMeLLeHU TOUKM
BbIMOMHSAETCS, UCMOMb3YS TOMbKO

MH(OPMaLMIO U3 NPOU3BOAHOM .
Ha nukcenb ucnonbdyetca oanH CUDA
thread
/ Sequential CPU Cuda kernel
instruction (GPU)
CS MSU Graphics & Media Lab (Video Group) Julien Marzat, Yann Dumortier, Andre Ducrot, “Real-Time Dense 15

www.compression.ru/video/ and Accurate Parallel Optical Flow using CUDA”, WSCG, 2009


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

JlokanbHbIN METOA
Pe3ynbTaTtbl paboThl

GRAPHICS & MEDIA LAB
VIDEO GROUP

= Bpemsa ncnonHennsa CUDA peanusauum Ha nocnegoBaTelbHOCTU
316x252 Yosemite 21 ms per frame (47 fps)

= Ha peanbHon nocnepoBaTenbHOCcTN 640%480 BpeMs MCNOSTHEHUS
Ha ONTMMM3MPOBAHHOW NOCeaoBaTeIbHOM peanu3aunn Ha C
COCTaBMWJ1I0 OKOJI0 /7 CEeKYHA Ha Kaap

= Ha peanbHon nocnenoBaTtesibHOCTN 640x480 BpeMsi UCNOTHEHNS
CUDA peanunzauum — 67 ms per frame (15 fps)

CS MSU Graphics & Media Lab (Video Group) Julien Marzat, Yann Dumortier, Andre Ducrot, “Real-Time Dense 16
www.compression.ru/video/ and Accurate Parallel Optical Flow using CUDA”, WSCG, 2009


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

JIokanbHbIN MeToA
Pe3ynbTaTtbi(1)

GRAPHICS & MEDIA LAB
VIDEO GROUP

(a) Synthetic sequence (b) Ground truth

CS MSU Graphics & Media Lab (Video Group) Julien Marzat, Yann Dumortier, Andre Ducrot, “Real-Time Dense 17
www.compression.ru/video/ and Accurate Parallel Optical Flow using CUDA”, WSCG, 2009


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

JIokanbHbIN MeToA
Pe3ynbTaTtbl(2)

GRAPHICS & MEDIA LAB
VIDEO GROUP

(a) Synthetic sequence (¢) Our result

CS MSU Graphics & Media Lab (Video Group) Julien Marzat, Yann Dumortier, Andre Ducrot, “Real-Time Dense 18
www.compression.ru/video/ and Accurate Parallel Optical Flow using CUDA”, WSCG, 2009


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

JTokanbHbIN METOA
Pe3ynbTathbl(3)

GRAPHICS & MEDIA LAB
VIDEO GROUP

(a) Real sequence (b) OpenCV (CPU) version

CS MSU Graphics & Media Lab (Video Group) Julien Marzat, Yann Dumortier, Andre Ducrot, “Real-Time Dense 19
www.compression.ru/video/ and Accurate Parallel Optical Flow using CUDA”, WSCG, 2009


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

JTokanbHbIN METOA
Pe3ynbtaThi(4)

GRAPHICS & MEDIA LAB
VIDEO GROUP

(a) Real sequence (¢c) CUDA (GPU) version

CS MSU Graphics & Media Lab (Video Group) Julien Marzat, Yann Dumortier, Andre Ducrot, “Real-Time Dense 20
www.compression.ru/video/ and Accurate Parallel Optical Flow using CUDA”, WSCG, 2009


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

JIokanbHbIN MeToA
Pe3ynbtaThl(5)

GRAPHICS & MEDIA LAB
VIDEO GROUP

kagpl Kaap2 Kaap3

CS MSU Graphics & Media Lab (Video Group) Julien Marzat, Yann Dumortier, Andre Ducrot, “Real-Time Dense 21
www.compression.ru/video/ and Accurate Parallel Optical Flow using CUDA”, WSCG, 2009


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

‘L CopaeprkaHue

= BBegeHue

= JIOKanbHbIN METOA

= BapuaunoHHbIN MeTOq
= Da30BbIM METOA

= 3aKto4eHue

CS MSU Graphics & Media Lab (Video Group) 22
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BapuaLnoHHbIM MeTOA
ANroputm

= BapuaumoHHas dopMynmposka optical flow
E(v) = /\/ |11 (x +v(x)) — Io(x)|| de + / |Vo(x)|| da
T T

= Ycnosue optical flow B obnactn  + vy ans Kaxaoro x

ILi(x+v(x)) — Ig(x) ~ I (x+v7)+ Jp (x4 v8)(v(x) —vY) — IO(:B)I
=p(v)(x)

/H\_/u ||d¢+ /H x) — u(x)|*dz
_)\/ lo(e) ()l dr + o /H — ()| da

Jr,— akobuaH 11 : \, & — napameTpbl

CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 24
www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

GRAPHICS & MEDIA LAB

i BapunaunoHHbIn MeToz

T.K. B E5(v) HE MPUCYTCTBYIOT NPOU3BOAHbBIE MO o, €€
MUHUMU3ALMS CBOAMTCS K TOYEYHON MUHUMMU3ALMK ANs
(DUKCUPOBAHHBLIX T + U nw(x) cTporo BbiMykAoM yHKLUM

1 +
F(v) = 5l — uol® + A

Av + b

A— pnddepeHuman /1 B ToUke T + v
b — BellecTBeHHOEe 4YNCno
MuHMMn3auns cBogmMTCA K NOACHETY OCTAaTOMHOU NPOEKLMN

CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 25
www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

BapuaLnoHHbIM MeTOA
[TpeanonoxxeHue 1

GRAPHICS & MEDIA LAB
VIDEO GROUP

1 ,
F(v) = 5llv — uol* + A

Av + b

B cnyyae, ecim b ¢ Im A, F(v) rnagkas u MOXeT 6biTb
MUHUMM3MPOBaHa 06bIYHBIMM METOAAMM

WHaue b € Im A, F(v), He aBnsisick rnagkoii, gocTuraeT
MUHUMYMa B ¥ = u — Txe (u + A'D)

[Oe e — NpoeKuns Ha BbINYK/10e MHOXeCTBO A = {\z, = € ¢}

CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 26
www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

BapuaLnoHHbIM MeTOA
Peannsauus

GRAPHICS & MEDIA LAB
VIDEO GROUP

Data: Two vector valued images Ip and I4

Result: Optical flow field u from Ip to I1

for I = L.hax to 0 do

// Pyramid levels

Downsample the images [p and 1 to current pyramid level

for W =0 to W.x do

// Warping

if I1(z+u(x)) — Io(x) € ImJy, (z + u(x)) then

Compute v as the minimizer of 1, using Proposition 1 (ii) on

‘ current pyramid level

else
‘ Compute the minimizer v by gradient descent

end

for I =0 to Ihax do

// Inner iterations

Solve (3) for u on current pyramid level

end

end
Upscale flows to next pyramid level
end

Algorithm 1: General TV-L! algorithm for vector valued images.

CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 28
www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

BapuaLnoHHbIM MeTOA
[poekuns Ha 3NNUNTUYECKUN LLap

GRAPHICS & MEDIA LAB
VIDEO GROUP

Data: The point w and the matrix C' specifying the bounding ellipsoid.
Result: The orthogonal projection of w onto the ellipsoid.

Set v? = v ;
v (w, Cw)

while v" has not converged do

" =" 7 (w + (0", 0" —w)Cv™) // Gradient step

L ,U-n+1
" = // Reprojection

.\/<vn+1 : C,U-n+1>

and let the stepsize 7 > 0 be small enough.

end

Algorithm 2: Projection of a point w onto an ellipsoid.

CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 29
www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

BapuaLnoHHbIM MeTOA
Peannsauund

= 5 ypoBHEN NMpaMuabl C YMEHbLLUEHUEM
Pa3peLLEHNS BABOE

= Ha ware npoekuun rpaameHT oLEeHNUBAETCS
6ukybuyecknm noaxoaom (bicubic
interpolation)

= [lpoueaypa MuHUMmM3auum (ans
npeanonoXXeHns 1) xopoLuo
pacrapanienmBaeTcs

s PeannzosaHo Ha CUDA C

CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 30
www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

BapraunoHHbIM MeTOA
BxoaHble AaHHbIE

GRAPHICS & MEDIA LAB
VIDEO GROUP

lﬂly[) A
Oy, P
B /ol
Gradient Laplacian
CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 31

www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

BapuauuoHHbIN MeToA
Pe3ynbTaTtbl Ha dimetradon

GRAPHICS & MEDIA LAB
VIDEO GROUP

Ground truth RGB-anroput™

CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 32
www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

BapuauuoHHbIN MeToA
Pe3ynbTaTtbl HA dimetradon

GRAPHICS & MEDIA LAB
VIDEO GROUP

Ground truth GCA-anroput™

CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 33
www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

BapuauuoHHbIN MeToA
Pe3ynbTaThbl Ha groove3

GRAPHICS & MEDIA LAB
VIDEO GROUP

Ground truth RGB-anropnt™

CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 34
www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

BapuauuoHHbIN MeToA
Pe3synbTaThl groove3

GRAPHICS & MEDIA LAB
VIDEO GROUP

BCA-anroputm RGB+MF-anroputm

CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 35
www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

BapraunoHHbIM MeTOA
Average endpoint error

GRAPHICS & MEDIA LAB
VIDEO GROUP

BCA GCA RGBE A-RGB RGB+MF “improved” [9]
-
0.14 0.10 0.16 0.22 0.16 0.19
Dimetrodon
v
0.18 0.23 0.17 0.24 0.15 0.15
Grove2
] 0.85 0.76 0.62 0.84 0.57 0.67
Groved
ey 0.20 022 024 0.23 0.25 0.15
H};afairlgeal
- G S 0.20 0.20 0.17 0.18 0.17 0.09
RubberWhale
0.59 0.42 0.38 1.52 0.36 0.32
Urban?2
0.82 0.99 0.62 1.25 0.50 0.63
Urban3
' 0.54 0.58 0.53 0.67 0.49 0.26
Venus
CS MSU Graphics & Media Lab (Video Group) Lars Lau Rak, Lars Roholm, Mads Nielsen, Francois Lauze, “TV- 36

www.compression.ru/video/ L1 Optical Flow for Vector Valued Images”, EMMCVPR, 2011


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

BapuaLnoHHbIM MeTOA
Pe3ynbTaThl

= Bpewms pacueta optical flow ans napsl 640x480 RGB kaapos
okosio 0.5 cekyHAabl

= 33 cyeT HebOoNbLLIOro CHMXKEHUSI TOYHOCTU (CHUXEHME
Konmn4yecTBa utepaumm warps) RGB+MF anroput™ npomnssoauT
pacyeT optical flow ansa 640x480 RGB kagpoB B peanbHOM
BpEMEeHU

CS MSU Graphics & Media Lab (Video Group) 37
www.compression.ru/video/


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

‘L CopaeprkaHue

= BBeaeHue

= JIOKanbHbIN METOA

= BapnaumoHHbIM MeTOA
= ®a3oBbIN MeTOoa

= 3aKto4eHue

CS MSU Graphics & Media Lab (Video Group) 38
www.compression.ru/video/
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dDa30BbIM METOA
ba3oBbiv anropuT™

GRAPHICS & MEDIA LAB
VIDEO GROUP

—» directional filter —®| compute component velocities ——®

—»= directional filter ——®| compute component velocities ——#=

. combine
umage sequence L , " tlow vectors
» directional filter —— compute component velocities —— component

velocities

—» directional filter —®| compute component velocities ——®

= KaxabiM Kagp B NocneaoBaTeNbHOCTU pack/iaablBaeTCs
No HanpasieHnsaM HabopoM hUNbTPOB HanpaBNEHUN

= [1n9 Ka)kaoro HanpasfieHUs CYHNTAETCS BEMYMHA M 3HAK
ckopocTtu (component velocities)

Robert Hegner, Ivar Austvoll, Tom Ryen, Guido M. Schuster,”
CS MSU Graphics & Media Lab (Video Group) Efficient Implementation of Optical Flow Algorithm Based on 39
www.compression.ru/video/ Directional Filters on a GPU Using CUDA”, EUSIPCO, 2011


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

dDa30BbIM METOA
ba3oBbiv anropuT™

image sequence

directional filter

compute component velocities

directional filter

compute component velocities

directional filter

compute component velocities

directional filter

compute component velocities

combine
component
velocities

GRAPHICS & MEDIA LAB
VIDEO GROUP

flow vectors

= VI3 cnMCcTeMbl NMHENHBIX YPAaBHEHUW HaxoasaTC HAYeHUS X- U Y-
KOMIMOHEHTbI BeKTopoB optical flow

CS MSU Graphics & Media Lab (Video Group)

www.compression.ru/video/

Robert Hegner, Ivar Austvoll, Tom Ryen, Guido M. Schuster,”
Efficient Implementation of Optical Flow Algorithm Based on 40
Directional Filters on a GPU Using CUDA”, EUSIPCO, 2011


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

dazoBbIN METOA
[lpnmMep ST-slice

GRAPHICS & MEDIA LAB
VIDEO GROUP

=  OB6BLEKT Ha NocneaoBaTeNIbHOCTH
KaapoB ABUMXXETCS B HAaMNpaBleHUM
0°(BnpaBo) Ha 1 nuKkcenb 3a Kaap

= Baonb NyHKTUPHOWN NUHUM
caenaHo 2 cpesa (no
HanpasneHnam 0° 1 90°)

A;

NocnefoBaTeIbHOCTM KaapoB >0

= [lpoCTpaHCTBeHHas KOopAMHaTa voor
CpE€3a BcCeraa COOTBETCTBYET — space — space
HanpaBNEeHUIO i H i

= Component velocity ans time time
3a/1aHHOr0 HanpaBNEeHNS 3aBUCUT
oT tg Y = ST-slice (0°) ST-slice (90°)

Robert Hegner, Ivar Austvoll, Tom Ryen, Guido M. Schuster,”
CS MSU Graphics & Media Lab (Video Group) Efficient Implementation of Optical Flow Algorithm Based on 41
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dDa30BbIM METOA
OunbTpaung
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OUNbTp HanpaBnEHWI COCTOUT U3 [IBYX YaCTel: NPo/osbHas
1 nonepeyHas

= [IpogonbHas 4acTb — GUALTP HU3KUX YACTOT C Y3KOW MOMOCON
NpOnNycKaHus, NPOMNyCKaoLWMN YaCTOTHbIN CNEKTP,
HaxoAsLWMNCS B HanpaBieHnn punbTpa

= [lonepeyHas 4yactb — bandwidth filter ¢ wmpokon nonocown,
NponycKatoLWweN BCO YacCTb CMEKTPa HaxoAsILLErocs B 3a4aHHOM
obnactu ana AaHHOro HanpaBneHus. Takou TUMN CUrHaNoB
Ha3bIBAaETCA aHAIMTUYECKMM (AN HEFATUBHbBIX YAaCTOT CMEKTP
CUrHana paBeH HyJo0)
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dDa30BbIM METOA
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T.K. dunbTp HanpaBneHmn npomssoauT analytic signal, To
onuweM ST-slice kak

z(s) = a(s) - p1P(5)

= S5— BEKTOP COCTOSILLMN U3 KOOPANHATbI S HAanNpaBl1eHHOW BAO/b
HanpaBneHns dunbTpa N BPEMEHHOWN KOOPAMHATbI ¢

= a(s) — PYHKUMS aMnNauTyabl
= ((s) — dasoBas PyHKUNA
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dazoBbIN METOA
MrHoBeHHOe 3HaueHue 4acToTa

= Component velocity 3aBucuT OT CcMeLLieHuns
da3bl Ha ST-slice

= CnepgosaTenbHO, BaXKHast MHPOPMaLMS
COLAEPXUTCA B (pa30BOM rpagmeHivVo(s)
Ha3blIBAEMOM MIHOBEHHbIM 3HAYEeHNEM
yactoTbl (FM dyHKUMSA)
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dazoBbIN METOA
BpalieHune
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min, = min{x7, X, X3, X, }
’ .
max, = max{x‘i, x’2: xél x;} X _ C-OS O —sind||x
: _ . ’ Y sin Y cos ¥
miny, = min{yy, Y, Y3, Yyl
14 7 7 14
max_l/ = max{y]f y21 y?,/ y4} __________________

w' = [max, — min, + 17 i N\

—_—— e e e = —_— — —_

W =[max, —min, + 1]

e
filter direction
o=-30°

—
filter direction
o=0°

rotation angle |

9=30° |
Y
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dazoBbIN METOA

OueHKa MrHOBEeHHbIX YacToT

= z(r,s,t)— KoMnnekcHas
DYHKLUMA, nonyyaemas

13 dunbTpa HanpaBIEHUN

= component velocity

Nnosy4yatoT, U3yyasa CMELEHNE
sgn ?g?:r(r, s,t) = sgnarcsin Re

da3bl Ha ST-slice

t

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

?sq?){r, S, t)l — arccos Re {

|?tq7){r, S, t)l = arccos Re {

sen Vi(r, s, t) = sgn arcsin Re {

z(r,s+1,t)+z(r,s — 1, 1)

2-z(r,s,t)

z(r,s,t + 1)+ z(r,s,t — 1)

2-z(r,s, t)

GRAPHICS & MEDIA LAB

}
}

z(r,s+1,t)—z(r,s—1,1)
2] -z(r,s,t)

Vsd(r,s,1) = sgn V(1 s,1) - [Vsp(r, 5, 1)|
?tf?}(rr 5, t) — Sgn vtfﬁ(rx Srf) ' ‘vtdb(rr 5, t))
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z(r,s,t +1)—z(r,s,t — 1)
2] -z(r,s, t)
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dazoBbIN METOA
TeH30p
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= YTO6bI NocunTaTh HanpasneHue AuMxeHus (Yron ¢ ) CTpyKTypbl
Ha ST-slice U3 MrHOBEHHOIO 3HaUYeHMS YacTOTbl, BBOAAT TEH30P

= TEeH30p — MaTpuua 2X2, onuceiBatoLas cTpykTypy 6e3 ST-slice
o Vf(f}(r, s, t) Vscf)(}; s,1) — MFHOBEHHbIE 3HAaUYEHUS YaCTOThl

T s f)_[ (1,5, ) Tsfo:s..f)]

t Ts(r,s f) T4(r, s, t)
S o 2

I Tss(} S, f) — <V ()1 . VSQJI)IE[]
r,s,t) = (Vs - Vidoi)

st( ) s 4 icO)
Tu(r,s,t) = (Vici - Vihi)

(7, ) tCi tPi ).
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dazoBbIN METOA
TeH30p

s €] — COBCTBEHHbIN BEKTOpP, ONpeaenseTcs
HAaMMEHbLLMM COBCTBEHHBIM 3HAYEHUEM T(r,s, 1)

= [orga component velocities nuetcs Kak

e1(1)
e1(2)

v, = tan(a) =
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dazoBbIN METOA
ANVNaCUHr
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B 6a30B0oM dJITOPUTME MNP BbICOKMUX CKOPOCTAX MNOABIAETCA a/IMUACUHIOM

space

-

v =3 pixels/frame
A =T pixels
no aliasing

NPOCTPaHCTBEHHO BPEMEHHOW Cpe3
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daz30BbIN MeToA
ANaCUHr
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v = 3 pixels/frame
=2 pixels
aliasing!

v = 3 pixels/frame
h =17 pixels
aliasing!
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dazoBbIN METOA
Pyramid algorithm

GRAPHICS & MEDIA LAB
VIDEO GROUP

= [Ins nyywen oueHKM BbICOKNX
CKOPOCTEN UCMNOSIb3YyeTCS
nMpaMuaanbHas cxema
C MHOXWUTENeM 2

= M300pakeHne crnaxxmeaetcs u ero
pa3pelleHne YMeHbLLAEeTC BABOE Level 3

Down-

q.\samplin g

M/8
= [Ins rpybom oueHKkn ucnonblyetes | / =
Crna)xeHHas NocneaoBaTeIbHOCTb M/4
C HM3KMM pa3peLLeHnEM Level | ";;22 K

=y =2
Level 0 / e
M
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dazoBbIN METOA
KoMneHcauus
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uncompensated (v,=1.5) compensating (I pixel/frame) compensated (v,=0.5)
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da30BbIKN METOA
Peanusaunsa 6a3osoro anroputma(l)
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copy image sequence from host memory to global memory
iterate over frames (i)
= [lepepayva paHHbIX Mexay RAM load frame into texture memory
1 global memory gopora, nosToMy iterate over angles
BCS MocCfiefoBaTeIbHOCTb call rotating kernel
konnpyetcs B global memory call transversal filtering kernel
= Bce npomMexyTo4yHble pe3ynbTaThl call longitudinal filtering kernel
XxpaHsaTcsa B GPU o ! yes
- TeKYLIJ,VIl\/II Ka .El.p 3aF|DY)KBETC$I call instantaneous frequencies kernel
B texture memory pon 7 ZmadTempl yes
= [lpn noacyeTe MrHOBEHHbIX YacToT call component velocities kemnel
Kaapa TpebyloTcs pe3ynbTaThl call back-rotating kernel
paboTbl hunnbTpa HanpaBneHUN Ans pon | 2 madTempl yes
npeablayllero, Tekyllero call optical flow kernel
N cnegyruwero Kaapa copy results from global memory to host memory
Robert Hegner, Ivar Austvoll, Tom Ryen, Guido M. Schuster,”
CS MSU Graphics & Media Lab (Video Group) Efficient Implementation of Optical Flow Algorithm Based on 53
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da30BbIKN METOA
Peanuzaunsa 6a3osoro anroputma(2)
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copy image sequence from host memory to global memory
iterate over frames (i)
= [lpn nogcyete component velocities load frame into texture memory
L1 O4HOro Kagpa HeobxoamMm iterate over angles
Habop MrHOBEHHbIX YacToT call rotating kernel
(B 3aBUCMMOCTU OT BPEMEHHOIo call transversal filtering kernel
paguyca ST-sl ice) call longitudinal filtering kernel
= [lpoaonbHas n nonepeyvHas 4acTu N, yes
dbunnbTpa HanpaBneHUN call instantaneous frequencies kemel
BbIMOJTHAOTCS NOCNeA0BaTeNlbHO N\ > 2*radTemp+1 o
= BMecTo nucnonb3oBaHnsa Habopa call component velocities kernel
OUNbLTPOB HaNpaBfEHUN Kaap call back-rofating kernel
BpallaeTcd. [locne noacyeTta N\ i 2*adTempt] o
component velocities npoucxoauT il optical flow kemmel
O6paTH bIA NnoBoOpPOT copy results from global memory to host memory

Robert Hegner, Ivar Austvoll, Tom Ryen, Guido M. Schuster,”
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dazoBbIN METOA
OnTnMn3aums
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= Transversal filtering kernel adpdekTnBeH c shared memory
= Longitudinal filtering kernel adpdekTnBeH ¢ texture memory

= Mcnonb3oBaHne BekTopHOro tuna (float2) cHmxaet
KONMYeCcTBO 06palleHnin K namsaTn, CYMTbIBas U 3anuncbiBas
HECKOJIbKO NepeMeHHbIX 3a OAHY TPaH3aKLUMIo

= Hanpumep, ncnonb3ys BEKTOPHbIN TUN BMecTe ¢ texture
memory, 4ncio obpalleHnn Kk back-rotating kernel
cHMXxaeTcd Ha 50%

Robert Hegner, Ivar Austvoll, Tom Ryen, Guido M. Schuster,”
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da30BbIKN METOA
Pe3ynbTaTbi(1)

TexHn4deckune xapaktepuctmku: Intel Core 2 Quad 2.4GHz,
2GB DDR2-SDRAM, NVIDIA GeForce GTX 260, CUDA compute capability
1.3, 27 multiprocessors, 216 cores, 896MB global memory

Image sequence size Matlab CUDA | Speedup
min| sec]
190 x 256 x 21 10.3 0.124 4977
240 x 256 x 21 12.8 0.141 5434
512 x 512 x50 343.2 1.372 15009

CS MSU Graphics & Media Lab (Video Group)
www.compression.ru/video/
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dazoBbIN METOA
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Pe3ynbTaTtbl(2)
Pyramid Basic Lucas- Lucas- Lucas- Horn-
Algorithm | Algorithm Kanade Kanade Kanade Schunck
Extended Pyramid

Sequence CUDA CUDA CUDA OpenCV OpenCV OpenCV
Diverging Tree 1.322 1.750 2.147 4.631 3.634 7.011
Translating Tree 0.581 0.874 0.823 11.310 0.307 14.508
Rubber Whale 8.453 9.173 13.022 17.339 13.249 18.051
Yosemite Cloudless 6.163 9.625 4.136 7.852 3.996 8.225
Grove 2 5.224 31.437 10.907 17.862 5.689 20.151
Hydrangea 7.562 84.220 23.635 24.473 8.336 25.317
Urban 3 16.105 73.862 35.990 44164 11.369 44,969
Grove 3 12.556 46.217 26.547 29.798 12.483 30.994
Urban 2 28.559 52.872 54.494 49.804 18.692 48.815

average angle error

CS MSU Graphics & Media Lab (Video Group)
www.compression.ru/video/
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da30BbIN METOA
Pe3ynbTaTtbl Yosemite Cloudless
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Fleets angular errar (degrees) Magnitude errar Absaolute angular errar (degrees)

14

Robert Hegner, Ivar Austvoll, Tom Ryen, Guido M. Schuster,
CS MSU Graphics & Media Lab (Video Group) Efficient Implementation of Optical Flow Algorithm Based on 58
www.compression.ru/video/ Directional Filters on a GPU Using CUDA", EUSIPCO, 2011


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

‘L CopaeprkaHue

= BBegeHue

= JIOKanbHbIN METOA

= BapnaumoHHbIM MeTOA
= Da30BbIM METOA

= 3aK/IloueHue
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i 3aKJ1ro4eHue

s AZITOPUTMbI C PUIbTPAMU HaNpPaBIEHUN
XOpOLUO pacnapasnienmBatoTCs

= [V-L1 AeMOHCTpUpyeT BbICOKOE KayeCcTBO
B peasibHOM BpPeMEeHMU

= [1N9 OUEeHKN CUNbHOIro ABMXKEHUS
coBpeMeHHblE METOAbl HAaCTO UCMOJIb3YIHOT
NnnpaMmnaalibHble€ aJITOPUTMb
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JTabopaTopuns KOMMNbIOTEPHONLE
i rpadukn U MynbTuMeama

Buageorpynna — 370:

s BbINyCKHUKK B acnupaHTypax AHrNuu,
®paHunu, Weenuapum (B Poccnn B MINY u
MMM um. Kenabiwa)

= BbiNnyCKHMKaMu 3aWmLeHo 5 auccepraumm

= Hambonee nonynsipHble B MUpe CpaBHEHUS
BUEOKOOEKOB

= bonee 3 MUNIMOHOB CKaYaHHbIX DUILTPOB
06paboTKn BUAEO
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