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Cascaded Vector Quantization, and

Conditional Replenishment
Amir Asif, Senior Member, IEEE, and Maria Kouras

Abstract—In this paper, we describe a bandwidth adaptable, low
bit-rate video coding scheme, referred to as scalable, noncausal
prediction with vector quantization and conditional replenishment
(SNP/VQR). Practical implementations of SNP/VQR are derived
by exploiting the convergence and block banded properties of
the state matrices. The resulting subblock SNP/VQR reduces
the computational complexity and the storage requirements of
the direct SNP/VQR by two orders of the linear magnitude of
the frame dimensions. The subblock SNP/VQR is also capable
of offering different quality of services (QoS) in the spatial and
temporal domains. In the experiments, the block SNP/VQR
compares favorably with the standard video codecs including the
International Standards Organization (ISO) proposed MPEG4
and the International Telecommunication Union (ITU) proposed
H.263, especially at low bit rates.

Index Terms—Conditional replenishment, Gauss Markov
random process, noncausal prediction, quality of service, scalable
video compression, vector quantization.

I. INTRODUCTION

WITH the recent developments in the multimedia tech-
nology, streaming video has emerged as a popular data

delivery format for many applications, including video-on-de-
mand, webcasts, and distance learning. Even after compression,
streaming video data is large and consumes a great deal of
server and network resources. Consider, for example, a live
video stream, such as a sports event, simultaneously requested
by multiple users through the Internet. If the data stream is
delivered using unicast, i.e., via a dedicated channel for each
request, the load on the network is roughly proportional to the
number of users. A point-to-point unicast service is, therefore,
not practical for such live transmissions with a wide audience.
Instead, a more efficient approach is to multicast a single video
stream over the network. Multicasting requires a scalable video
coding scheme [1]–[8] such that the encoded bit stream can be
parsed according to the bandwidth available at each receiver.
Scalable video codecs offer other advantages including the
capability of dynamically changing the spatial or temporal
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resolution and are more resilient to bandwidth fluctuations
[9], [10].

In this paper, we propose a new scalable, noncausal predic-
tive video codec for transmissions at low bit rates. We are pri-
marily interested in multimedia applications (such as live video
conferencing or surveillance video) on wireless channels with
transmission rates limited to 200 Kbps. At such low bit rates,
the ISO standardized MPEG family and the ITU standardized
H.xxx family exhibit several visual degradations that appear un-
acceptable on high resolution screens. This offers an opportu-
nity for new video codecs capable of providing better visual
quality at low bit rates.

Our video codec couples 3-D scalable, noncausal prediction
(SNP) with vector quantization and conditional replenishment
(VQR), and is referred to as SNP/VQR. The novelty and su-
perior performance of SNP/VQR is due to the noncausal pre-
diction paradigm. It contributes to the existing literature of the
noncausal predictive codecs in the following ways.

1) The earlier applications of noncausal prediction [11],
[12] are limited to two-dimensional (2-D) still image
processing. In this paper, we develop a recursive frame-
work for three-dimensional (3-D) noncausal prediction
models and illustrate its usefulness in the context of video
compression. Extension of 2-D noncausal prediction to
compression of 3-D video sequences is challenging
as the resulting implementation, referred to as the di-
rect SNP/VQR, is computationally intensive. For an

video sequence, the computational
complexity of SNP/VQR is of , which
precludes its application from real time communications.

2) Practical implementations of the SNP/VQR, referred to
as the block SNP/VQR and the subblock SNP/VQR, are
derived. The block SNP/VQR operates on each frame of
the video and is designed by noting that the constituent
blocks in the state matrix of the 3-D non-
causal prediction model converge at a geometric rate. The
block SNP/VQR provides a savings of over the
direct SNP/VQR. Further reduction in the complexity is
achieved by observing that the subblocks

constituting the state blocks converge to
along each block row . This leads to the subblock

SNP/VQR, which exploits the block banded structure of
the state blocks. The computational complexity of the
subblock SNP/VQR is of , a reduction of
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Fig. 1. Block diagram representation of the SNP/VQR video codec.

two orders of magnitude over the direct SNP/VQR. The
subblock SNP/VQR also reduces the storage require-
ments by a factor of .

3) The subblock SNP/VQR is bandwidth scalable, where a
subset of the compressed video stream provides the base
quality. Additional enhancement layers build on the video
quality. Scalability allows the subblock SNP/VQR to dy-
namically adjust to the bandwidth variations in the wire-
less network by transmitting a reduced number of layers
at times of congestion.

We compare the results of SNP/VQR with the ISO standard
MPEG4 [18] and the ITU standard, H.263 [17]. In our sim-
ulations, SNP/VQR compares favorably with these standards,
both in terms of peak signal to noise ratio (PSNR) and perceived
video quality, especially at low bit rates. The video sequences
compressed with MPEG4 and H.263 show visible blocking,
while the videos reconstructed with the subblock SNP/VQR dis-
play relatively minimal visual artifacts.

The paper is organized as follows. Section II introduces
SNP/VQR and develops the unilateral backward and forward
representations for noncausal prediction. Section III derives the
practical implementations of the SNP/VQR, which recursively
generate the error field by iterating along the rows of the video
frames. Section IV reviews replenishment extended VQ and
describes how SNP/VQR offers different QoS in the temporal
and spatial domains. In Section V, we present our experimental
results and compare the performance of SNP/VQR with the
standard codecs, MPEG4 and H.263, at low bit rates. Finally,
Section VI concludes the paper.

II. SNP/VQR VIDEO CODEC

As illustrated in Fig. 1, the compression procedure of
SNP/VQR has a predictive component followed by a quantiza-

tion component. The predictive component, shown in part I of
Fig. 1, has four stages. In the first stage, the vertical, horizontal,
and temporal interactions are estimated from the
input video. These interactions define the state or potential ma-
trix used for prediction. The interaction parameters are also
required at the decoder to reconstruct the video and constitute
overhead information transmitted to the receiver. In the second
stage, the 3-D noncausal model is transformed to an equivalent
unilateral representation that uses block triangular matrices

and for prediction. The recursive form is obtained by
Cholesky factorization of the potential matrix . In the third
stage, the unilateral prediction model is used to estimate each
frame of the video. Stage four generates the uncorrelated error
field by subtracting the values of the pixels in the predicted
frame from the original pixel values. Since the noncausal pre-
diction at the receiver is based on the reconstructed frames, we
also use the reconstructed frames for prediction at the encoder.

To achieve high compression ratios, the error video is vector
quantized using cascaded VQ. We apply conditional replenish-
ment [14] at each stage of cascaded VQ where a vector quan-
tized block is encoded and transmitted only if its VQ index is
different from the corresponding index at the same location in
the previous frame. Conditional Replenishment leads to consid-
erable reduction in the number of code vectors transmitted. The
vector quantization step is shown in part II of Fig. 1. Although
not implemented in our codec, conditional replenishment can
be coupled with motion compensation schemes to provide better
tradeoffs between video quality and compression ratio than con-
ditional replenishment alone.

The reconstruction of the video is performed by inverting the
steps of the encoder in the reverse order as shown in part III of
Fig. 1. The state variable representation at the decoder is ob-
tained by converting the noncausal model to its equivalent re-
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Fig. 2. Illustration of the convergence properties in the Cholesky blocks for f� = 0:156631; � = 0:166309; � = 0:167446g. (a) Plots of kL � L k

and kF �F k versus frame k. (b) Plots of L � L and F � F versus block row l . (c) Plots of L for the last five rows

l and (1 � l � l ) in L (d) Plots of F for the first five rows l and (l � l � N ) in F .

Fig. 3. Comparison of PSNRs for frames (1–24) of a test video sequence compressed with different versions of a 3-stage 6-bit cascaded VQ. In subplots (a)–(d),
the PSNR of the video frame reconstructed from the first stage is shown with a “�”, the PSNR of the video frame reconstructed from the first two stages is shown
with a “}”, and the PSNR of the video frame reconstructed by combining the output of all three stages is shown with a “�”. In each subplot, we also show the PSNR
for the frames reconstructed using a single stage VQ with 6 bits (64 code vectors) quantization with a “�”. Subplot 4(a) uses a 222-configuration for cascaded VQ,
subplot 4(b) uses the 213-cascaded VQ, subplot 4(c) uses the 312-cascaded VQ, while subplot 4(d) uses the 321-cascaded VQ. The horizontal axis represents the
frame index k.

cursive form exactly in the same way as done at the encoder.
The quantized error field is used to reconstruct the video.

We now explain the prediction step in more details, high-
lighting the computational issues involved in prediction.

A. Noncausal Prediction

The video is modeled as a 3-D noncausal Gauss Markov
random process (GMrp) [15], [16] where we use a bilateral
neighborhood of pixels to make a linear prediction of the
current pixel value. This implies that the video is represented
by a bilateral autoregressive linear model driven by a correlated
input noise. This is the 3-D extension of the minimum mean
square error (MMSE) representation derived by Woods [15]
and, for a first order video, is given by

(1)

where is the pixel intensity at spatial location
and frame , and similarly for the remaining pixels. The input
error field is denoted by and , , and are the
model parameters, referred to as the vertical, horizontal, and
temporal interactions. As customary in video processing, we use
the row-major order to vectorize video into vector

and the error field into vector . The pixels in frame
are, therefore, arranged in a column vector

(2)

where represents pixels in row of frame . Vectors
are then stacked in order such that

(3)

The same procedure is used to generate representing the
error field on row of frame , and vector constituting the
error field of frame . Stacking all equations corre-
sponding to the 3-D video lattice, the MMSE representation of
the 3-D GMrp is written in three alternative forms summarized
by Theorem 1.

Theorem 1: The following are three equivalent representa-
tions for a 3-D, first order, noncausal GMrp with zero Dirichlet
boundary conditions.

1 ) Bilateral Representation:

(4)

(5)

(6)
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In (6) and (7), the symbols and are identity ma-
trices, while and are Toeplitz matrices that
have zeros everywhere except for the first upper and lower
diagonals, which are composed of all ones. The subscript
denotes the order of the matrix. The operator represent
the Kronecker product and the constituent blocks , ,
and are given by

(7)
2 ) Forward Unilateral Representation:

(8)

(9)

where represents the row-ordered pixels in frame
of the 3-D whitened error field obtained from the
transformation . The forward Cholesky factor

is derived from the upper/lower Cholesky decomposi-
tion and has the following structure

. . .
. . . (10)

The forward Cholesky blocks ’s in are lower trian-
gular and ’s are upper triangular.

3 ) Backward Unilateral Representation:

(11)

(12)

for . The vector represents the
row-ordered pixels in frame of the 3-D whitened error
field . The backward Cholesky factor is
obtained from the lower/upper Cholesky decomposition

and has the following structure

. . .
. . . (13)

The backward Cholesky blocks ’s are upper trian-
gular and ’s are lower triangular.

Given that the covariance of the random vector is , it is
straightforward to sure that the error fields and are white.
In other words, we have completely uncorrelated the 3-D video
field with the unilateral representations. Theoretically, complete
decorrelation of the video sequence leads to higher compression
with the reconstructed sequences exhibiting improved perceived
quality and a higher PSNR.

To obtain the forward Cholesky blocks ’s in
the forward unilateral representation, we expand

in terms of the constituent blocks, leading to the following
relationships:

(14)

for (15)

where the notation indicate that the ma-
trix is the Cholesky factor of . Likewise the backward
Cholesky blocks ’s in the backward unilateral rep-
resentation are obtained by expanding in terms of
the constituent blocks. The resulting expressions are

(16)

for (17)

The values of the interaction parameters , , and as well
as the noise variance are obtained by maximization of the
likelihood function

(18)

See [12] for details. Theorem 1 provides two different block im-
plementations for 3-D noncausal prediction of the video pixels.
The forward unilateral representation is more suitable for live
streaming applications since the video is transformed in its nat-
ural order into a 3-D uncorrelated error field. In
the subsequent discussion, we focus on the forward unilateral
representation.

III. PRACTICAL SNP/VQR CODEC

The forward unilateral regression model (8)–(9) is compu-
tationally impractical to implement even for a reduced video
format like QCIF with a frame size of (144 176) pixels. For
a QCIF video sequence, the linear dimension of the Cholesky
blocks ( , ) in the forward regression model is roughly
of . Storage and matrix operations at such high
dimensions are clearly not feasible. To derive practical im-
plementations, we approximate the Cholesky blocks by an

-block banded structure. Before presenting the subblock
implementation, we comment first on the structure of the
Cholesky blocks, which provide intuitive justification for the
block banded approximation.

A. Cholesky Factors

The structure of the Cholesky blocks is illus-
trated through a simple example. A first order Dirichlet field
with , , and is
defined on a 3-D (24 24 24) lattice, i.e.,

. The Cholesky blocks are computed using rela-
tionships (14)–(15). The following observations are made from
the computed values of the Cholesky blocks.
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Fig. 4. Reconfiguration of video frames to achieve temporal scalability. Starting from the first frame X , the base layer encodes every fourth frame using the
block SNP/VQR. Enhancement layer 1 starts with the third frameX and encodes every fourth frame using frames reconstructed from the base layer in the 3-D
GMrp predictive model. Enhancement layer 2 encodes the remaining frames of the video sequence and uses the frames reconstructed from the first enhancement
and base layers during its prediction.

Property 1: In Fig. 2(a), we plot the norm of the differences
and for . The plots

in Fig. 2(a) highlight the rapid geometric convergence of the
sequences and in a small number of iterations . This
result has been proved theoretically in [16].

Property 2: In Fig. 2(b), we plot the norm of the differences
of the constituent subblocks in . The

plot is shown as a solid line marked with the symbol “ ”. Like-
wise, the norm of the differences for con-
secutive subblocks on the main diagonal in is plotted as a
solid line marked with the symbol “ ”. We observe that the con-
stituent subblocks in and themselves converge along
the block diagonals. Similar convergences were observed for
other subblocks in and along diagonals outside the
main block diagonal.

Property 3: In Fig. 2(c) and (d), the norms of the subblocks
and along a block row are plotted. Inter-

estingly, we note that the subblocks constituting the Cholesky
blocks converge to along block row on the re-
spective nonzero side of the main diagonal. This illustrates that a
block banded approximation to the Cholesky blocks
is reasonable.

Based on observations 1–3, we approximate the Cholesky
blocks in the Cholesky factor by block banded upper
triangular matrices [21] as follows

for . Similarly, the Cholesky blocks
in the Cholesky factor are approximated by block banded
lower triangular matrices as follows

for . Note that the upper triangular structure
of and the lower triangular structure of follow directly
from the forward unilateral representation, (8)–(9), and are not
approximations. The only approximation made in (19)–(20) is to
impose a block banded structure on the nonzero triangular por-
tion of the Cholesky blocks. When coupled with the one sided
forward representation of (8)–(9), the block banded approxima-
tions considerably simplify the prediction model. The simplified
model is considered next.

B. Subblock Implementation

To derive the subblock SNP/VQR, we expand (8) and (9)
at the subblock level with and approximated by the

-block banded approximations given in (19) and (20). Here
we present the resulting expressions for .

Frame ,

(21)

Frame ,

(22)

To compute the Cholesky subblocks , (14) and
(15) are expanded in terms of the block banded structure de-
fined in (19) and (20). For , the simplified
expressions are given by (23)–(26), where term equals 1 if

. Otherwise, . Since the Cholesky subblocks

in (23)–(26) converge to a steady state, therefore,
only a limited number of these subblocks are computed. The
steps involved in computing the steady state values are as follows.
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Frame :
1) Compute subblocks , , and

for the last row using (23) and (24),
shown at the bottom of the page.

Frame : see (23) and (24).
Frame : see (25) and (26), shown at the

bottom of the next page.
2) Repeat step 1 for subblocks , , and

, , for row , using
(23) and (24)until the subblocks converge. For real video
sequences, we observed convergence within
iterations.

Frame :
3) Steps 1 and 2 are repeated for each of the following

frames until the subblocks
, , and , ,

, converge with respect to .

Convergence of was observed within

iterations.
In steps 2 and 3, the convergence criteria is based on

the Frobenius norm of the difference of the two sub-
blocks. In step (3), for example, the convergence criteria
is , where is .

C. Computational Savings

The subblock SNP/VQR reduces the computational com-
plexity of the block SNP/VQR in the following ways.

1) For a video sequence, storing the
Cholesky blocks and requires
memory size. Since the Riccati iteration converges at a
geometric rate, storage of all blocks is not required.
We stop at iteration reducing the memory
requirements by a factor of to .

2) The storage requirements in item 1 are still impractical
to be implemented. By imposing an -block banded
structure on the upper triangular blocks ’s, only
constituent subblocks within are

stored. Similarly, for the lower triangular blocks ,
only subblocks within are stored. The
memory requirements are reduced to
with the -block banded approximations.

3) The Cholesky subblocks and themselves
converge along the block diagonals of and
respectively. Instead of storing such subblocks
for each and , only blocks are
needed. This further reduces the memory requirements to

. In other words, the subblock SNP/VQR
requires only subblocks of dimensions
to be stored. The number of computations in the Riccati
step is reduced by a factor of . In our
experiments, we use a 3-block banded approximation.
Respective convergences were observed within
and iterations implying a computational savings
of over the bilateral model (6).

4) By using the subblock SNP/VQR, (21) and (22), the
number of computations required to generate the 3-D
error field are significantly reduced from that required
in the block SNP/VQR, (8) and (9), given in theorem 1.
In the reduced model, subblocks and are of
dimensions . For a 3-block banded approx-
imation, the total number of floating point operations
(flops) required to generate the error field with
the subblock SNP/VQR is given by for one frame

. The corresponding number of flops in block SNP/VQR
is . Therefore, the subblock SNP/VQR reduces
the number of flops at the encoder by .

The computational saving at the decoder is of
as we show next. Both block and subblock SNP/VQR re-
quire inverting the state matrices to generate the recon-
structed frame from the error field . To
reconstruct one frame of the video sequence, the number
of computations required in the block SNP/VQR is of

. In the subblock SNP/VQR, the number of
flops required to generate one frame, is of im-
plying a saving of .

for

for
(23)

for

for

for

for
(24)

for

for
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5) Since computations of the Cholesky subblocks blocks
and are dependent on the values of the field

interactions , therefore, the subblocks can
not be computed offline. Reference [16] shows that the
field interactions are bounded by the inequality

(27)

It is possible to consider a subset of values for the field in-
teractions and construct a lookup table containing the cor-
responding Cholesky subblocks . The same
lookup table is also constructed at the decoder. The online
computations of the Cholesky subblocks is avoided with
this approach but at the expense of an additional approxi-
mation as the field interactions are quantized to the values
included in the lookup table.

We next consider a rough comparison of the computational com-
plexity of the subblock SNP/VQR with the standard codecs such
as MPEG4 and H.263. The most time consuming operation in
the standardized codecs is the block-based motion estimation,

which has a computational complexity of
per frame for an frame with the search range of
pixels. The subblock SNP/VQR involves no motion compensa-
tion but uses 3-D noncausal prediction, (24)–(27), which takes
most of the encoding time. Given that the unilateral representa-
tion is available from a lookup table, the compu-

tational complexity of the noncausal prediction is of
per frame, which is comparable to the computational complexity
of the standard codecs. In the extreme case of an exhaustive
search, , the computational complexity of the block-
based motion estimation is of . Compared to the stan-
dard codecs using exhaustive search motion estimation, the sub-
block SNP/VQR provides an improvement of a factor of .

IV. QUALITY OF SERVICE

In this section, we explain how the subblock SNP/VQR offers
different quality of services (QoS). The variations in the QoS are
achieved both in the temporal and spatial domains.

Spatial Scalability: is a direct consequence of cascaded VQ
used to compress the prediction error. In the proposed setup, we
use three stages in cascaded VQ to provide three different levels

for

for
(25)

for

for

for

for
(26)

for

for
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Fig. 5. Block diagram representation for SNP/VQR video codec offering different quality of services (QoS). A subscriber accessing the video using the Bronze
service receives only one stream v . A subscriber using the Silver service receives streams (v , v ) and (v , v ). A subscriber using the Gold service receives
all the streams. Other QoS are also possible using different combinations of the temporal and spatial feeds.

of spatial QoS. For the best spatial quality video, the outputs
of all three stages of VQ are transmitted to the receiver. For
intermediate quality, the outputs of the first two stages are used
by the receiver. Finally, for the lowest spatial quality, the output
of the first stage is transmitted to the receiver.

Determination of the optimal distribution of the number of
code vectors between different stages of cascaded VQ is a com-
putationally intensive problem [22]. The computational com-
plexity of such a search exceeds that of an exhaustive search.
To determine a good distribution, we ran an experiment for a
3-stage, 6-bit vector quantizer. In Fig. 3, we include a selective
subset of the possible distributions and plot the PSNRs of the
video sequences reconstructed from a 3-stage VQ. We observe
that the performance of the “321”-bit is closest to the perfor-
mance of a single stage VQ. In the subblock implementation
of SNP/VQR, we use a 3-stage, 6-bit vector quantizer with a
“321”-bit distribution between the three stages.

Temporal Scalability: is achieved by representing the video
sequence , , in three layers. Fig. 4 shows a
possible configuration. The base layer consists of every fourth
frame and is encoded with the subblock SNP/VQR
using a lower frame rate. The first enhancement layer encodes
frames and uses the frames reconstructed from the base
layer during the prediction step. The difference between the ac-
tual frames and the corresponding predicted frames is
computed and quantized using a 3-stage “321”-VQ enhanced
with conditional replenishment. Finally, the second enhance-
ment layer encodes the remaining frames with its predic-
tion based on the frames reconstructed from the first enhance-
ment and base layers.

Choice of Service: We propose three quality of services
(QoS) (Gold, Silver, and Bronze) in the subblock SNP/VQR by
combining the spatial and temporal feeds discussed earlier. The

procedure is illustrated in Fig. 5. The error field obtained from
the three temporal layers is encoded using a 3-stage, 6-bit VQ
with a “321” distribution between the three stages of the VQ.
Other QoS are possible by adjusting the number of stages and
code vectors at each stage in the cascaded VQ and by using a
different temporal decimation scheme.

Bronze Service: uses the base layer of the temporal
feed compressed with the first stage of the 321-cascaded VQ.
The frame rate is, therefore, one-fourth of the original video.
Using a (4 4) block size in VQ, the compression ratio in the
spatial domain is or 43, leading to an overall
compression ratio of . Additional compression
is achieved by conditional replenishment, not included in the
above calculation for computing the compression ratio. For a
video sequence with QCIF resolution (144 176) and a frame
rate of 30 fps, a compression ratio of 172 corresponds to a trans-
mission rate of about 35 Kbps. The bronze service is suitable for
dial-up networks using V.90 modems that support a channel ca-
pacity of 56 Kbps.

Silver Service: uses the first enhancement layer and
the base layer of the temporal feed compressed with
the first two stages of the 321-cascaded VQ. The frame rate
is, therefore, one-half of the streaming video with the spatial
compression given by or 25.4. Compared to the
original sequence, the compression ratio of the silver service
is . For the QCIF resolution, this implies a
transmission rate of 120 Kbps. Additional compression can be
achieved using the conditional replenishment during VQ.

Gold Service: uses all three layers of the temporal feed com-
pressed with a 3-stage 321-cascaded VQ. The frame rate is the
same as that of the input video. The spatial compression ratio
is or 21.3, leading to a transmission rate of
286 Kbps for a video sequence with QCIF resolution.
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TABLE I
DISTRIBUTION OF CODE VECTORS BETWEEN THE THREE LAYERS OF SNP/VQR WITH A 3-STAGE, 321-CASCADED VQ

TABLE II
COMPARISON OF PSNR FOR TEST VIDEO SEQUENCES RECONSTRUCTED AT 30 FRAMES PER SECOND WITH MPEG4 AND THE BLOCK SNP/VQR

AT DIFFERENT BPS REPRESENTATIONS. SOME PSNR VALUES FOR MPEG4 ARE MISSING BECAUSE OF THE INABILITY OF THE MPEG4
IMPLEMENTATION [24] TO ACHIEVE THE CORRESPONDING TRANSMISSION RATES WITHOUT REDUCING THE FRAME RATE

V. EXPERIMENTS

The experiments presented here are designed to make two
major points. First, we show that reasonably good quality is ob-
tained at low bit rates using SNP/VQR and these results are su-
perior, in terms of visual quality, to those obtained at similar
bit rates using the ITU standard H.263 and the ISO standard
MPEG4. Since we are interested in comparing the overall per-
formance, we use the Gold service of SNP/VQR in our com-
parison with the two standards. The H.263 and MPEG4 en-
coders have many optional features and their performances vary
from one implementation to another depending on how many
of the available features are selected. For H.263, we use the
baseline implementation available at [23] that incorporates half-
pixel motion compensation, 3-D variable length coding of DCT
coefficients, and coding of overhead information such as mac-
roblock control data and coded block patterns. Optional fea-
tures like unrestricted motion vectors, syntax based arithmetic
coding, and advanced prediction mode are not implemented.
The MPEG4 codec is downloaded from [24] and is also a base-
line implementation. In addition to the perceived quality, we use
peak signal to reconstructed noise ratio (PSNR) as the quanti-
tative measure of video quality to compare the performance of
the three codecs.

In the second set of experiments, we seek to compare dif-
ferent quality of services (Gold, Silver, and Bronze) described
in Fig. 5. The reconstructed sequences are compressed both tem-
porally and spatially in the second set of experiments. We illus-
trate how much improvement is possible in the perceived quality
when a client moves to a higher class of service from a lower
class. In our simulations, we use four test sequences: carphone,
foreman, highway, and news that have a QCIF resolution of
(144 176) pixels per frame with a display rate of 30 frames/s.
Carphone and foreman are typical “talking head” sequences
with limited movement, while news and highway have relatively

Fig. 6. Comparison of the mean PSNR for the textitcarphone sequence
compressed using H.263, MPEG4, and SNP/VQR. In these results, SNP/VQR
is configured at the Gold service with � = 0:166309, � = 0:156631, and
� = 0:167446.

higher background motion. We are primarily motivated with
video conferencing or surveillance applications over a wireless
channel. In such applications, the camera motion is limited with
the effective transmission rate constrained to below 200 kbps.
The test sequences are good representatives of the applications
under consideration. Extension of SNP/VQR to video sequences
with abrupt scene changes requires recalculation of the model
interaction parameters . We propose two strategies
for dealing with such situations. Strategy 1 involves a passive
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Fig. 7. Frame 21 extracted from the carphone sequence compressed to different bit rates using H.263, MPEG4, and the block SNP/VQR. Frame (a) is the original
frame. The frames in the left most column are compressed using H.263, the frames in the middle column are compressed using MPEG4, while the frames in the
right most column are compressed using the block SNP/VQR. The bit rate for frames (b), (c), and (d) is 90 Kbps (CR = 67), the bit rate for frames (e), (f), and
(g) is 39 Kbps (CR = 155), and the bit rate for frames (h), (i), and (j) is 24 Kbps (CR = 253).

technique of refreshing the model interaction parameters after
every consecutive frames in the video sequence. This strategy
is similar to the one employed in the standard codecs where the
reference frame (I-picture) is refreshed periodically. Strategy 2
determines if the scene has changed in the video sequence. Only
when the scene changes substantially, the interaction parameters
are recalculated.

Before continuing on with the comparison, we explain how
we compute the transmitted bit rate for SNP/VQR. As an ex-
ample, we choose to compress the first 80 frames of the 8-bit
monochrome carphone sequence with SNP/VQR configured for
the Gold service using a 6-bit 3-stage VQ with a ’321’-bit distri-
bution between the three stages. The total number of bits in the
carphone sequence is given by (144 176) 80 8, or roughly
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Fig. 8. Comparison of the block SNP/VQR with MPEG4 for the foreman and news sequences. (a) Original frame no. 41 of the foreman sequence. (b) Frame
no. 41 compressed to 72 kbps using MPEG4. (c) Same as (b) except the frame is compressed with SNP/VQR. (d) Original frame no. 41 of the news sequence.
(e) Frame no. 41 compressed to 41 kbps using MPEG4. (d) Same as (c) except the frame is compressed with SNP/VQR. In (a)–(d), the frames are compressed
spatially. The frame rate of the compressed sequences is 30 fps.

16.22 Mbits, leading to a transmission rate of 6.08 Mbps at
30 frames per second. Using a (4 4) block in cascaded VQ,
the total number of vectors from the test sequence is 126 760.
Not all of these vectors are transmitted at each stage of cas-
caded VQ. A significant number of vectors are dropped due
to conditional replenishment, which leads to additional com-
pression. Conditional replenishment, however, introduces some
overhead. Each stage of VQ requires one additional bit to convey
the status of the quantized vector to the receiver, i.e., to code
whether the vector is being transmitted or not. The amount of
this overhead in bits is given by the number of input vectors at
each stage of cascaded VQ. This overhead is reduced by using
an entropy coding scheme like Lempel–Ziv algorithm. It may
be noted that the entropy coding scheme is only applied to the
overhead resulting from conditional replenishment. The data
from VQ is transmitted without any additional coding. This is
in accordance with H.263 (and MPEG4) where the discrete co-
sine transform (DCT) coefficients in H.263 (or the wavelet co-
efficients in MPEG4) are quantized and entropy coded before
transmission.

Table I shows the number of vectors dropped due to condi-
tional replenishment at the first two stages of the 3-stage cas-
caded VQ. We do not apply conditional replenishment at the
third stage of cascaded VQ. Since the code book at the third
stage is of size 2, 1 bit is used to represent each code vector at
the third stage. The savings obtained from conditional replen-
ishment at the third stage is, therefore, compensated by the as-
sociated overhead. Based on Table I, the total number of bits
used to represent the video sequence is given by

or, 333 470 bits. The compression ratio (CR) for SNP/VQR is
therefore given by 16.22 , which pro-
vides an average bit rate of 125 Kbps.

Fig. 6 plots the mean PSNR computed for the carphone
sequence after its encoding with the H.263, MPEG4, and
SNP/VQR codecs as a function of the transmission rate. In
SNP/VQR, we vary the total number of bits in cascaded
VQ such that the resulting bit rates range from 25 Kbps to
250 Kbps. The codebooks used at different bit rates are uni-
versal in the sense that these are generated from a set of training
sequences that do not include the four test sequences used in the
comparative study. Fig. 6 illustrates that SNP/VQR produces
sequences with higher PSNR values than H.263 for bit rates
below 200 Kbps and MPEG4 for bit rates below 175 kbps. At
125 Kbps, for example, the video sequence compressed with
SNP/VQR has a PSNR value that is roughly 0.5 dB higher than
the video sequence obtained at the same bit rate from H.263,
while the improvement over MPEG4 is given by 0.25 dB. At
a transmission rate of around 50 Kbps, the block SNP/VQR
provides improvements of about 1.5 dB over H.263 and 0.75 dB
over MPEG4. Table II provides additional PSNR comparisons
between the block SNP/VQR and MPEG4 for three more test
sequences. Our earlier observations are validated with the
results listed in Table II.

A higher PSNR does not necessarily imply a superior quality
reconstructed video, because the perceived video quality is
highly dependent on the human visual system (HVS). To
provide subjective evaluation of the sequences, representative
frames are extracted from the sequences compressed with
H.263, MPEG4, and SNP/VQR. Fig. 7 illustrates the perceived
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Fig. 9. Comparison of different quality of services. (a) Original frame no. 60 and (b)–(d) frame 60 obtained as part of the video sequence compressed with
(b) the Gold service to a bit rate of 125 Kbps (CR = 48:6). (c) the Silver service at a bit rate of 31 Kbps (CR = 196). (d) the Bronze service at a bit rate of
7.75 Kbps (CR = 784). In Silver and Bronze services, gains due to temporal compression are included in the compression ratios.

differences between frame 21 of the carphone sequence recon-
structed using H.263, MPEG4, and SNP/VQR at three different
bit rates. In Fig. 7, the frames compressed with SNP/VQR
exhibit better visual quality with more details retained, e.g., the
structure of the eyes and eyebrows, and the tower seen through
the car’s window. Moreover, there is little blocking visible in
the frames compressed with SNP/VQR despite the fact that
VQ is prone to introducing blocking at low bit rates. Similar
observations are made for the other test sequences compressed
with MPEG4 and SNP/VQR as highlighted in Fig. 8.

In the second set of experiments, we illustrate the improve-
ment in the visual quality obtained by switching SNP/VQR from
a lower QoS to a higher service. Fig. 9 shows frame 60 from
the carphone sequence compressed using the Gold, Silver, and
Bronze services. Not depicted in the frames is the difference in
the frame rates offered with each service. The Gold service uses
the original frame rate of 30 fps while the Silver service displays
every second frame and the Bronze service displays every fourth
frame in the sequence. Hence, the frame rate for Silver service is
15 fps while the frame rate for Bronze service is 7.5 fps. Taking
the spatial compression achieved with the 321-cascaded VQ in
consideration, the overall compression ratio for the Gold service
is 48.6 compared to the compression ratios of 196 and 784 for
the Silver and Bronze services. As expected there is a noticeable
difference in the visual quality between the three services be-
cause of the difference in the compression ratios. However, the
frame compressed using the Bronze service is intelligible and
offers better visual quality than the frame reconstructed from
H.263 and MPEG4 at the same compression ratios.

VI. SUMMARY

This paper presents a noncausal predictive codec SNP/VQR,
which couples 3-D noncausal prediction with conditional
replenishment extended cascaded VQ. Extension of 2-D non-
causal prediction to the compression of 3-D video sequences
is challenging because of the high computational complexity
of SNP/VQR. We present a practical implementation of the
SNP/VQR, which, in comparison with the direct SNP/VQR,
provides computational savings of two orders of magnitude
of the linear dimension of the video. The computational com-
plexity of the block SNP/VQR is comparable to that of the
standard codecs. In our simulations, SNP/VQR compares
favorably with the ITU H.263 and ISO MPEG4 video com-
pression standards especially at low bit rates. SNP/VQR is also
capable of offering different quality of services (QoS) both in
the temporal and spatial domains. The paper considers three
QoS, referred to as Gold, Bronze and Silver services. The of-
fered services are hierarchical such that any higher QoS can be
derived from a lower QoS by transmitting additional enhance-
ment layers. This feature is especially useful for delivering live
streaming video over heterogeneous multicast networks.
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