GPU>;MhiAlépweaezc» Ut =

\weae px|TAlépt t+"0"Ri> “tXhSwrgw-%>

ctf  ~ U QEaff

GPU >;Mo& O

O> Sb”}épwt =rgtx|-é”l¢gh”"38iw* |U"4Y|P2 Oi-w

mwrg>aeOU|

CPU p\+s’wrg>ae0qrgl UOX|-¢é"i¢chb"3aiw?
gb2 ©i-UrgwGR>ZSoM"}f\p| »rgUD6s

GPU p-%rg>a&0\q

prgl wyVs>$lh} S h Ox|TAlépwNe”"Uhp>A«u%RA»q 0
GPU t8U -%>a@M|-%AL>!Npcae”il¢Net3h [Da-gWerj” %o

\qt‘loAL>""}

GPU T' CPU tb«-¢>i”

% S| GPU q CPU w-% S>

RE o|fe’tOb”-%UY>7&t1&Tu rd"\qpaez¢» Upwrg>aR h}

Real-time Video Stabilization with GPU

KENJI TAKAHASHI,F MAKOTO FuJisSAwWAtt and KENJIRO T. MIURAf

This paper proposes a fast computational method of video stabilization using the Graphics
Processing Unit (GPU) that removes the unwanted vibrations from videos. The video sta-
bilization is composed by estimation of the global motion, removal of the undesired motion
and mosaicking. When these are processed with CPU, the computational cost for the global
motion estimation is very high. We improve the speed of this computation with GPU that
the parallel processing is possible. Our method can obtain the result by forwarding the frame
image of the video to GPU as texture data, and drawing the calculation result to the offscreen
buffer. We have achieved a real-time processing by optimizing the load balance bewteen CPU

and GPU on the speeds of reading pixels and calculations of GPU and CPU.

1. vy t

U&Bu=U[w 2t “|iA!§Yaw-—
=|yA"=U "|°°tOth” Ots*|7"
sO@piA!§YAU—;~+" ' Otslh}-
§Y&xUA|B+ItEAXDTC)B>a&0hS
t] UqjO+sMOtpfB wsgrae0é
BA|IiT'BeY H>aYb"A O™ O
»"sr| "ar;wep©a'éd¢ Atcel
NeoM”}' T |€@¢Ax wii“e|&eh
i@lee pE«GU,0b"Y <pgaeb”\
qT’'|éDB ¢ AteL”"+h8§YAT 0'+0X
"éptxeeUlao 0} fwhS| 2wY

+ i,GIGTA»1Z€J
Graduate School of Engineering, Shizuoka University
it ' EzJITU[GTAGT@CINZEY
Graduate School of Information Science, Nara Institute
of Science and Technology University
tit i,GTN JTU[GTA
Graduate School of Science and Technology, Shizuoka

University

Q..U Ets’\ge+|!0e&"»Uh@2M"
0a7te1UZ"DEQURQ +"} hUlo|
épweet'"@1>HQ "hStx|eeZc»
Upw"hprg>eeMes>0n"d”ZAUK"}
qO|A »¢8Y8whSt% C|Z€re0M
"ees0nb” Ox|? Ul«TU] Y~
x"3NAU@TTAC AN T-0 oo
4YSrUK['«"} T |\+’x8Yate
LAe"4Y;6pK“|fw8YAapgeé hép
iZ'T4YpVe|fe' xZu$t§YAWG
=|6A"=>YMo0 $0}U&px|A " »c§
YawOte PCwCat'“|° wH ;
<hpwrgsrU oteQ"'OtsloS"|
Z;:0>65"hSt PC>b; ht =rgu
[£+"} T sU’|"hpxA"»"U X|
fe’srgb”tx CPU pxUYUGVMhSe
7¢» UpwrgxE " M}f\p|SZ€px
GPU(Graphics Pro-
cessing Unit) >;Mheaez¢» Upwépwt
= 0> Sh"}

PC p

»rgt'”d % UDOGs



TiDa'»I ATu0tSMo«|
Mhprg>6 =b”hSwZ€U]etae" 0
M”} GPU p-&NVYi«-%ZZw ' “° $sr
g>@OMtx| CPU qwA”»w!ZI"MOU
8dJgs”}° $tx CPU T’ GPU «xA«p
%Ry fwotx!Nu«ae”ileNes; M”}

A MAgx Y 1) >€Rt 0, M} Y

1) xhprg> GPU peOhSwRerUé&”«
>O h}A«p%Be!'Npca”ile Nox
@hpA"»pK*lhprgp{Oihpg &Q
UoM}th|"hp«aNeé"U]lgpxihpq
“0{Q"h&| hprg> GPU pb =b"Z
€¢: XsheoM"} Strzodka q Garbe? x”
hptOb”é"§¢P"341* qfwi®=>

GPU t‘loe?¢» Utfae h} Sinha ' ¥
x"hpw>A&{> GPU prgb”\qgp KLT
>A&{zc°eqU0 %> CPU rgtz,o 15
216 = |aez¢» Upwia>Déq h}
\W>A&{>:Mo-&"Ichb"3a1* >a
O\q<D6épK” Y Ulépaw . w VL]
LW VU~ Ae[t “h* UE"MQqRQ]

f'x Litvin 'wt = O 9 > GPU pd =b
"} hpwi€ hNe”U w V>zRNYi!

6g> “|fw)lc«wUl->84"<q 07—

= Op7&r>{S"}\wqV| CPU rgtSs
Z"-% 1 WOACE¢«qsloM”ad”«-

%oeeli> GPU p »t-%b”"hSt $S~rehO
«ACAEWU-<-% O D sr>;Mod t-

% b "}

GPU »>-

2. EZE€
épwt =tx|8§Yaw"V (-é”igh”
34T ) >* “[fe>,tu"4Y>® 0} Litvin

'w O 9 x|-é"l¢p"3ait§cUINY
¢c»>&;b"\qt'loe*>HQh V> {
SINe"Uhp>! ~Ad7}r ]!t

hpw¥%=>p2 ©i->20\qp4 b"}"

T'|p2 ©@i-pxépwawil.w"V (é”
8§¢ch"34l ) >4 “VesM} Matsushita ’
x|é"8¢h"387>;Mh Motion inpainting
t‘lo\woJd>r>"|"“"hisép>\R

b” 0> $'h $1th|t'x|SUs$sa”

* 9 520\qp|-éichb 3aiw* |
WNn—tR-"0S“|"¢u8§"Ec>;M"\
qt'lod”"4Y>&eloM”}

3. épwt =

3.1 -¢é’ighb"3aiw*

épwt =>@0tx-é"l¢hb"341 (8
Yaw"V )>E"zZAUK"}-¢é"l¢chp"34
ixj€b”"Ne"U w V>{S"\qt‘lo
* AeryNerU " T I" tpwb«-g
23 x=(z,y) wl=x|

N ar a2 x n b1 — A™lx, 4brt!
as a4 Y b

(1)

p b\qUpV"HNwzNYi!s (AT prth)

X
E(n,n+1) =Y (1" ()~ 1" (A7 %0 +bp )
XEX
(2)
w7-{S"\qt'lo""\qUpV"}\
\p| x xh@ @ifow22: bI\\px|
6 =whSt & "gs8w 31:tv |7
—¢sgtx « (¢: )>;M" BGFS 0
yM7}
3.2 U°4Y
* “h-é"lgb”3ai><qt]| Mat-
sushita "'WMO ® >;Mou">4Yb"}4Yb
"Ne"Ow2™ L Ne"U>b; 04Y16 S
>
n+k
Su= Y TIxG(k) 3)
t10{S"\qUpV Ip| ™ xRe”
UnT' mipwzNYilg] G X" ¢us8"E
¢c|f o * XP" " % pK"}"'ehz
NV'I'%>>>;MOUA4Y>330}
Xn = SnXn = Ay, + by (4)
3.3 b2 ©in
U"4Y hNeé"Utx° [--UC\b”"h
S| Litvin 'wb2 ©i->;Mh O % p4 b

"}**wNe”0 It >4 woAgs Ne”
01" we"t! (Imtm — [ty ad U (5) >
iMo4Y>TZ"\qt'lo° [--wD«-
¢>4 b"}p2 ©T-WAL>$

n 1
= > (n,m) Z

— M <m <M, m#0

1tOb}

E(n,m)I"™™ (5)



$1 ° [-->4

4. GPU pwi~+

2..p Oht =rg> CPU ip®e0Oqtx
ti UTT"}-é"ich”3aiw* qb?

©i-wrgl UGR>ZS|Em>u~d"q
320 x 240[pixel] wéptSMoy  3[sec/frame] p K
" (e 11)}\ex|-€"I¢h"3ai* p
xU (2) w-%tSMoKS«w)> D«-gcm
-%b"rg>|7—<sgwhS?2S«<-%> “

& oM”\q|S‘|p2 ©i-tSMo| X
whpA”"»>{0OZAUK"hSpK”}f\p|
SZ€pxae 11) w-é"lgh”3ait~">
CQ|P2 ©@i-tmMoc« GPU wD«-¢w
»rg6—>;Mo-% S>2ird”}

41 -é"igbr3ai*

hpA”»x CPU T’ GPU tA«p%RA”"»
g o0’} GPU xSR3he;pK”hS|\\
pxAYpuoOe t70rdsM!Nu«ae”ily

NepK” FBO(Frame Buffer Object) >;M"}!
Np«a”ile Netx| t1i° ) w;:Mh
PBuffer(Pixel Buffer) UK"U| FBO x GPU » 2
m:Mod =b”U[pK” NVIDIA SLI Ub:
D6| OSt' "sMsrwb:UK"}

hpw)ixA«u%Bhp>zNYild oee
O}hi|O0@Ux9t!I""Ne”U «h@o°
»"$su.U X280 (é”8¢cb"3a7i
UGVMOU) x|0 :Uqgect=€&"i¢gb”
337* tee b"DOQUK"\qt«™ sZ
*ys'sM}th|D«-¢c22«wzNVYil6
Atle, 4+ b7 t'10|KS<U [fe0Ms
M==(° [~ )>€°b"Ou|fwD«-¢xmn
8" cW-% T tZb”}ad"< E x74$t
®pKIhD« ¢: Xe PAYD” E=(x/x.)E}
hi’] a=xe/x U-"MOU («Qy 1/5)tY"
MALUZsMDOQUK?” (TMW§Y5WAVU
—-A"X0¢<7—-= OwSiws8tSMo A-b
W<UGVXs"\qUK” )}18Z€px a<1/5
Z<px®° [-wD«-¢WKS«> 0g oxn
d7¢>-%  |md"«<U™M$StGVXs” 'O

tT+ h}th|74$s08"<UK"<‘“G
VMOux|-é"lgh”34i* wee |th
X|3"i%2£1"q s ol"4Y>a&"sM"’
Ot’oM”}¢j—ce|TMWEYAwW VUK
“td pKIhOU|\eXx/EY-sAL>\%0\
qt«™b"2AUK"}

hpi> Wy, hpon»
hpto™|

Hy g ol{$h)u

Wy <2" Hy <2" (6)
(n x7-wT: )
FBO >--"|
2w'Ot o
FBO t7*
1/4 tb”\wqV3shb”h
(z,y) wex|liwhpwb«-¢

gs” 2" x2" »>3hc“q"h
GPU W »-%w>Q>\T |$
She“>hpwiqd”wRut h
CZohpx 1>
pwb«-.-¢22
23

(2z, 2y)
(2z,2y + 1)
wo>lU-"h«w>"0b"}

\e> “& |hpx >-"X 0oMX . - %o
UK” S cei’ FBO wb«-¢cw8a"«t”

0’0 CPUtae”Als«’| 1D« -cts”tp
CPU pu-b"\gp-%ALU" " . $ 3t
2"x2"m x0T’ 7ipwT: )tSZ"a"Al¢
«WE Tt'"-%1 w!=>0"h}\\p—
"hépx7-csgt BGFS O0>-10S“|N
e"0e”AU  30[fps], 10[sec] w 320 x 240[pixel] p
K”}sS|lee ¥x CPU U Intel® Core™?2 Duo
E6850 | GPU U NVIDIA® GeForce® 8800 GTX |Y
PaeU4GB pK"}

\e> " q|U-<-%tSMOo| GPU ip7
™ip-%>@M 1x1th” “<| GPU ip
22 x2' =16 x16 tp-%o>a&M|ae”Als«w
™|«  CPU iprgb”q7 ts”"\qU~
T}

\ex|SZ€p:Mh GPU(NVIDIA GeForce8800
GTX) pX7G 128 XW »-%UDGpK”U|
nU4wqV 2*x2"x4=1024|n U3 wqV
22 %22 x4=256nU2wqV 2> x2?x4=64
(GPU ipx RGBA w4 iw-%>a&loM” ) q]
»-%pV":itz,0-%::U—s"q|®p
‘X »-%UpVsXs"hS|-%I1 UyChb

(22 +1,2y)

(22 + 1,2y + 1) @

HqBQI.”}
4.2 P2 ©O1-
P2 ©i-x$ 4tOb'Ot]-%rgghp

\Rw mwrgT'R“|\wOjhp>\Rb”



7t R >
2n beeees
0 on-175n 0 nit SN
[D=FItvy]

e
/ CPU

- 1
o o T EI-®

$2 -%ALwu-

T
ReadBack —+—

time[sec]
) ©
in in
T

o
o
T

5.5 . .
1 10 100
x[pixel]
$3 U-<-%tSZ"|@"Al¢g«ws Tt

-% 1 wl!=

rg> GPU ti+b”"}hp\Rpx Xwhp>
{OU|%ahp> “& —:b"hS|yFwh

pw®> CPU T’ GPU <807 GPU iwYb
®t-E’oSX\qp8u>7-vt 0o Sw?

[>$"} GPU ipx| CPU w-%ALtHIo!
“hUa°i> FBO tqi7“CZ"\qp|P

2 ©f-s>a&lhhpU~"«"}\RA+h"h

x[\wttf CPU T UEAYpOe t Ob”
\q<D6pK”U|  GPU T’ CPU ~&"Al¢
«b"\gp|E"AAYpu«ew&hsrw; M«

D6t oM"}

L
E;

()
FTELE

x0T

[ElE 335

N —

S EEY) "
HRE
s FEf

$4 P2 Oi-

5. A L

£ T w-é”lgb"3aiw* 1 w|
CPU pw-%q| GPU p|!Np«ee”il¢Ne
t PBuffer'V q FBO >—1hOuwz+>$ 5 | %o
a$w GPU wrg SWAIU"T"'Ot|Na
>IG hew>$ 6 tOb}

b,07-<sgt BGFS O>-los*|Ne”
Ue”AU 30[fps], 10[sec] wYM wéppK”}
GPU w »-%>;M"\qp| CPU tz,07G
y 165 w S2i>aR h}

$5t0 hOt| CPU w™>;MhOu|h
big-%1 U,..EiA¢tsloM"}\wé

bxYM pK“lhpwiD«-¢:q|-%ol

Uz« oM"qMQ"}°M| GPU >;MhOU
($6)|hpiU 100 T* 200|200 T' 300|500 T
’ 600| 1000 T* 1080 w p qz,orgl w
ISUGVMRNex|U-<-%wWMw7sw FBO
--"U ,U(6) t'hUM nwcUl="] 128 T’
256 256 T' 512| 512 T’ 1024| 1024 T’ 2048
tyQ|fet'“|U-<-%rguU rgcmy
Q"hSpK"}

it] QVGA(320 x 240[pixel]), Ne"Ue”AU
30[fps], 10[sec] wép>—; hOuw CPU q GPU

wb2 ©i-wl wz+xAL>" 1ttt =A
L>$ 7tOb}th|ieeAL>Sa tC5b”
U"i"Ne ¢ctO h}sS|iee ¥x CPU

U Intel® Core™2 Duo E6850 | GPU U NVIDIA®
GeForce® 8800 GTX |YPa& U 4GB pK”}

T lizxAL
CPU | GPU(FBO)
~é7ighreai* 1.61 0.021
P2 ©fn 0.018 0.0020

[sec/frame]




9000

Py ——
| GPU (FBO) |
8000 GPU(PBuffer) wmw
7000 - g
6000 | g

85000 g

2,

[0]

E4000 g
3000 | —
2000 | —
1000 | —

0 -
100 300 500 700 900 1100
x[pixel]
$5 +  waéichb 3ai* |
120 ‘ ‘ ‘ ‘
CPU ——

GPU (FBO)
GPU (PBuffer)

80 ,

time[sec]
o
)
.

IS
o
T
.
I

. . . .
100 300 500 700 900 1100

x[pixel]

$6 + T woé"igh"3aT* | (1G6)
6. A t
320x240[pixel] whptSMo| GPU p-%org>
@&lh-é”l¢b”34i* 1 x E 46.6]fps] |
b2 ©i-~sr> Shfe px E 40.3[fps]
gslh}° $t PC w™hx 30[fps] SpK”
hS|-é"Icb”"34iqb2 ©int GPU
>;M"\gpaez¢» UsaR h} GPU »:
e—; 006 =~d"U[pK” SLI >—;b"\

ge|] CPU >x"Ttis” SpQod2ioM
" GPU t'“|~'s"-% Sw2i<D6pK
"q¥Te"}

™w]Jgo|-é"lgh"3ai* tS
Mox|§cUiNYc» 5 srt'"s8c¢* o
U-<-%MOW~3t""""s"-% Swb
=>@&M|'“GVshpp«aez¢» Usign
d"\gsrUe['«"}th|0"4YpXx|§
cUiNYc» 9 sr>;Moa"w@Cw pi”
4YUpVey|Ne"Uw—esXi"4YUpV|
GuT;$s«wts"qRQ’'+"}pP2 ©i~
tmMox|SZ€pxd =whSt Litvin 'w
09 >:MoM"U|é"8¢ch 347+ 8 w

rg> GPUtE" “|aez¢» Urg>-lh
f¥|"hwet"d.U O o«xus4d >a
Q" Otb"\qUe['"}

€ B Y

1) Jargstorfl,F.: GPU Gems:Programming Tech-
niques, Tips and Tricks for Real-Time Graph-
ics, chapter Chapter 27: A Framework for Im-
age Processing, pp. 445-467, Addison-Wesley
Pub. (2004).

2) Strzodka, R. and Garbe, C.: Real-Time Mo-
tion Estimation and Visualization on Graph-
ics Cards, in Proceedings IEEE Visualization
2004, pp. 545-552 (2004).

3) Sinha, S.N., Frahm, J.-M., Pollefeys, M. and
Geng,Y.: GPU-Based Video Feature Tracking
and Matching, Technical report, Technical Re-
port 06-012, Department of Computer Science,
UNC Chapel Hill (2006).

4) Tomasi, C. and Kanade, T.: Detection and
Tracking of Point Features, Technical report,
Carnegie Mellon University Technical Report
CMU-CS-91-132 (1991).

5) Ready,J.M. and Taylor,C.N.: GPU Acceler-
ation of Real-time Feature Based Algorithms,
in IEEE Workshop on Motion and Video Com-
puting (WMVC’07), pp. 89 (2007).

6) Litvin,A., Konrad,J. and Karl, W.C.: Proba-
bilistic video stabilization using Kalman filter-
ing and mosaicking, in IS&T/SPIE Symposium
on Electronic Imaging, Image and Video Com-
munications, pp. 663-674 (2003).

7) Kriiger,J. and Westermann,R.: Linear algebra
operators for GPU implementation of numer-
ical algorithms, ACM Transactions on Graph-
ics (ACM SIGGRAPH 2003), Vol.22, No.3, pp.
908-916 (2003).

8) Matsushita,Y., Ofek,E., Ge,W., Tang,X. and
Shum, H. Y.: Full-Frame Video Stabilization
with Motion Inpainting, IEEE Transactions
on Pattern Analysis and Machine Intelligence,
Vol.28, No.7, pp. 1150-1163 (2006).

9) Bergen, J.R., Anandan, P., Hanna, K.J. and
Hingorani, R.: Hierarchical Model-Based Mo-
tion Estimation, in ECCV’92 : Proceeding of
the Second European Conference on Comput-
erVision, pp. 237-252 (1992).

10) Teukolsky, S. A., Vetterling, W. T. and Flan-
nery, B.P.: Numerical Recipes in C++, Cam-
bridge University Press (2002).

11) {’c , 1iHG , ~UQEa+« GPU >;Mhi
Alépwt = |, @Crgfqe % , Vol.49,
No.2, pp. 1022-1030 (2008).



(a) 4Y2
(b) 4y ™
$7 =
L (C) P2 ©i-




