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field of block-based spatial redun-
dancy techniques, transform cod-
ing techniques and vector quantiza-
tion coding are the two likely
candidates. Transform coding tech-
niques with a combination of visu-
ally weighted scalar quantization
and run-length coding have been
preferred because the DCT pres-
ents a certain number of definite
advantages and has a relatively
straightforward  implementation;
the advantages are the following:

® The DCT is an Orthogonal
Transform:
Orthogonal ‘I'ransforms are
filter-bank-oriented (i.e., have
a frequency domain interpreta-
tion).
Locality: the samples on a
8 X 8 spatial window are suffi-
cient to compute 64 transform
coefficients (or subbands).
Orthogonality guarantees well-
behaved  quantization  in
subbands.
The DCT is the best of the or-
thogonal transforms with a fast
algorithm, and a very close ap-
proximation to the optimal for a
large class of images.
The DCT basis function (or
subband decomposition) is suffi-
ciently well-behaved to allow ef-
fective use of psychovisual crite-
ria. (This is not the case with
“simpler” transform such as
Walsh-Hadamard.)

L

In the standards for still image
coding (JPEG) and for visual te-
lephony (CCITT H.261), the 8 x 8
DCT has also been chosen for simi-
lar reasons. The technique to per-
form intraframe compression with
the DCT is essentially common in

Motion-Compensated Interpola-
tion

Transform Coding, Quantization
and Run-Length Coding

Quantizer Characteristics for
Intra- and Non-Intra Blocks
(stepsize = 2)
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the three standards and consists of
three stages: computation of the
transform coefficients; quantiza-
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particular quantization matrix for
an application or even for an indi-
vidual sequence. A customized ma-
trix ¢an be stored as context to-
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tion of the transform coefficients;
and conversion of the transform
coefficients into {run-amplitude}
pairs after reorganization of the
data in a zigzag scanning order (see
Figure 4).

Discrete Cosine Transform. The Dis-
crete Cosine Transform has inputs
in the range [—255, 255} and out-
put signals in the range [—2048,
20471, providing enough accuracy
even for the finest quantizer. In
order to control the effect of
rounding errors when different
implementations of the inverse
transform are in use, the accuracy
of the inverse transform is deter-
mined according to the CCITT
H.261 standard specification [9].

Quantization. Quantization of the
DCT coefficients is a key operation,
because the combination of quanti-
zation and run-length coding con-
tributes to most of the compression;
it is also through quantization that
the encoder can match its output to
a given bit rate. Finally, adaptive
quantization is one of the key tools
to achieve visual quality. Because
the MPEG standard has both
intracoded pictures as in the JPEG
standard and differentially coded
pictures (i.e., pictures coded by a
combination of temporal prediction
and DCT of the prediction error as
in CCITT  Recommendation
H.261), it combines features of
both standards to achieve a set of
very accurate tools to deal with the
quantization of DCT coefficients.

Visually weighted quantization. Sub-
jective perception of quantization
error greatly varies with the fre-
quency and it is advantageous to
use coarser quantizers for the
higher frequencies. The exact
“quantization matrix” depends on
many external parameters such as
the characteristics of the intended
display, the viewing distance and
the amount of noise in the source.
It 1s therefore possible to design a
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gether with the compressed video.

Quantization of Intra vs. Nonintra
Blocks. The signal from intracoded
blocks should be quantized differ-
ently trom the signal resulting from
prediction or interpolation.
Intracoded blocks contain energy
in all frequencies and are very likely
to produce “blocking effects” if too
coarsely quantized; on the other
hand, prediction error-type blocks
contain predominantly high fre-
quencies and can be subjected to
much coarser quantization. It is as-
sumed that the coding process is
capable of accurately predicting low
frequencies, so that the low fre-
quency content of the prediction
error signal is minimal; if it is not
the case, the intracoded block type
should be preferred at encoding.
This difference between intracoded
blocks and differentally coded
blocks results in the use of two dif-
ferent quantizer structures: while
both quantizers are near uniform
(have a constant stepsize), their
behavior around zero is different.
Quantizer for intracoded blocks
have no deadzone (i.e., the region
that gets quantized to the level zero
is smaller than a stepsize while
quantizers for nonintrablocks have
a large deadzone). Figure 5 illus-
trates the behavior of the two quan-
tizers for the same stepsize of 2.

Modified Quantizers. Not all spatial
information is perceived alike by
the human visual system and some
blocks need to be coded more accu-
rately than others: this is particu-
larly true of blocks corresponding
to very smooth gradients where a
very slight inaccuracy could be per-
ceived as a visible block boundary
(blocking effect). In order to deal
with this inequality between blocks,
the quantizer stepsize can be modi-
fied on a block-by-block basis if the
image content makes it necessary.
This mechanism can also be used to
provide a very smooth adaptation

The flexibility of
the video sequence

parameters in MPEG
Is such that a wide

range of
spatial and

temporal resolution

IS supported.

to a particular bit

control).

rate (rate-

Entropy coding. In order 1o further
increase the compression inherent
in the DCT and to reduce the im-
pact of the motion information on
the total bit rate, variable-length
coding is used. A Huffman-like
table for the DCT coefficients is
used to code events corresponding
10 a pair {run, amplitude}. Only
those codes with a relatively high
probability of occurrence are coded
with a variable-length code. The
less-likely events are coded with an
escape symbol followed by fixed
length codes, to avoid extremely
long code words and reduce the
cost of implementation. The vari-
able-length code associated with
DCT coefficient is a superset of the
one used in CCITT recommenda-
tion H.261 10 avoid unnecessary
costs when implementing both
standards on a single processor.

Layered Structure, Syntax
and Bit Stream

Goals. The goal of a layered struc-
ture is to separate entities in the bit-
stream that are logically distinct,
prevent ambiguity and facilitate the



decoding process. The separation
in layers supports the claims of
genericity, flexibility and efficiency.

Genericity. 'I'he generic aspect of the
MPEG siandard is nowhere better
illustrated than by the MPEG bu
stream. The syntax allows for pro-
vision of many application-specific
features without penalizing appli-
cations that do not need those fea-
tures. Two examples of such “bit-
stream customization” illustrate the
potential of the syntax:

Example 1: Random access and
editability of video stored on a computer
hard dish. Random accessibility and
easy editability require many access
points; groups of pictures are of
short duration (e.g., 6 pictures,
1/5 second) and coded with a fixed
amount of bits (to make editability
possible). The granularity of the
editing units (group of pictures
only coded with reference to pic-
tures within the group) allows
editability to one-fifth of a second
accuracy.

Example 2: Broadcast over mnoisy
channel. There are occasional re-
maining uncorrected errors. In
order to provide robustness, the
predictors are frequently reset and
each intra and predicted picture is
segmented in many slices. In add:i-
tion, to support “tuning in” in the
middle of the bit stream, frequent
repetitions of the coding context
(Video Sequence layer) are pro-

vided.

Flexibility. The {flexibility of the
MPEG standard is illustrated by the
large number of parameters de-
fined in the Video Sequence
Header. Table 6 shows the video
sequence header. The range of
those parameters is fairly large, and
while the MPEG standard is fo-
cused at bit rates about 1.5 Mbits/s
and resolutions of about 360 pels/
Iine, higher resolution and higher
bit rates are not precluded.

Efficiency. A compression scheme

such as the MPEG algorithm needs
to provide efficient management of
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the overhead information (dis-
placement fields, quantizer step-
size, type of predictor or inter-
polator). The robustness of the
compressed bit stream also depends
to a large extent on the ability to
quickly regenerate lost context
after an error.

Layered Syntax. The syntax of a
MPEG video bit stream contains six
layers (see Table 7); each layer sup-
ports a definite function: either a
signal-processing function (DCT,
Motion Compensation) or a logical
function (Resynchronization, Ran-
dom access point).

Bit Stream. The MPEG syntax [3]
defines a MPEG bit stream as any
sequence of binary digits consistent
with the syntax. In addition, the bit
stream must satisfy particular con-
straints so that the bit stream is to
be decodable with a buffer of an
appropriate size. These additional
constraints preclude coded video

Video Sequence Parameters

Picture Width
Picture Height
Pel Aspect Ratio

| |
| |
| }
| Frame Rate [
| Bit Rate |
l Buffer Size I

bit streams that have “unreason-
able”  buffering requirements.
Every bit stream is characterized (at
the sequence layer) by two fields:
bit rate and buffer size. The buffer
size specifies the minimum buffer
size necessary to decode the bit
stream within the context of the
video buffer verifier.

Video Buffer Verifier. The video
buffer verifier [3] is an abstract
model of decoding used 1o verify
that an MPEG bit stream is
decodable with reasonable buffer-

ing and delay requirement—
expressed in the sequence header
in the fields bit rate and bufter size.
The model of the video buffer vern-
fier is that of a receiving buffer for
the coded bit stream and an instan-
taneous decoder so that all the data
for a picture is instantaneously
removed from the buffer. Within
the framework of this model, the
MPEG Committee Draft establishes
constraints on the bit stream—by
way of the buffer occupancy—so
that decoding can occur without
butfer underflow or overflow.

Decoding Process. The MPEG draft
standard defines the decoding pro-
cess—not the decoder. There are
many ways to implement a decoder
and the standard does not recom-
mend a particular way. The de-
coder structure of Figure 6 is a typi-
cal decoder structure with a buffer
at the input of the decoder. The bit
stream is demultiplexed into over-
head information such as motion
information, quantizer stepsize,
macroblock type and quantized
DCT coefficients. The quantized
DCT coefficients are dequantized,
and are input to the Inverse Cosine
Transform (IDCT). The recon-
structed waveform from the IDCT
is added to the result of the predic-
tion. Because of the particular na-
ture of Bidirectional prediction,
two reference pictures are used o
form the predictor.

Standard and Quality

Conformance: Encoder and
Decoders

Bit Stream and Decoding Process.
The MPEG standard specifies a
syntax for video on digital storage
media and the meaning associated
to this syntax: the decoding pro-
cess. A decoder is an MPEG de-
coder if it decodes an MPEG bit
stream to a result that is within ac-
ceptable bounds (still to be deter-
mined) of the one specified by the
decoding process; an encoder is a
MPEG encoder if it can produce a
legal MPEG bit stream.

Encoders and Decoders. 'The sian-
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Six Layers of Syntax of the MPEG Video Bit Stream

sequence Layer: (Random Access Unit: Context)
Group of Pictures Layer:

Picture Layer: (Primary Coding Unit)

Slice Layer: (Resynchronization Unit)
Macroblock Layer: {Motion Compensation uUnit)
Block Layer: (DCT Unit)

Parameters of the MPEG Constrained Parameter Set
Horizontal size <= 720 pels

Vertical size <= 576 pels

Total number of Macrohlocks/picture <= 396

Total number of Macroblocks/second <= 396+25 = 330+30
Picture Rate <= 30 Frames/second

Bit Rate <= 1.86 Mbits/second

Decoder Buffer <= 376832 bits

the Constrained Parameter Set

Format Video Parameters Compressed Bit Rate

SIF 352 x 240 30Hz 1.2-3 Mbps

CCIR 601 720 x 486 30Hz 5-10 Mbps

EDTV 960 x 486 30Hz 7-15 Mbps

HDTV 1920 x 1080 30Hz 20-40 Mbps
COMMUNICATIONS OF THE ACM/ April 1991/ Voi 34, No.4

(Random Access Unit: Video Coding)

Perspectives of Application of the MPEG Algorithm beyond
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Schematic Block Diagram of the
Decoding Process

dard defines only the bit-stream
syntax and the decoding process;
manufacturers are entirely free to
make good use of the flexibility of
the syntax to design very high-
quality encoders and very low-cost
decoders. The freedom left to man-
ufacturers at the encoder covers
such important quality factors as
motion estimation, adaptive quanti-
zation and rate control. This means
that the existence of a standard
does not prevent creativity and in-
ventive spirit in implementing en-
coders.

Resotution, Bit Rates and Quality
The quality of video compressed
with the MPEG algorithm at rates
of about 1.2 Mbits/s has often been
compared to VHS recording [1].
The qualificative VHS-like and bet-
ter than VHS have been used. The
spatial resolution is limited to 360
samples per video line and the
video signal at the input of the
source coder has 30 frames/s non-
interlaced. For most source mate-
rial, artifact-free renditions can be
obtained, but for the most demand-
ing material, it is at times necessary
to trade resolution for impair-
ments.

The flexibility of the video se-
quence parameters in MPEG is re-
sponsible for these characteristics: a
wide range of spatial and temporal
resolution is supported, and it has
the capability of using a large range
of bit rates. 1t is, however, impor-
tant to guarantee interoperability
of equipment using MPEG, without
forcing the equipment manufactur-
ers to build very overdesigned sys-
tems. For this reason a special sub-
set of the parameter space has been
defined that represents a reason-
able compromise well within the
prime target of MPEG of address-



ing video coded at about 1.5 Mbits/
s. A “constrained parameter bit
stream” was defined [3] with the
parameters shown in Table 8.

It is expected that all “MPEG”
decoders be capable of decoding a
constrained parameter “Core” bit
stream. Or beyond the “Core” bit-
stream parameters, the MPEG al-
gorithm can be applied to a wide
range of video formats. It can be
argued, however, that at those
higher resolutions and those higher
bit rates, the MPEG algorithm is not
necessarily optimal since the techni-
cal trade-offs have been widely dis-
cussed mostly within the range of
the “Core” bit stream (see Table 9).

A new phase of activities of the
MPEG committee (ISO-IEC/JTC1/
SC2/WG11) has been started to
study video compression algorithm
of higher resolution signals (typi-
cally CCIR 601) at bit rates up to 10
Mbits/s.

Conclusion

Itis anticipated that the work of the
MPEG committee will have a very
significant impact on the industry
and that products based on MPEG
are expected as early as 1992. In-
deed, the concept that a video sig-
nal and its associated audio can be
compressed to a bit rate of about
1.5 Mbits/s with an acceptable qual-
ity has been proven and the solu-
tion appears to be implementable at
low cost with today’s technology.
The consequences for computer
systems and computer and commu-
nication networks are likely to open
the way to a wealth of new applica-
tions loosely labeled “multimedia,”
because they integrate text, graph-
ics, video, and audio. The exact
impact of “multimedia” is of course
yet to be determined, but is likely to
be very great.

MPEG has a Committee Draft;
the path to an International Stan-
dard calls for an extensive review
process by the National Member
Bodies®, followed by an intermedi-

*The membership of the 1SO committee con-
sists of National Member Bodies (ANSI in the
US, . . . ) who send delegations to the Inter-
national Standards committee.
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ate stage as a Draft International
Standard (DIS) and a second review
process. Prior to the review process
uself, it is expected that a real-time
MPEG decoder will be demon-
strated.

In addition to the ongoing effort,
the algorithmic and technical ave-
nues opened by MPEG are making
the concepts of digital videotape
recorders and digital video broad-
casting more likely to occur quite
soon. A second phase of work has
been started in the MPEG commit-
tee to address the compression of
video for digital storage media in
the range of 5 to 10 Mbits/s,
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