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Abstract—This paper describes a hybrid motion-compensated to remove spatial correlation [5]; 4) quantization of the wavelet
wavelet transform coder designed for encoding video at very low coefficients to remove irrelevancy; 5) the use of zerotrees
bit rates. The coder and its components have been submitted to and an arithmetic coder to losslessly encode the quantized
MPEG-4 to support the functionalities of compression efficiency fficient ith .. b f bits [6]. 171 and 6
and scalability. Novel features of this coder are the use of coellicients with a minimum number of bits [ . _[ I; and 6)
overlapping block motion compensation in combination with a @ rate control scheme to control the quantization factor to
discrete wavelet transform followed by adaptive quantization and achieve a desired mean bit rate [4], [15].
zerotree entropy coding, plus rate control. The coder outperforms Overlapping in the block motion compensation reduces
the VM of MPEG-4 for coding of I-frames and matches the  gignificantly the artifacts that would otherwise arise from the
performance of the VM for P-frames while providing a path to mismatch between the block nature of motion compensation
spatial scalability, object scalability, and bitstream scalability. ) p :

and the global nature of the discrete wavelet transform. At high
compression ratios, ringing is a major problem of the wavelet
transform; the proposed coder remedies this problem by allow-
ing different filter lengths at each stage of the decomposition.
|. INTRODUCTION Quantization and coding of the wavelet coefficients are done

ERY low bit-rate video coding has received considerablésing the zerotree coding concept. The coder incorporates the
attention lately in academia and industry in terms d¥€ll-known embedded zerotree wavelet (EZW) algorithm to
both coding algorithms and standards activities. The recenfl§!iver bitstream scalability, and a new ZTE coding algorithm
adopted ITU-T Recommendation H.263 provides a soluticipecifically ta_llc_)red to give the bes_t performance for encoding
for very low bit-rate video telephony [1]. Currently, MPEG-4Vavelet coefficients of very low bit-rate video.
is working toward a standard for coding video in a way that " @ddition to high compression performance, the proposed
provides functionalities such as content-based access, contERfler provides a path to spatial scalability, object scalability,
based manipulation, content-based editing, combined natfgf bPitstream scalability. At the heart of the coder is the
and synthetic data coding, robustness, content-based scald§fotree coding method for the wavelet coefficients combined
ity, as well as improved coding efficiency [2]. In this papeﬁ,"”th a means for content-based adaptatlor) of quarltlzatlon.
we present a coder developed at the David Sarnoff Reseafdlf coder incorporates a new zerotree coding algorithm that
Center intended to address the needs of MPEG-4, particuldiynighly efficient for motion-compensated video residuals
those in the areas of improved coding efficiency at very lof1d that provides a direct association between the wavelet
bit rates and content-based scalability [3]. The key elemerefficients and what they represent spatially, making possible
of Sarnoffs MPEG-4 coder is a new, efficient method fof content-based control of their encoding. Finally, a new rate
encoding wavelet coefficients called zerotree entropy (ZTEPNtrol scheme specific to the needs of this coder is included.
coding. The organization of the paper is as follows. We begin in
The structure of our proposed coder is similar to other€ction 1l with a general overview of the coder and a brief
motion-compensated, block-based, discrete cosine transfdiiscussion of its salient features. In Section I, we describe in
(DCT) video coders such as MPEG-1 and H.263, but we uggtail egch of the major compqnents of the goder. We present
a discrete wavelet transform (DWT), overlapping for motioff! Section IV the results obtained from using the coder to
to better match the DWT, and the zerotree concept for codif§code the test sequences of MPEG-4. The conclusion is in
the wavelet coefficients. The wavelet transform reduces tR€ction V.
blocking artifacts seen at very low bit rates while providing
better way to address the scalability functionalities of MPE
4 [14]. The specific components of the coder are: 1) block This section gives an overview of the proposed encoder.
motion estimation to track local motion [1]; 2) overlappinghe system block diagram is shown in Fig. 1.
block motion Compensation to remove tempora| redundancyFrameS of video are encoded either as intra or intel’, where
[1]; 3) an adaptive discrete wavelet transform of the residui&itra is used for the first frame and inter is used for the
remaining frames of the test sequences. The first intra frame
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Fig. 1. Block diagram of proposed encoder.

ZTE is an improvement over EZW that does not produce anThe wavelet coefficients are organized iM@avelet trees
embedded bitstream but offers better performance and greaach of which is rooted in the low-low band of the decompo-
flexibility for video coding. sition then extends into the higher frequency bands at the same
All succeeding frames of the video sequence are encodgghtial location. Each wavelet tree provides a correspondence
from the preceding frame as forward-predicted “P” framebetween the wavelet coefficients and the spatial region they
Bidirectionally-predicted “B” frames are possible but haveepresent in the frame. The coefficients of each wavelet tree
not yet been implemented. A block-based motion estimati@an be rearranged to formwaavelet blockEach wavelet block
scheme is used to detect local motion. The prediction is doisea fixed size block of the frame and comprises those wavelet
using the block motion estimation scheme of H.263 whemmefficients at all scales and orientations that correspond to
estimation is done to half-pel accuracy on blocks ofx186 that block.
or 8 x 8. The wavelet trees are scanned and the wavelet coefficients
Next, each block is predicted using the overlapping blocdre quantized. Because each tree relates to a distinct block of
motion compensation scheme of H.263. After all blocks havke frame, quantization can be varied according to what content
been predicted, the residuals are pieced together to fornofathe image is covered by each block. It is also possible
complete residual frame for subsequent processing by tleevary the quantization within the block in a frequency-
wavelet transform. The overlapping in the motion compemiependent fashion. The coder permits the use of any desired
sation ensures that a coherent residual is presented to dneantizer. We use a midriser uniform quantizer with dead zone
wavelet transform, without any artificial block discontinuitiesaround zero with adjustable step size.
For those blocks where prediction fails, the intra mode is The extreme quantization that is required to achieve a
selected and the original image block is coded. To turn thigry low bit rate produces many zero coefficients. This is
block into a residual similar to the other predicted blockgxploited by using zerotree coding to significantly compress
the mean is subtracted from the intra blocks and sent t®se quantized coefficients. The coder can either use the EZW
overhead. In this way, all blocks now contain a predictioalgorithm or the new, improved zerotree algorithm called ZTE
error, constituting either the difference between the curretwding. The EZW algorithm would be used where bitstream
block and its overlapping motion-compensated prediction scalability is required or where exact bit rate use per frame
the difference of the block pixels from their mean. must be met. The new ZTE coding scheme uses the zerotrees
The wavelet transform is flexible, allowing the use obf EZW, but differs from EZW in ways that enable it to deliver
different filters at each level of the decomposition. Shortenuch better performance for video coding. One feature of ZTE
filters are used at the later levels of the decomposition toding is that quantization is done explicitly and therefore
reduce their effective length and thereby reduce the extemin be optimized and dynamically adapted to scene content.
of ringing after quantization of the coefficients. At the stah second feature is that the scanning and encoding of the
of the decomposition, longer filters are needed to avoid amavelet coefficients is done in an order that exploits the close
artificial blockiness that short filters would cause. connection between the coefficients and what they represent
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in the frame, thereby allowing allocation of bits on an objecthere are four possible prediction modes for eachx186
by-object basis. Third, in ZTE coding, the use of zerotreasotion-estimated macroblock: 1) estimated by onex18.6
has been enhanced by defining a new set of symbols designetroblock requiring no motion vector (motion vector is
specifically for very low bit-rate coding of video. In placethe zero vector); 2) estimated by one ¥616 macroblock
of the embedding property of EZW, ZTE provides greataequiring one motion vector; 3) estimated by foux &8 blocks
flexibility, adaptability, and improved coding efficiency. requiring four motion vectors; 4) intra macroblock requiring no
Finally, the symbols generated by the zerotree scanninmgtion vector. The motion vector field is differentially coded
process and the quantized coefficients are losslessly encobdgdpredicting from a spatial neighborhood of three motion
using an adaptive arithmetic coder. The arithmetic coder usesctors that were already transmitted. The motion vector
adaptive models to track the statistics of its inputs and cogeediction errors are Huffman encoded following the tables
them close to their entropy. of H.263. For details, refer to the H.263 recommendation [1].
A rate control scheme is included that permits a target bit 2) Overlapping Block Motion Compensatioi®verlapping
rate to be met. The scheme varies the quantization factdock motion compensation (OBMC) is an advanced scheme
used for each wavelet block within each frame using a novielr block motion compensation that overlaps, windows, and
guadratic modeling of the rate distortion function. The rateums prediction blocks prior to subtraction from the current
control algorithm performs both interframe rate control anllock being predicted in order to reduce the effect of block
intraframe rate control. boundary discontinuities [11], [12]. Each block of the current
frame to be encoded is predicted using the OBMC method of
H.263 [1]. In this method, each & 8 block is overlapped
with two major neighboring blocks: 1) the upper left>8 8
block of each 16x 16 macroblock is overlapped with the
A. Motion Estimation and Compensation adjacent blocks located at the above and left sides; 2) the

1) Block Motion Estimation:The proposed coder uses thalpper right 8 x 8 block of each 16x 16 macroblock is
block motion estimation technique of H.263 [1]. MotiorPverlapped with the adjacent blocks located at the above and
estimation is performed on the luminance ¥616 and 8 right sides; 3) the lower left 8 8 block of each 16x 16
x 8 blocks. The distortion measure is the sum of absoluf@acroblock is overlapped with the adjacent blocks located
difference (SAD). The full pel motion estimation is done usingt the below and left sides; 4) the lower rightx88 block
the previousoriginal frame. A full search is used and theof each 16x 16 macroblock is overlapped with the adjacent
search area is up to 15 pixels in all four directions from th@locks located at the below and right sides. Therefore, each
center of the macroblock. The SAD for the zero translatigbixel of motion compensated frame is a weighted sum of three
vector for the 16x 16 block is reduced by a bias, set tdPrediction values from the previous reconstructed frame: one
100 by default, to favor the zero motion vectors. The SAmalue predicted using the current block motion vector and two
is calculated for each 1& 16 macroblock and its four & Other values predicted using the neighboring motion vectors.
8 blocks. This overlapping provides a coherent motion-compensated

The motion estimation algorithm also has intra/inter modéame and therefore, a coherent motion residual frame free of
decision. For each macroblock, its mean value is also cald@jtificial block discontinuities that a nonoverlapping motion
lated. The SAD between the macroblock and its mean valé@mpensation scheme would produce. Note that intra blocks
is also calculated (call it MSAD). If this value (MSAD) isare not overlapped with their neighboring blocks. In order to
smaller than SAD calculated by motion estimation by a s&footh the motion-compensated residual frame at the borders
margin, 500 by default, the intra mode is chosen and no moti6h intra blocks, their means are subtracted and sent as side
vectors are sent. In this case, the block is predicted by its megfprmation.
and the mean is sent as overhead. Otherwise, the inter mode is
chosen and the macroblock is estimated using motion vectors |
as described in the previous paragraph. B. Discrete Wavelet Transform

In order to achieve better estimates, the half-pel motion A two-dimensional DWT is at the core of the proposed
estimation is done using the previoegonstructedrame. The coder. The wavelet transform performs decomposition of video
search is performed only on the luminance component. Tframes or motion-compensated residuals into a multiresolution
range of search is one-half pixel in all four directions. Bilineasubband representation. The DWT has been made extremely
interpolation is used to obtain half pixels. For the chrominandkexible by allowing explicit specification of parameters such
components, motion vectors are divided by two and alss the number of decomposition levels, the filter coefficients to
guarter-pel interpolation is done to obtain the predictions ake, what filters to use at each level of the decomposition, and
the chroma blocks. the filter-bank/wavelet-packet structure for the decomposition.

If the 16 x 16 macroblock match results in smaller SAD, Multidimensional discrete wavelet transforms are usually
the corresponding vector is chosen and sent; otherwise famplemented in the form of hierarchical tree structures of
motion estimated vectors corresponding to four 8 blocks filter banks. The implementation of separable filter banks is
are sent as motion information. If the motion vector witkfficient due to the fact that the decomposition is applied in
smallest SAD is the zero vector, no vector is sent; thmach dimension separately. Therefore, using a simple iterative
condition is indicated by the prediction mode. Thereforeputine, the residual frame can be decomposed into four

Ill. TECHNICAL DETAILS OF THE ALGORITHM
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subimages in each iteration. Our algorithm uses symmetric
extension at the frame boundaries for the implementation L |HL
of the filters of the wavelet transform in order to effect a 3 34— HL
nonexpansive decomposition [10].

One important set of parameters involves the choice of
filters in the DWT. Linear-phase filters are preferred; other-

wise, phase distortion around edges would be very visible. IH AN HH2

[H |HH HL,
3 13

——t

Therefore, we restrict the use of linear filters to linear phase
filters only. Since the decorrelation of the subband signal is a |
desired property in a compression system, we use orthogonal
or near-orthogonal filter banks. A special feature of our
implementation is the ability to use different filter banks at LH HH
each level of the decomposition. This is important because 1 !
longer filters provide good frequency localization but can
cause ringing artifacts along the edges of objects, while
the use of shorter filter banks such as Harr results in less
ringing artifacts but more blockiness in the reconstructed
frame. Therefore, a combination of long filters for first levels
and shorter filters for later levels provides a good tradedfd: %
between ringing and blockiness artifacts.

Parent-child dependencies for creating wavelet trees.

EZW introduced a data structure calledzarotree built
C. Quantization and Zerotree Coding on the parent-child relationship. The zerotree structure takes
advantage of the principle that if a wavelet coefficient at a
1) Embedded Zerotree Wavelet Codin§ZW coding is a ¢oarse scale imsignificant(quantized to zero) with respect to
proven technigue for coding wavelet transform coefficientg.gi\,en threshold’, then all wavelet coefficients of the same
Besides superior compression performance, the advantageg ntation at the same spatial location at finer wavelet scales
EZW coding include simplicity, an embedded bitstream, scalgre also likely to be insignificant with respect to tat The
bility, and precise bit-rate control. These features enable EZWotree structure is similar to the zigzag scanning and end-
coding to address the MPEG-4 functionalities of improvegk.plock symbol commonly used in coding DCT coefficients.
coding efficiency, scalability, and error robustness, as well asgz\w scans wavelet coefficients subband by subband. Par-
providing other useful functionalities. ents are scanned before any of their children, but only after
EZW coding is based on three key ideas: 1) exploiting thg| neighboring parents have been scanned. Each coefficient
self-similarity inherent in the wavelet transform to predict thgy compared against the current threshéld A coefficient
location of significant information across scales; 2) successigesignificant if its amplitude is greater thdf;, such a co-
approximation quantization of the wavelet coefficients; and 2ificient is then encoded using one of the symhuégative
universal lossless data compression using adaptive arithmefignificantor positive significantThe zerotree rootsymbol is
coding. We give here a brief description of the EZW codingsed to signify a coefficient belo@, with all its children in
algorithm. Reference [9] describes the algorithm in furthere zerotree data structure also belt@w The isolated zero
detail. symbol signifies a coefficient belo@, but with at least one
EZW coding is applied to coefficients resulting from &hild not below". For significant coefficients, EZW further
DWT. In our implementation we use a DWT identical to &ncodes coefficient values using a successive approximation
hierarchical subband decomposition. The DWT decomposgsantization (SAQ) scheme. Coding is done bit-plane-by-bit-
the input frame into a set of subbands of varying resolgiane. The successive approximation approach to quantization
tions. The coarsest subband is a lowpass approximationgbfthe wavelet coefficients leads to the embedded nature of an
the original frame, and the other subbands are finer-sc@2wW coded bitstream.
refinements. In the hierarchical subband system such as tha) Zerotree Entropy CodingZTE coding is a new efficient
of the wavelet transform, with the exception of the higheséchnique for coding wavelet transform coefficients of motion-
frequency subbands, every coefficient at a given scale candagnpensated video residuals or of video frames. The technique
related to a set of coefficients of similar orientation at the neixt based on, but differs significantly from, the EZW algorithm.
finer scale. The coefficient at the coarse scale is called thige EZW, this new ZTE algorithm exploits the self-similarity
parent, and all coefficients at the same spatial location andiafierent in the wavelet transform of images and video residuals
similar orientation at the next finer scale are called childreto predict the location of information across wavelet scales.
As an example, Fig. 2 shows a wavelet tree descending fr@fME coding organizes quantized wavelet coefficients into
a coefficient in the subbanffH3. For the lowest frequency wavelet trees and then uses zerotrees to reduce the number
subband,LLs in the example, the parent-child relationship i®f bits required to represent those trees. ZTE differs from
defined such that each parent node has three children, &V in four major ways: 1) quantization is explicit instead
in each subband at the same scale and spatial location dluimplicit and can be performed distinct from the zerotree
different orientation. growing process or can be incorporated into the process,
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Fig. 3. Reorganization of a wavelet tree into a wavelet block.

thereby making it possible to adjust the quantization accordisgch a tree have amplitude zero. A valued zerotree root is a
to where the transform coefficient lies and what it represemsde where the coefficient has a nonzero amplitude and all
in the frame; 2) coefficient scanning, tree growing, and codidigur children are zerotree roots. The scan of this tree can stop
are done in one pass instead of bit-plane-by-bit-plane; &) this symbol. A value symbol identifies a coefficient with
coefficient scanning is changed from subband-by-subbaachplitude either zero or nonzero, but also with some nonzero
to a depth-first traversal of each tree; and 4) the alphalitscendant. The symbols and quantized coefficients are then
of symbols for classifying the tree nodes is changed tosslessly encoded using an adaptive arithmetic coder.
one that performs significantly better for very low bit-rate The new ZTE improves upon EZW for very low bit-rate
encoding of video. The ZTE algorithm does not producédeo coding in several significant ways. In EZW, quantization
an embedded bitstream as EZW does, but by sacrificingthe wavelet coefficients is done implicitly using successive
the embedding property, this scheme gains flexibility arabproximation. When using ZTE, the quantization is explicit
other advantages over EZW coding, including substantiahd can be made adaptive to scene content. Quantization can
improvement in coding efficiency. be done entirely before ZTE, or it can be integrated into

In ZTE coding, the coefficients of each wavelet tree ai&TE and performed as the wavelet trees are traversed and
reorganized to form a wavelet block as shown in Fig. 3. Eathe coefficients encoded. The quantizer we use is a midriser
wavelet block comprises those coefficients at all scales amdiform quantizer with dead zone around zero, but other
orientations that correspond to the frame at the spatial locatiguantizers could be used if desired.
of that block. The concept of the wavelet block provides If coefficient quantization is performed as the trees are built,
an association between wavelet coefficients and what thiyen it is possible to dynamically specify a global quantizer
represent spatially in the frame. step size for each wavelet block gaantfor each block), as

To use ZTE, a symbol is assigned to each node in a wavelatll as an individual quantizer step size for each coefficient
tree describing the wavelet coefficient corresponding to thaft a block (aquant matriy. These quantizers can then be
node. Quantization of the wavelet transform coefficients cadljusted according to what the coefficients of a particular block
be done prior to the construction of the wavelet tree, asr@present (scene content), or according to what frequency
separate task, or quantization can be incorporated into thend the coefficient represents, or both. The advantages of
wavelet tree construction. In the second case, as a wavétebrporating quantization into ZTE are: 1) the status of the
tree is traversed for coding, the wavelet coefficients can bacoding process and bit usage are available to the quantizer
quantized in an adaptive fashion, according to spatial locatifor adaptation purposes, and 2) by quantizing coefficients as
and/or frequency content. the wavelet trees are traversed, information such as spatial

The extreme quantization required to achieve a very low bbdcation and frequency band is available to the quantizer for it
rate produces many zero coefficients. Zerotrees exist at anyadapt accordingly and thus provide content-based coding.
tree node where the coefficient is zero and all the node’s chil-Another advantage of ZTE coding over EZW comes from
dren are zerotrees. The wavelet trees are efficiently represeriteds the coefficients are scanned. EZW scans subband by
and coded by scanning each tree depth-first from the rootdnbband. In ZTE, all coefficients that represent a given spatial
the low-low band through the children, and assigning one bfock are scanned, in ascending frequency order from parent,
three symbols to each node encountemstotree rootvalued to child, to grandchild, and so on, before the coefficients of the
zerotree roat or value A zerotree root denotes a coefficiennext adjacent spatial location are scanned. This is extremely
that is the root of a zerotree. Zerotrees do not need to Baluable for rate control that adapts quantization block-by-
scanned further because it is known that all coefficients bock.
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(b) (b)

Fig. 4. I-frame coding of first frame of Akiyo at 14 kb by: (a) VM, (b) Fig. 5. I-frame coding of first frame of Foreman at 14 kb by: (a) VM, (b)
EZW, and (c) ZTE. EZW, and (c) ZTE.

~ Finally, the greatest advantage of ZTE over EZW coding 3] The arithmetic coder is run over several data sets
is that, for ZTE coding, the alphabet of symbols used fQfinyitaneously. A separate model with associated alphabet is
classifying the wavelet tree nodes has been designed spegifiaq for each. The arithmetic coder uses adaptive models to
cally for very low bit-rate coding of video. Consequently, ZTEyack the statistics of each set of input data, then encodes each
yields significantly better performance than EZW for encodinget close to its entropy. The symbols encoded differ based
motion-compensated video residuals and the same or betfgbn whether EZW or ZTE coding is used.
performance than EZW for |-frame coding at the very low bit For EZW, a four-symbol alphabet is used for the signifi-
rates. cance map, and a different two-symbol alphabet is used for
3) Adaptive Arithmetic Coding:Symbols and quantized co-the SAQ information. The arithmetic coder is restarted every
efficient values generated by the zerotree stage are all encotie® a new significance map is encoded or a new bit plane is
using an adaptive arithmetic coder, such as presentedeimcoded by SAQ.
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ZTE coding quantizes wavelet coefficients and generates the
zerotrees and quantized values in a specific order. These maps
and values are saved in three different tables. Then, each table
is losslessly coded using an arithmetic coding scheme. In order
to be able to allocate bits among different wavelet blocks, the
guantization, generation of zerotrees, and arithmetic coding
[’ :j of the wavelet coefficients must be performed in one single

! loop. In this case, we can calculate the number of bits used
> for coding of each wavelet coefficient right after arithmetic
f coding of its value and therefore control the bit rate to the
MPEG4 . block level.

WORLD In the arithmetic coder, three different tablagpg valz
valn? must be coded at the same time. The statistics of each
table are different and therefore the arithmetic coder must track
at least three different probability models, one for each table.
For each wavelet coefficient in any wavelet block, first the
coefficient is quantized, then its type and value are calculated,
and last, these values are arithmetic coded. The probability
model of the arithmetic coder is switched appropriately for
each table. At the end of each wavelet block, the number of
bits used is calculated. This value is fed back to the rate-
control algorithm in order to adjust the quantization bins for
the next wavelet blocks.

The output of the ZTE coder is one single bitstream for each
luminance and color component. Therefore, three different
bitstreams are generated for each motion-compensated residual
frame. The three bitstreams are concatenated and appropriate
header is added to fit in the main output bitstream of the coder.
(b) In the cases in which all of the luminance or chrominance
residual components are quantized to zero, a skip code is sent
to minimize the coding cost of that residual component.

MPEG4
WORLD

D. Rate Control

The proposed coder includes an optional advanced rate
control scheme. The rate control scheme is implemented in
both the picture and wavelet tree level where a second-order
rate-distortion model is used for bit allocation. Based on a
J. 4 linear regression (LR) analysis, a new formula is derived to
MPEG4 i/ yield a smoother bit rate for each individual frame.

WORLD ‘ ' The rate control mechanism is performed in two stages:
determination of the number of bits to be spent for each
frame followed by the specific allocation of those bits within

the frame. The target bit rate for each frame is calculated
before the encoding of each frame. Assuming that each frame
of the same prediction type has strong correlation in coding

For ZTE, symbols describing node type (zerotree roatpmplexity, a target bit rate for the current frame is set as an
valued zerotree root, or value) are encoded using a threserage of the bits used in the previous frame and the available
symbol alphabet. The list of nonzero quantized coefficients tHzits per frame. The weighting factor is the coefficient of the
correspond one-to-one with the valued zerotree root symbfilst-order autoregressive (AR) model.
are encoded using an alphabet that does not include zerdn our coder, the rate controller can choose to perform
The remaining coefficients, which correspond one-to-one itatraframe rate control or no intraframe rate control. If the
the value symbols, are encoded using an alphabet that dodgaframe rate control is not activated, the rate controller
include zero. For any node reached in a scan that is a le&feds to compute a quantization parameter (QP) for the whole
with no children, neither root symbol can apply. Therefordtame. QP is obtained by solving a second-order model which
bits are saved by not encoding any symbol for this node aisd estimated by reviewing the buffer activities in the past.
encoding the coefficient along with those corresponding to teich a technique is generalized to include I, P, and B picture
value symbol using the alphabet that includes zero. encoding as described in [4]. It is desirable to have a single

(©

Fig. 6. I-frame coding of first frame of News at 27 kb by: (a) VM, (b)
EZW, and (c) ZTE.
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Fig. 7. P-frame coding PSNR results for “Akiyo” at 10 kb/s and 5 f/s. Results for ZTE are from a closed-loop coder. Results for EZW are valid
for each residual only.
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Fig. 8. P-frame coding PSNR results for Hall Monitor at 24 kb/s and 10 f/s. Results for ZTE are from a closed-loop coder. Results for EZW are
valid for each residual only.

pass approach with low complexity. This approach has beparform multiple pass dummy encoding of the residuals to
adopted by MPEG-4 as the VM5.0 rate control scheme [15¢onstruct the rate distortion curve with a second-order function

The rate controller can perform a more elaborate finesing LR analysis. In order to obtain enough data for modeling,
control if more implementation complexity is permissiblethe number of passes must be at least three. Each individual
Bit allocation within a frame is accomplished by varying thevavelet tree has a rate distortion model available for the frame
guantization bin size for each wavelet tree. The encoder witl be encoded.
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TABLE | TABLE 1
I-FRAME CobING PSNR ResuLTs ENTIRE SEQUENCE PSNR ResuLTs

Sequence | Bits | Y/C | VM | EZW [ ZTE | [ Sequence [ Bit Rate [ Y/C| VM | ZTE |

Akiyo [ 14k [ Y [ 33.06 [ 33.77 | 34.62 Akiyo t0kbps | Y | 34.61 | 34.61

C 36.31 | 35.71 | 36.19 @ 5 frames/sec C ]39.48 | 39.86

Akivo 28k Y 38.42 | 40.18 | 40.18 Hall Monitor 10kbps Y 30.38 | 30.25

C 40.81 | 39.50 | 40.81 @ 5 frames/sec C |37.78 1 38.05

News 14k Y | 28.60 | 29.38 | 29.38 Akiyo 24kbps Y | 37.46 | 36.64

C |33.82131.78 | 33.47 @ 10 frames/sec C {42.15 | 44.02

News 27k Y 33.38 | 34.68 | 34.49 1[all Monitor 24kbps Y 34.46 | 34.11

| C |37.39|35.12 | 36.84 @ 10 frames/sec C |39.38 | 39.63

Foreman | 14k | Y | 30.11 | 30.85 | 30.86 Coastguard 48kbps Y | 29.74 | 29.20

o 38.27 | 37.57 | 38.69 @ 7.5 frames/sec C 40.78 | 40.88

Foreman | 27k Y | 35.06 | 35.49 | 35.27 News 48kbps Y | 35.10 | 35.17

C | 40.71 | 41.23 | 40.76 @ 7.5 frames/sec C | 39.11 | 40.46

Coastguard 112kbps Y | 3150 31.0L

@ 15 frames/sec C | 41.66 | 41.90

News 112kbps Y | 37.68 | 37.59

IV. EXPERIMENTAL RESULTS @ 15 frames/sec C | 41.20 | 42.55

The proposed coder has been run to encode | and P frames
using block motion estimation of sizes 16 16 or 8 x 8,

overlapping block motion compensation, the discrete Waver% . . : : .
transform implementing the Daubechies’ 9-3 tap filter ba E versus EZW coding of identical residuals, but the higher

at the first level of the decomposition of luminance foIIowet‘i‘ufClIIty ZTE res@uals feed the encoder for sgcceedlng fram.es.
by the 2-tap Haar filter for the remaining three levels of th-ghIS was done in order to focus the comparison on encoding
decomposition of luminance, the discrete wavelet transfordh "esiduals only. ,

implementing the 2-tap Haar filter for all three levels of the F\’.eS,l.,ﬂtS fr(?‘m the Se,COTd experlmenF for_ the sequences
decomposition of chrominance, rate control to set the quaAt<y©” and “Hall Monitor” are shown in Figs. 7 and 8,
for each frame, either EZW or ZTE coding for the first fram&eSPectively. The PSNR reported for ZTE reflects the use
coded intra, and ZTE coding for all P predicted frames. ©f ZTE in a closed-loop coder as shown in Fig. 1. The

We ran several experiments using the three componefSNR result for each frame using EZW is valid only for
(Y, Cb, Cr) of the MPEG-4 test sequences “Akiyo,” «ygthat particular frame’s residual. A closed-loop coder using
Monitor,” “Coastguard,” “Foreman,” and “News” at QC”:feedback of EZW-coded frames would perfor'm worse.
resolution. We compared ZTE coding to EZW coding and AS the plots show, for *Akiyo” encoded using ZTE at the
to the MPEG-4 Verification Model Version 1.0 (VM V1.0).fate of 10 kb/s and 5 f/s, the average improvement in PSNR
The VM is a slightly modified DCT-based H.263 coder use@f ZTE over EZW for encoding luminance P-frames is 1.4
by MPEG-4 as a reference for evaluation of new tools afp and for chrominance P-frames it is a staggering 15.7 dB.
algorithms. The VM and ZTE coders were run either with 2he average improvement in PSNR of ZTE over EZW for
fixed quant for all frames or with rate control used to set &fall Monitor” encoded using ZTE at 24 kb/s and 10 f/s is
quant for each frame. EZW was run to produce a bitstrea#s dB and 8.0 dB for luminance and chrominance P-frames,
at a specified bit rate. respectively.

In our first experiment we compared I-frame coding using The final experiment compared ZTE encoding of entire
ZTE to the VM and to EZW. We coded the first frame ofeduences (an initial I-frame followed by all P-frames) to VM
Akiyo, Foreman, and News at 14000 b and either 27 000 epcoding. Results for “Akiyo,” “Hall Monitor,” “Coastguard,”
28000 b by each of the three methods. In Table | we shaid “News” at bit rates varying from 10 kb/s to 112 kb/s
the peak signal-to-noise ratio (PSNR) results for the luminangge shown in Table II. First the VM was run, then the ZTE
component in the row labeled “Y” and the average for the twepder was run with rate control set to match the bit rate
chrominance components Cb and Cr in the row labeled “Cachieved by the VM. Our rate control scheme, under these
We see that EZW outperforms the VM but ZTE outperformigst conditions, was able to meet the target bit rate with an
both the VM and EZW. The difference in quality can be clearlaverage error of only 0.09%. Average PSNR calculated over
seen in Figs. 4-6. the entire coded sequences shows that our new ZTE coding

In our second experiment we compared ZTE and EzZWigorithm achieves comparable performance to the MPEG-
for P-frames. We first encoded the entire test sequence at M. However, the subjective quality resulting from ZTE
given frame rate and bit rate using ZTE coding and a fixemding is slightly better; in particular, blocking artifacts are
quant for all frames. Next, we re-encoded just the ZTE-derivedduced and objects are rendered better. The major advantage
residual for each frame using EZW to encode at the samkour coder over the MPEG4 VM is its ability to address
number of bits that ZTE had used for that frame’s residuahe scalability functionalities of MPEG-4 far more easily than
We then measured the error caused by each coding methéil 1.0.

is important to note that the results express the quality of



118 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 7, NO. 1, FEBRUARY 1997

V. CONCLUSION [14] Y.-Q. Zhang and S. Zafar, “Motion-compensated wavelet transform

. . . coding for color video compression|EEE Trans. Circuits Syst. Video
This paper has presented a coder that represents a promising technol, vol. 2, pp. 285-296, Sept. 1992.

solution to several requirements of the MPEG-4 standardiZa5] T. Chiang and Y.-Q. Zhang, “A new rate control scheme using quadratic

tion effort. The major components of the coder are block rat distortion modeling,” this issue, pp. 246-250.
motion estimation, overlapping block motion compensation, an
adaptive discrete wavelet transform, the use of zerotrees and
an adaptive arithmetic coder for encoding quantized wavelet
coefficients, plus rate control.
The coder performs well, particularly on I-frames, and i
directly extensible to provide the scalability functionalitie
sought by MPEG-4. Its components were submitted as toq
to MPEG-4 in November 1995. The complete coder wzé
submitted as an algorithm in January 1996 and was very
received. The components were incorporated into the cqg
experiments as part of the MPEG-4 testing and standardizatfOnh
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