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ABSTRA CT

Discrete wavelet transforms (DWTs) applied temporally under motion compensation(MC) have recently become
a very powerful tool in video compression,especially when implemented through lifting. A recent theoretical
analysis has establishedconditions for perfect reconstruction in the caseof transversal MC-DWT, and also for
the equivalence of lifted and transversal implementations of MC-DWT. For Haar MC-DWT these conditions
state that motion must be invertible, while for higher-order transforms they state that motion composition must
be a well-de�ned operator. Since many popular motion models do not obey these properties, thus inducing
errors (prior to compression), it is important to understand what is the impact of motion non-invertibilit y or
quasi-invertibilit y on the performanceof video compression.In this paper, we present new experimental results
of a study aiming at a quantitativ e evaluation of such impact in caseof block-basedmotion. We proposea new
metric to measurethe degreewith which two motion �elds are not inversesof each other. Using this metric we
investigate several motion inversion schemes,from simple temporal sample-and-hold, through spatial nearest-
neighbor, to advanced spline-basedinversion, and we compare compressionperformance of each method to
that of independently-estimated forward and backward motion �elds. We observe that compressionperformance
monotonically improveswith the reduction of the proposedmotion inversionerror, up to 1-1.5dBfor the advanced
spline-basedinversion. We also generalizethe problem of \unconnected" pixels by extending it to both update
and prediction steps, as opposed to the update step only used in conventional methods. Initial tests show
favorable results comparedto previously reported techniques.

Keyw ords: Motion compensation, temporal discretewavelet transform (DWT), lifted DWT, transversalDWT,
lifting steps, image sequencecoding

1. INTR ODUCTION

Over the last two decades,the �eld of video coding experienced rapid development, mainly due to the very
successfulhybrid approach. However, while facilitating amazing compressionimprovements it still maintained
its predictive nature that is incompatible with the requirement of highly scalablecompression,one of the most
desirable features in modern video communications. For a truly scalablecoding, the encoder needsto operate
independently from the decoder, while in predictive schemes the encoder has to keep track and use certain
information from the decoder's side (t ypically, target bit-rate), in order to operate properly.

3D subband video coding has appeared recently as a promising alternativ e to hybrid DPCM video coding
techniques; it provides high energy compaction, scalablebit-stream for network and user adaptation, and re-
silience to transmission errors. While early attempts to apply separable3D wavelet transform directly to the
video data didn't produce high coding gains, it was soon realized that, in order to fully exploit inter-frame
redundancy, the temporal part of the transform must compensatefor motion betweenframes. In one of the �rst
attempts to incorporate motion into 3D wavelet video coding, Taubman and Zakhor1 pre-distorted the input
video sequenceby translating frames relative to one another before the wavelet transform so as to compensate
for camera pan. Wang et. al2 used mosaicing to warp each video frame into a common coordinate system and
applied a shape-adaptive 3D wavelet transform on the warped video. Both of these schemesadopt a global
motion model that is inadequate for enhancingthe temporal correlation among video frames in many sequences
with local motion. To overcomethis limitation, Ohm3 proposedlocal block-basedmotion, similar to that used
in standard video coders, while paying special attention to covered/uncovered and \connected/unconnected"



regions. Failing to achieve perfect reconstruction with motion alignment at 1/2-pixel resolution, Ohm's scheme
showed no signi�cant performanceimprovement. Only recently has it beengeneralizedto sub-pixel accuracies.4

A dramatic increase in research activit y in the �eld has been observed since 2001, when the concept of
lifting was intro duced into motion-compensatedtemporal DWT. Pesquet-Popescuand Bottreau 5 implemented
the �rst half-pixel motion estimation schemewithin the motion-compensatedlifting framework using the Haar
DWT. Soon after, �rst 5/3 biorthogonal wavelet �lter with half-pixel motion accuracy was presented.6 Secker
and Taubman used invertible mesh-basedmotion and lifting implementations of both Haar and 5/3 �lters. 7

Several follow-up works8, 9 also demonstrated the advantage of 5/3 �lters for temporal wavelet transformation.
In parallel, the importance of motion invertibilit y was realized and studied in-depth.10, 11 It was shown that
only within the context of a continuous motion mapping with well-de�ned inverseone can truly interpret the
temporal motion-compensatedlifting in a DWT transform asoperating along motion tra jectories. Other related
publications with di�eren t focus(e.g, using the 9/7 or longer �lters, 1/8-pixel motion estimation, low-complexity
implementation, scalablemotion coding, etc.) recently appeared.7, 8, 12{14

Thesenew developments have ultimately led to a new look at the role of motion in DWT-based video coding.
Historically, in conventional predictive schemes, motion model was simple and its purpose well understood:
motion compensation was supposed to ensure the best motion-compensatedprediction while rate control was
usedto handle the trade-o� betweenmotion and prediction error bit-rates. In the new 3D DWT coding scenario,
in addition to the prediction step, the motion-compensatedupdate step is now also involved in the compression
and generation of coded data. The intro duction of the reverse-directionmotion in the update step has poseda
problem as to how to deal with this additional motion �eld. In addition to the obvious choice of independent
estimation of the secondmotion mapping, variousmotion inversion methodswereproposed.The standard ad-hoc
solution12 is to classifyall pixels in the frame to be updated as \simply-connected", \unconnected" or \m ultiply-
connected" and then update them adaptively basedon this classi�cation. Although this and similar attempts
to derive a reversemotion �eld from the previously-estimated direct motion �eld were initially motivated by
the needto reducemotion bit-rate, recent results7, 15 have surprisingly shown that the useof two motion �elds,
independently estimated(using standard prediction error metrics) for each lifting step, leadsto suboptimal coding
performancewhen comparedto motion inversion, even before taking into account motion bit-rate overhead.

In this paper, we proposetwo new motion �eld inversion methods, one basedon the nearest-neighbor inter-
polation and one that usesspline-basedapproximation. We analyze the impact of motion inversion and show
how a progressively better inversion, measuredby a new inversion error, can lead to up to 1.5dB coding gain
in the caseof advanced spline-basedapproach. In the secondpart of this paper, we generalizethe problem
of \unconnected" pixels by extending it to both update and prediction steps (as opposed to the update step
only used in conventional methods), and proposea framework for their implementation. Our initial tests show
favorable results comparedto previously reported motion-compensatedtemporal �ltering (MCTF) techniques.

The paper is organizedas follows. In Section2, we revise the basicsof motion-compensatedtemporal lifting.
In Section 3, we discussMCTF implementations in connection with various motion models. In Section 4, we
describe and analyze methods for motion inversion and joint estimation of direct and reversemotion �elds. In
Section5 we proposea generalframework for adaptive, \o cclusion-aware" motion-compensatedtemporal DWT,
and present experimental results in Section 6.

2. MOTION-COMPENSA TED TEMPORAL LIFTING

Motion-compensatedtemporal �ltering implemented through lifting 5, 7, 16 proved to be an e�ectiv e and e�cien t
temporal decomposition tool and is currently used in all 3D DWT video coders. Lifting is performed in two
successive steps: prediction and update. In the prediction step, even framesare usedto predict odd frames. The
prediction error is then usedto form the corresponding high-passsubband, traditionally aligned with odd input
frames. Then, in the update step, an "approximation" subband is obtained by updating even frames with the
scaledhigh-subband samples,e�ectiv ely forming a low-passtemporal subband.

Throughout the paper, we use the following notation: f k denotesthe k-th frame of an image sequence,and
x denotesspatial position of a pixel in this frame. Also, M k ! l (x ) denotesa motion transformation that maps
frame f k onto the coordinate system of frame f l (Fig. 1(a)). Speci�cally , motion vector �eld that represents
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Figure 1. (a) \Bac kward" motion mapping M k ! l ; (b) \forw ard" motion mapping M l ! k ; (c) unidirectional motion
estimation; (d) bidirectional motion estimation.

mapping M k ! l (x ) is anchored (tails of the motion vectors) in frame f l and referencedin frame f k (arrow heads
of the motion vectors). In the discretecase,this usually corresponds to a mapping of possibly non-grid positions
from the frame f k to grid positions of frame f l . If the current video frame has a referencein the temporally
preceding frame (Fig. 1(a)), we call the corresponding motion �eld backward and denote it as M B

k (x ). On the
other hand, if the current frame usesfuture frame as a reference,we usethe term forward motion �eld M F

k (x ),
shown in Fig. 1(b). It is obvious that both vector �elds originate in the current frame and have their tails aligned
with the grid points, whereasvector arrow headsmight point to grid or non-grid positions (depending on the
particular motion model used) in either the previous frame (for M B

k (x )) or the subsequent frame (for M F
k (x )).

Using this notation, the analysisequationsfor motion-compensated(MC) lifted Haar transform canbewritten
as follows (for the sake of simplicit y, we leave out the scaling coe�cien ts):

hk [x ] = f 2k+1 [x ] � ef 2k [M 2k ! 2k+1 (x )]

lk [x ] = f 2k [x] +
1
2

ehk [M 2k+1 ! 2k (x )];
(1)

where ef denotesan interpolated value, while the 5/3 MC analysis lifting stepsare given as:

hk [x ] = f 2k+1 [x ] �
1
2

( ef 2k [M 2k ! 2k+1 (x )] + ef 2k+2 [M 2k+2 ! 2k+1 (x )])

lk [x ] = f 2k [x ] +
1
4

(ehk � 1[M 2k � 1! 2k (x )] + ehk [M 2k+1 ! 2k (x )]) :
(2)

3. MOTION IN 3D DWT VIDEO CODING

Unlike the conventional predictive scheme,implementation of onestageof MCTF requiresonebackward and one
forward motion �eld (de�ned as in Fig. 1) referencedat each frame� . >From the early days of 3D-DWT coding,
methods were sought to compute a forward motion �eld from the transmitted backward �eld (or vice versa),
in an attempt to reduce the amount of motion information to be transmitted. For the most popular motion
model basedon translating blocks, it soon becameapparent that its use in MCTF intro ducesthe appearance
of the so-called\unconnected" and \m ultiply-connected" pixels3 that occur in areasnot conforming to the rigid
translational motion model (e.g., expansion,contraction, rotation), and in occluded/newly-exposedareas. This,
in turn, leadsto ambiguit y in selectingthe reversemotion �eld required for the update lifting step. As a solution
to this problem, di�eren t ad-hoc methods6, 17 aswell asmore recent distortion-model-basedtechniques18, 19 were
proposed,suggestingvarious approachesto �nding motion for the update step (i.e., deriving reversemotion from
a given motion �eld). In this section, we revisit conditions for the equivalenceof lifted and transversal DWT,
and discusstwo popular ways for performing motion estimation in 3D DWT coders. Then, we intro ducemotion
inversion error, a measureof the departure of two motion �elds from being inversesof each another.

� The exception to this is the Haar DWT, where only half of the motion �elds are needed.



3.1. Analysis of motion-comp ensated temp oral lifting: motion in vertibilit y issues

The basic idea behind the use of DWT for temporal decomposition is to apply it as a decorrelating transform
along motion tra jectories. Filter banks usedfor this decomposition are usually designedunder someoptimalit y
constraints. In practice, MC lifting is usedinstead of the original transversal implementation which leadsto the
questionasto what do subbanddecomposition �lters implemented via lifting really implement, and how are they
related to the original transversal �lters? This problem was previously brought to attention and analyzed.7, 11

For the Haar case,it can be shown11 that in order for lifting and transversal implementations to be identical
(assuming ideal interpolation ef (1)), the following relationship must hold:

f 2k [x ] = f 2k [M 2k ! 2k+1 (M 2k+1 ! 2k (x ))] :

In the generalcaseof arbitrary video sequences,this translates into motion invertibilit y being both the necessary
and su�cien t condition for the equivalenceof the two implementations. Note, again, that this condition is not
necessaryin order that the lifting stepsbe themselves invertible.

In order for the two implementations to be equivalent in the generalcaseof DWT using longer kernels(again
assumingideal interpolation ef (2)), the following must hold11:

M 2(k � m ) ! 2k (x ) = M 2(k � i � j ) ! 2(k � i )+1 (M 2(k � i )+1 ! 2k (x )) ;

M 2(k � m )+1 ! 2k+1 (x ) = M 2(k � i � j )+1 ! 2(k � i ) (M 2(k � i ) ! 2k+1 (x )) ;

where k, i and j are temporal frame indices and m = i + j . These conditions require, in general, that motion
composition be well-de�ned, but for m=0 they require that motion invertibilit y hold.

This results show that only in the context of motion mappingsthat satisfy the above conditions can the lifting
framework be truly understood asbeing equivalent to subbanddecomposition along motion tra jectories. In later
sections,we demonstrate the importance of this observation. We present experimental results in Section6 which
show that compressionperformance bene�ts from employment of invertible motion mappings. We also note
signi�cant implications in the casewhen generally non-invertible motion models (e.g., block model) are usedand
demonstrate bene�ts of using one estimated �eld and another approximated inversemotion �eld, instead of two
individually-estimated motion mappings.

3.2. Unidirectional versus bidirectional motion estimation

In contrast to standard backward-predictive motion estimation used for P frames in hybrid coding (where the
current frame is predicted from the previous referenceframe), the use of longer �lters for MCTF leads to two
alternativ esin the way motion estimation is performed: unidir ectional or bidirectional.14, 20 In the unidirectional
approach (Fig. 1(c)), just like in predictivecoding, all motion vector �elds arebackward, and areanchored in every
video frame. This approach permits the direct useof readily-available standard motion estimation algorithms. In
the bidirectional case,the estimated motion �elds always originate at the framesaligned with the high temporal
subband (t ypically, odd frames), and alternate in pointing backward and forward, as shown in Fig. 1(d).

At the �rst glance, neither method seemsadvantageous over the other since both minimize the overall
prediction error, although de�ned somewhatdi�eren tly (backward prediction versusa combination of backward
and forward prediction). However, a more careful analysis reveals more signi�cant di�erence. For example,
consider 5/3 �lters implemented using lifting; while the bidirectional motion estimation may directly minimize
the energyof the high temporal subband(by minimizing the sum of forward and backward prediction errors), the
unidirectional approach may not. This is so becausealthough one half of motion vectors used in the prediction
step is directly computed (by minimizing the backward prediction error), the other half usedfor prediction must
be derived by someform of inversion that, in general,doesnot minimize the forward prediction error.



3.3. Motion in version error

In order to objectively measurethe departure of two motion �elds from being inversesof each another, we propose
the following inversion error:

� d =
1
N

X

x

jdB (x ) + ~dF (x + dB (x )) j; (3)

where dF = [dF
x ; dF

y ]T and dB = [dB
x ; dB

y ]T are forward and backward motion vectors (assumedto have di�eren t
signs), respectively, de�ned for every grid position (pixel) in the respective anchoring frame. N is the total
number of vectors and ~dF denotes interpolation of dF

x and dF
y at non-grid positions. Clearly, for the example

from Fig.1(a), this error measuresthe sum of departures of points in frame f l when each of them is projected
onto frame f k using the backward motion �eld and then back-projected onto frame f l using the (estimated or
derived) forward motion �eld. A pair of motion �elds being perfect inversesof each other would result in zero
error � d.

4. MOTION INVERSION FOR THE IMPR OVED UPD ATE STEP

In order to implement the prediction and update stepsof motion-compensatedtemporal DWT, both backward
and forward motion �elds between frame-pairs are needed. The simplest approach is to estimate both motion
�elds independently (i.e., from frame f 2k+1 to frame f 2k , and from frame f 2k to frame f 2k+1 ). However, not only
doesthis method double the e�ectiv e number of motion �elds. It also remarkably under-performs basically any
method that derives the update-step motion �eld from its prediction-step counterpart, even before taking into
account the added motion overhead (Table 1). In the light of our previous discussionin Section 3.1, this can
be explained as the result of suboptimal low-pass�ltering, originating in the mismatch of direct/rev ersemotion
�eld pairs. An additional gain comesfrom the reduction of the total motion bit-rate (Table 2); a reversemotion
�eld is derived from the estimated direct �eld rather than being transmitted. Various inversion methods have
beenproposedto this e�ect.

In caseof integer-pixel motion, the standard (ad-hoc) approach17 suggeststhe useof reversedmotion vectors
at the positions where they are well-de�ned (\connected" pixels) and calls for simple insertion of \unconnected"
pixels into the corresponding low subband. For \m ultiply-connected" pixels, the decision as to which motion
tra jectory to use in the update step �ltering is basedon the scan order, where the �rst encountered pixel that
usesthe current \m ultiply-connected" pixel as a predictor is usedas the referencein the update step. With the
intro duction of sub-pixel motion the inversion procedureis more complicated sincereversemotion vectors must
be computed from direct vectors possibly pointing to o�-grid positions.

Variousmethodshavebeenproposedfor sub-pixel motion inversion. Weinvestigatethe impact of the accuracy
of this motion inversion on the coding results. Our hope is that we can improve the coding results by �nding
better matched (in terms of the inversion error � d) motion �eld pairs. Below, we describe and test progressively
more complex methods for motion �eld inversion.

We start with two simple methods of motion inversion21: a \colinear-extension" motion inverse and a
\neighbor-frame-copy" (NFC) motion inverse (Figs. 2(a)-(c)). The former technique assumescolinearity be-
tween the forward and backward motion vectors originating at the same frame,22 which corresponds to the
assumption of constant-velocity motion over three frames. The latter method usesthe motion �eld of a neigh-
boring frame with the sign changed and has two subclasses: one where motion is estimated unidirectionally
(Figs. 2(b)) and the other with bidirectionally-estimated motion (Figs. 2(c)). The solid lines represent motion
vectors that are directly estimated from the input framesusing prediction-error criterion, while the dashedlines
show vectors that are obtained through inversion. Similarly, the open arrow headsrepresent motion vectorsused
in the prediction step and the closedarrow headsdenote vectors that are usedfor the update step.

The above techniques compute a very coarseinversemotion �eld. In order to perform the update step, a
properly inverted motion �eld (M 2k+1 ! 2k (x )) is required for all integer-pel grid points in the frame f 2k . This
motion should be derived from the previously-estimated motion �eld M 2k ! 2k+1 (x ), assumingthe changein the
sign of each motion vector. However, the projection of the regular integer-pel grid from frame f 2k+1 onto the
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Figure 2. (a) \Colinear-extension" motion inversion; (b) \neigh bor-frame-copy" motion inversion for unidirectional
motion estimation; (c) \neigh bor-frame-copy" motion inversion for bidirectional motion estimation; (d) illustration of
irregular-to-regular motion-�eld interpolation 1/4-pixel accuracy: motion vectors at regular positions (hashed) must be
computed basedon the knowledge of vectors at irregular positions (black); (e) nearest-neighbor inversion, (f ) spline-based
inversion (solid lines are used for the estimated and dashed lines { for the inverted motion vectors).

plane of a frame f 2k results in an irregular grid (de�ned by the arrow tips of motion �eld M 2k ! 2k+1 (x )) and
someform of irregular-to-regular data interpolation is needed.23 This is shown in Fig. 2(d), which is constructed
for quarter-pixel motion precision and illustrates the fact that basedon the knowledgeof motion components at
irregular grid points (black) we needto recover motion at the regular grid points (hashed).

4.1. Nearest-neigh bor motion in version
A nearest-neighbor interpolation of the direct motion �eld wasproposedby Chen and Woods12 asan alternativ e
to the above simple techniques. In that method, a motion vector was copied from the nearestnon-grid position
less than half-pixel away from the current pixel (on-grid), its sign was changed, and the result was used in
the update step. For the \unconnected" and \m ultiply-connected" pixels, the samestrategies as in full-pixel
inversion were used.

We implemented a di�eren t variant of the nearest-neighbor interpolation, that does not require pixel clas-
si�cation into \connected" and \unconnected". From the motion vectors already de�ned on an irregular grid
in the frame f 2k (arrow tips of the motion �eld M 2k ! 2k+1 (x )), we compute the vectors (processingone mo-
tion coordinate at a time) at regular grid locations using the nearest-neighbor interpolation (Fig. 2(e)). First,
each irregular location is mapped to the nearest pixel and the associated motion vector is copied there (pixel
becomes\o ccupied"). Then, all \uno ccupied" pixels are scannedsuccessively and assignedthe motion vector
from the nearest \o ccupied" pixel. The procedure is repeated until all pixels become\o ccupied"; there are no
\unconnected" pixels.

4.2. Spline-based motion in version
As the nearest-neighbor interpolation is known to be the simplest (zero-order) interpolation method, we have
also applied an advanced irregular-to-regular interpolation method based on splines developed by Vazquezet



al.23 and illustrated in Fig. 2(f ). Although basedon cubic splines, this method is not exactly an interpolation
method since it usesa prior term related to the curvature of the computed surfacefor each motion component.
Due to this prior, the resulting motion-component surfacedoesnot needto passthrough the original data points
induced by motion-compensated projection (although it passesnearby, in general); this is an approximation
rather then interpolation. Similarly to the nearest-neighbor interpolation, we apply this method twice: oncefor
the x and oncefor the y component of the motion vectors.

5. GENERALIZA TION TO FULL Y-AD APTIVE LIFTING BASED ON THE
DETECTION OF OCCLUDED AND NEWL Y-EXPOSED AREAS

A careful look at lifting (1-2) leads to the observation that the problems of optimal prediction and update are
closely related. As discussedearlier, in order to derive a forward motion �eld from the transmitted backward
�eld (or vice versa), various methods of �nding motion for the update step could be applied. In addition to the
conventional update schemes,12, 24 several methods that optimize the update step were recently proposed.18, 19

However, while searching for the optimal update (givena prediction) in terms of the reconstruction error, none
of these methods deals with physical properties and relations between motion �elds involved in the prediction
and update steps. More importantly , while adaptively applying �ltering in the update step (\connected" versus
"unconnected" and \m ultiply-connected" pixels), these methods don't apply any adaptation in the prediction
step, i.e., in the algorithms proposedto date, all motion vectors in the prediction step are usedindiscriminantly
even when no good match exists in the referenceframe, which can seriously a�ect the coding gain.

The reasonfor this might be historical; motion estimators used in hybrid coding neglect this problem and
assignmotion vector to each pixel in the current frame, regardlessof the absenceor presenceof a good reference.
However, no good referencemay exist in the prediction step for newly-exposedpixels in the Haar DWT case,
and for both exposedand occluded pixels in the 5/3 case. When dealing with the newly-exposedpixels (black
bullets in Fig. 3), there is no reason to assumethat these pixels occur less frequently than \unconnected"
(occluded) pixels in the update step.y Interestingly these newly-exposedpixels are not treated any di�eren tly
in the prediction step than any other \w ell-connected" pixels. Although smaller blocks (i.e., �ner local motion)
may somewhat reduce the number of \unconnected" pixels and improve the total prediction, they don't solve
the problem, because,regardlessof the motion model, such pixels simply have no match in the referenceframe.

In the caseof Haar DWT, there is only a single option available for performing prediction sincethe reference
frame immediately precedesthe current frame (Fig. 3(a)). By analyzing the backward motion M 2k ! 2k+1 (x ),
anchored (de�ned on the grid) in frame f 2k+1 , one can detect the occluded areasin frame f 2k . This analysis is
usually quite ad hoc,3, 17 although somecriterion-basedalgorithms measuringthe density distribution of motion
arrow tips have beenproposed.25 The detected pixels are declared\unconnected" in frame f 2k , and e�ectiv ely
exploited in conventional update schemes.12, 24

However, if a truly adaptive lifting (including adaptive prediction) is our goal, there is no reasonwhy the
sameapproach shouldn't be applied to pixels in frame f 2k+1 . It is clear that we can do that by estimating motion
M 2k+1 ! 2k (x ), and using density distribution of motion arrow tips to label pixels in frame f 2k+1 . Unfortunately,
even the knowledge of \unconnected" (exposed) pixels in frame f 2k+1 (to be predicted) doesn't help much in
the caseof Haar DWT. The reasonis simple: using intensity of \unconnected" pixels doesn't work well with the
detail frames (high-passsubband) due to the vastly di�eren t statistics of high-passsignal (t ypically zero-mean)
and original pixel intensity values. The Haar DWT doesn't allow another referenceframe.

To the contrary , when the sameprocedure of occluded/exposedarea detection is applied in the 5/3 lifting
context, it provides a solution for adaptive motion-compensatedlifting. Due to the bi-directional frame refer-
encing in 5/3 lifted DWT, an adaptive selectionof the prediction and update paths basedon occluded/exposed
area detection may be now possible. This is illustrated in Fig 4, where only motion vectors that are actually
used in the prediction step (solid vectors) and update step (dashed vectors) are included. In this example,
frame f 2k+1 is predicted from frames f 2k and f 2k+2 , while frames f 2k and f 2k+2 are subsequently updated from

yAs discussedearlier, \unconnected" (occluded) pixels are typically treated in a special way in the update step; due to
the lack of appropriate reference,the intensity of \unconnected" pixels is substituted directly into the low subband. This
prevents emergenceof annoying artifacts in the low temporal subbands,17 but intro ducesaliasing (un�ltered samples).
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Figure 3. Problem of occluded and exposedareas: a) Haar caseand b) 5/3 case.

the corresponding high subbands. All prediction-step pixels in this example can be partitioned into one of the
following categories: bi-predicted, left-predicted, and right-predicted. Similarly, all update-step pixels can be
categorizedas bi-updated, left-updated, and right-updated. Note, how the occurrenceof \unconnected" pixels
is now dramatically reduced; in order for a pixel to be classi�ed as \unconnected", it has to be \unconnected"
at both sides. This may happen only in one of two casesonly: at the beginning or at the end of a GOP (where
referencefrom one side doesn't exist at all and a pixel is \unconnected" at the other side), or in the rare caseof
a pixel that has referenceneither in the previous nor in the following frame. The latter caseis indeed rare since
there are simply not that many pixels in a video sequencethat get occludedimmediately after they wereexposed.
While the number of \unconnected" pixels is almost negligible at the �rst level of temporal decomposition, it
moderately increasesat subsequent levels,and we account for the existenceof such pixels in our implementation.

In order to estimate a pair of backward/forw ard motion �elds betweeneach two frames (e.g., M 2k ! 2k+1 (x )
and M 2k+1 ! 2k (x )), we use the following iterativ e algorithm. Motion is modeled using hierarchical variable-
size block matching (HVSBM), with 64 � 64 macro-blocks and block sizesdown to 4 � 4, as in H.264. First,
the backward motion �eld M 2k ! 2k+1 (x ) is estimated for each macro-block M B , by minimizing the standard
rate-distortion cost function:

JB =
X

x 2 M B

cE (x )jf 2k+1 (x ) � f 2k (M 2k ! 2k+1 (x )) j + �R B : (4)

The �eld of labels cE is supported on the coordinates of frame f 2k+1 , and 0 � cE (x ) � 1; 8x . Its goal is to
label all newly-exposedpixels in frame f 2k+1 as \unconnected" since they have no good referencein frame f 2k .
Sinceinitially cE is unknown, we usecE (x ) = 1; 8x (all pixels \connected"). Being de�ned over the coordinates
of f 2k+1 , cE can be estimated only by analyzing the distribution density of arrow tips for the forward motion
�eld M 2k+1 ! 2k . We do it iterativ ely, once M 2k+1 ! 2k is known from the minimization of JF (5), by using an
approach based on the occluded/exposed area detection method proposed by Ince and Konrad.25 Since the
con�dence in the accuracy of cE grows with iterations, we do not set cE (x ) to 0 for the detected pixels right
away, but we reducethe initial label of 1 gradually as the iterations progress(cE (x ) i = maxf 1 � ( i

5 )2; 0g, where
i is the iteration number). The \connected" pixels maintain the label cE (x )=1. Finally, RB denotesthe total
rate usedfor the coding of backward motion vectors and associated block partition map for macro-block M B .

Next, the forward motion �eld M 2k+1 ! 2k (x ) is estimated by minimizing:

JF =
X

x 2 M B

cO (x )jf 2k (x ) � f 2k+1 (M 2k+1 ! 2k (x )) j + �R F ; (5)

where cO is a �eld of occlusion labels for frame f 2k with the samerange and initial values as cE . RF is the
rate associated with the forward motion �eld. JB and JF are minimized iterativ ely oneafter the other, with the
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detection of cE and cO interleaved, until convergence(t ypically, 3 to 5 iterations are su�cien t). At that point,
all cE (x ) and cO (x ) di�eren t from 1 are set to zero.

The above approach accounts for di�eren t treatment of \connected" and \unconnected" areasin the overall
cost function. There are two main reasonsjustifying this choice. First, motion vectorsanchoredat \unconnected"
pixels are, in fact, ill-de�ned sincesuch pixels don't have their proper match in the referenceframe. Thus, the
solution is to reduce their impact on the total distortion, and this is exactly what we achieve with successively
decreasingcE and cO labels. With the increasing iteration number, the probabilit y of correct pixel labeling
increases,which justi�es the use of monotonically decreasinglabels cE and cO . Secondly, although motion
vectors originating at \unconnected" pixels will not be usedin MC lifting (Fig. 4), they still needto be de�ned
for each pixel (becauseblocks form a partition in the current frame). Therefore, by decreasingcE and cO the
bit-rate of thesemotion vectors is reduced; this is equivalent to a selective useof larger � .

Finally, the adaptive lifting for 5/3 DWT we proposeis performed as follows:

hk [x ] = f 2k+1 [x ] �
wP (x )

2
(cE

2k+1 (x ) ef 2k [M 2k ! 2k+1 (x )] + cO
2k+1 (x ) ef 2k+2 [M 2k+2 ! 2k+1 (x )])

lk [x ] = f 2k [x ] +
wU (x )

4
(cE

2k (x )ehk � 1[M 2k � 1! 2k (x )] + cO
2k (x )ehk [M 2k+1 ! 2k (x )]) ;

(6)

where wP =1 for bi-prediction and 2 for uni-prediction. Similarly, wU =1 for bi-update, 2 for uni-update and 0
for the intra update (in experiments presented in this paper, we prohibit \in tra" mode in the prediction step;
this caserequires special handling and we plan to addressit in the future). The subscripts in cE and cO refer
to the corresponding frames where the labels are de�ned. Also, note that cE (x ) and cO (x ) maps (determining
the connected/occluded/exposedzones)neednot to be coded and transmitted separatelysincethis information
is contained and can be retrieved directly from the two estimated (and transmitted) motion �elds.

Sinceno gain comesfree, we are now required to code two seeminglyindependent motion �elds. However, a
careful examination revealsthat, due to iterativ e motion estimation, thesetwo motion �elds are closeinversesof
each another. Their joint coding can be performed very e�cien tly if a quality inverse(low error � d) of one �eld
is used as a predictor for the other. In our implementation, one motion �eld is coded using median prediction
followed by context-adaptiv e binary arithmetic coding (CABA C), and its spline-basedinverse (Section 4.2) is
usedas a predictor for coding of the secondmotion �eld; prediction error is then arithmetically coded.

Very recently , and in parallel to our work, a similar idea was proposed.26 Within the optimization scheme
for locally adaptive MCTF using 5/3 lifting and HVSBM motion model, Rusert et. al proposedseveral di�eren t
frame and block modes for adaptive prediction, while keeping the conventional approach to the update step17

with nearest-neighbor motion inversion and special treatment of \unconnected" pixels. The main di�erence in
our proposal is the (iterativ e) motion estimation of both backward and forward motion �elds betweeneach two
frames, that facilitates the detection of occluded/exposedareas,and allows for more reliable pixel classi�cation.



Table 1. Comparison of di�eren t motion-in version methods: luminance PSNR performance [dB] at 500 kbps (motion
rate not included), single level of temporal decomposition

Con�guration Coastguard CIF Foreman CIF

PSNR � d/pixel PSNR � d/pixel

5/3 Ind 31.07dB 0.27 34.33dB 0.61

5/3 NFC-Uni (+0.03) 0.24 (+0.03) 0.53

5/3 Col (+0.04) 0.22 (+0.05) 0.50

5/3 NFC-Bi (+0.04) 0.20 (+0.06) 0.45

5/3 NN (+0.07) 0.08 (+0.09) 0.19

5/3 Spline (+0.13) 0.04 (+0.12) 0.11

6. EXPERIMENT AL RESUL TS

For the experiments comparing di�eren t inversion methods, we have used our implementation of 3D subband
coder basedon JPEG2000 with FSBM and half-pixel motion accuracy. We �rst experimentally compareduni-
directional and bidirectional coding schemes(Table 1, \5/3 NFC-Uni" and \5/3 NFC-Bi"). We con�rmed that
the bidirectional scheme, for a single level of temporal decomposition, outperforms the unidirectional scheme
by an averageof 0.03 dB, with all other coding parameters being the same. This di�erence increaseswith the
increasein the number of temporal decomposition levels; in our secondexperiment showing PSNR performance
at the total bitrate of 1Mbps (motion rate included), for three levels of temporal decomposition on Coastguard
and Foreman sequences(Table 2, \5/3 NFC-Uni" and \5/3 NFC-Bi"), this di�erence was 0.09 dB and 0.05 dB,
respectively. For both schemesthe same\neighbor-frame-copy" motion inversion method was used(Section 4).

In Table 1, we compare several proposed techniques for motion inversion; we present here the PSNR per-
formance for two CIF sequences,Coastguard and Foreman, at the averagetexture bit-rate of 500 kbps (motion
bit-rate not included in the overall bit budget). This allows us to analyze the quality of subband decomposition
of di�eren t methods without the bias intro duced by di�eren t motion overheads. In this experiment, we have
useda single decomposition level of the motion-compensated5/3 lifting transform. \5/3 Ind" denotesthat two
independent estimations of motion �elds neededfor prediction and update were performed. Rows 2-4 show
results for \neighbor-frame-copy" (NFC) inversion in the unidirectional caseas well as \colinear-extension" and
\neighbor-frame-copy" inversionsin the bidirectional case,respectively. Thesethree methods for inversion were
described earlier and depicted in Fig 2(a)-(c). The last two rows present results for nearest-neighbor (NN) in-
version and spline-basedapproximation. We can seethat virtually any method of motion inversion outperforms
two independently-estimated motion �elds. This con�rms that, unlike in hybrid coding schemes,minimization
of the prediction error isn't the only signi�cant criterion that needsto be used for the estimation of suitable
motion operator. To the contrary , it suggeststhat the overall coding performancealso improveswhen the direct
and reversemotion �elds are well-matched, i.e., closer to being inversesof each another. Along with the coding
gains,we alsoshow inversionerror values(� d), intro ducedearlier. It is clear that there exists a strong correlation
betweenthis measureand the coding performance.

In Table 2, we show the PSNR performancefor both sequencesat the total averagerate of 1 Mbps but now
with motion rate included (motion vectors were losslesslyencoded using JPEG-LS). We perform three temporal
decomposition levels of the motion-compensated5/3 lifting transform. The �rst row (\5/3 Jnt") shows PSNR
performance for two independently-estimated but jointly-coded motion �elds. 21 The next �v e rows show the
PSNR obtained through di�eren t and progressively more sophisticated techniquesof motion inversion. We again
notice the increasein PSNR for more accurate inversionsof block-basedmotion �elds, with an even larger gap
comparedto two jointly-coded motion �elds.

Finally, in Table 3 we present our initial results for the proposed,generalizedadaptive lifting scheme with
occlusion/exposure detection. We use HVSBM with block sizesranging from 64 � 64 down to 4 � 4. We start



Table 2. Comparison of di�eren t motion-in version methods: luminance PSNR performance [dB] at 1 Mbps (motion rate
included), three levels of temporal decomposition

Con�guration Coastguard CIF Foreman CIF

5/3 Jnt 32.42dB 36.71dB

5/3 NFC-Uni (+1.19) (+0.73)

5/3 Col (+1.23) (+0.72)

5/3 NFC-Bi (+1.28) (+0.78)

5/3 NN (+1.37) (+0.84)

5/3 Spline (+1.52) (+1.03)

Table 3. Rate-distortion performance comparison for the proposedcoder (luminance PSNR [dB])

Sequence Mobile CIF Football CIF

Rate 512kbps 1024kbps 1536kbps 512kbps 1024kbps 1536kbps

Adaptiv e 5/3 lift. MCTF 29.60 33.35 35.58 29.91 33.24 35.06

H.264/AVC 29.22 32.87 35.70 31.19 34.68 36.92

Non-adaptive 5/3 lift. MCTF 28.55 32.11 34.24 29.43 32.33 33.89

with � = 64 and decreaseit by 10 in each iteration, until � = 24; this allows us to force detection of stronger
occlusion/exposure e�ects in the beginning (using coarser motion estimate) and �ne-tune them later on. We
use 4 levels of temporal decomposition with temporal subbandsspatially decomposedover 5 resolution levels
using biorthogonal 9/7 wavelets. The resulting spatio-temporal coe�cien ts were encoded using the MC-EZBC
algorithm (available from MPEG's CVS repository).

We comparethe proposedmethod with non-scalableAVC/H.264 codec,using the JM 8.6 referencesoftware27

(main pro�le, 5 referenceframes,GOP size15, IBBP frame structure, rate control enabled) and a non-adaptive
implementation of scalablecoder with 5/3 lifting. We observe that the adaptive-lifting approach signi�cantly
outperforms the non-adaptive coder for both sequencesused in the experiment. At the sametime, the coder
basedon adaptive lifting shows performanceon par with or better than the non-scalableH.264 for Mobile and
somewhatworsefor the Football sequence.

7. CONCLUSIONS

In this paper, we have discussedproblems of motion invertibilit y, and analyzed the role of motion in both the
prediction and update lifting steps. We proposed new methods for motion inversion, that lead to improved
coding results. We also proposed a new, fully-adaptiv e temporal lifting scheme, based on 5/3 DWT with
indirect detection of occluded/exposedimage areas. Motion �elds included into prediction and update stepsare
iterativ ely estimated and jointly coded. Although the number of motion �elds to be coded increases,a relatively
small increasein motion bitrate is induced (up to 21%), while the improved adaptive MCTF increasesthe overall
coding performanceby up to 1.3dB when comparedto a non-adaptive coder.
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