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ABSTRACT

This averview paper considers the applications
driving today’s progress in video communica-
tion and then reviews the principles behind
advanced video compression technology, such
as standardized in ITU-T Ree. IL263 or IS0
MPEG. In addition, we look at the problem of
robustness against packet loss, that has to be
solved to transmit video over wireless channels
or the Internet. Addressing promising direc-
tions for the future development of video com-
pression, we discuss and illustrate the perfor-
mance of multiframe prediction methods and
advanced motion models.

I INTRODUCTION

More than 100 years after 23-year-old engincering stu-
dent Puul Nipkow's extraordinary vision of an “Dlec-
trical Lelescope® [1], video communication from any
point to any other al any time is finally in reach. Ad-
vanced video comprossion algorithms enable applica-
tions unthinkable only a fow years ago, such as digital
video broadecasting, video streaming over the Internet,
or mobile viden)hones.,

In reeent years, several standards such as ITU-
T I1261, H.263, and ISQ MPEG-1, MPEG-2 have
been inbroduced which address the compression of
video for digital storage and communication sor-
vices. They all build on the idea of & hybrid video
coding scheme which coinprises block-based motion-
compensated prediction {(MCP) and Discrete Cosine
Transforin {DCT) coding of the prediction error. Also
tho new MPEG-4 standard follows this approach.

It this paper, we review advances in video commu-
nication and compression in the last yoars. We start
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out hy considering the applications that are driving ta-
day’s progress in Seetion 2. Section 3 will then discuss
the state-of-the-art in video compression technology
as employed with today’s standards. In particular, wo
cmphagize rate-constrained coder control and recent
error resiliency techniques that have been developed
for video transmission over crror-prone notworks, Fi-
nally, in Section 4, we address promising divections of
taday's research,

2 EMERGING APPLICATIONS

Advanced digital video communication technology can
be used ws a superior substitute for traditional analog
techinology, as is the case for broadeasting, or it can
cnable new scrvices that wore not previously possible.
We briefly discuss emerging applications in the follow-
ing that motivate research and development of more
advanced video communication technology today.

2.1 Digital Video Broadcasting

Spectruin for tervestial television broadeasting has al-
ways been a scarse rosource. Even worse, television
compoetes with other services lor the allocation of fre-
quency bands. Cablo systems are used to provide addi-
tional bandwidih in most countries. In addition, direct
satollite broadeasting of television programs lias been
gaining momentum. Lransmission bandwidth will re-
main expensive i the future and should be used as
elliciently as possible. With modern compression tech-
niques, it 18 possible to increase the overall number
of channels and transmit more programs at the same
cost.

The picture quality provided by today’s analog tele-
vision systems is limited. Many of the impairments of
the picture at the home receiver are due to noise intor-
fering with the transmission and inultipath propaga-
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tion. Digital video broadcasting, on the other hand, is
robust against such elfocts over a wide range of condi-
tiens. Lo match the pieture quality projected in movie
theaters, high definition television (HD'I'V) systems
with approximately twice thie horizontal and vertical
resoluticn have been developed, but it remains doubt-
ful to what extent broadeasters will prefer more pixels
over more channels,

Today, the ISO MPEG-2 standard is firmly cstab-
lished for Digital Video Broadeasting around the world
(2] [3]. Support for line-interlaced scanning is still
viewed ns an important requirement by many, and,
in that regard, MPEG-2 video is without comnpeti-
tion, Typlical bit-rates range from 2 8 Mbps for ['TU-
I 601 resolution material. Modern digital inodulation
sehiomes can squeeze up to about 20 Mbps tluvugh
a terrestinl TV broadeasting channod {6 Mz band-
width), or up to about 40 Mbps through a cable or
satellite TV channel [2] [3], henee the munber of chan-
nels is readily multiplied by the use of digital technol-

0Ly,

2.2 Internet Video Streaming

A “video-on-demand” service operating over a future
hroadband interactive digital uctwork could hasically
roplace the local video rental store, delivering a com-
pressed movie from a central data base to the home
at apy desired time with only a shart lateney. The
bit-rates required would correspond to those for video
broadcasting, with the important difference that the
audience for each movie would be one or a few, rather
than millions, and, thercfore, the load on the network
is increased by orders of magnitudo.

In the mean-time, video-on-demand has taken off
with much lower bit-rate (typically tens of kbps}), and
henee lower resolution and picture quality, in the lorm
of Internet video streaming, First products appeared
in 1095 and spread explosively. By the time this paper
appears in print, the number of Internet video players
installed on persenal computers will be approximately
100 million. Live audiences for Intornet video multi-
casting hiave been larger than one million viewers. The
proprictary compression scheines employed resemble
[TU-I' Rec. 1.263.

The Intcrnet Protocol is evolving as the ubiquitu-
ous interface of open communication systoms, thus eu-
abling seamloss cotnmunieation across uctwork bound-
aries and a broad range of new applications. Internet
video streaming is well positioned to ultimately dis-
place conventional “closed architecture” video broad-
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casting systems, ouce the bandwidth bottlenecks of
Loday’s Internet infrasiructure have boeen removed.

2.3 Videoconferencing/Videatelephony

Videoconforencing systows operating over [SDN at
bit-rates of pxfd kbps (p=1,2) are In widespread use
today in the business world. Most of thom still fol-
low the ITU-T Rec. 11,261 for video compression, but
thoe transition to the more advanced 1,263 is proceod-
ing quickly. As with Internet video stremning, the low
bil-rates require very significant compression, Pictire
quality is typically acceptable at CIT vesolution (Com-
mon Intermediate Format, 352 x 288 pixels for lumi-
nance) and [rame rates up to L5 fps for lhnited motion
videoconferences. “Uhe driving force for 11.263 was the
transinission of motion video at even lower hitratos
over analog phona lines using, ¢.g., the V.34 standard
at 28.8 kbps, to cuable ubiguitnous consmer video-
phones. Compared to 11,261, H.263 requires about one
half the bit-rate at the same piclure quality [4]. Con-
sumer videaphiones based on this standard are widely
available today, typically operating at QCIE resofu-
tion (176 x 144 pixels for hnninanee) and frame ratos
up to 15 fps. Picture quality i8 acceptable for head-
and-shoulder sequences with little motion.

There are in the order of 1 million operational video-
conferencing and vidootelephony systams in the workd
today. This number is small compared to the 100 mil-
lion Internet video players or the more than one billion
{analog) I'V receivers, Novertholess, videoconferenc-
ing and videotelephony has been a major technologi-
eal driver for more advanced conpression algorithimns
in the past, and will likely continue to play this role
for some time in the futwre.

2.4 Wireless Video

Video communication is oxpocted to be an intogral
part of future third-generation wireless communication
services. The current viston inchudes a small handheld
device that allows the user to conntnunicate Irom aty-
whare in the world with anyone in a variety of formats
(voice, data, innge, and [ull-motion video) from virtu-
ally any geographic location. This next generation of
wireless multhnedia communicators is expected to be
oquipped witlh a camera, & microphone, and a liguid
cerystal eolor display, serving both as a videophone and
computer gereen, With progrossing miniaturisation of
components, wristwatch “Dick ‘Tracy” eommuunicators
are expected to follow soon after.
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Of all modalities desirable for future mobile multi-
media systoms, motion video is the most demanding
in terms of bit-rate, 'lhday’s “sccond-generation” cel-
lular telephony networks, such as Global System for
Mobile Communications {GSM}, typically provide 10
- 15 kbps, suitable for compressed speech, but toc
little for motion video. Fortunalely, tlie standardisa-
tion of higher-bandwidth networks, such as Universal
Mobile Telecornmunications System (UMTS} [5] (6], is
well underway, and, together with continued progress
in video compression technology, wireless multimedia
communicators with picturephone functionality and
Internet videoserver access will soon be passible.

3 VIDEO COMPRESSION TECHNOLOGY
3.1 Motion-Compensated Hybrid Coding

All modern standardized vidoo compression algo-
rithms are motion-compensated hybrid coders. These
coders estimate the displaccment from frame to frame
and transinit the motion vector field as side informa-
tion in addition ta the motion-compensated prediction
error image. The prediction error image is compresse
by an intraframe coder that exploits statistical de-
pendeneies between adjacent samples. The intraframe
cader is an 8 x 8 DCT coder in all current video coding
standards, but other schomes, such as subband coders
or vector quantizers, can be used as well.

Motion-compensated lybrid coding can theoreti-
cally outperform an optimum intraframe coder by at
most .8 bits/pixel In moving arcas of an image, if
motion compensation is performed with only integor-
pixel accuracy [7] (8]. For half-pixe! accuracy, as em-
ployed in most codecs today, this gain can be up to 1.8
bits/pixel. In addition, in nommoving areas (or other
parts of the image that can be predicted perfectly)
ne prediction error signal has to be trangmitted and
these arcas can simply be repeated from a frame store,
# technique often referred to as conditional replenish-
ment.

Motion compensation works well for low spatial fre-
quencies in the video signal; for high frequency compo-
nents even a small inaccuracy of the motion compen-
sation will render the prediction ineffective. Hence, it
is important to spatially filter the prediction signal by
a loop filter [7], This loop filter is explicitly needed
for integer-pixel accurate motion compensation. For
subpixel accurate motion compensation, it can be in-
corporated into the interpolation kernel required to
caleulate signal samples between the original sampling
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positions [8]. The loop filter also improves prediction
by acting as a nolse reduction filter. Prediction can be
further improved by combining multiple independently
ntotion-compensated prodiction signals. Examples are
the bidireetionally predicted B-frames in MPEG and
H.263 [9] or overlapped block motion compensation
{10} that has also been incorporated in H.263.

3.2 Rate-Constrained Coder Control

Molion-compensated hybrid coders standardized to-
day are forward-adaptive systems, iLe., the “intelli-
gent” encoder decides about the motion vector and the
coding made, while the “duinb® decoder simply fol-
lows the encoder decisions, E.g., with H.263, the coder
can not only adjust the quantizer stepsize, but choose
between inter-prediction modes INTER, INTIER-4Y
which consist of motion compensation and residial
coding, as well as the UNCODED mode which indi-
cates capying the macroblock from the previous frame
without residual coding, and the INTRA mode where
no reference to another frame is made {4]. As video
compression standards only specify the bitstream syn-
tax, a wide range of motion estimation, mode decision,
and rate control algorithims can be ecmplayed, The im-
pact of these, often proprietary, schemes on the result-
ing picture quality is substantial,

Especially at low bit-rates, motion compensation
and made decision are soverely constrained hy the lim-
ited Dbit-rate available to transmit the motion vector
field as side information. ‘T'he problem of the best
rate-distortion trade-off for motion compensation can
be elegantly solved by minimizing a Lagrangian cost
function

Jumorion = Pprp + Ayorion Buorion, (1)

in which the distortion Dprp, representing the maan
squared prediction orror, is weighted against the rato
Ryorion associated with the motion parameters [11).
Such a formulation is familinr, eg., from entropy-
constrained vector quantization (ECVQ) [12]. The
Lagrange multiplier Aporrony incorporates the rate
constraint and its value directly controls the rate-
distortion trade-ofl.

A similar technique can be used for rate-constrained
mode decision, by minimizing

Juopr = Dape 1 Avopslirarac, (2)

for each “macroblock” (16 x 16 luminance pixels and
the corresponding chrominance pixels), see, e.g., [13].
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ere, the distortion Dxapc after encoding and recon-
struction of the motion-compensated prediction error
i5 woighted against bit-rate using another Lagrange
multiplier Ayope. Different from rate-constrained
motion estimation, the total Dit-rate Rrorar for o
particular macroblock mode is considered, ineluding
the rates for the macroblock header, motion vector
and quantized DCT coofficients.

Simulation resuits illustrating the advantage of rate-
constrained coder control in an H.263 codee are shown
in I"jg. 1. The baseline for our comparison is the TMN-
2.0 codec, a publicly available sofiware H.263 encoder
[14]. The TMN-2.0 encoding scheme docs not employ
rate-constrained motion ostimation and uses houristic
criteria for the mode decision, In contrast, our rate-
distortion optimized I1.263 coder uses rate-conslrained
motion estimation as well as rate-constrained mode de-
cigion. The rate-constrained motion vector and mode
control technique outlined above has bheen adopted by
the ITU-T as the latest H.263 reference model TMN-
10 [15].

: i el
3Bl -t i / /n.o < TMN-10
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Figure 1: Rate-distortion curves for an 11263 coder
witlh various enhancermnents, TMN-2.0: single-frame
coder with heuristical coder control. TMN-10: single-
frame coder with Laprangian coder contrel.  Other
curves: multiframe prediction with 10 and 50 previ-
ols frames. lestsequence Foreman, QCIF, 10 fps,
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3.3 Error-Resilient Video Coding

Over the last years, there has heen an increased in-
terest in techniques that allow to transmit video over
crror-prone channels.  This is motivated neainly by
vidoo communication ovor congestion-sensitive packet
networks, such ag AFM or the Internet, or over mobile
wireloss radio links, where fading can lead to burst er-
rors or even the utennittent loss of the connection.
Without special moasures, compressed video signals
are extremely vuinerable against tranmmnission ervors,
With interframe coding, the previous encodeel and re-
constructed video [rame is used Lo predict the nexi
frame. ’I‘hcrcforc, the loss of information in one frame
has considerable impact on the quality of the following
frames. Since some residual transmission errors will
inevitably cotrupt the video bit-stream, this vulnera-
bility precludes the use of interfrane coding schemoes
designed for error-free clinnnels without special men-
sures. Those measures have to be huild into the video
coding and cecoding algorithins thewselves and form
the “last line of defense® it traditional error contrel
techniques like FEC and ARQ fail.

A comprehensive review of the great variety of o-
ror centrol and concealment techniques that have been
proposed during the last 10 - 15 years has been pre-
sented 1n an excellent paper by Wang and Zhu recently
[16]. For axample, one can partition the bit-stream
into classes of difforent error sensitivity (often vefored
to as data partitioning) to enable the use of unequal
errar protection [17] {18] [19] [20]. Data partitioning
has been included as an ervor resiliency tool in the
MPIEG-4 standard [21]. Unequal crror protection can
significantly increase the robustness of the transmis-
sion and provide graceful degradation of the picture
quality in case of a detoriorating channel. Since un-
equal error protection does not incorporate informna-
tion about the current state of tlie channel, the design
of such a schome is a compromise that accomodales
a range of oporaling conditions, Feedback-bascd tech-
niques, on the ethor hand, can adjust to the varying
transmission conditions rapidly and make more cifec-
tive use of the channel.

The ITU-T Study Group 16 has adopted feedback-
based error control in their elfort towards mobile ex-
tensions of H.263 {22]. The first version of 11263 al-
ready included Brror Tracking, a technique that allows
the cucoder to accurately estimate interframe errar
propagation and adapt its encoding strategy to mit-
igate the effects of past transmission errors (23] [24].
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With the second version, informally known as H. 263+,
an optional multiframe technlqne (Referenee Pleture
Selection, Annex N) for feedback-hased crror contral
was adopted. Tuture enhancements, for example, data
partitioning, uncqual error protection, and reversible
variahle length eoding, are under consideration for fu-
ture versions of the standard.

4 TPROMISING DIRECTIONS

4,1 Multiframe IPrediction

In the early 1980s, video compression made the leap
from intra-framce to inter-frame alporithms, Signifi-
cantly lower bit-rates were achicved at the cxpense
of memory and computational requirements that were
two orders of magnitude larger. ‘Loday, with contin-
uously dropping costs of semiconductors, we might
goon be able to afford anothor leap by draunatically in-
creasing the memory and computation power in video
codecs,  Algorithms to take advanlage of increased
memory and computation power are still in their in-
fancy. This has been our motivation to initiate re-
soarch into multiframe motion-compensated predic-
tion.

Long-teriu memory MCP is a multiframe MCYP
method that extends the motion vector utilized in hy-
hrid video coding by a variable time delay permit-
ting the use of several decoded frames instead of only
the previans one for block-based motion compensa-
tion. The frames inslde the long-term momory which
is built in synclirony at encoder and decader are ad-
dressed by a combination of the codes for the spatial
displacoment. vector and the variable time delay. As
the additional transmission of the variable time de-
lay potentially increases the bit-rate, wo again need
to employ rate-constrained parameter estimation min-
hmizing a Lagrangian cost function (1),

Simulation results for integrating long-term mem-
ory predietion into an [1.263 codec are also included
in Fig. L. The number of previous frames is increasod
to M = 10 and M = 80, respectively. Reconstrue-
tion PSNTL improvements of about 1.5 d3 arc appar-
ent in comparison to the single-frame TMN-10 1,263
coder. These PSNR iinprovements correspond to bit-
rate savings of about 20 %. M = 50 corresponds to the
previous § sceonds as a frame rate of 10 {ps, In the fo-
tuve, we might want to increase the onmber of previous
frames to hundreds or thousands and also use a lincar
combination of previous frames, as suggested in [25].
Tor ore details on long-term memory MCP, please
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Figure 2: 11263 coder exlended by multiframe predic-
tion incorporating a 3-12 head maodel.

refor to {26]. Interestingly, wultiframe predietion can
also tmprove tho error resiliency of video eaders [27).
ITU-T Study Group 16 has recently decided to in-
corporate long-term mamory prediction as part of the
upeoming revision of its low bit-rate video coding Ree-
ommendation, nick-named 1126344

4.2 Advanced Motion Models

Video compression is a malure diseipline today, rest-
ing solidly on the foundations of source ending the-
ory. Often, practical schemes perform close to their
information-theovetic bounds. Most of these bounds
are, however, caleulated on the basis of erudo statis-
tical models about the structure of mages. As these
models become more refined, compression ratios can
improve further.

FFor simplicity, most practieal video coding scheines
today still employ block-wisc constant motion compen-
sation. More advanced schemes have been proposed
that interpolate between motion vectors, cmploy ar-
bitravily shaped regions, or use triangular meshes to
represent a smooth motion veetor fickd. A particularly
promising approach uses multiple aline motion models

dy = an -t by |- e (3)

ty = de ey + f

where 4, and d,, are the horizontal and vertical compo-
nents of the motion vector, @, i are the spatial coordi-
nates, and e,b, 0,4, e, f are six coefficients that have
to be estimated and encoded to represent the mo-
tion vector ficld (28] [29). Alfine motion madels can
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be elogantly incorporated into the multiframe predic-
tion [ramework [30] and even corubined with long-term
memaory prediction [31]. Biterate savings of up te 55%
cotnpared to 14.263 TMN-I0 have been reported in
[31].

Far videolelephony, we want to transmit the head-
and-shoulder view of a talking person.  Mere than
15 years ago, Forchheimer et al.  have proposed a
videotelephone sysiem based on a cowputer-animated
3D head model {32] [33], and many groups have inves-
tigated such systems since [34]. Impressive progroess
has been made in the automatic tracking of Tacial ex-
pressions over the last fow years, and a model-based
videophone might beeomne feasible soon [35). A ma-
jor drawhbuack of such a system is still its limitation to
a specific 3-D model and benee lack of generality, A
solution to this problem has recently been reported
Ly the author’s group hased on the multiframe pre-
diction framme work discussed in tle previous section.
For the first time, wo succeedaed it incorporating a 3-D
head model into an H.263 coder in such a way that the
combination possesses botl the efficioncy of the model-
based codor (if the model applics) and the generality of
the H.263 waveforn coder [36] [37] (Fig-2). The H.263
coder extendod by the computer-animated 3-1 head
wodel achieves bit-rate savings compared to TMN-10
hy avound 35% at the same PSNR, while maintainiug
a noticably higher subjective picture quality for head-
and-shioulder sequences. Tixamples for the substantial
pieture quality improvenient at the same bit-rate is
shown in Fig.3.

5 CONCLUDING REMARKS

A presentation of the state-of-Lhe-art cannol be com-
plete in a short overview paper like this one, and the
selection of a fow promising research direction is oh-
viously highly subjective. The fact that the selected
directions coincide with thie author's own research ac-
tivitios 1s, of course, not coincidental - - to be credihle,
they should! Beyond more efficient compression for
motion video, there are many interesting open ques-
tions that arise when integrating video codecs into
conimunication systoms, where previously neglectod
requiremnents, stich as robustness, delay, or random ac-
cnss, have to be taken into account. As i the past, we
can expect new applications to present their specific
scl, of new challenges that will continue to drive the
progress in video communication techuology.
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Figure 3: Picture quality improvement by extending
H.263 hy an animated 3-1 head model. Top: 11,263
TMN-10, CIF, 8,33 fps, PSNIR 33.88 dI3, 1680 bits for
frame shown. Bottomn: Multiframe prediction witly 3-
D head model PSNIRR 37.34 dB, 1682 hits for frame
showi
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