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METHOD OF SIGNALLING MOTION 
INFORMATION FOR EFFICIENT SCALABLE 

VIDEO COMPRESSION 

FIELD OF THE INVENTION 

[0001] The present invention relates to efficient compres 
sion of motion video sequences and, in preferred embodi 
ments, to a method for producing a fully scalable com 
pressed representation of the original video sequence While 
exploiting motion and other spatio-temporal redundancies in 
the source material. The invention relates speci?cally to the 
representation and signalling of motion information Within a 
scalable compression framework Which employs motion 
adaptive Wavelet lifting steps. Additionally, the present 
invention relates to the estimation of motion parameters for 
scalable video compression and to the successive re?nement 
of motion information by temporal resolution, spatial reso 
lution or precision of the parameters. 

BACKGROUND OF THE INVENTION 

[0002] For the purpose of the present discussion, the term 
“intemet” Will be used both in its familiar sense and also in 
its generic sense to identify a netWork connection over any 
electronic communications medium or collection of coop 
erating communications systems. 

[0003] Currently, most video content Which is available 
over the intemet must be pre-loaded in a process Which can 
take many minutes over typical modem connections, after 
Which the video quality and duration can still be quite 
disappointing. In some contexts video streaming is possible, 
Where the video is decompressed and rendered in real-time 
as it is being received; hoWever, this is limited to com 
pressed bit-rates Which are loWer than the capacity of the 
relevant netWork connections. The most obvious Way of 
addressing these problems Would be to compress and store 
the video content at a variety of different bit-rates, so that 
individual clients could choose to broWse the material at the 
bit-rate and attendant quality most appropriate to their needs 
and patience. Approaches of this type, hoWever, do not 
represent effective solutions to the video broWsing problem. 
To see this, suppose that the video is compressed at bit-rates 
of R, 2R, 3R, 4R and SR. Then storage must be found on the 
video server for all these separate compressed bit-streams, 
Which is clearly Wasteful. More importantly, if the quality 
associated With a loW bit-rate version of the video is found 
to be insufficient, a complete neW version must be doWn 
loaded at a higher bit-rate; this neW bit-stream must take 
longer to doWnload, Which generally rules out any possibil 
ity of video streaming. 

[0004] To enable real solutions to the remote video broWs 
ing problem, scalable compression techniques are essential. 
Scalable compression refers to the generation of a bit-stream 
Which contains embedded subsets, each of Which represents 
an ef?cient compression of the original video With succes 
sively higher quality. Returning to the simple example 
above, a scalable compressed video bit-stream might contain 
embedded sub-sets With the bit-rates of R, 2R, 3R, 4R and 
SR, With comparable quality to non-scalable bit-streams, 
having the same bit-rates. Because these subsets are all 
embedded Within one another, hoWever, the storage required 
on the video server is identical to that of the highest 
available bit-rate. More importantly, if the quality associated 
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With a loW bit-rate version of the video is found to be 
insu?icient, only the incremental contribution required to 
achieve the next higher level of quality must be retrieved 
from the server. In a particular application, a version at rate 
R might be streamed directly to the client in real-time; if the 
quality is insuf?cient, the next rate-R increment could be 
streamed to the client and added to the previous, cached 
bit-stream to recover a higher quality rendition in real time. 
This process could continue inde?nitely Without sacri?cing 
the ability to display the incrementally improving video 
content in real time as it is being received from the server. 

[0005] The above application could be extended in a 
number of exciting Ways. Firstly, if the scalable bit-stream 
also contains distinct subsets corresponding to different 
intervals in time, then a client could interactively choose to 
re?ne the quality associated With speci?c time segments 
Which are of the greatest interest. Secondly, if the scalable 
bit-stream also contains distinct subsets corresponding to 
different spatial regions, then clients could interactively 
choose to re?ne the quality associated With speci?c spatial 
regions over speci?c periods of time, according to their level 
of interest. In a training video, for example, a remote client 
could interactively “revisit” certain segments of the video 
and continue to stream higher quality information for these 
segments from the server, Without incurring any delay. 

[0006] To satisfy the needs of applications such as that 
mentioned above, loW bit-rate subsets of the video must be 
visually intelligible. In practice, this means that most of the 
available bits Will be devoted to a loW bit-rate portion of the 
video are likely to contribute to the reconstruction of the 
video at a reduced frame rate, since attempting to recover the 
full frame rate video over a loW bit-rate channel Will result 
in unacceptable deterioration of the spatial details Within 
each frame. In order to achieve smooth quality scalability 
Within a compressed video sequence Which also offers frame 
rate scalability, the details required to recover higher frame 
rates must contribute to the re?nement of a model Which 
involves motion sensitive temporal interpolation. 

[0007] Without temporal interpolation, missing frames 
cannot be introduced into a loW rate video sequence Without 
?rst augmenting their spatial ?delity to a level commensu 
rate With the frames already available, and this implies a 
large discontinuous jump in the amount of information 
Which must be provided to the decoder in order to smoothly 
increase the reconstructed video quality. Continuing this line 
of argument, We see that motion information is important to 
highly scalable video compression; moreover, the motion 
itself must be represented in a manner Which can be scaled, 
according to the temporal resolution (frame rate), spatial 
resolution and quality of the sample data. 

Motion Adaptive Transforms Based on Wavelet Lifting 

[0008] The present invention is best appreciated in the 
context of an earlier invention, Which is the subject of 
W002/ 50772. This earlier patent application describes a 
method for modifying the individual lifting steps in a lifting 
implementation of a temporal Wavelet decomposition, so as 
to compensate for the effects of motion. This method has the 
folloWing advantageous properties: 1) the motion sensitive 
transform may be perfectly inverted, in the absence of any 
compression artefacts; 2) the loW temporal resolution sub 
sets of the Wavelet hierarchy offer high spatial ?delity so that 
the transform alloWs excellent frame rate scalability; 3) the 
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high pass temporal detail subbands produced by the trans 
form have very low energy, allowing high compression 
ef?ciency; 4) in the absence of motion, the transform 
reduces to a regular wavelet decomposition along the tem 
poral axis; and 5) in the presence of locally translational 
motion, the transform is equivalent to applying a regular 
wavelet decomposition along the motion trajectories. 

[0009] To assist in the present discussion, we brie?y 
summarise the key ideas behind this earlier invention. Any 
two-channel FIR subband transform can be described as a 

?nite sequence of lifting steps Sweldens, “The lifting 
scheme: A custom-design construction of biorthogonal 
wavelets,”Applied and Computational Harmonic Analysis, 
vol 3, pp 196-2000, April 1996]. It is instructive to begin 
with an example based upon the Haar wavelet transform. Up 
to a scale factor, this transform may be realised in the 
temporal domain, through a sequence of two lifting steps, as 

where xk[n]<><x1lnl, n2] denotes the samples of frame k from 
the original video sequence and h1ln]<><hk[nl, n2] and lk[n] 
<><lk[nl, n2] denote the high-pass and low-pass subband 
frames. 

[0010] 11in] and hk[n] correspond to the scaled sum and 
the difference of each original pair of ?ames. An example is 
shown in FIG. 1A. Since motion is ignored, ghosting 
artefacts are clearly visible in the low-pass temporal sub 
band, and the high-pass subband frame has substantial 
energy. 

[0011] Now let WklakZ denote a motion-compensated 
mapping of frame k1 onto the coordinate system of frame 
k2, so that Wklak2(xkl)[n]zxk2[n] for all n. The lifting steps 
are modi?ed as follows. 

Note that W2ka2k+l and W2k+la2k represent forward and 
backward motion mappings, respectively. The high-pass 
subband frames correspond to motion-compensated residu 
als. These will be close to Zero in regions where the motion 
is accurately modelled. The result is shown in FIG. 1B. 

[0012] The framework described above is readily 
extended to any two-channel FIR subband transform, by 
motion-compensating the relevant lifting steps. 

[0013] We demonstrate this in the important case of the 
biorthogonal 5/3 wavelet transform [D. Le Gall and A. 
Tabatabai, “Sub-band coding of digital images using sym 
metric short kernal ?lters and arithmetic coding techniques, 
”IEEE International Conference on Acoustics, Speech and 
Signal Processing, vol. 2, pp 761-764, April 1988]. As 
before, x2k[n] and x2k+l[n] denote the even and odd indexed 
frames from the original sequence. Without motion, the 5/3 
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transform may be implemented by alternatively updating 
each of these two frame subsequences, based on ?ltered 
versions of the other sub-sequence. The lifting steps are 

[0014] As before, we introduce motion warping operators 
within each lifting step, which yields the following 

(3) 

[0015] FIG. 2 demonstrates the effect of these modi?ed 
lifting steps. The highpass frames are now essentially the 
residual from a bidirectional motion compensated prediction 
of the odd-indexed original frames. When the motion is 
adequately captured, these high-pass frames have little 
energy and the low-pass frames have excellent spatial ?del 
1ty. 

Counting the Cost of Motion 

[0016] In the example of the Haar transform, given above, 
two separate motion mapping operators, W2ka2k+l and 
Wzknazk, are required to process every pair of frames, 
x2k[n] and x2k+l[n]. Their respective motion parameters 
must be transmitted to the decoder. To provide a larger 
number of temporal resolution levels, the transform is re 
applied to the low-pass subband frames, lk[n], for which 
motion mapping operators W4ka4k+2 and W4k+2a4k are 
required for every four frames. Continuing in this way, an 
arbitrarily large number of temporal resolutions may be 
obtained, using 

motion ?elds per original frame. 

[0017] For the example of the 5/3 transform, also given 
above, four motion mapping operators, W2ka2k+ 1, W2ka2k_ 
1, W2k+la2k and W2k_la2k are required for every pair of 
frames (indexed by k), for just one level of temporal 
decomposition. Continuing the transformation to an arbi 
trarily large number of temporal resolutions involves 
approximately 4 motion ?elds per original video frame. 

[0018] The cost of estimating, coding and transmitting the 
above motion ?elds can be substantial. Moreover, this cost 
may adversely affect the scalability of the entire compres 
sion scheme, since it is not immediately clear how to 
progressively re?ne the motion ?elds without destroying the 
subjective properties of the reconstructed video when the 
motion is represented with reduced accuracy. 

[0019] The previous invention clearly reveals the fact that 
any number of motion modelling techniques are compatible 
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With the motion adaptive lifting transform, and also recom 
mends the use of continuously deformable motion models 
such as those associated With triangular or quadrilateral 
meshes (see, for example, Y. Nakaya and H. Harashima, 
“Motion compensation based on spatial transformations, 
”IEE Trans. Circ. Sysl. For VideO Tech., Vol. 4, pp 339-367, 
June 1994). However, no particular solution is presented to 
the difficulties described above. 

SUMMARY OF THE INVENTION 

[0020] Accordingly, in one aspect, the present invention 
provides a method for incrementally coding and signalling 
motion information for a video compression system involv 
ing a motion adaptive transform and embedded coding of 
transformed video samples, said method comprising the 
steps of: 

(a) producing an embedded bit-stream, representing each 
motion ?eld in coarse to ?ne fashion; and 

(b) interleaving incremental contributions from said embed 
ded motion ?elds With incremental contributions from said 
transformed video samples. 

[0021] The present invention also provides a system for 
incrementally coding and signalling motion information for 
a video compression system involving a motion adaptive 
transform and embedded coding of transformed video 
samples, said system comprising: 

(a) means for producing an embedded bit-stream, represent 
ing each motion ?eld in coarse to ?ne fashion; and 

(b) means for interleaving incremental contributions from 
said embedded motion ?elds With incremental contributions 
from said transformed video samples. 

[0022] Thus, because each motion ?eld is represented in 
coarse to ?ne fashion and interleaved With the video data 
bit-stream, the accuracy required for motion representation 
can be balanced With the accuracy of the transformed sample 
values Which may be recovered from the bit-stream. There 
fore, a fully scalable video bit-stream may be progressively 
re?ned, both in regard to its quantised sample representa 
tions and in regard to its motion representation. 

[0023] Preferably, the embedded motion ?eld bit-stream is 
obtained by applying embedded quantization and coding 
techniques to the motion ?eld parameter values. 

[0024] Preferably, the embedded motion ?eld bit-stream is 
obtained by coding the node displacement parameters asso 
ciated With a triangular mesh motion model on a coarse to 
?ne grid, each successive segment of the embedded bit 
stream providing displacement parameters for node posi 
tions Which lie on a ?ner grid than the previous stage, all 
coarser grids of node positions being subsets of all ?ner 
grids of node points. 

[0025] Prererably, a coarse to ?ne motion representation is 
obtained by ?rst transforming the motion parameters and 
then coding the transform coef?cients using embedded 
quantization and coding techniques. 

[0026] Preferably, the motion parameters are transformed 
by applying spatial discrete Wavelet transforms and/or tem 
poral transforms thereto. 
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[0027] Preferably, the spatial and/or temporal transforms 
are reversible integer-to-integer transforms, suitable for 
lossless compression. 

[0028] Preferably, the embedded motion bit-streams are 
arranged into a sequence of quality layers, and the trans 
formed video samples are also encoded into embedded 
bit-streams Which are arranged into a separate sequence of 
quality layers. 
[0029] Preferably, said interleaving of the contributions 
from the embedded motion bit-streams and from the trans 
formed video samples is performed in a manner Which 
minimiZes the expected distortion in the reconstructed video 
sequence at each of a plurality of compressed video bit-rates. 

[0030] Preferably, the measure of distortion is Mean 
Squared Error. Preferably, the measure of distortion is a 
Weighted sum of the Mean Squared Error contributions from 
different spatial frequency bands, Weighted according to 
perceptual relevance factors. 

[0031] Preferably, the distortion associated With inaccu 
rate representation of the motion parameters is determined 
using an estimate of the spatial poWer spectrum of the video 
source. 

[0032] Preferably, the distortion associated With inaccu 
rate representation of the motion parameters is determined 
using information about the spatial resolution at Which the 
video bit-stream is to be decompressed. 

[0033] Preferably, the poWer spectrum of the video source 
is estimated using spatio-temporal video sample subbands 
created during compression. 

[0034] Preferably, the proportions of contributions from 
said embedded motion ?elds and said transformed video 
samples in the embedded bit-stream is determined on the 
basis of a plurality of tables associated With each frame, each 
table being associated With a spatial resolution at Which the 
video bit-stream is to be decompressed. In the embodiment 
Wherein the embedded motion bit-streams and the trans 
formed video samples are each encoded as a series of quality 
layers, the tables identify the number of motion quality 
layers Which are to be included With each number of video 
sample quality layers. 
[0035] The preferred structure of the motion representa 
tion alloWs rate-distortion optimal algorithms to balance the 
contributions of motion information and sample accuracy, as 
it is being included into an incrementally improving (or 
layered) compressed representation. While rate-distortion 
optimisation strategies for balancing motion and sample 
accuracy have been described in the literature, those algo 
rithms Were applicable only to static optimisation of a 
compressed bit-stream for a single target bit-rate. The pre 
ferred embodiment of the present invention alloWs for the 
rate-distortion optimised balancing of motion and sample 
accuracy to be extended to scalable content in Which the 
target bit-rate cannot be knoWn a priori. 

[0036] According to a further aspect of the present inven 
tion, a method for estimating and signalling motion infor 
mation for a motion adaptive transform based on temporal 
lifting steps, comprises the steps of: 

(a) estimating and signalling motion parameters describing 
a ?rst mapping from a source frame onto a target frame 
Within one of the lifting steps; and 
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(b) inferring a second mapping between either said source 
frame or said target frame, and another frame, based on the 
estimated and signalled motion parameters associated With 
said ?rst mapping. 

[0037] The present invention also provides a system for 
estimating and signalling motion information for a motion 
adaptive transform based on temporal lifting steps, said 
system comprising: 

(a) means for estimating and signalling motion parameters 
describing a ?rst mapping from a source frame onto a target 
frame Within one of the lifting steps; and 

(b) means for inferring a second mapping betWeen either 
said source frame or said target frame, and another frame, 
based on the estimated and signalled motion parameters 
associated With said ?rst mapping. 

[0038] Accordingly, the number of motion ?elds Which 
must be signalled to the decompressor can be reduced, as 
some motion ?elds can be inferred from others. 

[0039] For instance, in one embodiment said second map 
ping is the reciprocal mapping from said target frame to said 
source frame, for use Within another one of the lifting steps. 
Preferably, said reciprocal mapping is the inverse of the ?rst 
mapping. 

[0040] Thus, the preferred embodiment provides a method 
for estimating and representing only one of the motion ?elds 
in each Pair, W2ka2k+l and W2k+l~>2ks 0r WZkQZk-l! and 
W2k_la2k. Such pairs of motion ?elds Will be knoWn here 
as “reciprocal pairs.” This alloWs the total amount of motion 
information to be reduced to one motion ?eld per frame for 
the Haar case, and 2 motion ?elds per frame for the 5/3 case. 
It is found that collapsing reciprocal pairs to a single motion 
?eld, from Which the pair is recovered, actually improves the 
properties of the motion adaptive transform, resulting in 
increased compression e?iciency, even When the bene?ts of 
reduced motion cost are not taken into account. 

[0041] In one embodiment, the motion parameters of said 
?rst mapping correspond to a deformable triangular mesh 
motion model. Preferably, said reciprocal mapping is 
inferred by inverting the af?ne transformations associated 
With the triangular mesh used to represent said ?rst mapping. 

[0042] In another embodiment, the motion parameters of 
said ?rst mapping correspond to a block displacement 
motion model. 

[0043] Preferably, said motion adaptive transform 
involves multiple stages of temporal decomposition, corre 
sponding to different temporal frame rates. 

[0044] Preferably, motion parameters at each temporal 
resolution are deduced from original video frames. 

[0045] In one embodiment said second mapping is a 
mapping betWeen frames at a loWer temporal resolution than 
said ?rst mapping, and said second mapping is inferred by 
compositing the ?rst mapping With at least one further 
mapping betWeen frames at the higher temporal resolution. 

[0046] This embodiment enables all of the required 
motion ?elds at loWer temporal resolutions (higher temporal 
displacements) to be derived from an initial set of frame 
to-frame motion ?elds. Thus, the compressor need only 
estimate the motion betWeen each successive pair of frames, 
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xlln] and Xk+l[n]. This substantially reduces the cost in 
memory and computation of the motion estimation task, 
Without signi?cantly altering the compression efficiency or 
other properties of the motion adaptive transform. 

[0047] In another embodiment, said second mapping is a 
mapping betWeen frames at a higher temporal resolution 
than said ?rst mapping, and said second mapping is inferred 
by compositing the ?rst mapping With at least one further 
mapping at the higher temporal resolution. For example, 
preferably the higher resolution is double said loWer reso 
lution, and alternate mappings at the higher temporal reso 
lution are explicitly signalled to a decompressor, the remain 
ing mappings at the higher temporal resolution being 
replaced by the mappings inferred by compositing the loWer 
resolution mappings With respective higher resolution map 
pings. Preferably said replaced mappings are used Within the 
lifting steps of said motion adaptive transform, in place of 
the originally estimated mappings Which Were replaced. 

[0048] This further reduces the motion information to l 
motion ?eld per video frame, even for the 5/3 transform. The 
method of this embodiment has the property that the motion 
representation is temporally scalable. In particular, only one 
motion ?eld must be made available to the decoder for each 
video frame Which it can reconstruct, at any selected tem 
poral resolution. This method involves judicious composit 
ing of the forWard and backWard motion ?elds from different 
temporal resolution levels and is compatible With the effi 
cient motion estimation method described above, of com 
positing motion ?elds at higher resolutions to obtain motion 
?elds at loWer resolutions. 

[0049] Preferably said replaced mappings are re?ned With 
additional motion parameters, said re?nement parameters 
being signalled for use in decompression, and said replaced 
and re?ned mappings being used Within the lifting steps of 
said motion adaptive transform, in place of the originally 
estimated mappings Which Were replaced. 

[0050] Preferably, inversion or composition of motion 
transformations is accomplished by applying said motion 
transformations to the node positions of a triangular mesh 
motion model, the composited or inverted motion transfor 
mation being subsequently applied by performing the af?ne 
transformations associated With said mesh motion model. 

[0051] Preferably, the source frame is partitioned into a 
regular mesh and the inversion or composition operations 
are applied to each node of the regular mesh to ?nd a 
corresponding location in the target frame, the composited 
or inverted motion transformation being subsequently 
applied by performing the af?ne transformations associated 
With said mesh motion model. This is a particularly ef?cient 
computational method for performing the various motion 
?eld transformations required by other aspects of the inven 
tion. These methods are preferably replicated at both the 
compressor and the decompressor, if the transform is to 
remain strictly invertible. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0052] Embodiments of the invention Will noW be 
described With reference to the accompanying draWings, in 
Which: 

[0053] FIG. 1A illustrates the lifting steps for the Haar 
temporal transform; 
[0054] FIG. 1B illustrates a motion adaptive modi?cation 
of the lifting steps for the Haar temporal transform; 
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[0055] FIG. 2 illustrates the lifting steps for a motion 
adaptive 5/3 temporal transform; 

[0056] FIG. 3 illustrates a triangular mesh motion model; 

[0057] FIG. 4 illustrates schematically the compositing of 
tWo motion ?elds at a higher temporal resolution to create 
one at a loWer resolution; and 

[0058] FIG. 5 illustrates schematically the compositing of 
motion ?elds in one embodiment of a temporally scalable 
motion representation for the motion adaptive 5/3 lifting 
transform. 

DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 

lst Aspect: Reciprocal Motion Fields 

[0059] A natural strategy for estimating the reciprocal 
motion ?elds, W2ka2k+l and wzknazk, Would be to deter 
mine the parameters for W2ka2k+l Which minimise some 
measure (e.g., energy) of the mapping residual x2k+l— 
W2ka2k+1(x2k) and to separately determine the parameters 
for W2k+la2k Which minimise some measure of its residual 
signal, x2k—W2k+1a2k(x2k+l). In general, such a procedure 
Will lead to parameters for wzkazkw Which cannot be 
deduced from those for W2k+lak2 and vice-versa, so that 
both sets of parameters must be sent to the decoder. 

[0060] It turns out that only one of the tWo motion ?elds 
must be directly estimated. The other can then be deduced by 
“inverting” the motion ?eld Which Was actually estimated. 
Both the compressor and the decompressor may perform this 
inversion so that only one motion ?eld must actually be 
transmitted. 

[0061] True scene motion ?elds cannot generally be 
inverted, due to the presence of occlusions and uncovered 
background. One Would expect, therefore, to degrade the 
properties of the motion adaptive transform (e.g., compres 
sion performance, or quality of the loW temporal resolution 
frames) by replacing W2ka2k+l With an approximate inverse 
of W2k+la2k or vice-versa. 

[0062] It turns out, hoWever, that the opposite is the case. 
Rather than degrading the transform, representing each 
reciprocal pair With only one motion ?eld actually improves 
the compression ef?ciency and the quality of the loW tem 
poral resolution frames. 

[0063] An explanation for the above phenomenon is given 
in A. Seeker and D. Taubman, “Lifting-based invertible 
motion adaptive transform (LIMAT) framework for highly 
scalable video compression”, accepted 20 appear in IEEE 
Trans. Image Proc., 2003, a copy of Which is available at 
WWW.ee.unsW.edu.au/~taubman/. Brie?y, the excellent prop 
erties of the motion adaptive temporal lifting transform are 
closely linked to the reciprocal relationship betWeen the 
Pairs, W2k~>2k+l and W2k+l~>2ks and W2k~>2k-l and 
W2k_la2k. If the frame Warping operations described by 
each pair are truly inverses of one another, the motion 
adaptive transform is equivalent to a one-dimensional DWT, 
applied along the underlying motion trajectories. If they are 
not inverses of one another, this desirable characteristic is 
lost, no matter hoW Well they are able to minimise motion 
compensated residuals. 
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[0064] According to the ?rst aspect of the present inven 
tion, only one motion ?eld from each reciprocal pair should 
be directly estimated and communicated to the decompres 
sor. Unless otherWise prohibited (e. g., by the later aspects of 
the invention), it is mildly preferable to directly estimate and 
communicate the parameters of the motion ?eld Which is 
used in the ?rst (predictive) lifting step. This is the lifting 
step described by equations (1) and (3), for the Haar and 5/3 
cases, respectively. 

Inversion of Triangular Mesh Motion Models 

[0065] Where the motion is represented by a continuously 
deformable triangular mesh Nakaya and H. Harashima, 
“Motion compensation based on spatial transformations”, 
IEEE Trans. Circ. Sysl. For Wdeo Tech., vol. 4, pp 339-367, 
June 1994], the a?ine motion Which describes the deforma 
tion of each triangle in W2ka2k+l or W2ka2k_l may be 
directly inverted to recover W2k+la2k and W2k_ 182k, 
respectively. A triangular mesh model for motion ?eld 
Wkhk2 involves a collection of node positions, {ti} in the 
target frame, xk2 together With the locations, {si} of those 
same node positions, as they appear in the source frame, xkl. 
Although scene adaptive meshes have been described, in the 
preferred embodiment of the invention the target node 
positions, {ti}, are ?xed, and the motion ?eld is param 
etriZed by the set of node displacements, {si-ti}. The target 
frame, xk2, is partitioned into a collection of disjoint tri 
angles, Whose vertices correspond to the node positions. 
Since the partition must cover the target frame, some of the 
target node positions must lie on the boundaries of the frame. 
An example involving a rectangular grid of target node 
vertices is shoWn in FIG. 3. 

[0066] As suggested by the ?gure, it is convenient to Write 
{A1} for the set of target frame triangles. Let tip, tj,l and tj,2 
denote the vertices of target triangle Aj. The triangular mesh 
then maps the source triangle, A'j, described by the vertices 
sip, sj,l and sJ-2 onto target triangle A'j, The motion map itself 
is described by an af?ne transformation. Speci?cally, for 
each location, teAj, Within the target frame, the correspond 
ing location, s, Within the source frame is given by the af?ne 
equation 

Where t, s and bJ- are regarded as column vectors, AJ- is a 2x2 
matrix; AJ- and bJ- may be deduced from the motion param 
eters, using the fact that tj,i must map to sj,i for each i=0, 1, 
2. Of course, s does not generally lie on an integer grid, and 
so the source frame must be interpolated, using any of a 
number of Well-knoWn methods, to recover the value of 

[0067] In the simplest case, Whenever a target node posi 
tion, ti, lies on the boundary of frame xkz, the corresponding 
source node position, si, is constrained to lie on the same 
boundary of frame xkl, as depicted in FIG. 3. In this case, 
the source triangles, A'j, completely cover the source frame 
and so each location, s, in frame xkl, may be associated With 
one of the triangles, A'j, and hence mapped back onto the 
target frame through the inverse af?ne relation 

[0068] In this Way, the value of (Wk2akl(xk2))[s] may be 
found for each location, s, by interpolating frame xk2 to the 
location, t. 
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[0069] Constraining boundary nodes, ti, to map to nodes, 
si, on the same boundary, tends to produce unrealistic motion 
?elds in the neighbourhood of the frame boundaries, 
adversely affecting the ability of the mesh to track true scene 
motion trajectories. For this reason, the preferred embodi 
ment of the invention does not involve any such constraints. 
In this case, the source triangles A'J- Will not generally cover 
frame xkl, and inversion of the af?ne transformations yields 
values for (Wk2akl(xk2))[s] only When s lies Within one of 
the source triangles, A'j. For locations s Which do not belong 
to any of the source triangles, A'j, any of a number of policies 
may be described. As a simple example, the nearest source 
triangle, A'j, to s may be found and its af?ne parameters used 
to ?nd a location t in frame xk2. 

[0070] An alternative approach is to ?rst extrapolate the 
mesh to one Which is de?ned over a larger region than that 
required by the forWard motion ?eld Wkl akz. So long as this 
region is large enough to cover the source frame, each 
location s in frame xkl Will belong to some source triangle 
Within the extrapolated mesh and the corresponding a?ine 
map can be inverted to ?nd the location t in frame xk2. In the 
preferred embodiment of this approach, the node vector te-se 
at each extrapolated node position ne in frame xk2, is 
obtained by linear extrapolation of tWo node vectors, tb-sb 
and tO-sO, having corresponding node positions nb and no. 
Here, the extrapolated node position n6 is outside the bound 
aries of frame xkz, nb is the location of the nearest boundary 
node to ne, and nO=2 nb—ne is the mirror image of n, through 
the boundary node, nb. The extrapolated node vectors are not 
explicitly communicated to the decoder, since it extrapolates 
them from the available interior node positions, folloWing 
the same procedure as the encoder. 

“Inversion” of Block-Displacement Motion Models 

[0071] Triangular mesh models are particularly suitable 
for the recovery of a reverse motion ?eld, WkZakI, from its 
forWard counterpart WkIQkZ. Most signi?cantly, the trans 
formation betWeen target locations, t, and source locations, 
s, is continuous over the Whole of the target frame. This is 
a consequence of the fact that the af?ne transformation maps 
straight lines to straight lines. 

[0072] Block displacement models, hoWever, are more 
popular for video compression due to their relative compu 
tational simplicity. A block displacement model consists of 
a partition of the target frame into blocks, {Bi}, and a 
corresponding set of displacements, {6i}, identifying the 
locations of each block Within the source frame. 

[0073] Unlike the triangular mesh, block displacement 
models represent the motion ?eld in a discontinuous (piece 
Wise constant) manner. As a result, they may not properly be 
inverted. Nevertheless, When reciprocal pairs of motion 
maps, WklakZ and Wk2akl, use block displacement models, 
it is still preferable to estimate and transmit only one of the 
tWo motion ?elds to the decoder, inferring the other through 
an approximate inverse relationship. Since displacements 
are usually small, it is often suf?cient simply to reverse the 
sign of the displacement vectors, {Q}, When forming WkZa 
kl from Wklak2 or vice-versa. 

2nd Aspect: Compositing of Simple Motion Fields 

[0074] For high energy compaction and loW temporal 
resolution frames With high ?delity, it is essential to have 
accurate motion mappings for each level of a multi-resolu 
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tion temporal subband decomposition. The transform con 
sists of a sequence of stages, each of Which produces a loW 
and a high-pass temporal subband sequence, from its input 
sequence. Each stage in the temporal decomposition is 
applied to the loW-pass subband sequence produced by the 
previous stage. 

[0075] Since each stage of the temporal decomposition 
involves the same steps, one might consider applying an 
identical estimation strategy Within each stage, estimating 
the relevant motion ?elds from the frame sequence Which 
appears at the input to that stage. The problem With such a 
strategy is that estimation of the true motion, based on 
subband frames, may be hampered by the existence of 
unWanted artefacts such as ghosting. Such artefacts can arise 
as a result of model failure or poor motion estimation in 
previous stages of the decomposition. 

[0076] To avoid this dif?culty, it is preferred to perform 
motion estimation on the appropriate original frames instead 
of the input frames to the decomposition stage in question. 
For example, in the second stage of temporal decomposition 
it is more effective to estimate the motion mapping Wk” 
k2(l) betWeen subband frames lkl(l)[n] and lk2(l)[n], by using 
the corresponding original frames xkl[n] and xk2[n]. Simi 
larly, in the third stage, it is more effective to estimate the 
motion mapping wklak? betWeen subband frames lk1(2) 
[n] and lk2(2)[n], by using the corresponding original frames 
x4kl[n] and x4k2[n]. To clarify the notation being used here, 
it is noted that the ?rst stage of decomposition employs 
motion mappings Wkl 81am), producing loW and high-pass 
subband frames, lk(l)[n] and hk(l)[n]. 
[0077] After several levels of subband decomposition, the 
temporal displacement over Which motion estimation must 
be performed Will span many original frames. For example, 
in the ?fth level of decomposition the actual temporal 
displacement betWeen neighbouring subband frames is 16 
times the original frame displacement. At a typical frame 
rate of 30 frames per second (fps), this corresponds to more 
than half a second of video. 

[0078] Motion estimation is generally very di?icult over 
large temporal displacements due to the large possible range 
of motion. This complexity can be reduced by using knoWl 
edge of motion mappings already obtained in previous levels 
of the decomposition. For example, as described by equa 
tions (3) and (4), the ?rst stage of decomposition With the 5/3 
kernel involves estimation of W2ka2k+fm and W2k+2a2k+ 
1(0). These may be composited to form an initial approxi 
mation for Wkak’r 1(1), Which is required for the second stage 
of decomposition. This is shoWn in FIG. 4, Where the arroWs 
indicate the direction of the motion mapping. It is often 
computationally simpler to create composite mappings from 
source mappings that have the same temporal orientation, as 
suggested in the ?gure. If necessary, the source mappings 
can be inverted to achieve this. HoWever, it is preferable to 
directly estimate source mappings, having the same direc 
tion as the composite mapping. 

[0079] The initial approximation, formed by motion ?eld 
composition in the manner described above, can be re?ned 
based on original video data, using motion estimation pro 
cedures Well knoWn to those skilled in the art. It turns out, 
hoWever, that the method of compositing motion ?elds With 
a frame displacement of l to produce motion ?elds corre 
sponding to larger frame displacements often produces 
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highly accurate motion mappings, that do not need any 
re?nement. In some cases the composit mappings lead to 
superior motion adaptive transforms than motion mappings 
formed by direct estimation, or With the aid of re?nement 
steps. The motion ?eld composition method described here 
can be repeated throughout the temporal decomposition 
hierarchy so that all the mappings for the entire transform 
can be derived from the frame to frame motion ?elds 
estimated in the ?rst stage. 

[0080] The composition method described above elimi 
nates a signi?cant portion of the computational load asso 
ciated With direct estimation of the required motion ?elds. A 
total of one motion mapping must be estimated for each 
original frame, having a temporal displacement of only one 
frame. This is sufficient to determine the complete set of 
motion mappings for the entire transform. 

[0081] This method is independent of the particular Wave 
let kernel on Which the lifting framework is based; hoWever, 
the effectiveness of the composition procedure does depend 
on the selected motion model. An efficient method for 
performing the composition procedure is described in the 
4th aspect of this invention. 

3rd Aspect: E?icient Temporally Scalable Motion Repre 
sentation 

[0082] An ef?cient temporally scalable motion represen 
tation should satisfy tWo requirements. Firstly, at most one 
motion mapping per video frame should be needed to 
reconstruct the video at any temporal resolution. This is 
consistent With the above observation that just one mapping 
per frame is suf?cient to derive all mappings for the entire 
transform. 

[0083] Secondly, the above property should apply at each 
temporal resolution available from the transform. In particu 
lar, this means that the motion information must be tempo 
rally embedded, With each successively higher temporal 
resolution requiring one extra motion mapping per pair of 
reconstructed video frames. This property alloWs the video 
content to be reconstructed at each available temporal reso 
lution, Without recourse to redundant motion information. 

[0084] This aspect of the invention involves a temporally 
scalable motion information hierarchy, based on the method 
of motion ?eld composition, as introduced in the description 
of the second aspect. This representation achieves both of 
the objectives mentioned above. 

[0085] The motion information hierarchy described here is 
particularly important for motion adaptive lifting structures 
that are based on kernels longer than the simple Haar. Block 
transforms such as the Haar require only the motion infor 
mation betWeen every second pair of consecutive frames, at 
each stage of the decomposition. Therefore an ef?cient 
temporally scalable motion representation can be easily 
achieved by transmitting a single motion mapping for every 
reciprocal pair. 

[0086] It is generally preferrable to use longer Wavelet 
kernels such as the 5/3. In fact, results given inA. Secker and 
D. Taubman, “Lifting-based invertible motion adaptive 
transform (LIMAT) frameWork for highly scalable video 
compression”, (accepted to appear in IEEE Trans. Image 
Pr0c., 2003) reveal that this can lead to considerable 
improvements in performance. 
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[0087] The motion representation for tWo stages of the 5/3 
transform is given in FIG. 5. The mappings required to 
perform the lifting steps are again shoWn as arroWs, Where 
the ith forWard mapping in the jth transform level is denoted 
F3. The term “forWard mapping” is applied to those Which 
approximate a current frame by Warping a previous frame. 
LikeWise, backWard mappings, denoted Bil, correspond to 
Warping a later frame to spatially align it With a current 
frame. Observe that the entire set of motion mappings 
depicted in FIG. 5 can be represented using only F12 and 
B21. Inverting Fl2 produces the backWard mapping B12. The 
forWard mapping F l1 is inferred by compositing the upper 
level forWard mapping Fl2 With the loWer-level backWard 
mapping B21. The remaining mappings B11 and F21 are 
recovered by inverting F l1 and B21, respectively. 

[0088] For scenes With rapid motion, composited ?elds 
such as F 11 in FIG. 5, may suffer from an accumulation of 
the model failure regions present in the individual mappings. 
If so, the compressor may correct this by transmitting an 
optional re?nement ?elds, possibly based on direct estima 
tion using original data. 

[0089] As mentioned, the case for the Haar Wavelet is 
much simpler. Mappings F21 and B21 are not required, so it 
is suf?cient to code mappings F11 and F12, recovering the 
corresponding backWard motion ?elds by inversion. The 
methods described above can be applied recursively to any 
number of transform stages, and the total number of required 
mappings is upper bounded by one per original frame. 
Temporal scalability is achieved since reversing a subset of 
the temporal decomposition stages requires no motion infor 
mation from higher resolution levels. 

[0090] Evidently, a motion mapping betWeen any pair of 
frames can be obtained by a combination of composition and 
inversion operators involving the sequence of mappings Fi2 
and Bzil. It folloWs that this motion representation strategy 
is easily modi?ed to encompass any Wavelet kernel. 

4th Aspect: Ef?cient Implementation of Motion Field Trans 
formations 

[0091] A 4th aspect of the present invention describes an 
ef?cient method for performing the motion ?eld composi 
tion and inversion transformations mentioned in previous 
aspects. 

[0092] One possible Way to represent a composited map 
ping is in terms of a sequence of Warpings through each 
individual mapping. Motion compensation could be per 
formed by Warping the actual data through each mapping in 
turn. HoWever, this approach suffers from the accumulation 
of spatial aliasing and other distortions that typically accom 
pany each Warping step. 

[0093] A second problem With this approach is that errors 
due to boundary approximations also accumulate over the 
sequence of mappings. Boundary regions are prone to model 
failure, particularly When the scene undergoes global motion 
such as camera panning. 

[0094] To avoid these problems, each location in the target 
frame of the composite motion ?eld may be mapped back 
through the various individual mappings to ?nd its location 
in the source frame of the composite motion ?eld. 

[0095] The preferred method, described here, hoWever, is 
to construct a triangular mesh model for the composit 
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motion ?eld, deducing the displacements of the mesh node 
points by projecting them through the various component 
motion mappings. The triangular mesh model provides a 
continuous interpolation of the projected node positions and 
can be represented compactly in internal memory buffers. 
This method is particularly advantageous When used in 
conjunction With triangular mesh models for all of the 
individual motion mappings, since the frame Warping 
machinery required to perform the motion adaptive temporal 
transformation involves only one type of operationithe 
af?ne transformation described previously. 

[0096] Motion ?eld inversion may be performed using a 
similar strategy. The inverted motion mapping is represented 
using a forWard triangular mesh motion model, Whose node 
displacements are ?rst found by tracing them through the 
inverse motion ?eld. The accuracy associated With both 
composit and inverse motion ?elds representations may be 
adjusted by modifying the siZe of the triangular mesh grid. 
In the preferred embodiment of the invention, the mesh node 
spacing used for representing composit and inverse motion 
?elds is no larger 8 frame pixels and no smaller than 4 frame 
pixels. 
5th Aspect: Successive Re?nement of Motion and Sample 
Accuracy 
[0097] In order to provide for scalable video bit-streams 
Which span a Wide range of bit-rates, from a feW 10’s of 
kilo-bits/s (kb/s) to 10’s of mega-bits/s (Mb/ s), the accuracy 
With Which motion information is represented must also be 
scaled. Otherwise, the cost of coding motion information 
Would consume an undue proportion (all or more) of the 
overall bit budget at loW bit-rates and Would be insufficient 
to provide signi?cant coding gain at high bit-rates. In the 3rd 
aspect above, a method for providing temporally scalable 
motion information has been described. In this 5th aspect, a 
method is described for further scaling the cost of motion 
information, in a manner Which is sensitive to both the 
accuracy and the spatial resolution required of the recon 
structed video sequence. 

[0098] During compression, an accurate motion represen 
tation is determined and used to adapt the various lifting 
steps in the motion adaptive transform. During decompres 
sion, hoWever, it is not necessary to receive exactly the same 
motion parameters Which Were used during compression. 
The motion parameters are encoded using an embedded 
quantisation and coding strategy. Such strategies are noW 
Well knoWn to those skilled in the art, being employed in 
scalable image and video codecs such as those described in 
J. Shapiro, “Embedded image coding using Zerotrees of 
Wavelet coefficients”, IEEE Trans. Sig. Pr0c., vol 41, pp 
3445-3462, December 1993,. D. Taubman and A. Zakhor, 
“Multi-rate 3-d subband coding of video”, IEEE Trans. 
Image Pr0c., vol. 3, pp. 572-588, September 1994, A. Said 
and W. Pearlman, “A neW, fast and ef?cient image codee 
based on set partitioning in hierarchical trees”, IEEE Trans. 
Circ. Sysl. For Video Zech., pp. 243-250, June 1996, D. 
Taubman, “High performance scalable image compression 
With EBCOT”, IEEE Trans. Image Pr0c., vol. 9, pp. 1158 
1170, July 2000. They alloW the coded bit-stream to provide 
a successively more accurate representation of the informa 
tion being coded. For the present purposes, this information 
consists of the motion parameters themselves, and each 
motion ?eld, wklakz, is provided With its oWn embedded 
bit-stream. 
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[0099] As an example of the Way in Which such an 
embedded motion representation may be used, consider an 
interactive client-server application, in Which the client 
requests information for the video at some particular spatial 
resolution and temporal resolution (frame rate). Based on 
this information, the server determines the distortion Which 
Will be introduced by approximating the relevant motion 
information With only Lq(M) bits from the respective embed 
ded bit-streams, Where the available values for Lq(M) are 
determined by the particular embedded quantisation and 
coding strategy Which has been used. Let Dq(M) denote this 
distortion, measured in terms of Mean Squared Error (MSE), 
or a visually Weighted MSE. The values Dq(M) may be 
estimated from the spatial-frequency poWer spectrum of the 
relevant frames. Most notably, Dq(M) depends not only on 
the accuracy With Which the motion parameters are repre 
sented by the Lq(M) bits of embedded motion information, 
but also on the spatial resolution of interest. At loWer spatial 
resolutions, less accuracy is required for the motion infor 
mation, since the magnitude of the phase shifts associated 
With motion error are directly proportional to spatial fre 
quency. 

[0100] Continuing the example, above, the server Would 
also estimate or knoW the distortion, Dp(s), associated With 
the ?rst Lp(s) bits of the embedded representation generated 
during scalable coding of the sample values produced by the 
motion adaptive transform. As already noted, scalable 
sample data compression schemes are Well knoWn to those 
skilled in the art Assuming an additive model for these tWo 
different distortion contributions, the server balances the 
amount of information delivered for the motion and sample 
data components, folloWing the usual Lagrangian policy. 
Speci?cally, given a total budget of Lmax bits for both 
components, deduced from estimates of the network trans 
port rate, or by any other means, the server ?nds the largest 
values of pk and qk such that 

(S) (M) -A1:>pA -A1:>qA z A (5) 
— 2 an 

(s) (M) ALM ALqA 

adjusting }\,>0 so that Lp;L(S)+Lq;\(M) is as large as possible, 
While not exceeding Lma". Here, ADP(S)/ALP(S) and AD‘1(M)/ 
ALq(M) are discrete approximations to the distortion-length 
slope at the embedded truncation points p (for sample data) 
and q (for motion data) respectively. 

[0101] The client-server application described above is 
only an example. Similar techniques may be used to con 
struct scalable compressed video ?les Which contain an 
embedded hierarchy of progressively higher quality video, 
each level in the hierarchy having its oWn balance betWeen 
the amount of information contributed from the embedded 
motion representation and the embedded sample data rep 
resentation. 

[0102] The strategy described above, Whereby an embed 
ded motion representation is produced by embedded quan 
tisation and coding of the individual motion parameters, 
may be extended to include progressive re?nement accord 
ing to the density of the motion parameters themselves. To 
see hoW this Works, suppose that every second roW and 
every second column Were dropped from the rectangular 
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grid of node positions in the triangular mesh of FIG. 3. In 
this coarse mesh, motion parameters Would be sent only for 
the remaining node positions and the coarse triangular mesh 
model induced by this information Would represent a coarse 
approximation to the original motion model. Such approxi 
mations are readily included Within an embedded motion 
representation, from Which an appropriate distribution 
betWeen the motion and sample data coding costs may again 
be formed. 

[0103] While rate-distortion optimisation strategies have 
previously been described in the literature for balancing the 
costs of motion and sample data information, this has not 
previously been done in a scalable setting, Where both the 
motion and the sample data accuracy are progressively 
re?ned together. 

[0104] While rate-distortion optimization strategies have 
previously been de scribed in the literature for balancing the 
costs of motion and sample data information, this has not 
previously been done in a scalable setting, Where both the 
motion and the sample data accuracy are progressively 
re?ned together. There are, in our opinion, tWo principle 
reasons Why progressively re?ned motion ?elds have not 
been investigated in the past for video compression. Firstly, 
most existing video compression systems (e.g., those 
described by international standards) employ motion com 
pensated predictive coding, so if the decoder Were to use 
different motion parameters to the encoder, their states 
Would progressively drift apart. This problem does not exist 
in the context of motion adaptive Wavelet transforms and, in 
particular, those based on the motion compensated lifting 
paradigm taught in W002/ 50772. 

[0105] The second reason Why We believe others have not 
investigated progressively re?nable motion for scalable 
video coding is that the motion information interacts in a 
complex manner With the video sample data, making it more 
dif?cult to deduce the impact of motion quantization on 
system performance. The invention disclosed here, hoWever, 
is inspired by the folloWing interesting observation. 
Although the interaction betWeen motion errors and video 
sample data errors is generally complex, at all experimen 
tally optimal combinations of the motion and sample data 
accuracy, this relationship simpli?es and may be approxi 
mately modeled using linear methods. In the ensuing sub 
sections, We teach some speci?c methods for scalable 
motion coding and for optimally balancing the distribution 
of motion information With video sample information. 

Scalable Motion Coding Methods 

[0106] As mentioned above, a variety of methods for 
embedded coding of data are Well knoWn to those skilled in 
the art. Amongst these various methods, the authors’ experi 
mental investigations have suggested particular preferred 
embodiments. Rather than coding the motion parameters 
directly, it is preferable to ?rst subject the motion parameter 
?elds to a spatial discrete Wavelet transform (DWT). That is, 
the horizontal components of each motion vector are treated 
as a tWo dimensional image and the vertical components are 
similarly treated as a tWo dimensional image; each image is 
subjected to a spatial DWT and the transform coef?cients are 
then coded in place of the original motion vectors. 

[0107] The use of a spatial Wavelet transform is found to 
offer tWo chief bene?ts over coding the motion parameters 
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directly. Firstly, the transform typically produces a large 
number of near-zero valued coef?cients Which can be quan 
tized to zero With negligible error and then ef?ciently 
encoded. Secondly, the DWT shapes the quantization errors 
incurred When the motion representation is scaled, and this 
shaping is found to signi?cantly reduce the reconstructed 
video distortion incurred at any given level of motion 
quantization error. In the preferred embodiment, a reversible 
(integer-to-integer) spatial DWT is used to alloW exact 
recovery of the originally estimated motion parameters from 
the encoded transform coef?cients, Which is useful at high 
video bit-rates. Reversible Wavelet transforms are Well 
knoWn to those skilled in the art. One example is the 
reversible 5/3 spatial DWT Which forms part of the 
JPEGZOOO image compression standard, IS 15444-1. 

[0108] Temporal transformation of the motion parameter 
information can have similar bene?ts to spatial transforma 
tion, and the effects are found to be someWhat complemen 
tary. That is, both the use of both a spatial DWT and a 
temporal transform together is recommended. In one par 
ticular embodiment, each pair of temporally adjacent motion 
?elds is replaced by the sum and the difference of the 
corresponding motion vectors. These sums and differences 
may be interpreted as temporal loW- and high-pass sub 
bands. 

[0109] Again, it is preferable to do this in a reversible 
manner Which is compatible With ef?cient lossless coding, 
since at high video bit-rates it is best to preserve all of the 
estimated motion information. For this reason, the opera 
tions of sum and difference mentioned above should be 
replaced by the S-transform [V. Heer and H. E. Reinfelder, 
“A comparison of reversible methods for data compression”, 
Proc. SPIE conference, Medical Imaging IV’, vol 1233, pp. 
354-365, 1990]. 

[0110] As for the coding of motion transform coef?cients, 
the preferred embodiments are those Which use techniques 
derived from the general class of bit-plane coders. In par 
ticular, the highly ef?cient and ?nely embedded fractional 
bit-plane coding techniques Which form part of the 
JPEGZOOO image compression standard are to be recom 
mended. In general, each subband produced by the motion 
parameter transform is partitioned into code-blocks, and 
each code-block is encoded using a fractional bit-plane 
coder, producing a separate ?nely embedded bit-stream for 
each motion subband code-block. 

[0111] In many cases, there are insufficient motion param 
eters to justify dividing motion subbands into multiple 
code-blocks, but the code-block partioning principles 
enshrined in the JPEG2000 standard can be useful When 
compressing very large video frames, each of Which has a 
large number of motion vectors. It general, then, the motion 
information is represented by a collection of code-blocks, 
each of Which has a ?nely embedded bit-stream Which may 
be truncated to any of a variety of coded lengths. 

A Layered FrameWork for Joint Scaling of Motion and 
Video Sample Data 

[0112] The EBCOT algorithm [D. Taubman, “High per 
formance scalable image compression With EBCOT”, IEEE 
Trans. Image Pr0c., vol. 9, pp. 1158-1170, July 2000] 
represents an excellent frameWork for converting a large 
number of embedded code-block bit-streams, each With its 
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oWn set of truncation points, into a global collection of 
abstract “quality” layers. Each quality layer contains incre 
mental contributions from each code-blocks embedded bit 
stream, Where these contributions are balanced in a manner 
Which minimises the distortion associated With the overall 
representation at the total bit-rates associated With the qual 
ity layer. By arranging the quality layers in sequence, one 
obtains a succession of truncation points, at each of Which 
the representation is as accurate as it can be, relative to the 
size of the included quality layers. 

[0113] Although the interaction betWeen motion errors 
and video sample errors is non-trivial, it turns out that for 
combinations of motion and video sample bit-rates Which 
are optimal, the relationship betWeen motion error and 
reconstructed video quality is approximately linear. We may 
represent this linear relationship as 

DXJVF‘WKSDM 
[0114] Where DM denotes mean squared error in the 
motion vectors due to truncation of the embedded motion 
parameter code-block bit-streams, and DXM represents the 
total induced squared error in the reconstructed video 
sequence. The scaling factor, 1PR5, depends upon the spatial 
resolution at Which the video signal is to be reconstructed 
and also upon the accuracy With Which the video samples are 
represented. In preferred embodiments of the present inven 
tion, motion parameter quality layers are constructed from 
the embedded motion block bit-streams, folloWing the 
EBCOT paradigm. 

[0115] In vieW of the above relationship, and noting that 
the scaling factor, 1PR5, is substantially similar for all 
motion coef?cient subbands and code-blocks, the rate-dis 
tortion optimality of the layered motion representation holds 
over a Wide range of spatial resolutions and levels of video 
sample quantization error. This is extremely convenient, 
since it means that the rate-distortion optimization problem 
expressed in equation (5) can be solved once, While con 
structing the motion quality layers, after Which a video 
server or transcoder need only decide hoW many motion 
layers are to be included in the video bit-stream for a given 
spatial resolution and a given level of error in the video 
sample data. 

[0116] In preferred embodiments of the invention, the 
same layering strategy of EBCOT is used to construct a 
separate set of rate-distortion optimal quality layers for the 
video sample data. These are obtained by subjecting the 
temporal subbands produced by the motion-compensated 
temporal lifting steps to spatial Wavelet transform, partition 
ing the spatio-temporal video subbands into their oWn 
code-blocks, and generating embedded bit-streams for each 
video sample code-block. The video sample quality layers 
then consist of incremental contributions from the various 
video sample code-blocks, such at the video sample distor 
tion is as small as it can be, relative to the total size of those 
quality layers. It turns out, most conveniently, that the 
generation of rate-distortion optimal video sample quality 
layers is substantially independent of the spatial resolution 
(number of resolution levels from the spatial video sample 
DWT Which Will be sent to the decoder) and the temporal 
resolution (number of temporal subbands produced by the 
motion compensated lifting steps Which Will be sent to the 
decoder). It also turns out that the optimality of the layer 
boundaries is approximately independent of the level of 
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motion distortion, at least for combinations of motion and 
video sample bit-rates Which are approximately optimal. 

[0117] In summary, preferred embodiments of the inven 
tion produce a single set of motion quality layers and a 
single set of video sample quality layers. The layers are 
internally rate-distortion optimal over the temporal interval 
Within Which they are formed. Since video streams can have 
unbounded duration, We divide the time scale into epochs 
knoWn as “frame slots” In each frame slot, a separate set of 
motion quality layers and video sample quality layers is 
formed. The optimization problem associated With equation 
(5) then reduces to that of balancing the number of motion 
quality layers With the number of video sample quality 
layers Which are sent to a decoder Within each frame slot. 
The solution to this problem is dealt With beloW, but We note 
that it depends on the parameter IPR’S Which is a function of 
both the spatial resolution of interest to the decoder and the 
accuracy of the video sample data. Equivalently, for any 
particular number of video sample layers, p, the number of 
motion layers, q, Which balances the rate-distortion slopes of 
the motion and video sample information is a function of 
both p and the spatial resolution of interest. 

Methods for Optimizing the Distribution of Motion and 
Video Sample Data 

[0118] In vieW of the preceding discussion, a complete 
implementation of the preferred embodiment of the inven 
tion must provide a means for deciding hoW many motion 
quality layers, q, are to be included With a subset of the video 
bit-stream Which includes p video sample quality layers, 
given the spatial resolution R, at Which the video content is 
to be vieWed. The preferred Way to do this is to include a 
collection of tables With each frame slot, there being one 
table per spatial resolution Which may be of interest, Where 
each table provides an entry for each number of video 
sample quality layers, p, identifying the corresponding best 
number of motion layers, qp. Depending upon the applica 
tion, there may be no need to send the table itself to a 
decoder. 

[0119] A video server or transcoder, needing to meet a 
compressed length constraint Lmax Within each frame slot, 
can use these tables to determine p and qp Which are jointly 
optimal, such that the total length of the respective quality 
layers is as small as possible, but no smaller than Lmax. It is 
then preferable to discard data from the pth video sample 
quality layer, until the length target Lmax is satis?ed. This 
approach is preferable to that of discarding motion data, 
since there is generally more video sample data. One Way to 
build the aforementioned tables is to simply decompress the 
video at each spatial resolution, using each combination of 
motion and sample quality layers, q and p, so as to ?nd the 
value of pq Which maximizes the ratio of distortion to total 
bit-rate in each frame slot, for each p. Of course, this can be 
computationally expensive. Nevertheless, this brute-force 
search strategy is computationally feasible. 

[0120] A preferred means to build the aforementioned 
tables is to use the fact that these tables depend only on the 
linear scaling factors, 1PR5. These scaling factors depend, in 
turn, on the poWer spectra of the video frames Which are 
reconstructed at each level of video sample error, i.e., at each 
video sample quality layer p. In the preferred embodiment of 
the invention, these poWer spectra are estimated directly 
from the video sample subband data during the compression 
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process. We ?nd, in practice, that such estimation strategies 
can produce results almost as good as the brute force search 
method described above, at a fraction of the computational 
cost. 

1. A method for incrementally coding and signalling 
motion information for a video compression system involv 
ing a motion adaptive transform and embedded coding of 
transformed video samples, said method comprising the 
steps of: 

(a) producing an embedded bit-stream, representing each 
motion ?eld in coarse to ?ne fashion; and 

(b) interleaving incremental contributions from said 
embedded motion ?elds With incremental contributions 
from said transformed video samples. 

2-32. (canceled) 
33. A system for incrementally coding and signalling 

motion information for a video compression system involv 
ing a motion adaptive transform and embedded coding of 
transformed video samples, said system comprising: 
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(a) means for producing an embedded bit-stream, repre 
senting each motion ?eld in coarse to ?ne fashion; and 

(b) means for interleaving incremental contributions from 
said embedded motion ?elds With incremental contri 
butions from said transformed video samples. 

34. A system for estimating and signalling motion infor 
mation for a motion adaptive transform based on temporal 
lifting steps, said system comprising: 

(a) means for estimating and signalling motion parameters 
describing a ?rst mapping from a source frame onto a 
target frame Within one of the lifting steps; and 

(b) means for inferring a second mapping betWeen either 
said source frame or said target frame, and another 
frame, based on the estimated and signalled motion 
parameters associated With said ?rst mapping. 


