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Highly Scalable Wavelet-Based Video
Codec for Very Low Bit-Rate Environment

Jo Yew Tham, Surendra Ranganath, and Ashraf A. Kassim

Abstract—In this paper, we introduce a highly scalable video 300 Kbits/s and 1.8 Mbits/s) of typical CD-ROM devices on
compression system for very low bit-rate videoconferencing and the market. Other applications such as desktop videoconferenc-
telephony applications around 10-30 Kbits/s. The video codec jnq 4 telephony are also limited by the bandwidth constraint

first performs a motion-compensated three-dimensional (3-D) .
wavelet (packet) decomposition of a group of video frames, and of most telephone modems (below 33.5 Kbits/s). All of these

then encodes the important wavelet coefficients using a new data @pplications motivate the need for a good and efficient video
structure called tri-zerotrees(TRI-ZTR). Together, the proposed compression algorithm which can produce acceptable video
video coding framework forms an extension of the original zero quality at compression ratios of about 150:1 or higher. Hence,
tree idea of Shapiro for still image compression. In addition, 4 efficient very low bit-rate compression algorithm will form

we also incorporate a high degree of video scalability into the . . .
codec by combining the layered/progressive coding strategy with the enabling technology [8] for the implementation of many

the concept of embedded resolution block coding. With scalable @dvanced digital applications.

algorithms, only one original compressed video bit stream is  Having a powerful compression scheme alone, however,
generated. Different subsets of the bit stream can then be selectedmay not be the complete solution to some applications such
at the decoder to support a multitude of display specifications 55 jnage/video database browsing and multipoint video distri-
such as bit rate, quality level, spatial resolution, frame rate, buti het tworks. Th is al .
decoding hardware complexity, and end-to-end coding delay. The ution over heterogeneous Networks. gre IS also a. grOWIng
proposed video codec also allows precise bit rate control at both Need for other useful features such as video scalability. The
the encoder and decoder, and this can be achieved independentlytermscalablerefers to methods which allow partial decodabil-

of the other video scaling parameters. Such a scheme is veryity of different portions of the same compressed bit stream by
useful for both constant and variable bit rate transmission over na decoder in order to meet certain requirements. Consider the

mobile communication channels, as well as video distribution nario of a multioarty vid nferencin ion in which
over heterogeneous multicast networks. Finally, our simulations scenario of a muitiparty eoconierencing Sessio ¢

demonstrated comparable objective and subjective performance the parties may have systems with very different hardware con-
when compared to the ITU-T H.263 video coding standard, while figurations, and are connected via an inhomogeneous network

providing both multirate and multiresolution video scalability. such as the Internet. High-end parties will expect a high-quality
Index Terms—Motion compensation, multirate video scalabil- S€ssion, while lower end parties are constrained by their slower
ity, multiresolution, tri-zerotrees, video coding, wavelet trans- CPU’s, lower memory, and narrower connection bandwidths.
form. This creates the need to produce a common data stream
which can simultaneously fulfill the differing requirements
and limitations of the various parties. If a high bit-rate data
_ . i stream is transmitted to all parties, congestion and unexpected
IGITAL satellite broadcasting, desktop videoconferenGsgryntion of the data delivered to lower end receivers may
-/ ing, video-CD playback, video-on-demand, Internet rgsecr. On the other hand, a low-bandwidth data stream will
tailing, telebanking, and many other services will becomg,necessarily penalize higher end parties who can afford to
ubiquitous by the turn of the century. However, the biggesyhscribe to a better quality session. Therefore, it would be
drawback of digital technology is the voluminous amount Qfsefy| to have a highlgcalablé video compression scheme
data it generates. For example, a typical NTSC color vidggs) 124], (28] which allows selective transmission of different
frame, with 720 pixelsx 480 lines, 8 bits/pixel per color, g hstreams (in terms of data packets) of compressed video to
and 30 frames/s, requires a large transmission capacity fferent parties, depending on their respective needs. In this
237 Mbits/s. Without any compression, a compact disk (C)anner, each party can have the best possible quality session,

with a storage capacity of about 650 Mbytes can store onyjenendently of other party’s constraints. A similar scalability
approximately 20 s of NTSC video. Furthermore, full MOtioR.< e is also useful in a video-on-demand scenario.

playback is unlikely due to slow data transfer rates (betweenggm the above examples, it is evident that both high
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Fig. 1. Overview of the proposed scalable video encoder and decoder.

the idea of using a three-dimensional (3-D) subband/wavefsrtitioned into distinct groups of frames (GOF's).Bfframes
coding strategy has been implemented in a number of videach, whereF = 2* k = 0,1,2,..., for easy processing.
compression systems. For example, Podilctaikal. [17] The issue of choosing an appropriate sZevill be discussed
show that a 3-D subband coder, when combined with geio- Section V. Stage 1 of the encoder aims to exploit the
metric vector quantization, can produce good compressit@mporal correlation within a GOF with respect to a reference
performance at low bit rates. A similar 3-D structure is alsftame by means of a fast block-based motion compensation
employed by Chen and Pearlman [2] in which they extertdchnique [29]. In Stage 2, this motion-compensated GOF is
the zerotree method by Said and Pearlman [18] (an improven transformed by using a 3-D separable hierarchical wavelet
version of Shapiro’s original work [21], [22]) to coding video(packet) decomposition framework. Finally in Stage 3, a new
sequences. A number of techniques for incorporating motiomodified TRI-ZTR data structure is proposed to effectively
estimation and compensation for video coding have also besmcode the GOF into an embedded and scalable compressed
investigated. Ohm [14] proposes a method to perform motieideo bit stream. To achieve multiresolution scalability, we
compensation prior to temporal subband decomposition. @rroduce the idea ofesolution block codingoy means of
the other hand, Ngart al. [13] propose to first perform encoding certain partitioning information into the bit stream.
3-D wavelet decomposition, and then estimate (and classiartial bit stream extraction is carried out based on a given set
the motion information in the wavelet domain. Taubmaaf video scaling parameters such as bit rate, spatial resolution,
and Zakhor [23], [24] employ a global motion compensatioand frame rate. The new downscaled bit stream is then
scheme which accounts for camera panning motion in théiansmitted to the decoder for reconstruction. It is clear that
3-D subband structure for video compression. In fact, they aree decoder essentially performs the inverse processes of the
also some of the pioneers in developing a highly scalable viddwee main stages of the encoding part, but in the reverse order
coding system for medium and high bit-rate applications. of processing. Finally, it is also worth noting that the received
In this paper, we propose a motion-compensated 3adeo bit stream can be stored at the decoder, and then further
wavelet video coding systénwhich is scalable and suitabledownscaled, if necessary.
for very low bit-rate applications, such as videoconferencing The rest of the paper is organized as follows. Sections Il and
and telephony, and operates at around 10-30 Kbits/s. Itlikdiscuss Stages 1 and 2 of the video encoder, respectively.
capable of supporting both multiresolution and multiraté/e also explain the formation of a TRI-ZTR, and show how it
video scalability with very fine granularity, by employingrelates to the proposed 3-D wavelet-packet structure. Section
the concept of layered/progressive coding together with thé considers Stage 3, which forms a major part of this paper.
idea of embedded resolution block coding using a new datere, we explain in detail how a fully embedded and scalable
structure calledri-zerotrees(TRI-ZTR). The proposed video compressed video bit stream can be generated via primary
coding scheme is an extension of the two-dimensional (2-Bhd secondary passes, propose a new rearrangement scheme,
zero tree proposed by Shapiro [21], [22], and is related to thed a method to include resolution block coding. We also
3-D zero tree coding by Chen and Pearlman [2]. The mamobe into the organization of the bit stream to investigate
contributions of this paper are in the following three areabhow multiscalability features can be incorporated into a single
we employ a different wavelet-packet structure which furthe@ompressed bit stream. In Section V, we show precisely how
decomposes the higher frequency subbands with the aimuofique subsets can be extracted by the decoder to support
better preserving details at a given bit rate [26]; we proposarious video scaling parameters. A performance analysis and
an embedded resolution block coding method using resolutioomparison of results with the ITU-T H.263 video coding
flags to provide multiresolution video scalability in additiorstandard are presented in Section VI. Finally, Section VII
to multirate scalability; and we introduce a rearrangemestimmarizes the work and concludes the paper.
scheme to minimize the bit overhead needed to achieve video
scalability for operation in very low bit-rate environments. I
Fig. 1 gives a general overview of the proposed scalable

video codec. The stream of incoming video frames is first ) ) ) _
This section describes Stage 1 of the video encoder which

2\We first extended Shapiro’s zerotrees [21], [22] to 3-D scalable viddMms to epr0|t the temporal correlation of the frames W'thm.
coding in [27], and later to a 3-D structure with motion registration in [28].a GOF before they are decomposed by means of a dyadic

. FAST BLOCK-BASED MOTION
COMPENSATIONREGISTRATION
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wavelet transform. This is done here by performing blockhese artifacts do increase with the amount of motion, and the
based (local) motion compensation/registration prior to 3-Begree of visual degradation can become more pronounced.
wavelet (packet) decomposition. For completeness, we note that this problem of noninvertibility

In a conventional hybrid motion-compensated and transforcan potentially be solved by using an additional “error frame.”
coding scheme (such as MPEG [10] and H.263 [7]), blocko do so, the encoder would first perform a forward motion
motion vectors between frames are estimated, and the motioampensation, and then follow this by an inverse motion-
compensated frame difference is transformed and coded (smmynpensation (as in the decoder). The difference between
e.g., [7] and [10] for more details). In the 3-D motionthe inverse motion compensated frame and the actual frame
compensated scheme, however, there are no difference framexuld be the “error frame” which can be coded separately.
Here, the first framef; in a GOF is used as a reference framea;jlowever, coding the error frames requires additional bits, and
and succeeding frameg,,n = 2,3,.-.,F in the GOF are introduces more complexity in ensuring a fully embedded
then “mapped/registered” with respect to the reference fraraed scalable bit stream. As a result, we found that this
f1 by estimating a set of block motion vectors for each framelethod is not very suitable for the proposed very low bit-
The expectation is that the resulting motion-compensated G@i#te scalable video codec. On the other hand, the conventional
is better correlated temporally, and this leads to high-enerfybrid motion-compensated coding scheme also introduces a
compaction when the GOF is decomposed temporally in theticeable “blocking” artifact at very low bit rates. To better
next stage (i.e., most of the signal energy is concentrated in hiestrate these types of artifacts, a comparison is shown in
lowest frequency temporal subband). However, if the motidsection VI.
registration process is not perfect, residual error energy is
obtained in the higher frequency temporal subbands which ll. 3-D WAVELET (PACKET) FRAMEWORK
needs to be coded. AND FORMATION OF TRI-ZTR

Many different methods can be used to perform the above , ,
motion registration process. We employed a three—parametﬁ;rr"’mSforrn coders perform an energy compaction which
motion model (similar to [9]) in [28] to compensate for bottf/1ows coding of data with fewer bits. Curre.ntly, t.he dlsc'rete
camera zooming and local object motion. This scheme, whigRSIn€ transform (DCT) has been adopted in all international
is more complex than using a simple translational moddfia9€ and video compression standards, such as JPEG [15],

was found suitable for exploiting large motion with camer PEG [10], [12], H'261,[25]’ and H.263 [7]. However, over
zooming, such as that found in the standard Table Tenhi§ Past decade, the discrete wavelet transform (DWT) .[1]
sequence. However, the video codec being considered hereggﬁ proven to be an .excellent transform for data compression.
gets very low bit-rate applications such as videoconferenci me of the attractive _features of wavelets, such as good
and telephony. As these usually have small local movemef] e-irequency IOC?‘“Zat'On a}nd-mulnst.:ale representation .Of
without camera zoom, we employed a simpler and fasterbloéﬂgnals’ have contributed to its increasing popularity. In this

; ; : : : ; , loy a separable 3-D wavelet (packet) decompo-
based motion compensation algorithm. This algorithm is basggPer: We emp :
on an ‘unrestricted center-biased diamond sedr¢dCBDS) sition (e.g., [2], [14], [17], [24], [28]) to transform a given GOF

method [29] to estimate the block motion vectors. It has |3t0 the wavelet domain. We first perform temporal filtering,

compact diamond-shaped search pattern, and uses a ceﬁ%lp-wed by spatial decomposition of each of the resultmg
biased search strategy which is particularly efficient for findin mpqral subbands. 'T‘ the next three subsections, we V\{'”
small motion vectors typically found in videoconferencin esc;nbe the constrl.!ctlon of the proposeq 3-D frgmework via
sequences. Simulations [29] have shown that UCBDS can g atl_otem_poral filtering, and _then establish the_ mtersubband
up to 31% speed improvement over the fast four-step seal ationships and the formation of TRI-ZTR within such a
proposed by Po and Ma [16], while achieving a comparabte structure.
or better prediction accuracy. In this work, we use a search . .
window with a maximum range a£8 pixels, 32x 32 blocks, A- Dyadic Wavelet Temporal Decomposition
and the estimated motion vectors are coded using an adaptivAs explained in Section I, temporal decomposition is
Huffman coder. performed on a motion-compensated GOF. Fig. 2(a) shows
An important aspect of a motion compensated 3-D cod- GOF with F = 4 frames, which is decomposed along the
ing scheme is invertibility. This is the ability to perfectlytemporal dimension intcF = 4 temporally filtered frames by
reconstruct a GOF (when no quantization is performed) aftereans of a conventional octave-bandwidth (dyadic) wavelet
the frames have been motion compensated. This issue Hasomposition. In the decomposition process, the lowest fre-
been investigated by Ohm [14], and Taubman and Zakhguency subband at each level is recursively decomposed and
[23], [24] for a scheme with global compensation. The blocleritically subsampled. AiCr = 2 level temporal decomposi-
based motion compensation scheme used here, howevetjos is illustrated in Fig. 2(b), where leveél= 2 represents the
noninvertible. As a result, this scheme may introduce artifadtavest frequency. In general, we 1€ = log, F so that the
in the form of “block overlaps” and “block holes” whencoarsest (lowest frequency) temporal subband is comprised of
inverse motion compensation is performed at the decodenly one temporally filtered frame. We used the Daubechies
Our simulations showed that these artifacts are generallavelet filter of length 4 [5], [6], and by using a periodic
not objectionable for low-motion sequences typical of th@vrap-around) data extension at the boundaries of the GOF,
videoconferencing scenes being considered here. Howeyssifect reconstruction is possible. For the case whes 2,
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Fig. 2. Proposed 3-D wavelet (packet) framework: (a) motion-compensated GOF, (b) temporally decomposed GOF using dyadic wavelets, and (c) followed
by spatial decomposition using separable wavelet packet.

T these filter banks gave comparatively fewer ringing artifacts
| x.léq: at low bit rates [1]. Since the filters are symmetric, we

22 24 employ a symmetric (reflective) data extension scheme at the
: boundaries.

Ak
o H‘-\\-, C. Intersubband Relationships and Formation of TRI-ZTR

15 i An interesting characteristic of recursive subband/wavelet
il T decomposition is the formation of spatial orientation trees with
} N multiscale support. This idea was first exploited by Lewis and

21 17 Knowles [11], and Shapiro [21], [22] for still image coding.
T In this paper, we extend Shapiro’s zerotrees from 2-D to
H 3-D (see also [2] and [27]) for video coding. We also use
the wavelet-packet structure in Fig. 3 which is different from
bl 20 the conventional dyadic subband structure. This is motivated
EE=m by the desire to selectively retain more of the higher frequency
coefficients, which in turn better preserve edge information at
Fig. 3. Cross-sectional template of a 3-D wavelet (packet) framework. TRegIVEN bit r_at'e_ [26]. As a r_eSUIt’_the mterSUbban'd rEIatl_onShlpS
three different shaded regions represent three independent pyramidal &€&l the definition of an orientational tree are slightly different
structures, while the numbered subbands denote the scanning sequencefigig) the previous work. In Fig. 3, each small square denotes
g,rrg\v/vzr?defgn.e the parent—child relationships of the trees rooted at SUbbaa(\ilaVE|et coefficient, and the arrows indicate the parent—child
relationships that are defined among these coefficients. Note
) i i ) that three independent trees are formed, rooted at subbands 0
the simple two-tap Haar filter [6], which essentially evaluat€gjiagonal tree), 7 (vertical tree), and 8 (horizontal tree). Each
the sum and difference between the frames, is used. temporally decomposed frame consists of these three trees.
In the conventional dyadic wavelet transform structure, each
parent coefficient in a given subband (except for the finest)
In order to generate a 3-D wavelet (packet) framewoik defined to have four children at the next finer self-similar
as depicted in Fig. 2(c), a separable one-dimensional (1-®)bband. In the wavelet-packet structure shown in Fig. 3,
wavelet-packet decomposition is performed along the hoparent—child relationships can be constructed as above, except
zontal and vertical dimensions of a temporally filtered framéor subbands 22 and 23. This deviation from the conventional
Fig. 3 illustrates the resulting wavelet-packet structure of omkefinition is a consequence of further decomposing the higher
temporally filtered frame. To obtain this, a separable 2-flequency subbands. Nevertheless, these tree structures gener-
dyadic wavelet transform is first performed on the framelly conform well with the expectation that, on the average,
Subsequently, some of the higher frequency subbands are fie children nodes have less energy than their parent; this
ther decomposed to yield the wavelet-packet structure shodecreasing-energy property of a tree is critical for the frequent
in Fig. 3. The subbands are numbered from zero to 3@rmation of a zerotree (as defined by Shapiro [21], [22]).
with zero representing the coarsest subband. The numb&ry of the three zerotrees that are possible with the wavelet-
also indicate the scanning order that is followed during thgacket decomposition considered here is called-zerotree
encoding process. In our simulations, we choose the numi§€RI-ZTR).
of spatial scalesCs such that the coarsest subbar@ is The 3-D extension of a TRI-ZTR can now be described by
approximately 8x 8. For spatial decomposition, we use théncluding the temporal dimension. Recall from Fig. 2(b) that
biorthogonal 9-7 spline wavelets [1], [4] as we found thahe temporally filtered frames are ordered from the coarsest

3For a CIF-based format video, the size of the coarsest subband o{ts= 2) to the finest(t = 0) temporal Scale'- Within a temporal
(11 x 9). scale, the frames are merely arranged in the order they were

I
L
=
1§

B. Wavelet-Packet-Based Spatial Decomposition
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computed during the temporal decomposition. While scannin =T
the GOF for TRI-ZTR's, we follow the 2-D scanning sequence

shown in Fig. 3, starting from the coarsest temporal frame, ar Frimpry | Seeondany s
proceed towards the finest. A 3-D TRI-ZTR can be formec [ =—chrarnmi |
rooted at some spatiotemporal location in a GOF if: 1) ¢ | hir Rare Confrol |+

2-D TRI-ZTR is formed at the given spatial location in the Ca
temporal frame being considered, and 2) 2-D TRI-ZTR’s A&y, 4. Overview of TRI-ZTR scalable video encoder which consists of a
nodes at the given spatial location. This collection of 2-D
TRI-ZTR’s forms the 3-D TRI-ZTR at the given location. | v
This extension to the temporal dimension is reasonable sin et B
GOF, and we can expect the energy compaction property J._- ‘mmhw & | “'EE“ |

; . Pais | ree H ET
the transform to concentrate most of the energy in the coars | | | Frags. || Cusfficients
the definition of a 2-D tree is ex}ended l,)y ConSIder!ng tk"—e . 5. Primary pass is made up of three steps: dominant pass, insertion of
temporal octave scales, and constitutes a direct extension Ofrdgﬁlution flags, and rearrangement of significant coefficients.
2-D parent—child relationship to 3-D (see [2] for more details).
the potential to form large trees, and hence to convey a lafggPnomically for coding as many of the more important
number of predictably insignificant coefficients to the decodéro€fficients as possible, in order to ensure fast recognition
As the likelihood of forming a TRI-ZTR is high at the early®’ @n image upon receiving a minimum number of bits. The
few layers with large thresholds), the proposed video codggefficients. Furthermore, a scalable video coding system wil
can operate well at very low bit rates. a!so require a method to gxphcﬂly part|t!0_n the data for partlgl
bit stream extraction. This becomes difficult at very low bit

formed in every subsequent temporal frame, with their roptimary pass, a secondary pass, and a precise bit-rate controller.

the wavelet transform is performed on a motion-compensat

temporal frames. In contrast to the 3-D TRI-ZTR’s, in [2], S

Using the motion-compensated GOF, the 3-D TRI-ZTR’s have

stages of the encoding process (which corresponds to the figgond problem is to successively refine the values of the
rates since the bit budget available for coding both the data as

V. SCALABLE VIDEO CODING VIA TRI-ZEROTREES well as the partitioning information will present a significant
: L . . c?nstraint.
Progressive transmission is very useful in many practical

SO . . . In this section, we will detail how the proposed TRI-ZTR
applications such as large image/video database browsing. In X . .
o - ; . Yyideo codec attempts to address the above issues in an efficient
such situations, a user first sees a coarse version of an im

age . . )
Athner for a very low bit-rate environment. A successive

reconstructed from very few bits, and as more of the bit stream. . :
refinement/layered coding strategy is used, where the more

is received, the image quality is successively refined until theportant wavelet coefficients are selected first and coded in

. ; . : i
enq of t_hg b|t.stream IS rea_lched. This allows .fast retnevgl é’?ulhple embedded stages—each stage adding another bit of
an intelligible image, and gives a user the option to terminate” .". ) . _
L . . . ! fecision to their magnitude. At each stage, two main passes
the transmission at any time if the image is found to be .
. : . _—are performed, namely, grimary passand asecondary pass
irrelevant. On the other hand, a nonprogressive transmissjop. ; ;
: . . . . which address the first and second problem, respectively.
will require the entire bit stream to be received before t - S o )
. L . . .. Explicit partitioning information is also encoded to achieve
image is viewable. A central idea of progressive transmission . . - : - . .
. . L . . ultiresolution scalability with minimal bit overhead. Fig. 4
is successive approximation of the image’s pixel values (or, the : )
. - A . ‘presents an overview of the proposed TRI-ZTR video encoder
magnitudes of the transform coefficients)—similar in spirit t

the bit-plane coding strategy [25]. One of the most successmlth precise bit rate control. The next two subsections will

. Y . ex(plain each of the two main passes in detail. As some of the
ideas for a progressive image coder was introduced by Sha‘?'cqeas: employed here are similar to the original EZW, only a
with his embedded zerotrees of wavelet coefficigBZW) ploy g  ony

algorithm [21], [22], and this has demonstrated excellent rat%r—'ef outline will be given, when there is no risk of confusion.

distortion performance for 2-D still image compression. An )
important property of EZW is that it generates a multiratg- Primary Pass
scalable compressed bit stream. A few enhancements to EZ\WWhe main purpose of a primary pass is to perform effective
have been incorporated by Tham [26], Sampsotral. [20], selection of the more important wavelet coefficients, and
and Said and Pearlman [18] who later developed a fast aheén encode the information in an economical manner. A
efficient image codec in [19]. primary pass (as depicted in Fig. 5) consists of three key
The main challenges of a progressive coding approasteps: a dominant pass, insertion of resolution flags, and
which employs successive approximation can be describedrearrangement of significant coefficients. To begin, we take the
the following two problems. The first problem is to efficiently'more important coefficients” to be those with larger absolute
select the more important wavelet coefficients, and then codaues, i.e., those containing more signal information. Hence,
them earlier than the others. This is motivated by the fact thay sending the larger coefficients earlier in the bit stream,
at the early stage of the encoding process (which correspomadfower distortion can be achieved at a particular bit rate.
to very low bit-rate coding), the bits have to be utilized'his, however, requires the coefficients to be prioritized in
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terms of magnitude before the coding is carried out, and this 0 N/4 N/2 N
process can incur a large overhead to code the positions of
the coefficients. The zerotrees [21], [22] implicitly represent
this positional information by exploiting the intersubband
relationships and the tree structure to reduce this overhead. N4 i
This idea is incorporated in our work as the first step (called
dominant pass) of a primary pass. When it is combined
with the second step which inserts resolution flags, we can N2
also provide multiresolution scalability. The third step, which
involves rearrangement of significant coefficients, ensures that
multiresolution scalability incurs only a small overhead.

1) Dominant Pass:The main objective of a dominant pass
(similar to [21] and [22]) is to identify important wavelet
coefficients in descending order of magnitude. This is done on N
eachGOF blockconSI.Stmg oiF frame.s' TW(? different I_IStS_' Fig. 6. Template indicating the positions (as marked by the crosses) where
namely, a dominant list and a subordinate list, are mamtamﬁa = 3 resolution flags, are inserted for multiresolution video scalability.
throughout the encoding process. Initially, the dominant list
contains all of the wavelet coefficients in a GOF, which

are ordered according to a predetermined scanning sequelff@@€ during a dominant pass. Fig. 6 illustrates the positions

which was described in Section 11I-C, and the subordinate li4nere the RFG's are inserted. Note also that the RFG'’s are

is empty. As in [21] and [22], the magnitude of each coefficiefipserted at the end of the predetermined conventional octave

¢ in the dominant list is compared with a series of decreasif ales, thus giving rise to octave spatial resolution scalability.
positive thresholdsZ; wherei = 1,2,--- denotes theith ese RFG symbols are then encoded, together with the other
) )

pass. In all of our simulations, we chose the initial threshof@ur Possible symbols in a dominant pass, using an adaptive
T, = max{|c|} — 1. A coefficientc is consideredsignificant model arlthme_tlc coder [30]. Furthermore, as we encode an
(i.e., important) if|c| > 7;, andinsignificantotherwise. Ifc RFG symbol into the bit stream, we also insert a special
is significant, its sign (either positive or negative) is encode8ymbol into the subordinate list to demarcate the significant
it is then removed from the dominant list and appended to tgeefficients into their respective resolution blocks. This will
subordinate list. At the end of the dominant pass, the thresh&@ seen to be useful for rearranging the significant coefficients
is halved (i.e..T; = %Ti—l)- As with zerotrees, a TRI-ZTR in the subordinate list (Section 1V-A3) as well as for inserting
also aims to efficiently encode the positions of significaftFG’s during the secondary pass (Section IV-B2).
coefficients in a GOF by forming spatiotemporal trees to From another viewpoint, let us now consider Fig. 7 to
indicate predictably insignificant coefficients at finer scalegnderstand how the compressed bit stream is being partitioned
A TRI-ZTR is identified if the root node itself and all of theby the RFG symbols. The shaded region represents the arith-
descendant nodes are insignificant with respect to the currgitic encoded symbols generated for a given GOF block in
threshold. On the other hand, if the root node is insignificagne dominant pass, and the vertical lines denote the encoded
but one or more of the descendant nodes are significant, th¥nG symbols. It is evident that the portion of bit stream
an “isolated zero” is encoded. In essence, a dominant pass Witween two vertical lines corresponds to a resolution block at
produce four possible symbols (i.e., positive, negative, TRa& particular spatiotemporal scale. A group?f consecutive
ZTR root, isolated zero) to indicate the signs and positions &solution blocks will constitute &rame block Since there
significant coefficients. are R, RFG’s for each temporally filtered frame in a GOF,
2) Insertion of Resolution Flags During a Dominant Passwve haveR, x F vertical lines, or equivalently, that many
In addition to multirate scalability, the proposed video codeesolution blocks within the shaded region. We note that the
also provides for multiresolution scalability. By this, we mearesolution blocks not only segment the bit stream into distinct
the ability to trade both spatial resolution and frame rate for 8patial resolution scales, but implicitly into unique temporal
rate? However, only spatial resolutions and frame rates whiglesolution scales as well. By knowing this correspondence
are 2~" of the original resolution are supported, wherds between the partitions (unique resolution blocks) in the bit
some positive integer. As an example, suppose that we wansteeam and the spatiotemporal scales, we can select different
allow the decoder to select from, say, a maximuniaf=3 video resolution scaling parameters by extracting only the
different possible spatial resolutions (i.e., either full, half, aelevant partitions of the bit stream.
quarter size video). To achieve this capability efficiently, the 3) Rearrangement of Significant Coefficients in Subordinate
compressed bit stream has to be partitioned imsolution List: As mentioned earlier, the coefficients found significant
blocksin such a manner that different display resolutions cagith respect to the current threshold are moved to the sub-
be chosen by decoding only the pertinent partitions of the ljtdinate list. The manner in which they are incorporated into
stream. These resolution blocks are constructed by insertth@ existing subordinate list influences the number of RFG
Rs = 3 resolution flags(RFG’s) in each temporally filtered symbols that need to be coded during the second step of the

4As will be explained later, this feature also allows decompression hardwa?@condary pass. Natu_rqlly* for COdlng eﬁ'C|enCy' this number
scalability when the spatial resolution and/or the frame rate is reduced. must be kept to a minimum. Assume that the current sub-
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Compressed Bit Stream
resolution block frame block
l_—/;| I_A_"‘I

L |
A GOF block from one primary pass

0

t ——

Fig. 7. Shaded region represents the portion of a compressed bit stream generated in one primary pass. The encoded resolution flags (as denoted by the
vertical lines) indicate how distinct resolution blocks and frame blocks are defined.
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F - P Fig. 9. Secondary pass is made up of three key steps: a subordinate pass,
(L] i 1o g =sn i ) insertion of resolution flags, and a reordering protocol.
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1) Subordinate PassThe main function of a subordinate
Fig. 8. Snapshot of_the subordinate list (a) just before and (b) just after tbgss is the same as that of the original EZW [21], [22]. It
rearrangement step in a primary pass. . . .. I .
aims to further refine the precision of all significant coeffi-

) . ] o o cients found thus far. At the end of a primary pass, each
ordinate list already contains significant coefficients that aggynificant coefficient will have a reconstruction value as

segregated according to their resolution blocks. When a ng@wn, pe interpreted by the decoder, and is associated with
set ofsignificant coefficients are found during a dominant Pasgh uncertainty interval whose length is equal to the current
the coefficients are appended to the end of the subording{gashold value. The subordinate pass halves this uncertainty
list, as depicted in Fig. 8(a). This arrangement is inefficiefiteryal for each entry in the subordinate list. This is done by
because the significant coefficients belonging to a particuighnsmitting either a “0” or “1” to indicate whether the actual
spatiotemporal scale are now fragmented into noncontiguqiggnitude of each entry lies in the lower or upper half of the
blocks in the list, and the number of resolution blocks (RFG'$yrevious) uncertainty interval, respectively. In this process,
increases with the number of passes. Such a shortcoming g0 quantization interval of the significant coefficients is being
be overcome by appending the new coefficients in each reggrined, and is easily associated with successive approximation
lution block to the existing coefficients in the correspondings the significant coefficient values.

block of the subordinate list. The rearranged (defragmented)z) Insertion of Resolution Flags During a Subordinate Pass:
subordinate list is iIIu_strated in F_ig. 8(b). It is_evident tha&imilar in motivation to the second step of a primary pass,
the n.umber of resolution blocks in the _subordmate list noywe primary goal of this step is to integrate multiresolution
remains unchanged &, x F per GOF, independent of thescalability into the proposed video codec. To achieve this,
number of passes. An interesting poir_1t to note here is thife also need to insert appropriate RFG symbols during a
as the encoding process proceeds with successively smali@hordinate pass to explicitly partition the bit stréaimto
thresholds, potentially smaller significant coefficients fromistinct resolution blocks. As the subordinate list is already
coarser scales may be placed ahead of larger coefficients fodagharcated into resolution blocks, we can encode the RFG

earlier from the finer scales. symbols appropriately while refining the coefficients in the
list. Altogether, the three different symbols (i.e., “RFG,” “0,”
B. Secondary Pass “1") are encoded using an adaptive model arithmetic coder

When the data at the end of a primary pass are transmittg2]. In this manner, the uniqueness of each resolution block
the decoder will have three pieces of information about d#nd hence, the frame block) is maintained for multiresolution
significant coefficients in the subordinate list. First, the decodédeo scalability.
knows their signs (either positive or negative) as conveyed byRecall how the third step in a primary pass rearranged the
the dominant pass. Second, it can also identify their exawtries in the subordinate list so that all significant coefficients
positions by replicating the same scanning sequence usedrinm the same resolution block are grouped in a contiguous
the encoder. Third, the decoder knows the most significant block. As mentioned, it is apparent that the cost of encoding
of each new significant coefficient (since their magnitudes aifee RFG symbols in this step has now been reduced to a fixed
larger tharZ; but smaller tharf;_; = 27}), and assigns a zeronumberR, x F [instead ofi x (R, x F)], which is independent
to all insignificant coefficients. Fig. 9 presents an overview ¢ff the iteration index. This is a significant improvement for a
a secondary pass which consists of three important stepsvideo codec which operates in a very low bit-rate environment
subordinate pass, insertion of RFG symbols, and a reorderingNote the entire bit stream, which is made up of both the primary and
protocol. secondary passes, needs to be fully partitioned into distinct resolution blocks.
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Comprasaed Bil Siraam A. Supported Video Scaling Parameters
G GOF Dk The principal idea behind a highly scalable video compres-

% sion system is to provide an easy means for the decoder to
‘ select different substreams from one compressed bit stream
- == afterit has been generated. A combination of different portions
of the bit stream will produce a different version of the video
%5 if it were being generated separately by the encoder. As
an illustration, let us consider a video coding system with the
following specifications: an originald x N video sequence
since the available bit budget must be shared between thigich is encoded with a target frame rate 6 frames per
compressed video and the partitioning information. second (fps); a GOF block size of = 2" frames which
3) Reordering Protocol:The principal objective of this gre decomposed intdr = n temporal levels; a maximum
step is to reorder/prioritize all of the significant coefficientsf R, spatial scales; and a target bit rate ®f bits per
in the subordinate list to attempt to place the more importagécond. Assume further that there @eounds of primary and
piece of informatioh earlier in the list. In this way, these secondary passes (i.@,quantization layers). The compressed
entries will be refined first in the next subordinate paspit stream is portrayed in Fig. 10.
and this allows obtaining the best possible quality of the 1) Bit Rate and Distortion Level Scaling Parameteras
reconstructed video at a given bit rate. In [21] and [22}he compressed bit stream is fully embedded, we can now
the significant coefficients are reordered according to tagale for different bit rates with an arbitrary granularity. It
following four priority criteria: 1) precision, 2) reconstructionjs evident from Fig. 10 that, ifQ primary and secondary
magnitude, 3) scale, and 4) spatial location. A similar approaplisses are completed, the current GOF block will consist of
is also adopted in our proposed video codec, but it has besn x (R, x F) resolution blockg. Let ¢ and<p denote
slightly modified to account for the preservation of uniqughe total number of bits generated for the resolutlon block in
resolution blocks. Specifically, we confine the reorderinge cth spatial scale of the'th temporally filtered frame of
by precision and reconstruction magnitude to each of thige current GOFduring thegth primary and secondary pass,
R x F resolution blocks, while adhering to the predetermina@spectively. The target bit rat& can easily be converted to
scanning sequence. In summary, the reordering protocol usgd total bit budget allocated to each GOF as
in this work can be described as prioritization with respect
to: 1) precision, 2) reconstruction magnitude, 3) temporal N — i\p bits
GOF
scale, 4) spatial scale, and 5) spatial location. Finally, this F
reordering protocol does not incur any overhead in terms @here U can also be expressed as
additional bits.
At the end of this secondary pass, the next primary pass °O L&, .
will resume, and these two passes will alternate until a certain Yeor = Z Z Z Ve st Pe s
target bit rate or distortion level is achieved. This generates a

compressed video stream consisting of distinct but embeddedh view of the above layered substream hierarchy, different
resolution blocks which can support both multirate and mububsets of the original bit stream can be extracted based on a
tiresolution scalability. An example of such a compressed Rjiven bit-rate scaling parameter to produce a new compressed
stream is depicted in Fig. 10. bit stream. Suppose that, due to some transmission bandwidth
constraints, a receiver can receive no more than 14.4 Kbits/s
of data. This translates W, = (F/Fr) x 14.4 Kbits per
V. VIDEO SCALABILITY AND RESCALABILITY GOF? In this case, only the firstl,, Kbits of each GOF
In the preceding sections, we discussed the generatigiock in the original bit stream are extracted for transmission.
of a fully embedded and scalable compressed bit stre@pecifically
for storage/transmission. This section focuses on lune v
compressed bit stream can be manipulated to meet a multitude p .
of display specifications and system requirements, such as bit Gor — Z Z
rate, distortion level, display resolution, frame rate, decom- =t =
pression hardware complexity, and end-to-end coding delayhereY < Q is the index of the maximum possible complete
We call these specifications thwdeo scaling parameterdn quantization layer, as constrained ., that is common
particu!ar, we .Concemrat.e Or.] the issue of partial bit Strfaam7Note however, that the number of resolution blocks generated with an
extraction, as illustrated in Fig. 1. The next two SUbsectiong,mpieteqth layer is betweern2(Q — 1) x (Rs x F),2Q X (Ry X F)).
first detail the supported video scaling parameters, and theibe precise, the last transmitted resolution block |n¢319 layer may also

g|ve examples to illustrate the degree of video Scalab|||§ﬁ incomplete. Nevertheless, for the sake of simplicity in this example, we
achievable. ssume a complet@th layer encoding using the available bit budget.

8Here, we denote the first resolution block as the block with the coarsest
spatial and temporal information.

8Information here provides an indication of how much reduction in distor- ®For simplicity, we neglect other bit overheads such as packet headers and
tion is achieved after receiving that part of the coded message. channel protection codes.
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Fig. 10. Typical compressed bit stream which is made up of unique re
lution blocks.
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by inserting distortion tags at the beginning of each !Rey
temporally filtered frame. However, as this process can incur
additional bits (which is especially true for a very low bit-rate
video codec), the distortion tags should only be inserted after
a certain number of quantization layers. This is so since the
video reconstructed using only the first few layers is generally
of very poor quality for any practical application. However,
we have not investigated this issue in detail.

2) Display Resolution and Frame Rate Scaling Parameters:
Another important feature of scalable videonsiltiresolution
scalability, which refers to both spatial resolution (display
frame size) and temporal resolution (frame rate) scalability.
Although we can scale for different bit rates with arbitrarily
fine granularity, multiresolution scalability is restricted to only
“octave granularity,” as explained earlier. More precisely, the
possible display spatial resolutions are given by

dy =27%(M x N), re{0,1,---,Rs—1}

where M x N is the original display resolution of the video,
while the possible frame rates are

f?‘:2_tFR fp57 tE{O,l,"',LT}-

Recall that a precise bit rate can be obtained independently of
the chosen display frame size and/or frame rate. Suppose now
that we select a certain combination of display resolutions
such thatd, = 2724 (M x N), and f, = 2~/+Fg, where
0<d, £R;—-1,0< fl < Lr. Then, we can still extract
and generate a new compressed bit stream with any arbitrary
bit rate, subject to a maximum of

| ]

Fr2ir Re—d,

Q
q q
D 2. 2 Wiprely
Fig. 11. Foreman frame 12 using (a) TRI-ZTR with conventional g=1 f=1 e=1

octave-scale structure, and (b) with proposed wavelet-packet structure at
the same bit rate. bits per GOF block.

As there is distinct partitioning information in terms of

to both the primary and secondary passes. The remaining Mfidue resolution blocks in the compressed bit stream, the
Ay can be expressed as shown in the equation at the bottﬁp?.ve video §9alablllty feature represeeteplicit m“"'Tes'
of the page. The indexe:,, f,) and (c,, f.) represent the olution scalability. On the other hand, both frame size and

lution block. f i in thél + Dih tizati frame rate scalability can also be achieved by means of
(resolution _OC , frame) pair in theY + 1) qgan 1zation implicit multiresolution scalability, which does not involve
layer of a primary and secondary pass, respectively,

where &, explicit partitions. Such an implicit scalability feature is,
substream extraction process has to be terminated. In practifgact, inherent in a pyramidal/wavelet framework. However,
this possibility of achieving a precise target bit rate is verys there is no partitioning information in an implicit scheme,
useful for both constant bit rate (CBR) and variable bit rattde decoder will have no indication as to which subsets
(VBR) applications. of the bit stream are needed for a chosen reduced target

In order to support distortion level scalability, a method igesolution. In other words, the decoder has to first receive
proposed in [23] and [24] to include approprialistortion tags 101n this case, the distortion tags can be inserted at the end of each required
in the headers. In our case, a similar approach can be employedhtization layer.

Zz/ﬂfj{l, if the extraction process is truncated in a primary pass

F Rs fs e
Z w:}’l + Z Z 4,0;{}'1, if the extraction process is truncated in a secondary pass.
f=1e=1 f=1e=1
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Fig. 12. PSNR comparison for Miss America at 10 and 30 Kbits/s.

the entire bit stream which corresponds to the original fullcontrast, the proposed explicit multiresolution scheme uses
resolution video (although the bit rate can be arbitrarilihe entire new bit stream for reducing the distortion of the
chosen to support different bandwidths) for correct TRWideo at the chosen resolution. Second, the implicit scheme
ZTR decompression. An inverse DWT of smaller size (botthoes not provide the possibility to scale for the decoder’s
spatially and temporally) can then be performed to reconstruerdware complexity (especially memory requirement), as will
the reduced resolution video. This implicit approach, howevdre explained next. On the other hand, the explicit scheme
suffers from two significant drawbacks. First, it results imequires a network switching node to know which substreams
wasted transmission bandwidth, as explained above. Fronfdata packets) to forward on to the different receivers.
rate-distortion perspective, this may result in a poorer quality 3) Decompression Hardware Complexity and End-to-End
video at a given bit rate, as a fraction of the received bit streaboding Delay Parametersin terms of decompression
does not contribute to improving the quality of the video. lhardware complexity, the three most important components
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Suzie at 10 Kbps
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Fig. 13. PSNR comparison for Suzie at 10 and 30 Kbits/s.

are: 1) the monitor's maximum display resolution, 2) CPUthctor that will affect the feasibility for real-time processing is
speed/power, and 3) available working memory. The firfie amount of available working memory. Choosing a lower
factor is directly related to the choice of the display framspatial resolution and/or a smaller GOF block will definitely
size. A receiver with a lower resolution monitor can chooseduce the amount of required working memory. Finally, we
to receive spatially scaled down frames. The second factoste that the implicit multiresolution scalability approach, as
determines whether the received compressed bit stream camliseussed above, will still require the large working memory
decompressed in real time for display. It is obvious from Fig. dpace needed for decompressing full resolution video, before
that, by scaling down both the display frame size and franitecan be downscaled in resolution.

rate, we can reduce the decoding complexity of each of theAnother important property in any real-time (synchronous)
three stages, and hence, achieve significant speedup. The thpglication isinteractivity, which is usually characterized by
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Fig. 14. Miss America frame 64 encoded at 10 Kbits/s by (a) H.263 and (big- 15. Miss America frame 60 encoded at 30 kbits/s by (a) H.263 and (b)
TRI-ZTR + MOTION. TRI-ZTR + MOTION.

TABLE |

the interactive response time. As a direct consequence of
ExAamMPLES OF COMBINATIONS OF DISPLAY SPECIFICATIONS

processing the frames in GOF blocks, it is found [23], [24]

: : esolution Scalin Bit Rate Scalin
that the associated coding delay can be upper bounded by Spati alf{esolutions Emgn T 1}321t Rjte 9
274, Where (pixels x lines) (frames/s) (Kbits/s)
F 88 x 72 30 8
TR o seconds 88 x 72 30 20
R 88 x 72 15 20
Furthermore, it is reported [25] that a coding delay of more 88 x 72 75 15
than about 300 ms can become quite objectionable for interac- 132 X 34 3i25 ;g
tive applications. This means that choosing a GOF #itk: 4 76 < 144 TE 35
can be still within the acceptable range of end-to-end delay, if 352 x 288 15 30
the full frame rate is 24 fps or higher. In general, a larger GOF 352 x 288 30 40
will have a better compression performance at the expense of
coding delay.

have three possible spatial resolutions, four different temporal

B. Degree of Video Scalability resolutions, and arbitrary bit rates at the decoder. Table |

As mentioned above, both multirate and muItiresolutioirlnlus'[rates some examples of possible combinations of display
scalability can be achieved simultaneously during the piPecifications. Clearly, the examples shown above are by no
stream extraction process. Such a feature allows a wide dAgans exhaustive. With the given input settings, we can have
fine gradation of bit stream scaling parameters. As an exampigy combinations of these three sets of decoders’ display
suppose we encode a 30 fps CIF-format video sequencePgfameters: spatial resolutien {352 x 288,176 x 144,88 x
size 352 pixels< 288 lines, and use the following parametersi2}; frame rate= {30, 15,7.5,3.75}; bit rate= {any precise
Rs = 3, F = 8, Ly = log, F. This means that we canbit rate subject to the maximum allowable bit rate in the bit
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Fig. 16. Suzie frame 84. (a) Original frame, encoded at 10 Kbits/s by (b) TRI-ZTR without motion compensation, (c) H.263, and (d) FRMZIRON.

strean}. Having chosen a certain display spatial resolution arfigs. For a target bit rate of 10 Kbits/s (or 30 Kbits/s), the
frame rate, the choice of a bit rate will then fully determine thencoded frame rate is 7.5 fps (or 10 fps) for both methods.
distortion level of the compressed video. Finally, it is noteHor TRI-ZTR, this target frame rate is achieved by discarding
that a new compressed bit stream, which is extracted from tgery three out of four (or two out of three) frames of the
original bit stream based on some selected scaling parametergjinal sequence during the encoding process. In order to
is a fully embedded and scalable bit stream itself. Hence, thjBtain a common framework for comparison, we first encoded
provides the possibility to further rescale the bit stream Riie sequences using H.263 at a specified frame rate and bit
imposing other scaling parameters to generate an even mg{@. The actual compression achieved by H.263 was then

downscaled version of a compressed video. used to precisely specify the inputs to the TRI-ZTR encoder
(with GOF = 4 frames). We first compare the objective PSNR
VI. PERFORMANCE ANALYSIS AND COMPARISON results using the Miss America and Suzie sequences. This is

In Section Ill, we proposed a wavelet-packet structure {8llowed by subjective comparison, and finally, the results of

better preserve high-frequency details at a given bit rate, @gl_tiresolution video scalability are presgnted.
Figs. 12 and 13 show the plots of luminance PSNR versus

compared to a conventional octave subband decomposition: : . )
The result of doing this is shown in Fig. 11. Better edgffame number at 10 and 30 Kbits/s for the Miss America

information is seen when using the wavelet-packet structufdld Suzie sequences, respectively. In each plot, we compare
However, it should be pointed out that this improvement i§€ objective (PSNR) performance of three methods, H.263,
quite dependent on the frequency content of a frame. TARI-ZTR, and TRI-ZTR+ MOTION (TRI-ZTR with mo-
Foreman sequence exhibits sharp edges at the buildingtiff compensation). It can be seen from Fig. 12 that H.263
the background, and coding gain is obtained when the higtgnerally gives higher PSNR values than both TRI-ZTR
frequency subbands are further decomposed, as in the wavergthods. However, using TRI-ZTR MOTION improves the
packet structure. performance of the TRI-ZTR method. For the Suzie sequence,
We now present results to compare the TRI-ZTR scaladfecan be seen from Fig. 13 that the PSNR of TRI-ZHR
video coding schemes with the ITU-T H.263 standard whiddOTION is almost always better than H.263 at 10 Kbits/s,
also targets very low bit-rate applications. The H.263 resultsit is generally comparable at 30 Kbits/s. Also, the plots for
were produced with the publicly available TMN encodethis sequence show that PSNR of TRI-ZTR is better than
software [7]. In all of the simulations, the QCIF (176 TRI-ZTR + MOTION in the middle of the Suzie sequence
144) video sequences used have an original frame rate ofv@8@ere there is fairly large and nontranslatory motion. For the
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Fig. 17. ie fi 1 t 10 kbit: H.263, ) . .
TIIgI-ZTR iuag_r:gn’:l.e 05 encoded at 10 kbitsis by (a) 63, and (il—)Pg 18. Suzie frame 30 encoded at 30 kbits/s by (a) H.263, and (b) TRI-ZTR

+ MOTION.

Miss America sequence, on the other hand, which contai
smaller motion, the use of motion compensation is alwa ) : ; »
advantageous in TRI-ZTR’s. These results indicate that T sult shows b'?‘?k'"g artifacts dqe to “block ov_erlaps and
ZTR + MOTION is to be preferred for small motion, and“ lock hole_s" arising from t_he motion compensation scheme.
TRI-ZTR for large motion. Hence, it is possible that ad '€ Severity of these artifacts depends on the amount of
adaptive scheme which switches between TRI-ZTR and TRIOtUON. It is seen that TRI-ZTR- MOTION produces the
ZTR + MOTION can keep the quality level more consistems,harpeSt image of the three_methods. Next, in Figs. 17_ an_d 18,
and we plan to investigate this in the future. we show res_ults on the-Su2|e sequence when the motion is not
For subjective comparisons between H.263 and the TFAS large as in the previous example. At 10 Kbits/s, TRI-ZTR
ZTR methods, images are shown in Figs. 14-18. Fig. t4 MOTION produces a sharper and less blocky image than
illustrates frame 64 of Miss America at 10 Kbits/s. The PSNR-263. At 30 Kbits/s, the images from the two methods are
value of the H.263 image is about 1 dB higher than the imagémparable.
produced by TRI-ZTR+ MOTION. The visual quality of both ~ Finally, Fig. 19 shows the result of multiresolution scala-
images is comparable, although the TRI-ZFR MOTION bility using the Miss America sequence at 10 Kbits/s, where
image shows some ringing artifacts, and appears to hdweth the frame size and/or the frame rate has been cut down
slightly less resolution. At 30 Kbits/s, both methods perforfay a factor of two. In Fig. 19, the top left image is from the
comparably well in terms of visual quality, although thé&equence coded at full spatial and temporal rate. The top right
objective PSNR values of TRI-ZTR MOTION are generally image is obtained by maintaining the bit rate at 10 Kbits/s,
lower than H.263. Comparison images are shown in Fig. 13Ut halving the frame rate. This image appears to be slightly
For the Suzie sequence, Fig. 16 shows results encoded asharper than the previous image. The two smaller images at
Kbits/s. Here, the frame is chosen from a part of the sequeribe bottom of Fig. 19 are also obtained at 10 Kbits/s, but at
where the motion is large and nontranslational. It is sedxlf the spatial size. Moreover, the image at the bottom right
that the TRI-ZTR image shows no blocking artifacts, but this obtained at half the temporal rate. Both images are sharper
resolution is poor. The H.263 result, on the other hand, shottan the image at full resolution. Essentially, these examples

g‘)cking over the entire face, while the TRI-ZFTRMOTION
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Fig. 19. Multiresolution video scalability: Miss America frame 32 using TRI-ZTR at 10 Kbits/s. (a) Full spatial and full temporal resolutior, {patial
but half temporal resolution, (c) half spatial but full temporal resolution, and (d) half spatial and half temporal resolution.

demonstrate that the bit savings arising from reducing ti&OF basis, an improved inverse motion compensation scheme,
display requirements have been utilized toward improving tlaad exploiting the inter-GOF redundancies.
quality of the video.
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