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ABSTRACT

This paper is dedicated to the design of a fully scalable motion-
compensated spatio-temporal subband video coding scheme. The
main problem addressed is how to allow for a scalable capture and
representation of the motion information and, at the same time,
efficiently exploit the temporal correlation in the sequence. Two
motion-compensated spatio-temporal decomposition structures are
analyzed. Their respective amenability and limitations to provide
an efficient and fully scalable representation of the information
(both motion and texture) are investigated. This analysis led us
to retain in the sequel a spatio-temporal signal decomposition ap-
proach proceeding first with a spatial decomposition. Two ap-
proaches for exploiting temporal dependencies in the different spa-
tial bands are then studied. The first approach relies on classi-
cal motion-compensated temporal filtering, while the second uses
motion-compensated spatio-temporal context-based arithmetic cod-

ing.
1. INTRODUCTION

The advent of heterogeneous communication infrastructures (such
as the Internet and wireless networks) with time-varying capabili-
ties and non guaranteed data delivery brings about new challenges
in the design of compression systems. Low rate compression re-
mains a largely sought capability, however this is not the only fea-
ture required. In order to optimize the end-to-end quality of ser-
vice of the delivery chain, the compression scheme must allow for
a flexible and dynamic adaptation of the compressed streams to
network conditions that may vary in time. The concept of scalabil-
ity is a key feature to fulfill these new requirements. Approaches
based on motion-compensated spatio-temporal signal decomposi-
tion have thus gained attention as viable alternatives to classical
predictive techniques for scalable video representation [1] [2] [3]
[41 5] [61[71[8].

The notion of full scalability refers here to the support of both
spatial, SNR and temporal scalability. Most scalable approaches
suffer however from limitations inherent to a non-adapted repre-
sentation of motion information. E.g. in the solutions proceeding
first with a temporal analysis followed by a spatial analysis, the
motion is estimated on the full signal resolution. The resolution
of the motion may be unduly too high if a lower texture reso-
lution is used. Similar misadjustments are identified with SNR

scalability. In order to overcome the above limitations, we con-
sider an alternative coding structure in which the spatial analysis
is performed first, as already proposed in [9], [10], [11], and in
[12] for digital cinema. This architecture inherently offers a multi-
level capture of the motion that will be best adapted to the texture
resolution retained. This scheme then brings about another issue:
How to best exploit the remaining temporal correlation in the high
frequency spatial bands. One solution consists in performing a
dedicated motion-compensated temporal filtering on the succes-
sive frames of spatial details, as proposed e.g. in [11]. Besides,
we aim to avoid the transmission of additional motion fields that
would induce a penalizing overcost at low bit-rate. Therefore we
investigate a mean of exploiting the temporal correlation remain-
ing in the high spatial frequency bands by exploiting the motion
fields estimated on low frequency bands. In this case, motion-
compensated temporal filtering may not be the most appropriate
solution, because of the inadequacy between the motion fields and
the spatio-temporal variation of wavelet coefficients. Indeed, the
discrete wavelet transform is not shift-invariant. As a result, coef-
ficients corresponding to motion-connected spatial areas may have
very different values, and significant energy may remain in the
temporal high frequency band.

In order to overcome this difficulty, we consider a second solu-
tion based on motion-compensated spatio-temporal context-based
arithmetic coding (MC-STAC). The contexts defined take into ac-
count both a spatial and a temporal neighborhood with integer and
sub-pixel displacements. The capability of the approach to account
for the shift-variance property of the spatial transform in presence
of displacements has been investigated. The compression perfor-
mances have been evaluated by considering only the spatial low
horizontal - high vertical frequency band (s-LH band) in a GOP
of 8 images. The approach, with and without motion compensa-
tion (using the motion field estimated on the spatial low frequency
bands), has been first compared against a plain spatial context-
based arithmetic coding. The interest of the motion-compensated
spatio-temporal contexts is clearly shown against pure spatial con-
texts. A first rate-distortion evaluation on a group of 8 s-LH bands
does not reveal real gain versus the approach based on motion-
compensated temporal filtering (MCTF). However, the system does
not incorporate yet any rate-distortion optimization. Also, the ap-
proach could be advantageously coupled with an MCTF filtering
solution in order to handle show regions where MCTF leads to
high residual energy in high frequency bands (e.g. unconnected



regions).

2. FULL SCALABILITY IN THREE DIMENSIONAL
SUBBAND CODING

Classical video subband coding schemes, as the well-known MC-
EZBC [7], follow the structure depicted in Fig.1. The video sig-
nal is first decomposed with a motion-compensated temporal filter-
ing (MCTF), in the temporal analysis. Then the resulting tempo-
ral frequency bands are further decomposed into spatio-temporal
subbands by a two-dimensional wavelet transform, during spatial
analysis.

Inputideo | . il Outputto
mporal | o Pathl | ) TR | ) g i
i A i Cod
dmadysis Hyeis paing Channel
l T Y
Mlotion | Mlotion Field
Estirratiot T Coding

Fig. 1. Basic structure of MC-EZBC

Let us focus now on the scalability of such a scheme. The mo-
tion compensated temporal filtering applied on the video sequence
produces temporal bands which can be regarded as embedded sub-
sets corresponding to increasing frame-rates. The spatial analysis
extracts from the texture different spatial frequency bands at suc-
cessive resolutions. Last, the bit plane representation of the quan-
tized symbols allows the construction of a progressive bit-stream.
Thus, such a (2D+t) SBC scheme is often presented as being full-
scalable. However the motion analysis raises specific issues with
respect to the targeted full-scalable decoding of the video, issues
that we try to address below.

2.1. Motion Estimation and Scalabilitiesin (2D+t)SBC
2.1.1. Temporal scalability

In a MCTF scheme, the motion estimation is performed at each
iterative step, within a given temporal level (Cf. Fig.2). As a con-
sequence the motion fields are inherently adapted to the temporal
resolution considered. As such, one may consider that the motion
information is “temporally scalable”.

2.1.2. Spatial scalability

Let us now consider spatial scalability. In (2D+t) SBC schemes,
since the temporal analysis stage is first performed at the original
resolution, the motion information turns out to be not “spatially
scalable”. Indeed, in order to reconstruct the sequence at a re-
duced spatial resolution, one makes use of motion fields estimated
on texture at higher (original) resolution. This over-precision of
the motion fields induces an extra description cost in comparison
with a single-layer coder working directly at the lower resolution.
The problem is hence how to always guarantee a complete com-
patibility between motion resolution and texture resolution. This
problem can be best addressed by considering instead the use of an
alternative scheme for 3D-SBC, in which spatial analysis is per-
formed first. In the sequel this architecture is referred to as the
(t+2D) scheme. This is discussed in detail in section 2.3.
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Fig. 2. Typical 3-level MCTF scheme

2.1.3. Fidelity scalability

Fidelity scalability commonly deals with the number of bit planes
of texture to be decoded, which is generally independent from the
motion estimation step. For that scalability, the motion informa-
tion can be seen as an incompressible overhead, which becomes
more and more prejudicial at lower bit-rates. This is the reason
why a fine grain scalable coder, tested against a single-layer coder
at several bit-rates, tends to be less competitive at lower bit-rates.

A fine-grain scalable (FGS) representation of the motion is not
addressed here. However, further study may be dedicated to design
a representation of motion fields as a multi-level tree whose vector
density or accuracy would vary in function of the quantization step
of a given quality layer.

2.2. (t+2D) Subband Coding approach

In order to solve this full - or at least spatial - scalability prob-
lem, one can modify the classical (2D+t) SBC scheme by simply
swapping the temporal and spatial analysis stages, as illustrated in
Fig.3.
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Fig. 3. Spatio-temporal decomposition in (2D+t) and (t+2D) SBC
schemes

Each spatial band can be further decomposed with MCTF, us-
ing the motion field estimated on the low frequency band, or a
specific motion field estimated separately on it. The first solu-
tion has been implemented and Fig.4 compares the compression



ratio obtained for the sLH-tH band of the described (t+2D)SBC
scheme, with the compression ratio of the tH-sLH band of the clas-
sical symmetrical (2D+t)SBC scheme. Truncated Haar filtering is
used, with no special handling for unconnected areas. The differ-
ent levels of distortion are tuned by selecting a given number of bit
planes.
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Fig. 4. Comparative compression performance for (a): (2D+t)SBC
(temporally scalable), and (b): (t+2D)SBC (spatially and tempo-
rally scalable)

It can be observed that in these conditions MCTF is not effi-
cient on the high spatial frequency bands in comparison with in
classical (2D+t)SBC schemes. Indeed, the discrete wavelet trans-
form is not shift-invariant. Two motion-connected pixels can have
very different wavelet coefficients, according to the direction and
the magnitude of displacement, the direction and the length of the
spatial filter. Hence, in general, if a reasonable constraint of cost
is taken into account, the DFD resulting from a matching motion
estimation performed on high spatial frequency band remains en-
ergetic. Therefore, to avoid an additional overcost of motion in-
formation, a dedicated motion estimation performed on the high
spatial frequency bands may not be the most appropriate solution.
Neither is the reuse of a pixel-world motion field, because the fil-
tering results in a significant amount of high frequency informa-
tion. So classical ME-MCTF turns out to be dedicated to natural
pixel domain - or low frequency band.

More interesting coding schemes have been proposed, that
first apply a spatial transform to video frames, and exploit tem-
poral correlation between successive frames of each spatial band
by prediction [10] or by temporal filtering [9] [11], resorting to an
over-complete transform to overcome the shift-variance problem.
As an alternative to these efficient techniques, we rely instead on
an extension of the classical context-based arithmetic coding tech-
niques.

2.3. Exploitingtemporal correlation in high spatial frequency
subbands

Natural video frames usually comprise smooth regions, nearly motion-

invariant, separated by edges that are typically smooth curves. In
the wavelet domain, this is represented by large positive/negative
coefficients varying along edges, among large regions of zeroes.
So, in a given frame, most zeroes (or small values) have a neigh-
borhood of zeroes (small values), whereas most large values have
a neighborhood comprising other large values. The high efficiency

of still-image codec EBCOT [13] and video codec MC-EZBC [7]
are mainly due to the exploitation of these local spatial dependen-
cies by context-based adaptive arithmetic coding.

Similar temporal dependencies exist between successive frames
of spatial details (i.e spatial high frequency bands) along motion
trajectories. Fig.5 shows the spatial frequency band capturing the
horizontal details, resulting from a wavelet decomposition of two
successive frames. One can observe that the remaining energy and
correlation are relatively high. In the sequel we present a motion-
compensated spatio-temporal context-based arithmetic coder that
takes benefit of all these dependencies.

Fig. 5. Low-High spatial frequency bands extracted from two suc-
cessive frames of the Stefan sequence

3. PROPOSED SCHEME

3.1. Overall architecture

In order to allow for a full-scalable signal representation, we con-
sider an architecture in which spatial decomposition is performed
first, preserving spatial scalability of motion fields as explained
above. Let us consider the three-level scalable coder {progressive
Standard Definition (SD) - CIF - QCIF}, depicted in Fig.6.

Texture
QICIF

Modor
GICIF & CIF

Texture
CiF

24WT MC-STAC

Modor
0

drput wideo
— Texture
(500 2dWT MC-STAC 5o
—s{

Fig. 6. Architecture of the scalable coder supporting QCIF, CIF,
and progressive SD spatial resolutions

Motion estimation is performed in a classical manner on the
Low-Low frequency band at each level of spatial analysis, with a
motion rate constrained hierarchical variable size block-matching
estimator. The classical MCTF scheme is only performed on the
lowest spatial subband, here the LLLL band, corresponding to the
QCIF resolution. Every high spatial frequency band is coded with
a Motion Compensated Spatio-Temporal Arithmetic Coder (MC-
STAC), with adaptive statistic gathering, using the adapted motion
fields.



3.2. Motion Compensated Spatio-Temporal Arithmetic Cod-
ing (MC-STAC)

In order to deliver a fine grain scalable bit-stream, each high spa-
tial frequency band is encoded per bit-plane, with three different
coding primitives, called in function of the coefficients status :

e Significance Coding (or Zero Coding), for unsignificant co-
efficients,

e Sign Coding, for coefficients just tested significant,
e Magnitude Refinement for significant coefficients.

Hence, the information involved in coding and context mod-
eling is binary : significant/unsignificant for Significance Coding
and Magnitude Refinement, positive/negative for Sign Coding.

3.2.1. Motion-Compensated Spatio-Temporal Context Modeling

In addition to the conventional spatial neighborhood, we consider
a motion-compensated temporal context, inspired from [6].
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Fig. 7. Motion-compensated spatio-temporal context

Let z; and z:— A+ be respectively the current and the reference
frames of a given high spatial frequency subband. Let z:[m][n]
be the coefficient to be encoded. For that coefficient, the spatial
context consists in its left, upper, and diagonal upper-left neighbors
in the current frame:

o L =xim]n—-1],

o U =uzm—1][n],

e D.=xz¢m—1][n—1].

Let us note v¢—¢—a¢[mn][n] the displacement vector associ-
ated to that coefficient. For simplicity, we will name dx and dy
the horizontal and vertical components of that vector. The dis-
placements dx and dy can be a priori non-integer. Let and k be

respectively the integer parts of dx and dy, and let dl and dk be
their fractional parts:

d l+dl
Visi—ac[m][n] = < dZ ) = ( k_-::dk ) Lk eZ®

The motion-compensated temporal context contains informa-
tion from the reference frame, as shown in Fig.7, and denoted:

o X =uinefm+En+1],
e B=windm+k+1]n+1],

¢ R=wxi_nefm+k|n+1+1],
e Dy =xinefm+k+1n+1+1].

The complete context, gathering spatial and motion-compensated
neighborhood conditioning information, is depicted in Fig.8.
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Fig. 8. Basic context indexing

3.2.2. Additional context parameters

The context can be augmented by considering sub-pixel displace-
ments. The fractional parts of motion vector components can thus
be inserted in the context under the form:

— dl _ dr—1
* fracdw ~ accuracy ~ accuracy
. dk  _ _dy—k
* f’l"aCdy " accuracy ~ accuracy s accuracy € Q

where the term accuracy refers to the precision of the estimated
displacement vectors, under the form of a rational number. For
example, in the case of a quarter-pixel accuracy, the set of possible
values for fracq. and fracq, is {0,1,2,3}.

In addition, to take into account the characteristic of “shift
variance” of the spatial discrete wavelet transform, the parity (i.e.
parity of the integer part) of the motion vector components, can
also be added to the context:

® pargy =1 [mod.2] = Ent(dz) [mod.2]

e parqy =k [mod.2] = Ent(dy) [mod.2]

Actually, only the parity of a given displacement component
needs to be considered for a given frequency band. E.g., only the
parameter parq, needs to be considered for the s-LH band. Sim-
ilarly only the parameters parq, and par,,q.(da,q4y) Need to be
taken into account for respectively the s-HL and s-HH spatial fre-
quency bands. These parameters are shown in Fig.9. The complete
context model is depicted in Fig.10.
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Fig. 9. Additional parameters of the motion-compensated spatio-
temporal context

This definition leads to a large number of possible contexts.
With a quarter-pixel accuracy, twelve bits are needed for context
indexing, as shown in Fig.10. It was nevertheless observed that,



probably since we treat large subbands (176x144 for CIF high fre-
quencies, 352x288 for SD high frequencies), and because we do
not split each band into small independent blocks, the convergence
of the statistics learning phase is relatively fast.

However, overall, it has been observed that the displacement
parity parameters do not bring any significant gain. A small gain
has only been revealed for sign coding. Also, the gain that one
might expect from the coefficient phase information brought by
motion sub-pixel accuracy is counterbalanced by the exponential
increase of the number of contexts. This in turn leads to some
context dilution with a corresponding impact on the rate. Notice
that, to avoid context dilution, a fusion strategy could be envisaged.
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Fig. 10. Extended context indexing for quarter pixel accuracy

3.3. Results

The compression performances of the MC-STAC technique have
been evaluated by considering only the spatial low horizontal -
high vertical frequency band (s-LH band) in a GOP of 8 images,
with one-level decomposition from CIF to QCIF (upper part of the
Fig.6 scheme). The approach, with and without motion compen-
sation (respectively referred to as MC-STAC and STAC), has been
first compared against a plain spatial context-based arithmetic cod-
ing. When motion is considered, the motion fields estimated on
the spatial low frequency bands are being used, in order to avoid
sending extra motion information.

Fig.11 and 12 show the improvements in compression obtained
with the STAC and MC-STAC techniques versus a plain spatial
context-based arithmetic coding (intra-frame AC) for two sequences
foreman and stefan. One can observe the impact of the motion in
the contexts used in the arithmetic coding procedure, especially
with the sequence stefan with high motion.
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Fig. 11. Low-High band of Foreman sequence : compared com-
pression ratio

The rate-distortion performance of the approach has been eval-
uated against a solution using MCTF on the S-LH frequency bands.
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Fig. 12. Low-High band of Stefan sequence : compared compres-
sion ratio

In the tests, the rate has been adjusted by only selecting sets of bit
planes in the different temporal frequency bands for the approach
based on MCTF or in the consecutive s-LH bands of the GOP for
the MC-STAC based approach. Fig.13 shows the MSE measured
on the group of s-LH frequency bands. In this particular testing
scenario, the MC-STAC based solution has not been shown to out-
perform the MCTF based solution. However, the results do not
take into any local rate-distortion optimization of rate allocation.
In addition both approaches can be advantageously combined by
using an adaptive mode selection based on connected/unconnected
pixel criteria, i.e. in regions where MCTF would lead to high resid-
ual energy in high frequency bands. The spatio-temporal arith-
metic coder (without motion) can also be applied on temporal fre-
quency bands resulting from the application of MCTF on the group
of spatial frequency bands.
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Fig. 13. Low-High band of Stefan sequence : rate-distortion

curves

In addition, conditional distributions, as seen above, are up-
dated along with bit-plane coding. However, the initialization of
the distribution is crucial, especially if the number of contexts is
large. In the results above, the initialization relies on a uniform
distribution. This could be improved by using an average distri-
bution estimated on a training set of sequences. The high number
of contexts presents some risk of a so-called ” context dilution ”
leading to a close to uniform conditional distribution with an ob-
vious impact on the rate. Some heuristic context fusion could also



be introduced to avoid this phenomenon. Finally, spatial and tem-
poral dependencies may be better modeled by considering sets of
bit-planes rather than separate bit-planes (i.e. with N-ary coding
instead of binary coding), at the expense however of a coarser grain
scalability.

4. CONCLUSION

In this paper, we have investigated different spatio-temporal anal-
ysis structures for a fully scalable representation and coding of
video signals. In this context, we have then privileged solutions
based on a spatial analysis followed by different techniques to
exploit temporal redundancy between consecutive temporal fre-
quency bands. As such we have considered a motion compen-
sated spatio-temporal arithmetic coder (MC-STAC) as an alter-
native solution to motion-compensated temporal filtering for pro-
cessing spatial high frequency bands. The importance of the mo-
tion information in spatio-temporal context modeling has been evi-
denced. Although, the MC-STAC does not outperform approaches
based on MCTF, both techniques could be coupled advantageously
by using adaptive selection on the basis of high temporal frequency
energy or of connected/unconnected region criteria.
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