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Motion-Compensated Layered Video Coding for
Playback Scalability
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Abstract—In this paper, we propose a multilayered video coding
scheme based on motion estimation which enables a decoder to
dynamically change its temporal and spatial resolution during
playback. In the proposed scheme, a new motion-prediction
structure with a temporal hierarchy of frames is adopted to afford
temporal resolution scalability and the wavelet decomposition with
a new intra-update algorithm is used to offer spatial scalability.
Experimental results show that the proposed scheme exhibits a
higher compression ratio than conditional replenishment schemes
because it further reduces the temporal redundancy using motion
estimation. Also the proposed intra-update technique enables
adaptation to dynamic change of spatial resolution with the
effective follow-up of prediction in the decoder while preventing
the large peaks in bit rate. Therefore, the proposed scheme is
expected to be effectively used in heterogeneous environments
such as the Internet, ATM, and wireless networks where dynamic
scalability and interoperability are required.

Index Terms—Adaptation, dispersive intra-subband update,
intra-update, layered video, motion estimation, scalability.

I. INTRODUCTION

FUTURE digital video services demand interoperability
among various applications. To fulfill different require-

ments by using one common bit stream in a wide range of
video services in heterogeneous environments, video coding
techniques are needed which can simultaneously support a
variety of bit rates tailored to individual services. One approach
toward this purpose is to represent a video information in a
scalable manner which enables a receiver to select a part of the
generated bit stream and decode it with the given resources.

There are three major kinds of scalability in case of video:
spatial resolution, temporal resolution, and data-rate (SNR)
scalabilities [1]. Spatial resolution scalability is functionality to
decode images at different sizes, e.g., from size of thumbnail
for fast browsing to that of HDTV. Temporal scalability means
that the refresh rate of the frames can be adjusted and data-rate
scalability implies that any target data rate can be achieved
from a single compressed bitstream according to the user
requirements based on the available network bandwidth or
system capability.
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A method to attain scalability is to split and distribute the
video information over a number oflayers. In layered coding
scheme, the most fundamental information to reconstruct video
frames constructs a layer referred to asbase layer. The other
layers, calledenhancement layers, are for additive information
which, when combined with the base or lower enhancement
layers, produce more refined information. The more layers the
decoder receives, the better quality it will achieve.

Motion estimation (ME) and motion compensation (MC)
schemes which have been effectively utilized for conventional
video coding are known difficult to be incorporated in scalable
video coding techniques based on the layered representation
[2]–[5], since the reference frame (decoded previous frame)
at the decoder may not be the one that has been used for the
prediction at the encoder when some enhancement layers
are dropped due to either network congestion or end-system
capacity limit. If the decoder uses a different prediction to the
one assumed by the encoder, a form of mismatch referred to as
drift may occur.

Temporally subband coding techniques which are free from
prediction loop could be used to prevent this problem. 2-D scal-
able video coding techniques based on subband decomposition
can be extended to 3-D scalable coding [4]–[8] which not only
provides spatial resolution scalability, but also affords temporal
scalability in nature. For rate scalability, Shapiro’s embedded ze-
rotree wavelet (EZW) [9] and many improved variants or alter-
natives such as set partitioning in hierarchical trees (SPIHT) [10]
can be extended to three dimensional case [8], [11]. But tempo-
rally subband coding has a drawback that it blurs moving ob-
jects in temporally low resolution pictures, which is caused by
the averaging effect of the low-pass filter performed in temporal
decomposition. Motion-compensated 3-D subband video coding
techniques have been proposed to alleviate this problem and also
to improve compression efficiency by concentrating signal en-
ergy in the temporal low subband [12], [13]. Still, because these
techniques operate on several consecutive frames, they require
a large frame memory in temporal subband decomposition. As
the target number of temporal layers increases, the number of re-
quired frames is exponentially increasing and consequently an
unavoidable excessive coding/decoding delay is introduced. A
promising approach is, therefore, to extend the classical hybrid
coding principle to fulfill the demands of scalabilities.

For SNR scalability, motion prediction has been utilized only
for the base layer information, which is assumed to be always
delivered to the receiver [14], [15]. Recently, MPEG-4 standard
adopted an SNR scalable coding tool, the fine-granular-scala-
bility (FGS) framework, which is also based on this concept
[16], [17]. The FGS scheme is expected to be effectively used
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for video streaming service both in unicast and multicast envi-
ronments.

A sophisticated technique which provides temporal and spa-
tial scalabilities as well as SNR scalability based on conditional
replenishment (CR) was proposed for layered video coding and
transmission over best-effort networks [18]. In CR approaches,
only those blocks of a picture that have changed significantly be-
tween frames beyond a certain threshold are selected, coded, and
transmitted [19]. This scheme, however, cannot achieve such a
high compression performance as motion compensated predic-
tion can.

In thispaper,we proposea layered video coding scheme which
affords temporal and spatial resolution scalabilities. A new mo-
tion-prediction structure with a temporal hierarchy of frames
is adopted to afford temporal resolution scalability. It can have
a higher compression ratio than replenishment schemes since
motion estimation further reduces the temporal redundancy.
For spatial scalability, the proposed scheme uses wavelet de-
composition with multiresolution motion estimation (MRME),
where motion vectors of a spatial layer are refined based on
those of lower layers [20]. Since only small differential motion
vectors in each pyramid level are stored or transmitted with
prediction error information separately for the corresponding
layer, we can achieve a layer-wise prediction. The prediction
error signal is encoded by the SPIHT algorithm which is an
embedded coding technique to enable precise target rate control.
In addition, a new effective intra update scheme which we will
refer to asdispersive intra-subband update(DISU) is proposed
to admit dynamic change of spatial resolution at a decoder and
also to enable recovery from errors. The proposed video coding
algorithm provides a multilayered bitstream for heterogeneous
environments and the spatial resolution and frame rate can be
independently adjusted according to various user requirements.

This paper is organized as follows. In Section II, we propose
a novel multilayer video coding technique to provide temporal
and spatial scalabilities. Section III describes the intra update
method DISU, which is an efficient resynchronization method
to recover from reference mismatches in encoders and decoders.
Experimental results are given and discussed in Section IV. Fi-
nally, Section V summarizes our work and concludes the paper.

II. M OTION-COMPENSATEDLAYERED VIDEO CODING

Unfortunately, international video coding standards such as
MPEG-1 and H.261 currently used in wide areas do not provide
layered representations. Although MPEG-2 and H.263 do sup-
port scalability and layered representation in their extensions,
they are not able to produce an arbitrary number of layers [21].
For example, the MPEG-2 scheme may allow only two discrete
levels of scalability for each scalable scheme. Even in the case
of combining different scalability tools into a hybrid coding
scheme, its syntax supports only up to three different layers. In
this section, we propose a multilayered video coding method
based on motion estimation and compensation.

A. Motion Estimation over Temporal Layering

To provide temporal scalability, the subsampled frames can
be arranged so that any set of cumulative layers produces frames

Fig. 1. Motion estimation over temporal layering.

spaced evenly over time [18]. If the total number of temporal
layers is equal to and we let denote
the temporal layer number where the frame number is
delivered, then

(1)

with

(2)

where is the bit position (numbered from 0) of the right-
most nonzero bit in the binary representation of. Temporal
layering with four layers ( ) is illustrated in Fig. 1.

In this temporal layering scheme, however, motion vectors
cannot be estimated directly from the previous frame as in
conventional predictive coding techniques because the previous
frame might be on any higher layer that is not utilized by a
decoder. Therefore, we propose a new prediction method over
this temporal layering. As the reference frame for the frame

, we select the closest one in time among frames on layer
or on the lower layers as depicted in Fig. 1. That is, the

reference frame number for the frameis given by

(3)

where

(4)

By performing motion estimation and compensation across dif-
ferent layers, as shown in Fig. 1, different temporal resolution
can be simultaneously achieved without affecting the perfor-
mance no matter how many layers a decoder exploits.

Distribution of frames over the multiple layers in temporal hi-
erarchy leads to storage of multiple references. At the timein
Fig. 1, for example, we can see that two frames should be stored
as references; frame 4 for prediction of frames 5 and 6, and
frame 0 for prediction of frame 8. The required number of frame
memories in the buffer for motion estimation is ,
where denotes rounding off to the nearest integer. Note that,
because prediction from the reference frame may result in a
large motion due to the varying temporal interval between the
predicted frame and its reference, the search range should be
adjusted proportionally to the interval.
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Fig. 2. Spatial layering with four-level wavelet pyramid.

Fig. 3. Proposed layered video coder: (a) encoder and (b) decoder.

B. Spatial Layering with Wavelet Decomposition

By combining the image pyramid decomposition technique
which can generate multiresolution images with the afore-
mentioned encoding scheme, spatial scalability also can be
provided. Multiple spatial layers generated from a pyramid
structure characterize the signal in different spatial resolutions.
In this paper, the wavelet image decomposition scheme is
adopted, but other decomposition techniques can be easily
employed in a similar way. Fig. 2 illustrates a four-level wavelet
pyramid. Each level of the image pyramid corresponds to a
spatial layer with different resolutions.

The proposed encoder and decoder employing MRME are
depicted in Fig. 3. A video frame is first decomposed into a
wavelet pyramid, and motion estimation and compensation is
performed in wavelet domain. Motion activities at different
levels of the wavelet pyramid are different but highly correlated

Fig. 4. Multiresolution motion estimation. Only two associated subbands are
shown.

since they actually characterize the same motion structure at
different scales and different frequency ranges. Therefore, the
proposed coding algorithm incorporates MRME where motion
vectors for higher spatial resolutions are refined using the
motion information obtained at lower resolutions, as illustrated
in Fig. 4 [20]. The search range in the higher subband can be
kept small because the motion vectors found in the lower sub-
band give good initial positions where the search process can
start. The MRME scheme is expected to reduce the searching
time significantly and to provide a smooth motion vector field.
Motion-compensated error frames are quantized and may be
further compressed exploiting an entropy coder. In our work,
SPIHT is incorporated since it is superior in performance to
other still image compression techniques [17], [22]. Also,
thanks to the embedded characteristic of SPIHT, it is easy to
control the overall rate of the generated bitstream. If we assume
that the target data rate is and the bits required to encode
the motion vector fields for a frame have data rate
which is known to the encoder, the precise target rate can be
achieved by encoding each prediction error image at the rate

.
Existing multiresolution video coding techniques with

MRME assume that the spatial resolution is first determined
at the decoder and fixed throughout the video playback. Con-
sequently, it is impossible to keep track of the right reference
during video playback with dynamic change of the spatial
resolution. However, as interactivity comes up as an important
functionality of future video services, dynamic change of
spatial size of video playback may be requested by users. For
that purpose, switches are inserted in our encoder and decoder
architectures (see Fig. 3) for bypassing the prediction loop and
generating intra-coded signal. By periodically switching to this
intra mode with an appropriate interval, both recovery from
errors and tracking of correct prediction state can be achieved.
The details of this intra-update algorithm will be described in
the next section.

III. D ISPERSIVEINTRA-SUBBAND UPDATE

In order to perform dynamic adaptation in decoding ac-
cording to available resources, such as available network
bandwidth and end-system capacity, a decoder may add or
drop spatial layers. When spatial enhancement layers are ap-
pended to increase the quality of video playback, no reference
information is available on the appended layer, and the video
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Fig. 5. One cycle of dispersive intra-subband update with 3-level wavelet
decomposition (only the base temporal layer is shown).

quality cannot increase as high as expected. Moreover, when
a decoder receives information corrupted by channel error, a
general predictive coding algorithm may suffer from loss prop-
agation. In the proposed temporal layering scheme with motion
compensation, however, the loss propagation is confined within
a prediction hierarchy which is rooted on the base layer. A
prediction hierarchy is composed of frames and the effects
of all possible losses are propagated only within this hierarchy
and never affect the following new prediction hierarchy. In
Fig. 1, for example, an error which occurs at frame 6 on the
third temporal layer can affect only the next frame, frame 7,
on the fourth temporal layer without degrading the other
subsequent frames. This temporal layering should be used in
conjunction with a priority-drop policy so that all unavoidable
loss in congestion may occur only on the highest temporal layer
that a decoder receives and thus the error propagation can be
managed within as small duration as possible.

To further reduce this effect on the base temporal layer, as
well as to catch up with the potentially best quality under given
circumstances, intraframes like I-frames of the MPEG scheme
may be inserted periodically. The drawback in this case, how-
ever, is that the intraframes may cause very large peaks in bit
rate. In transmission, these peaks may lead to congestion in net-
work and cause oscillations in the level of layers the decoder
receives. To solve this problem, the DISU scheme is proposed,
in which only one level of subbands in the wavelet pyramid in-
stead of a whole frame is intra-coded on the base temporal layer
at a time and then the other levels in turn as illustrated in Fig. 5.
The horizontal arrows in Fig. 5 represent motion compensa-
tion. Since motion estimation is not performed in the intra-coded
subbands, the refinement information of motion vectors for the
higher spatial layer in MRME cannot be generated in these sub-
bands. The refinement of motion vectors on the higher spatial
layer is therefore achieved by utilizing the estimated motion
vectors on the next lower spatial layer as the bold vertical arrows
imply in Fig. 5. When a decoder newly adds a spatial-enhance-
ment layer, the quality of double-sized video is somewhat lower
than the expected level for the first some frames since only the
differential information without the initial reference is available
on the new spatial layer. As it is intra-updated and the refer-
ence information finally becomes complete, the quality reaches

Fig. 6. Implemented video sequence player (lvplayer).

to the expected level. The time demanded for this follow-up is
generally not so long and can be tolerable in real video commu-
nication. The quantitative investigation will follow.

There are two possible methods of DISU, depending on the
frequency of update on each spatial layer, as follows.

1) Simple Update:Each spatial layer is intra-updated se-
quentially on the base temporal layer as shown in Fig. 5.
After all the spatial layers are updated, a new cycle of
intra-update is repeated. When the number of temporal
layers and spatial layers are and respectively, the
update period on all spatial layers is given by

(5)

In case of four temporal layers ( ) and four spatial
layers ( ), for example, the intra-update period
becomes frames. This implies that the full
recovery of video quality takes about one second in the
worst case.

2) Hierarchical Update:In general, higher spatial layers tend
to be dropped more frequently than lower ones. Hence, we
can consider a method to perform more frequent intra-
update on the higher spatial layers than lower layers. If
we apply the similar hierarchy of temporal layering in
(1) to spatial layers on the base temporal layer, the update
period of the -th spatial layer is given by

for
for .

(6)

When and , the update periods of the
spatial layers are , , and .
Even though the average time elapsed until degradation of
visual quality disappears after an error occurs is same as
in the simple update method, the actual elapsed time for
the update varies according to the given circumstances be-
cause the probability of utilization of each spatial layer is
not identical (the probability decreases as the number of
layer increases). For example, in the case of utilizing all of
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Fig. 7. Table Tennis sequence: (a) 10th; (b) 40th; and (c) 70th frame.

Fig. 8. Football sequence: (a) 10th; (b) 50th; and (c) 110th frame.

Fig. 9. Flower Garden sequence: (a) 1st; (b) 30; and (c) 70th frame.

the four spatial layers while one or two of those layers are
added/dropped, the hierarchical update will work better
than the simple update. Meanwhile, when only a small
set of lower spatial layers are used in decoding, the hier-
archical update is not expected to perform well since the
period of intra update becomes too long.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Implementations

For the experiment, we implemented the encoder and
decoder depicted in Fig. 3. Decomposition was conducted
three times using discrete wavelet transform (DWT) with
the Daubechies 4-tap FIR filter bank [23], and hence four
spatial layers were generated. After the decomposition, each
subband was divided into blocks and MRME was carried out.
We employed the block-matching algorithm for simplicity,
although it does not necessarily result in the best rate-distortion
tradeoffs [24]. The block size for motion estimation is
in the LL band which corresponds to the first spatial layer.
Motion vectors estimated in the LL subband are refined in the
higher subbands. The search range of, both in the horizontal
and vertical directions at all subbands, was utilized for the

TABLE I
AVERAGE NUMBER OFBYTES ASSIGNED TOMOTION VECTORS(FOOTBALL)

brute force full-search method using mean absolute difference
(MAD) criteria.

The motion vectors attained from the subbands were differ-
entially coded, and then the QM coder which is an adaptive
binary arithmetic coder utilized in JBIG standard was applied
to these codes for entropy coding [25]. The residual errors
of wavelet coefficients after motion compensation were then
quantized and compressed using SPIHT. Because SPIHT
exploits cross-band correlation in the wavelet domain, it is not
easy to separate the generated bitstream into spatial layers. For
our experiment, SPIHT was specially implemented by rear-
ranging generated bits into different layers which correspond
to different resolutions (for details, see Appendix).
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Fig. 10. Bit rate of each spatial layer: (a) Table Tennis; (b) Football; and (c) Flower Garden.

A video sequence playerlvplayer, running on Windows with
an user-friendly interface, was implemented for the observation
of subjective visual quality in real video playout, especially with
layer dropping. Thelvplayer is shown in Fig. 6. One can select
the number of temporal and spatial layers involved in decoding
with this software. The refresh rate of video frames can also be
controlled by adjusting the frame gap so that each frame can be
carefully examined in playout.

B. Test Sequences

The proposed coding scheme was applied to (SIF)
grayscale version of three test sequences with 30 frames/s:
Table Tennis, Football, and Flower Garden, which are com-
posed of 85, 125, and 115 frames, respectively. Some selected
frames from these sequences are given in Figs. 7–9. The first
part of the Table Tennis test sequence shows only one hand
holding a racket and bouncing a ball with slight motion as
shown in Fig. 7(a), but the camera starts to zoom out around
frame number 25 until a scene with a player and a part of
the table appears. On the other hand, the Football sequence
involves many football players with a lot of motion in the

TABLE II
AVERAGE PSNROF VIDEO RECONSTRUCTED WITH APART OF

SPATIAL LAYERS (IN DECIBELS)

TABLE III
AVERAGE PERCENTAGE OFBITRATE ASSIGNED TOEACH SPATIAL LAYER

whole range of display as shown in Fig. 8. The Flower Garden
sequence shown in Fig. 9 is a slow “drive-by” of a house and
garden generated by camera panning.
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Fig. 11. ME versus MRME: (a) Table Tennis; (b) Football; and (c) Flower garden.

C. Performance Evaluation

First, the effects of the proposed temporal layering with mo-
tion compensation were investigated. Table I shows the average
rate required to encode motion vector fields for the Football se-
quence on each spatial and temporal layer. As the distance be-
tween the current frame and the reference frame becomes larger,
i.e., the temporal layer number decreases (see Fig. 1), motion
vector values increase and consequently require more bits, as
shown in Table I. Accordingly, the bit budget for prediction error
decreases when the total bit rate is maintained constant and the
decoded image quality becomes worse than in the case with a
single temporal layer. This quality degradation is significant in
those regions that call for a lot of bit budget, for example, due
to a rough texture. This can be clearly seen from the big perfor-
mance difference at the first part of the Table Tennis sequence
[see Fig. 10(a)], which involves a static rough background over
a wide range. Fig. 10 shows the results associated with the pro-
posed video coder with a single temporal layer and also with
four layers. The total bit rate was targeted at 3.0 Mbits/s for this
experiment. The PSNR plots for the four-layer case exhibits pe-
riodically spiky behavior due to the periodic variations of the
intervals between the predicted frames and their references.

As a decoder appends one more spatial layer, the spatial res-
olution doubles. Even if the decoder utilizes only a subset of
spatial layers, it may reconstruct a video in full resolution by
substituting 0’s for wavelet coefficients in the other subbands.
In this manner, we can attain the SNR scalability effect. When
video frames are decoded in full resolution ( ), the av-
erage reconstructed visual quality in respect of PSNR is shown
in Table II. Table III shows the average percentage of the bit rate
of each spatial layer.

In conventional ME methods, the motion-compensated error
image is converted into its DCT or other transformed version.
On the other hand, motion is estimated in wavelet transformed
domain in MRME. One question arises if zerotree coding such
as SPIHT is well combined with the MRME scheme, since
separate motion estimation performed on each subband might
affect the cross-band correlation of the prediction error image
and degrade the coding efficiency of zero-tree coding. To see
the effects of MRME on SPIHT coding efficiency, we fixed the
bit rate of prediction-error frames independent of the number
of bits assigned for motion vectors. Fig. 11 shows PSNR
versus frame number when each prediction error frame is
encoded at 1.0 bpp. It is seen in Fig. 11(a) and (b) that MRME
even performs better than ordinary ME with SPIHT. This
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Fig. 12. Comparison of compression efficiency of a CR scheme and the
proposed technique (Football).

indicates that the cross-band correlation of the residual image
is maintained after MRME since motion activities at different
subbands actually characterize the same motion structure.
Also, due to the smoother hierarchical motion vector fields at
different frequency ranges, more uniform and superior visual
quality can be achieved, as seen in Fig. 11.

A video coder using the block-based CR technique was im-
plemented using SPIHT and its compression performance was
compared to that of the proposed coding scheme. The bit rate
was again fixed at 3.0 Mbits/s for both of the schemes. For the
CR scheme, the mean squared difference between the reference
block and the current block is computed and compared with an
empirical threshold value to decide whether or not to encode the
current block of a video frame. Fig. 12 gives the com-
parison of the CR coding and the proposed MC-based coding. It
is seen that the MC-based coding technique outperforms the CR
technique by 0.29–3.42 dB for the Football sequence. All these
experimental results indicate that the proposed MC-based video
coding scheme can produce a multilayer bitstream with much
higher compression ratio than the CR scheme while maintaining
a comparable performance with the conventional motion-esti-
mation technique.

Finally, the proposed DISU scheme was evaluated. As can be
observed in Fig. 13, periodic I-frame insertion for resynchro-
nization of the decoder yields deep notches in visual quality
when encoded in constant bit rate, i.e., the same number of bits
are assigned to each frame. Conversely, it would produce large
peaks in bit rate if a constant visual quality were to be main-
tained. Note that the proposed DISU algorithm effectively mod-
erates the burstiness in decoded video quality (or bit rate). Al-
though the average time for resynchronization increases in this
case, it can be managed to be within a duration short enough to
not much affect the perceived quality in motion pictures.

APPENDIX

SPATIAL LAYERING WITH SPIHT

The entire SPIHT encoding algorithm is given in Fig. 14. The
reader is referred to [10] for definition of the notations used here.

Fig. 13. Comparison of intra-update schemes. (a) Football. (b) Flower Garden.

The basic concept of spatial layering is to partition and reorga-
nize all the information in the generated bit stream, which in-
cludes sorting bits as well as sign bits and refinement bits. This
is done by sending out the generated bits at the boxed places in
Fig. 14 into different spatial layers each of which corresponds
to a different resolution. As a result, the bitstream becomes re-
arranged as illustrated in Fig. 15. In this manner, we can yield
a layered representation of an image while not breaking the de-
coding order. In decoding, the list of insignificant sets (LIS), the
list of insignificant pixels (LIP), and the list of significant pixels
(LSP) are maintained only with the bits corresponding to target
spatial resolution.

V. CONCLUSION

In this paper, we proposed a new multilayered video coding
technique to provide temporal and spatial scalabilities with an
arbitrary number of layers. This scheme incorporates multires-
olution motion compensation into temporal layering. A video
frame is represented in a pyramid structure using wavelet de-
composition, and MRME is performed in the wavelet domain
over a temporal hierarchy of frames. The prediction error is en-
coded by the SPIHT coder to achieve a precise target bit rate
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FIG. 14. SPIHT algorithm marked for spatial layering.

Fig. 15. Spatial layering by rearrangement of the bits generated by SPIHT.

from each frame and high compression. We also proposed the
DISU scheme to admit dynamic change of spatial resolution at
a decoder, and also to enable recovery from errors.

Experimental results showed that the proposed video coding
scheme provides scalability in temporal and spatial resolution
and outperforms the CR techniques, both in reconstruction
quality and compression efficiency, while maintaining the
overall quality comparable to a conventional single-layer
motion predictive coding. Also, it was shown that the spatial
resolution can be dynamically changed during playback by
using the DISU scheme, which enables an effective follow-up
of prediction in the decoder. Dynamic change and adaptation of
processing load during playback are crucial features required
today in many applications, e.g., streaming video on the
Internet. Thus, the proposed scheme is expected to be success-
fully used for various multimedia applications in heterogeneous
environments such as the Internet, ATM, and wireless networks
where interoperability and scalability are needed.
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