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ABSTRACT within one video stream, but also between both streams.

. o . . N . Though state-of-the-art optical ow algorithms perfornt in
Video editing plays an important role in today's Cmematlccreasingly well [6, 7, 8], the general two-image approach

post-production: editing operations are typically appla a ; . .
keyframe basis and propagated automatically to the rebgof t pften fails to yield consistent and coherent corresponelenc

sequence. Thereby, small inconsistencies in correspaeden '?] a ?tﬁreo_scoplc _se‘ltltmg. Itis, fo(; example,_ no_t guarflir:f[ee
used for the propagation of editing operations accumuhmieat at fo owing a pIxets correspongence rst_m time wit n
need to be corrected manually. The amount of required mar%be Ief@ video stream.and the.f? to the right yldgo stream will
ual interaction increases further when editing steredscop result in the same pixel position as following it rst to the

video sequences. I this paper, we propose an algoritndC{LCE S ERE AT Rl T e e
for looped correspondence estimation yielding consisten P y

. . data to enforce consistency of correspondences on two con-
correspondences that can be used for reliable propagati y P

of editing operations along a stereoscopic video sequencgzgumt;?oﬁti;esé;n;:gsvfzgzum\fé ;Z?ibs;(;;gz gllg;ds fsoor ttP:]:t
avoiding drift and error accumulation common to standard®

approaches. Taking an additional spatially adjacent imaggterﬁg dal?:rt'rt]hemSe\rllvétrhaltgfgr;m\ﬁg::;;llljuozai%?;goioaitr)]
into account, we extend standard two-image optical ow al- pplied. 9 P,

gorithms and exploit data redundancy within stereoscopi@OSSIbIe as camera distance m|ghj[ _be changed during a se-
video sequences. Our proposed algorithm not only yieldgIuence for aesthetic reasons. Addltlonally, th_e_camerays ma
robust and consistent correspondences for stereo fodiage, not be exac.tly synchrom;ed which also prohibits the use of
also improves the accuracy of standard two-image motion eStereo algorithms for moving scenes.

timation as demonstrated for several test scenes with known The c_ontrlbutlon of our work is to estab “.Sh temporally .
ground truth. and spatially consistent correspondences given two uncali

brated stereo image sequences that are only full-frame syn-

Index Terms— stereo video, optical ow estimation chronized, i.e. images may be acquired with up to half a frame
difference. By regarding closed loops of three images we re-
1. INTRODUCTION strict the solution space of correspondence estimatios- Pr

vious work on multi-frame correspondences is limited aithe
In recent years, image editing techniques such as matting@ ridgid scenes [10] or monocular video [11]. We formu-
rotoscoping or object removal have advanced from singléate not only the usual brightness constancy and smoothness
images to video footage. Due to the amount of data, a framesonstraints but also require that correspondences withjn a
by-frame processing approach is not an acceptable sojutioget of three neighboring images should be consistent. We use
and researchers have looked into clever ways to autonigticalwell-known and new, uncalibrated test-sequences to etealua
propagate operations applied to one or several frames to ttiee results of our algorithm.
entire video stream. Today, one common approach used by
many commercial tools such a'Adobe‘s' After Effects is to edit 2 TWO IMAGE OPTICAL FLOW
keyframes and propagate the information between keyframes

by means of dense per-pixel correspondences. This solutiqR {he stereoscopic video setup, two video cameras provide
is now widely accepted for video matting [1, 2, 3] and videoyncajibrated and not necessarily perfectly synchronized i
relighting [4, 5]. However, propagating the editing inf@m 546 sequences. Usually, two-image optical ow is calcdlate
tion along a sequence inevitably leads to drift due to imprejn dependently between pairs of spatially or temporallghei
cise and incoherent correspondence elds. To perform videging images, Fig. 1. We refer to a pair of neighboring im-
editing operations on stereoscopic video Sequences, -ColMggag a4 : R21 Randl,: R21 R andtothe
spondences are required not only between successive ima%ﬁ/vard ow between them awy., : ! R2. We build our
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Though this two-image optical ow algorithm performs very
well on standard optical ow test data, it does not yield fesu
that are consistent on two consecutive stereo image pairs. |
the next section we introduce additional constraints toweaf
consistency.

I r f+1

I Iit +1

3. THREE IMAGE OPTICAL FLOW

The optical ow approach of Alvarez et al. [14] restricts the
solution space by enforcing symmetry between forward and
backward ow. If a point in the rst imagd; does not be-
come occluded, following its ow to the second imalgeand
then returning with the backward ow fror, to I; should
end exactly at the starting point. Denoting the ow between

. . . I, andl; asws,.; the symmetry condition can be written as
Fig. 1. Four images of a stereo video sequence: our algo—2 . z1 y y

rithm accepts full-frame synchronized, uncalibrated ietag
We calculate dense correspondences which are consistent in
the temporal directiot and the spatial directior. Editing  Still, this approach considers only two images. Given three
operations in image;; can be automatically propagated to neighboring images, i.€.1, |, andl 3, the solution space of
the neighboring imagés: +1 ,I . andl . ¢, . the ow can be further restricted: for a point that is visible
in all three images, a loop froin overl, andl 3 going back
to I; should end exactly at the starting position. Using the

ing among the top ten on the Middlebury evaluation site [7]notationw;; for a ow from imagel; to I;, this condition
In this approach, the data term, i.e. the brightness coogtan can pe expressed as

assumptior 1(x) lo(X + wy.2) 0, is separated from the

X

s(X) == wia(X) + wan (X + wyz) O %)

smoothness term, i.e.w;, ©. 1(X) := Wya(X)+ Wo,g(X+ W1;2)+ W31 (X+ Wi2+ Waz) O
The key idea of the underlying approach is based on the (6)
work of Zach et al. [13], where instead of direct minimizatio Initially, all three ows involved in this loop consisten@on-
of the total-variation (TV)L? formulation straint are unknown. We therefore adapt the following iter-
Z ative strategy: To update the owovi‘fj , we keep the other
min i1 120X+ Wi2)j + jr Wasoj dx; 1) unknown ows xed. We then apply a rst degree Taylor ex-
W12 ’ ’ pansion around the current estimwdg in EQ. (4) and obtain

. . . the quadratic function
an auxiliary variablews., representing the smoothed ow

eldis m;roduced, and the problem Eq=Kii || (X+Wi'fj Y1 dwg k§+ }kwi‘fj rdwy  wy kg
. . 2 , . @)
WlT:Ile;z Tz 120k Waz)i* —hwsz Wa2ko*r wazz) dx for the updatelw;; = (dwi; 1; dwig; 2)".
2 Setting@ﬁf‘n =0 for n 2 f 1; 2g we solve the resulting

is considered. For smallthe solution of the original problem 5 5 jinear system for the updathw;; . Depending on how

and the auxiliary problem are the same, but the latter proble ;|| the update satis es the symmetry and the loop consis-
permits an elegant and fast solution: Eq. (2) is solved ‘iteratency constraint Egs. (5), (6) we set

tively for wy.o keepingw;., xed and for wy., keepingw.,
xed [12, 13]. Depending only omw;.>(x) and no longer on Wi‘?J.*l = W|kJ + pdw ; (8)
r wi.», the latter problem can be solved pointwise by consid- '
. 2
ering wherep= () ()with (x)=1 exp(*3%)anda
_ 1 ) constantd > 0. The current estimat\aa/i'fj+1 is used to cal-
E()= jla la(x+wip)j+ —kwio  wi2ky:  (3)  cylate aTV-optimized versionw!"! with the dual approach
_ _ given in Ref. [12]. Then all other unknown ow elds be-
In the following we modify the data term (3), so we replacetyeen the images;,|, andl; are updated, before the next
the Ll norm with the differentiab|¢2 norm and obtain as updatajwll is determined and checked for Consistency.
data term With this iterative scheme, ow elds are only updated
, 1 ) by the data term where symmetry and the consistency in the
E(X)= Kkl1 l2(x+ wy)ks + —kwio  Wiok3: (4)  Joop are satised. E.g. occluded points where consistent




updates are impossible and any brightness constancy-baskedthis setup we determine suitable parameters andd
update would lead to increased errors, the updates are sujpr each dataset experimentally. For comparison, we rst
pressed by the consistency check and, instead, neighboriieglculate ow elds using only the brightness constancy and
valid ow is imposed via the smoothness constraint. the smoothness term (4). We then calculate the ow elds
If 11,12, 13 are all acquired by one camera, constraint (6)restricting the update to satisfy the symmetry constraint,
is similar to the temporal smoothness constraint for opticaEq. (5). As Tab. 1 shows, the symmetry constraint already
ow [11]. It does ensure consistency within a sequence capimproves optical ow accuracy. In the next step of our evalua
tured by one camera, but it does not relate images acquirgibn, we enforce both symmetry and loop consistency, Eq. (5)
by two cameras. A more suitable assignment is, for instancend (6). This further improves the accuracy of the ow.
to choosd, = |1 andl, = |1 +1 to be consecutive images As the main goal of our approach is the consistency of the
acquired by the left camera aigl = I . an image acquired optical ow on a stereoscopic sequence, we also evaluate the
by the right camera at approximately the same instaht as differences in the end position obtained by following a péxe
Fig. 1. ow rst in time within the left video stream and then to the
right video stream and by following it rst to the right video
4. EVALUATION stream and then in time. If the basic two-image approach is
applied or only symmetry is imposed, the endpoint positions
For the evaluation of our algorithm we calculate the opticadepend on the direction of processing. However, if consis-
ow on datasets where the ground-truth motion is known. Wetency in a loop of three images is imposed, the difference in
determine the average angular error (AAE) and the averageosition is decreased, Tab. 2.
endpoint error (AEE) of the calculated ow elds. Standard
test scenes for optical ow [6, 7] are not suitable for ourleva
uation as they only provide a sequence of images acquired

with one camera. We use the Middlebury stereo datasets u@xploiting the data redundancy within a stereoscopic video

to evaluate displacement elds for a stereo camera mOV'ngequence and requiring consistency of optical ow within a

around a rigid scene, though the datasets provides onl} PXEset of three images we are able to calculate robust and con-

accurate grOL_Jnd-tru_th Correspondences. between_two IMaYetstent correspondences for video footage. In the evaluati
The stereo video with ground-truth motion and disparity byOf our algorithm we show that including symmetry and con-

.gnpeda[lG] provides a long sequence of images W_'th SUb'sistency on three images reduces the average angular error
pixel accuracy. The afore-mentioned datasets consistcef re

L ~ " ~and the average endpoint error of the resulting individ sy

ti ed images, To.eval'uate the performance of our glgorlthm elds signi cantly. We also show that the loop consistency

also on non-rect e_d images, we created an additional testy, o4 qint provides ow elds that move pixels to approxi-

sequenceyaving F|g._2. The sequence and the grount_:l-truthmately the same point, no matter whether they are rst moved

motion .elds are available on our webpég&).r evaluating i, time and then to the stereo stream or whether they are rst

space-time consistent cqrrespondence algorithms. moved to the stereo stream and then in time. This is the basis
Throughout all experiments we update the owﬁ 10 {6 allow for automatic and consistent propagation of editin

“me% wor_kmg on an image pyramid Wlﬁ_nlevels and per- operations in stereo video sequence which is now the next
forming 2 iterations to updatev; according to Ref. [12].

5. CONCLUSION

Ihttp://graphics.tu-bs.de/data

Table 2. Imposing symmetry and consistency in a loop of

three images yields better average endpoint error (AEE) and
Table 1. Imposing symmetry with or without consistancy variance (VEE) between considering rst spatial and then
on a loop of three images yields better average angular erreemporal neighbors and considering rst temporal and then
(AAE) and average endpoint error (AEE) than basic imagespatial neighbors than the basic T\-approach or imposing

pair TV-L? optimization. symmetry only.
TV-L? Symmetry Loop TV-L? Symmetry Loop
AAE | AEE | AAE | AEE | AAE | AEE AEE | VEE | AEE | VEE | AEE | VEE

waving 2.95 1.03| 2.83 1.01| 2.74 0.97 waving 1.24| 11.19| 0.16| 0.69| 0.13| 0.39
.enpeda| 5.55 0.71| 5.40 0.61| 4.35 0.59 .enpeda| 4.01| 7.72| 1.29| 3.07| 0.87| 1.86

art 1.68 | 10.62| 1.45 | 10.02| 1.32 9.34 art 3.00| 4.15| 2.69| 3.67| 1.71| 151
books 11.23 | 14.60| 6.88 | 10.73| 2.67 6.43 books 17.45| 24.25| 6.30| 10.33| 4.27 | 6.96
dolls 1.93 5.81| 0.54 2.93| 0.53 2.85 dolls 11.37| 18.15| 7.60| 10.10| 2.84| 4.79

laundry | 7.83 | 14.16| 1.38 9.21| 1.27 9.20 laundry | 13.86| 20.92| 1.77| 3.22| 1.44| 2.57
reindeer | 18.89 | 25.91| 3.41 | 22.19| 2.22 | 16.35 reindeer| 15.71| 37.54| 9.25| 5.71| 2.03| 2.08




Fig.

2. For the testscenesaving .enpedafrom left to right: rst image, the ground-truth motion matude, the motion

magnitude computed using the T\+ approach, imposing symmetry and imposing symmetry and éoogistency.
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