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Image and Video Coding Standards

Mostimage orvideo applications involving transmission or storage require
some form ofdatacompression to reducethe otherwise inordinate demand
onbandwidth andstorage. Compatibility among different applications and
manufacturers isvery desirable, andoften essential. This paper describes
several standard compression algorithms developed in recentyears.

Introduction
The International Organization for

Standardization (ISO) JointBilevel Image
Group (rBIG) has perfected a progressive cod­
ing algorithm for bilevel (two-tone, black/
white, or facsimile) images that transmits
these imagesin stages ofsuccessively higher
resolution. (See Panel1 fordefinitions of
abbreviations, acronyms, and terms.) This
enablesusers to browsethrough remotely
located imagedatabases. It also allows output
displays with differing resolutions to access
documents that reside in the samedatabase.
New coding techniques makeit possible to
provide this progressive capability, while at
the sametimeachieving significantly better
compression than that attained by previous
facsimile coding standards.

The ISO JointPhotographic Experts
Group (rPEG) has developed an algorithm for
coding single-frame colorimages. It is based
on the discretecosine transform (ncr) , but it
alsohas extensions for progressive coding.
Startingfroman original red, green, blue
(RGB) pictureof24bits per picture element
(pelor pixel), the JPEG algorithms give good
imagequality at compression factors of10to
20, i.e., bit rates between 1and 2 bits per pixel.

The International Telegraph and
Telephone Consultative Committee (ccrrr)
StudyGroup 15 (SG15) and its expertsgroup
on video telephony has finalized a set ofcod­
ing standards, known informally as the Px64
standard, for sendingvideote1ephone or
videoconference pictureson integrated ser­
vicesdigital network (ISDN) facilities. The
standardis applicable overa bandwidth range
from56kilobits per second (kb/s) to 2 mega­
bits per second (Mb/sj.It reliesnot onlyon

the ncr, but alsoon motion-compensated
prediction to compress datageneratedbythe
moving imagery.

The ISO Motion Picture Experts
Group (MPEG) has developed both audio and
video compression algorithms that can
compress entertainment or educational video
for storageor transmission onvarious digital
media, including compact disk, remotevideo
databases, movies on demand,' cabletelevi­
sion (CATV), fiberto the home,etc. Require­
ments are for implementation ofnormal play,
fast forward/reverse, random access, normal
reverse, and simple very-large-scale integra­
tion (VLSI). The MPEG algorithm utilizes all
the Px64 methodology, as well as somenew
techniques, mostnotably conditional motion­
compensated interpolation.

JBIG Progressive Bilevel Image Coding
This section presents the JBIG bilevel

imagecoding standard andhowit relatesto
other standards. It alsodescribes progressive
coding and compares the compression perfor­
manceofvarious algorithms.

Standards Framework. JBIG waschar­
tered in 1988 to establish a standard for the
progressive coding ofbilevel images. The
"joint" in its namereflects the factthat it
reports to both ISO (specifically, ISO-IEC/JTCl/
SC29/WG9) and CCITT (specifically, CCITT/
SGVIII/Q16). The JBIG standard-" is nearly
finalized.

Onaverage, since1988 the chairof
the working grouphas scheduled three JBIG
meetings a year,eachwith about15attendees
from large, well-known companies in the
fields oftelecommunications, photography,
and computer science.
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Panel 1. Abbreviations, Acronyms, and Terms

B-frames - bidirectionally predicted, interpolative­
codedframes

CATV - cabletelevision, or community antenna
television

CBP - codedblockpattern
CCIR - International Radio Consultative Committee
ccrrr- International TelegraphandTelephoneCon-

sultative Committee
CD-ROM - compact disk read-only memory
ClF - common intermediate format
codec - coder-decoder
CRT - cathode-ray tube
DAT - digital audio tape
DCT - discretecosinetransform
dpi- dots per inch
ECS - entropy-coded segment
EOB - end ofblock
EQI - end ofimage
FDCT - forward discretecosinetransform
FLC - fixed-length code
GBSC - group ofblocksstart code
GN - group number
GOB - group ofblocks
CQUANT - quantizerinformation
HRD - hypothetical referencedecoder
IOCT - inversediscretecosinetransform
IEC - International Electrotechnical Commission
Iframe - intra-coded frame

Relationship to Existing Standards. For bilevel
image coding, the G3 and G4algorithms! ofccrrr
Recommendations T.45 andT.66 are well established.
JBIG coding, likethe codingofthe G3/G4algorithms, is
lossless (bit-preserving), withdecodedimagesdigitally
identical to inputimages. Hence, imagequality is not an
issue usinganyofthe available algorithms. However,
compared to G3/G4coding, JBIG codingoffers better
compression and, if desired,progressiveness. Numerical
data relatingJBIG and G3/G4compression are discussed
later in this paper. Progressive codingwill be defined
and discussedas well, alongwithidentifying applications
in which it is valuable.
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IQ - inverse quantizer
ISO - International Organization forStandardization
JBIG - Joint Bilevel ImageGroup
JTCl - JointTechnical Committee 1
JPEG - Joint Photographic Experts Group
MB - macroblock
MC - motion compensation
MCU - minimum-coded unit
MPEG - Motion PictureExperts Group
MQUANT - quantizer
MVD - motion vectordata
P-frarnes - predictive-coded frames
pixel- pictureelement
PSC - picturestart code
PTYPE - typeinformation
Q16 - Question 16
QCIF - quarter-CIF
RGB - red, green, blue
SC29 - Subcommittee 29
SCVIn - StudyGroup 8
SOF - start offrame
SOl - start ofimage
TR - temporal reference
VHS - Video Home System is a registered trademarkof

the Victor Company ofJapan, Limited.
VLC - variable-length code
VLI - variable-length integer
VLSI - verylarge-scale integration
WG9 - Working Group 9

Anotherstandard that has applicability overlap­
pingthat ofJBIG is the JPEG standard," described later in
this paper. Although JBIG was chartered forworkon
bilevel compression, the JBIG algorithm can alsobe used
effectively for the losslesscoding ofgrey scaleimages
(monochrome withshades ofgrey) and colorimages.
The simple expedientoflettingeach bit planeofsuch
imagesdefine an independentimageforbilevel coding
worksquitewell as longas the bit planesare defined
using somethinglikea folded-binary (Gray) representa­
tion" ofintensity. This minimizes the totalnumberof
transitions in the imagesofthe various bit planes. When
intensity resolution is highlypreciseand there are eight



or more bits per pixel, ]BlG coding and lossless]PEG cod­
ing are aboutequalin compression efficiency. Whenthe
intensity resolution is coarser,]BIG coding is more effi­
cient. Ofcourse, if losslesscoding is not required, ]PEG
coding in anyofits normal (lossy) modeswill provide
the greatest compression.

The ]BIGapproach to losslessgrey scaleand
colorimagecoding offers coding unification. Oneunder­
lying algorithm efficiently codesbilevel images, grey
scalephotographic images, colorphotographic images,
and computer-generated imageswith bit-plane overlays.

Progressive Coding. Progressive codings are
multiresolution encodings. An imageis capturedas a
compression ofa low-resolution rendition plusa
sequenceof"delta" files that each allow one doubling of
resolution. When an imagethat has been progressively
encoded is decoded, the low-resolution rendition ofthe
original becomesavailable first, withsubsequentdou­
blingsofresolution following as more dataare decoded.

The number, D, ofdoublings that are to be avail­
ableis a free parameterfor the ]BlG algorithm. When
progressiveness is desired, it is typically chosenas 4,5,
or 6. It can,however, be chosen as 0, in which case pro­
gressiveness is disabled, but the ]BIGcompression
advantage remains.

Progressive codingoffers advantages for:
- Storing imagesin databases intended to servedisplays

ofdiffering resolution capability
- Browsing through images
- Transmitting imagesovera packetnetwork.

Bystoringprogressive encodings ofimages, a
database can efficiently serve outputdevices that have
differing resolution capability. The database sends the
coding ofthe low-resolution rendition and only as many
deltafiles as needed. If a user firstviews an image on a
comparatively low-resolution display, such as a cathode­
ray tube (CRT), and later requests a hard copy on a
higher-resolution display, such as alaser printer, only a
few additional deltafiles need be sent.

In contrast, an imagedatabase storingimages
nonprogressively can use one oftwo methodsto serve
outputterminals with different resolutions. Mostsimply,
it canstore multiple compressions at various resolutions.
Alternatively, it can store onlya compression at the
highest resolution and require outputdevices to decode
to this high resolution and mapdown to the lowerresolu­
tionofthe display available. The first alternative wastes
storageand is inefficient whenan updateto higher

resolution is requested. The second alternative wastes
both transmission capacity andprocessing power. The
outputdevice must receive and decode the highest reso­
lution rendition, eventhough it only canshowa lower
resolution rendition.

Progressive codingscanbe advantageous for
document browsing. Alow-resolution rendition canbe
rapidly transmitted and displayed, and then followed by
as muchresolution enhancement as desired. Progressive
coding makes it easyfora user to recognize the image
beingdisplayed quickly and to interruptthe transmission
ofan unwanted image.

This advantage forprogressive coding only
occurson medium-rate links, roughly those with speeds
between 9.6and 64kb/s whenbilevel images are being
retrieved. Were the communication linkslower, no
viewer would havethe patience to browse through
images, no matterwhatthe form ofpresentation. On
high-speed links, the imageis delivered so rapidly rela­
tiveto humanreaction timesthat the way it develops is
immaterial.

The third application forprogressive coding is
in packetnetworks," wherepacketscanor mustbe clas­
sified as droppable (i.e., those that the network is free to
discard duringtimesofcongestion) or nondroppable
(i.e., those that the network mustalways deliver). The
packetscarrying the information for the final resolution
doubling would be sent at lowpriority; if theyhad to be
dropped, no image regionswould be lost or destroyed.
The only penalty would be an image that is slightly less
sharp in some regions.

Onepotential disadvantage ofprogressive
coding is its need fora frame buffer largeenoughto hold
the image at the second-to-highest resolution. Whenthe
display is a CRT, this buffer always existsandthis needis
inconsequential. It is ofgreater concern inhard-copy
devices. The ]BIGalgorithm has a feature called
"compatible-sequential" mode, which canobviate the
need for the frame buffer whenever a database is storing
imagesprogressively (tosupporta range ofdisplay reso­
lutions efficiently), but canalsoservehard-copy devices.
For a hard-copy device, the intermediate resolution
images are ofno interest. In serving such a device in the
compatible-sequential mode, the sameinformation is
transmitted as would be transmitted for normal progres­
sive decoding. However, it is rearranged to eliminate the
needfor a full-image buffer. Reference 2 describes how
this is accomplished.
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Table I. Compressed File Sizes in Bytes for Various Coding Algorithms

Bytes

Nonprogressive Progressive
Image Raw G3Dl G3D2 G4 JBIG JBIG

CCI1T#1 513216 37423 25967 18103 14715 16771
CCI1T#2 513216 34367 19656 10803 8545 8933
CCI1T#3 513216 65034 40797 28706 21988 23710
CCITf#4 513216 108075 81815 69275 54356 58656
CCITf#5 513216 68317 44157 32222 25877 28086
CCITf#6 513216 51171 28245 16651 12589 13455
CCITf#7 513216 106420 81465 69282 56253 60770
CCITf#8 513216 62806 33025 19114 14278 15227

Halftone 834048 483265 572259 591628 131479 103267

Compression Comparison. Table I showscompres­
sionperformance on the eight standardCCITf test images
and one additional image. The additional imageis a binary
image, renderinggrey scaleusinghalftoning. It is image
number20ofthe so-called "]BIG testing"image set and is
a picture ofaJapanesewoman holding flowers. The eight
CCITf imagesare allsampled at 200 dots per inch (dpi) and
contain 1728 x 2376 pixels. The halftone image contains
2304 x 2896 pixels. Compressed-file byte countsare pro­
vided forcoding with one-dimensional G3 (G3D1), two­
dimensional G3 (with a k factor of4) (G3D2), G4, nonpro­
gressive ]BIG, and progressive ]BIG withfour deltalayers.

Overthe eight CCITfimages, nonprogressive
]BIG coding has abouta 22-percent coding advantage
overG4, the mostefficient ofthe G3/G4algorithms. The
progressive ]BIG algorithm provides progressivity and
still shows an average lS-percent coding gainoverG4.

The G3/G4algorithms are not suitable forcod­
ingbilevel imagesrenderinggrey scaleusinghalftoning,
as is evident in the last rowofTableI, where the ]BIG
compression advantage is abouta factor offive.

Overview of JBIG Algorithm. This section describes
someofthe mainfunctional blocksofan encoder.
Decoders, similar to encoders, and somewhat simpler
becauseresolution reduction is not needed,will not be
described.

Conceptually, a ]BIG encodercanbe decomposed
(seeFigure1) intoa chainofD identical differential layer
encoders, followed by a bottom-layer encoder. In Fig-
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ure la, ID denotesthe imageat layerD and CD denotes
its encoding. Generally, implementations will time-share
one physical differential layerencoder, but forheuristic
purposes, the decomposition ofFigure1ais helpful.

The heart ofboth the differential-layer encoder
(Figure 1b) and bottom-layer encoder (Figure 1c) is an
adaptive arithmetic encoder. Arithmetic codersare dis­
tinguished fromother entropy coderssuch as Huffman
codersand Ziv-Lempel coders in that, conceptually at
least,they mapa string ofsymbols to be codedintoa real
numberon the unitinterval [0.0,1.0). Whatis transmitted
insteadofthe symbols is a binaryrepresentation ofthis
number. The processto derive the representative real
numberis known as interval subdivision. Abramson10
creditsElias with having conceived it soonafterShannon's
seminal workon information theorywaspublished. How­
ever,practical application ofarithmetic coding had to
waitalmostthirtyyears for the discovery ofways to real­
izearithmetic coderswithfinite-precision arithmetic, as
well as ways to makepipelining possible. Pipelining
enablesan encoderto start outputting the bits ofthe
binaryrepresentation before it has seen the entire input
streamto be coded, andfor a decoderto start outputting
the reconstructed symbol streambeforeit has seen the
entirebinaryexpansion ofthe representative realnum­
ber.The ]BIG and]PEG arithmetic codersare identical.

Analgorithmic subfunction ofdifferential-layer
encoders, but not bottom-layer encoders, is resolution
reduction, which is the mapping ofa given resolution
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image to a half-resolution image. Oneway to do this
would be simply to discard everyother rowand column,
but such subsampling leadsto images that are poorerin
subjective quality than needbe.The table-based JBIG
resolution-reduction algorithm createsexcellent quality,
low-resolution renditions fortext, lineart, ditheredgrey
scale, halftoned grey scale, and error-diffused grey scale.
The low-resolution image is createdpixel by pixel in the
usual raster scanorder, that is,from top to bottom and
leftto right. The colorofanygiven low-resolution pixel is
uniquely determined by the colors ofnineparticular

Figure 1. (a) A JBIG encoder can be decomposed into a
chain of (b) 0 differential layer encoders, followed by a
(c) bottom-layer encoder.

high-resolution neighbors that are in fixed spatial rela­
tionship to it and three particular low-resolution neigh­
bors that are in causal andfixed spatial relationship to it.
Decoders have nocounterpart to this block.

Otheralgorithmic subfunctions ofinterestare
adaptive templates, deterministic prediction (differential­
layerencoderonly), andtypical prediction. The adaptive
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templates algorithm searches for periodicities typical of
halftone images and,when they are found, can exploit
them to greatlyenhancecompression. Deterministic pre­
diction exploits idiosyncrasies ofthe resolution reduction
algorithm to gainabouta 5-percent coding advantage.
Typical prediction looksfor large regionsofcontinuous
colorand,whenthey are present,can substantially speed
both software and hardware implementations. Refer­
ence 2 provides further details.

JPEGStill-Color-lmage Coding
The need for an international standardfor

continuous-tone stillimage compression resulted, in
1986, in the formation ofJPEG. This groupwaschartered
by ISO and the CCITT to develop a general-purpose stan­
dard suitable foras manyapplications as possible. After
thoroughevaluation and subjective testingofa number
ofproposed image-compression algorithms, the group
agreed,in 1988, on a ocr-based technique. From 1988 to
1990, the JPEG committee refined several methodsincor­
porating the ocr for lossycompression. Alossless
method wasalsodefined. The committee's workhas
been published in two parts:"Part 1:Requirements and
guidelines"? describesthe JPEG compression and decom­
pression method. "Part 2: Compliance Testing"!'
describestests to verify whether a coder-decoder
(codec) has implemented the JPEG algorithms correctly.

To appreciate the needfor image compression,
considerthe storage/transmission requirements ofan
uncompressed image. Atypical digital colorimage has
512 x 480 pixels. At three bytesper pixel (oneeachfor
the red, green and blue components), such an image
requires737,280 bytes ofstoragespace. To transmitthe
uncompressed imageovera 64-kb/schanneltakes about
1.5 minutes. The JPEG algorithms offer "excellent" qual­
ityfor mostimagescompressed to about 1.0 bit/pixel.
This 24:1 compression ratioreduces the requiredstorage
ofthe 512 x 480 colorimageto 30,720 bytes,and its
transmission timeto about3.8seconds. Applications for
image compression maybe found in desktop publishing,
education, real estate, and security, to namea few.

In the next section, wegive an overview ofthe
JPEG algorithms. In subsequentsections, wepresent
someoperating parametersand definitions, and describe
each ofthe JPEG operating modesin more detail.

Overview of the JPEGAlgorithms. The JPEG commit­
tee couldnot satisfy the requirements ofeverystill-image
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compression application with one algorithm. Asa result,
the committee proposed fourdifferent modesofoperation:
- Sequential DCT-based - Figure2 presents a simplified

diagram ofa sequential ocr codec. In this mode, 8 x 8
blocksofthe inputimage are formatted forcompres­
sionby scanning the image leftto right and topto bot­
tom. Ablockconsists of64samples ofone component
that makeup the image. Eachblockofsamples is
transformed to a blockofcoefficients by the forward
discretecosine transform (rncr). The coefficients are
then quantized and entropy-coded.

- Progressive DCT-based - This modeoffers a meansof
producing a quick"rough"decoded image whenthe
medium separating the coderand decoderhas a low
bandwidth. The methodis similar to the sequential
ocr-based algorithm, but the quantized coefficients
are partially encoded in multiple scans.

- Lossless - In this mode, the decoderrenders an exact
reproduction ofthe digital inputimage. The differ­
ences between inputsamples andpredicted values,
where the predicted values are combinations ofone to
three neighboring samples, are entropy-coded.

- Hierarchical- This modeis used to codean input
image as a sequenceofincreasingly higher-resolution
frames. The firstframe is a reduced resolution version
ofthe original. Subsequent frames are coded higher­
resolution differential frames.

The colorspaceconversion processin Figure2
is not a part ofthe standard. In fact, JPEG is color-space­
independent. Asa first step in the compression process,
manyimage-compression schemestake advantage ofthe
humanvisual system'slow sensitivity to high-frequency
chrominance information12 by reducing the chrominance
resolution. Many images (usually RGB) are typically con­
vertedto a luminance-chrominance representation
beforethis processing takes place.

Either Huffman or arithmetic techniques can
be used forentropy coding in anyofthe JPEG modesof
operation (except in the baseline system, whereHuffman
coding is mandatory). AHuffman codercompresses a
series ofinputsymbols by assigning short codewords to
frequently occurring symbols andlongcodewords to
improbable symbols. 13,14The outputofan arithmetic
coder is a single real number. After initialization to a
range of0 to 1, the probability ofeach inputsymbol is
used to restrict the range ofthe outputnumberfurther.
Unlike a Huffman coder, an arithmetic coderdoesnot
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requirean integral numberofbits to represent an input
symbol. Asa result, arithmetic coders are usually more
efficient than Huffman coders.15.16 For the JPEG test
images, Huffman coding (usingfixed tables) resultedin
compressed data requiring, on average, 13.2 percent
more storagethan arithmetic coding.

JPEGOperating Parameters and Definitions. A num­
bet ofparametersrelated to the source image and the
coding processmaybe customized to meet the user's
needs. In this section, we discusssome ofthe important
variable parametersand their allowable ranges.Also, as
an aid to the algorithm descriptions in the following sec­
tions, we define someJPEG terms and present the hierar­
chical structure ofthe compressed data.

Parameters. Animageto be codedusingany
JPEG modemayhavefrom1 to 65,535 linesand from 1to
65,535 pixels per line. Each pixel mayhavefrom 1 to 255
components (only 1 to 4 components are allowed for pro­
gressive mode). The operating modedetermines the
allowable precision ofthe component. For the DCf modes,
either 8 or 12bits ofprecision are supported (only 8-bit
precision is allowed for baseline). Lossless modeprecision
may rangefrom 2 to 16bits. If a DCf operating modehas
been selected, the quantizer precision must be defined.

For 8-bit component precision, the quantizer precision is
fixed at 8 bits.Twelve-bit components requireeither 8- or
16-bit quantizer precision.

Data interleaving. To reducethe processing delay
and/or buffer requirements, up to fourcomponents can
be interleaved in a singlescan (for progressive mode,
only the DCscanmayhaveinterleaved components). A
datastructure called the minimum-coded unit (MCV) has
been defined to supportthis interleaving. AnMCV con­
sists ofone or more dataunits, where a dataunit is a
component sample for the losslessmode, and an 8 x 8
blockofcomponent samples for the DCf modes. If a scan
contains onlyone component, then its MCV is equal to
one dataunit. For multiple component scans,the MCV for
the scan consistsofinterleaved dataunits. The maximum
numberofdataunitsper MCV is 10. Asan interleaving
example, consideran International Radio Consultative
Committee (CCIR) 601 digital image in which the chromi­
nancecomponents are subsampled 2:1 horizontally. For
a DCf coder, a CCIR-601 MCV couldconsistoftwo Y
blocks, followed by a CR blockand a CB block, where Y
is the luminance ofthe imageand CRand CB are propor­
tional to the two colordifferences (R- Y) and (B- Y),
respectively.
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1tU (2x+1) 1tV (2y+1) (1)
cos 16 cos 16

1tu(2x+1) 1tv(2y+1) (2)
cos 16 cos 16

1 7 7
IDCT: f(x,y) = 4" L L C(u) C(v) F(u,v)

u=Ov=O

OCT and quantization. All JPEG DCf-based coders
beginthe coding processbypartitioning the inputimage
intonon-overlapping 8 x 8 blocks ofcomponent samples.
After level-shifting the 8-bit samples so that they range
from -128 to +127, the blocks are transformed to the fre­
quencydomain usingthe FDCf.17•18 The equations for
the forward and inverse discretecosine transforms are
given by:

1 7 7
FDCT: F(u,v) = 4"C(u) C(v) L Lf(x,y)

x=Oy=o

(4)

(3)[
F(u,v) ]Fq(u,v) = round Q(u,v)

R(u,v) = Fq(u,v) Q(u,v)

Acarefully designed quantization matrix will produce

where

C(u) ,C(v) = -k foru,v = 0; C(u) C(v) = 1 otherwise.

The DCf concentrates mostofthe energyofthe com­
ponentsamples' blockintoa few coefficients, usually in
the top-left comer ofthe DCf block. The coefficient in the
immediate top-left comer is called the DCcoefficient
because it is proportional to the average intensity of the
blockofspatial domain samples. The AC coefficients
corresponding to increasingly higher frequencies ofthe
sample blockprogressaway from the DCcoefficient.

The next step in the process, quantization, is the
key to mostof the JPEG compression. A64-element
quantization matrix, where each elementcorresponds to
a coefficient in the DCf block, is used to reducethe
amplitude ofthe coefficients, and to increasethe number
ofzero-value coefficients. The quantization and dequanti­
zation is performed according to equations (3) and (4),
respectively.

Marker codes. JPEG has defined a numberoftwo­
bytemarkercodes to delineate the various sections ofa
compressed data stream. All markercodesbeginwitha
byte-aligned hexadecimal "FF"byte,making it easyto
scan and extractparts ofthe compressed datawithout
actually decoding it. Because it is possible to create a
byte-aligned hexadecimal "FF"bytewithin the entropy­
codeddata, the coder must detect this situation and fol­
low the "FF"bytewitha zerobyte. Whenthe decoder
encountersthe hexadecimal "FFOO" combination, the
zerobyte must be removed.

Compressed-image data structure. Atthe toplevel
ofthe compressed datahierarchyis the image (see Fig­
ure 3).Anonhierarchical modeimage consistsofa frame
surroundedby "start of image" (sol) and "end ofimage"
(EOI) markercodes. There will be multiple frames in a
hierarchical modeimage. Within a frame, a start offrame
(SOF) marker identifies the coding modeto be used.The
SOF marker is followed by a numberofparameters (see
Reference 7), and then by one or morescans. Eachscan
beginswith a header identifying the components to be
contained within the scan,and moreparameters. The
scanheader is followed by an entropy-coded segment
(ECS). An option exists to break the ECS intochunks
ofMCUs called restart intervals (RSTo, RST1. etc.). The
restart interval structure is useful for identifying select
portions ofa scan,and for recovery from limited corrup­
tionofthe entropy-coded data. Quantization and
entropy-coding tablesmayeither be included with the
compressed imagedata or communicated separately.

Sequential DCT. The sequential DCf modeoffers
excellent compression ratios, while maintaining image
quality. Asubset ofthe sequential DCf capabilities has
been identified byJPEG for a "baseline system." All DCf­
basedJPEG implementations are requiredto include base­
linecapability. This requirementshouldhelp to ensure
interoperability between codecsfrom different vendors.
Restrictions on the baseline systemrelatedto sample and
quantizer precision were pointed out in the "Parameters"
subsection. Onefurther restriction shouldbe noted:
Although a full sequential DCf coder mayemploy either
Huffman or arithmetic entropycoding, a baseline coder
can only use Huffman coding. In addition, only two AC
and two DCtablesmaybe used per scan (upto foursets
oftablesare allowed forfull sequential mode).

The following subsections describe the process­
ingsteps for a baseline coder. Adecoder is formed by
reversing the coder steps.
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Figure 4. Zig-zag scan.

7
Table II. Lossless Mode Predictors

Selection
value Prediction

0 No prediction
1 a
2 b
3 c
4 a+ b -c
5 a + (Ib - c)/2)
6 b + «a - c)/2)
7 (a «b)/2

c b

a x

high compression ratioswhile introducing negligible
"visible" distortion. 19 Upto four quantization matrices
are allowed byJPEG. The standarddoes not mandate
quantization matrices, but includes a set that givesgood
results for CCIR-601 typeimages. Many JPEG implementa­
tionscontrolthe compression ratio (andoutputimage
quality) by usinga q-factor, which is usually just a scale
factor applied to the quantization matrices.

DC coefficient entropy coding. Greatercompression
efficiency canbe obtained if a simple predictive method
is used to entropy-code the DCcoefficient separately
from the AC coefficients. Recall that the DCcoefficient
corresponds to the average intensity ofthe component
block. Adjacent blockswill probably havesimilar average
intensities. It is, therefore, advantageous to codethe
differences between the DCcoefficients ofadjacent blocks
rather than their values. Each differential DCvalue is
codedusinga variable-length code (VLC) and a variable­
length integer (VLI). The VLC corresponds to the size, in
bits,of the VLI, while the VLI givesthe amplitude ofthe
differential DCvalue.

Zig-zag scan and AC coefficient entropy coding. After
they havebeen quantized, the coefficient blocks usually
contain manyzero-value AC coefficients. If the coeffi-

Figure 5. Prediction neighborhood.

cientsare reordered,usingthe zig-zag scan illustrated in
Figure4, there will be a tendency to havelongruns of
zeroes.Only the nonzero AC coefficients are entropy­
coded. Asin the DCcoefficient coding, a VLC-VLI pair
results from the coding ofan AC coefficient. However,
the AC VLC corresponds to two piecesofinformation: the
numberofzeroes (run) sincethe last nonzero coeffi­
cient, and the sizeofthe VLI following the VLC.

Progressive Dey. Aprogressive DCf mode has
been defined byJPEG to satisfy the need fora fast
decoded picture whena low-bandwidth medium sepa­
rates a coderand decoder. Bypartiallyencoding the
quantized DCf coefficients in multiple scans, the decoded
image quality builds progressively from a coarselevel to
the quality attainable with the quantization matrices.
Eitherspectralselection, successive approximation, or a
combination ofthe two is used to codethe quantized
coefficients.

Spectral selection. In this method, the quantized
DCf coefficients ofa blockare first partitioned intonon­
overlapping bands along the zig-zag block scan. The
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bandsare then coded in separatecomponent scans.
Before an AC coefficient band ofa component maybe
coded, its DCcoefficient must be coded. DCcoefficients
from as manyas fourcomponents maybe interleaved in
a single scan. Interleaving is not permitted forAC bands
becauseofthe introduction ofan efficient meansforcod­
ingcontiguous blocksofzero-valued coefficients. From 1
to 32,767 blockscan be codedwitha singleVLC-VLI com­
bination called an end-of-band code.

Successive approximation. Withthis method, the
precision ofthe coefficients is successively increased
duringmultiple scans. Following a scanfora specified
numberofmost significant bits ofthe quantized coeffi­
cients, subsequentscans increasethe precision in incre­
mentsofonebit untilthe least significant bitshave
beencoded.

Lossless Mode. The losslessmodewasdefined
forapplications in which outputpixels froma decoder
mustbe identical to the inputpixels to the coder. The
compression ratiosachievable with the losslessmode,
typically around2:1, are much smallerthan those
afforded by the lossymodes. This methodis similar to
the one used to code the DCcoefficients in the DCT­
basedmodes, but the predictor is selectable from one of
seven choices, as showninTableII.Samples a,b, and c
in the tablecorrespond to neighborsofthe sample x to

76 AT&TTECHNICALJOURNAL.JANUARY/FEBRUARY 1993

be predicted. Figure5 illustrates the prediction neigh­
borhood. Entries1 to 3 inTableII are used for one­
dimensional predictive coding, and 4 through 7 form two­
dimensional predictors. Entry0 identifies differential cod­
ingfor the hierarchical mode. Asin the DCcoefficient
entropy coding described earlier, differences between the
actual andpredicted values are entropy-coded.

Hierarchical Mode. In the hierarchical mode, an
image is codedas a succession ofincreasingly higher­
resolution frames. This "pyramidal" approach offers an
alternative to the previously described methods for
achieving progression. It alsoallows decoderswith dif­
ferent resolution capabilities to use the samecompressed
datastream.

The firstcodedframe is createdby reducing the
resolution ofthe inputimage by a power oftwo in one or
both dimensions, and then processing the lower resolu­
tionimageusingone ofthe lossyor lossless techniques
ofthe other operating modes. Subsequent frames are
formed by upsampling the decoded imageby a factor of
two in the dimension(s) having reduced resolution, sub­
tractingthe upsampled image from the inputimage at
the same resolution, and coding the difference. "Miss­
ing"pixels in the upsampled image are filled in using
linear (orbilinear) interpolation. This processcontinues
until the decoded image has the sameresolution as the
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Figure 7. Syntax diagram of the video multiplex coder.2o
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Figure 8. Relative positioning of the luminance and chromi­
nance samples.

full-resolution input image. After that, one or more full­
resolution difference imagesmaybe coded. Ahierarchi­
caldecodermayabort the decoding process afterit has
decoded a frame that provides the desired resolution.

Any codingmethods describedin the other
three modes ofoperation maybe used to code the hierar­
chical modeframes, withthe following restrictions:
- Ifa lossymethod is chosen, allbut the last frame

mustbe coded using that method. Alosslessmethod
may be used optionally to code the last frame.

- Ifa losslessmethod is chosen, allframesmust be
codedwiththat method.

- The same entropy-coding technique (Huffman or
arithmetic) must be used for allframes.

The hierarchical coding/decodingprocessis not
symmetrical. Indeed,a hierarchical coder must also
include the greater part ofa decoder. However, a hierar­
chical decoder is onlymore complex than a nonhierarch­
ical decoder in that it must provide a way to upsample
and add.This increasedcomplexity maybe justified,
given the flexibility afforded in matching the decoderto
the application. This typeofcodecis well suitedfor
"one-to-many" applications, as in a number ofdecoders
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(possibly having different resolution capabilities) access­
ing a databaseofimagesprecodedby a hierarchical
coder.

Videoconferencing Coding Standards H.261
Froman algorithmic pointofview, the extension

from JPEG, intraframe ocr coding, to H.261, motion­
compensated ocr video coding, is a rather natural one.
Historically, H.261 was developed longbeforeJPEG. In
December1984, ccrrrStudyGroup XV (Transmission
Systems and Equipment) established a "Specialists'
Group on Coding forVisual Telephony." The develop­
ment ofthis video transmission standardfor low-bit-rate
ISON serviceshas gone through severalstages.Atthe
beginning, the goalwasto designa codingschemefor a
transmission rate ofmx384 kb/s, where m wasbetween
1 and 5. Later, nx64 kb/s transmission rates (n from 1to
5)were considered. However, by late 1989, the final
CCIrr recommendation H.261 20 wasmadefora px64
kb/s video codec,wherep is between1 and 30.

In fact, the H series ofaudiovisual teleservices is
a group ofstandards (or recommendations) consisting of
H.221 - frame structure; H.230 - frame synchronous
control; H.242 - communication betweenaudiovisual
terminals; H.320 - systemsand terminal equipment;
and H.261 - video codec. Audio codecsat several bit
rates havealso been specified by other CCIrr recommen­
dations, such as G.725. In this paper, weconcentrate on
the H.261 video codecsystem.

BothJPEG baselineand H.261 codecsuse ncr
and VLC techniques. The major difference between the
JPEG compression scheme and H.261 is that JPEG codes
each frame individually, whereas H.261 performs inter­
frame coding. In H.261, block-based motion compensa­
tionis performed to compute interframe differences,
which are then ocr coded. Here, the picturedata in the
previous frame can be used to predict the image blocks
in the current frame, as shown in Figure6.Asa result,
only differences, typically ofsmall magnitude, between
the displaced previous blockand the current blockhave
to be transmitted.

There are severalinterestingcharacteristics or
designconsiderations in H.261.
- First, it defines essentially only the decoder. However,

the encoder, whichis not completely and explicitly
specified by the standard, is expected to be compatible
withthe decoder.
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- Second, because H.261 is designedfor real-time com­
munications, it uses onlythe closest previous frame as
prediction to reduce the encodingdelay.

- Third, it tries to balancethe hardwarecomplexities of
the encoder and the decoder, since they are both
necessaryfor a real-time videophone application.
Other codingschemes, such as vectorquantization
(VQ) , mayhavea rather simple decoder,but a very
complex encoder.

- Fourth, H.261 is a compromise betweencodingperfor­
mance, real-time requirement, implementation com­
plexity, and system robustness. Motion-compensated
DCf codingis a mature algorithm, and afteryears of
study,quitegeneral and robust in that it can handle
various types ofpictures.

- Fifth, the final codingstructures and parametersare
tuned more toward low-bit-rate applications. This
choiceis logical, because selection ofthe codingstruc­
ture and codingparameters is more critical to codec
performance at very lowbit rates. Athigher bit rates,
the less-than-optimal parametervaluesdo not affect
codecperformance very much.

Decoder Structures and Components. H.261 speci­
fies a set ofprotocols that everycompressedbit stream
has to follow, and a set ofoperations that everystandard

1

3

5

QCIF

compatible decoder must be able to perform. The actual
hardwarecodecimplementation and the encoderstruc­
ture can varydrastically fromone design to another. In a
few places, user-defined bit streams maybe inserted into
the standardbit stream.We will first explain briefly the
data structure in an H.261 bit stream and then the func­
tional elements in an H.261 decoder.

The compressedH.261 bit stream-" contains
severallayers (see Figure 7).They are picture layer,
group ofblocks (GOB) layer, macroblock (MB) layer, and
block layer. The higher layerconsistsofits own header
and a number ofthe lowerlayerdata.

Onlytwopictureformats - common intermedi­
ate format (CIF) and quarter-CIF (QCIF) - are allowed. CIF
pictures are made ofthree components: luminance Yand
colordifferences CBand CR, as defined in CCIR Recom­
mendation 601. The CIF picture sizefor Yis 352 pixels per
lineby 288 linesper frame. The two-color difference sig­
nals are subsampled to 176 pixels per lineand 144 linesper
frame. Figure8 showsthe sampling pattern ofY, CB, and
CR. The pictureaspect ratio is 4(horizontal):3 (vertical) ,
and the picturerate is 29.97 non-interlaced frames per
second. All standard codecs must be able to operate with
QCIF; CIF is optional.

Apictureframeis partitioned into8 linesby 8
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pixel imageblocks. The so-called MBis madeof4 Y
blocks, one CB block, and one CR blockat the same loca­
tion, as shownin Figure9a.Figure9b contains 33MBs
grouped intoa GOB. Therefore,one ClF frame contains 12
GOBs and one QClF frame contains 3 GOBS, as shown in
Figure9c.

In a compressedbit stream,we start withthe pic­
ture layer. Its header contains:
- Picturestart code (psc) - a 2Q-bit pattern
- Temporal reference (TR) - a 5-bit inputframe number
- Typeinformation (PTYPE) - such as ClF/ QClF selec-

tion
- User-inserted bits.
Then, a number ofGOB layerdata follow.

At the GOB layer, a GOB header contains:
- Group ofblocksstart code (GBSC) - a 16-bit pattern
- Group number (GN) - a 4-bit GOB address
- Quantizer information (GQUANT) - quantizer step

sizenormalized to lie in the range 1 to 31
- User-inserted bits.
Nextcomea number ofMBlayerdata. An ll-bit
stuffing pattern can be inserted repetitively right aftera
GOB header or aftera transmittedmacroblock.

At the MBlayer, the header contains:
- Macroblock address (MBA) - VLC location relative to

the previously coded MB
- Typeinformation (MTYPE) - 10types in total
- Quantizer (MQUANT) ~ normalized quantizer step

size
- Motion vectordata (MVD) - the differential displace­

ment
- Coded blockpattern (CBP) - the codedblockloca­

tionindicator.
The lowestlayeris blocklayer, consisting ofquantized
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transform coefficients (TCOEFF), followed by the end of
block (EOB) symbol.

Notallheader information need be present.For
example, at the MB layer, if an MB is not motion- .
compensated (asindicated by MTYPE) , MVD does not exist.

Figure10is a functional diagram ofa typical
H.261 decoder. The received bit stream is first kept in
the receiverbuffer. The VLC decoderdecodesthe com­
pressed bits and distributes the decoded information to
the elementsthat need that information. The VLC tables
are givenby the standard.

There are essentially fourtypesof MBs:
- Intra- original pixels are transform-coded
- Inter - the difference pixels (with zero-motion vec-

tors) are coded
- Inter withmotion compensation (Me) - the dis­

placed (nonzero-motion vectors) differences are coded
- Inter MCwith filter- the displaced blocks are

filtered bya predefined filter, which mayhelp reduce
visible coding artifacts at verylowbit rates.

Certain MB types in this list allow the optional transmis­
sionofMQUANT andTCOEFF information. The received
MTYPE information controlsvarious switches at the
decoderto produce the right combination.

Asingle-motion vector (horizontal and vertical
displacement) is transmitted for one inter-MC macro­
block, that is, the four Yblocks, one CB, and one CR

blockallshare the same motion vector. The range of
motion vectorsis ±15 pixels withintegervalues. Using
both MVD and MTYPE information, the predictor can
choosethe right pixels forprediction.

The transform coefficients ofeither the original
or the differential pixels are ordered according to the
zig-zag scanning pattern in Figure 11. These transform
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Figure 11. Transmission order for transform coefficients.

coefficients are selectedand quantized at the encoder,
and then variable-length-coded. Just as with JPEG, succes­
sive zeros between two nonzero coefficients are counted
and called a RUN. The magnitude ofa transmitted non­
zeroquantized coefficient is called a LEVEL. The most
likely occurring combinations of (RUN, LEVEL) are
encoded withthe standardsupplied VLC tables. The
other combinations are codedwitha 20-bit word consist­
ingofa 6-bit ESCAPE code,6 bits RUN, and 8 bits LEVEL.
EOB is appended to the last nonzero coefficient, indicat­
ing the end ofa block.

The inverse quantizer or the reconstruction pro­
cess forallthe coefficients other than the intra DCis
defined bythe following formula:
If QUANT is odd,

REC=QUANTx(2xLEVEL+1) , forLEVEL>O,

REC=QUANTx(2xLEVEL-1) , forLEVEL<O;

ifQUANT is even,

REC=QUANTx(2xLEVEL+1) -1, forLEVEL>O,

REC=QUANTx(2xLEVEL-1) + 1, forLEVEL<O,

where REC is the reconstructed value ofa quantized
coefficient. Almost all the reconstruction levels are odd
numbersto reduce problems ofmismatch between

encodersand decodersfrom different manufacturers.
The intra-DC coefficient is uniformly quantized with a
fixed step sizeof8, and codedwith 8 bits.

The standard requiresa compatible inverse ncr
(mer) to be closeto the ideal 64-bit floating point mer.
H.261 specifies a measuring processforchecking a valid
mer. The peakerror, meanerror, and meansquareerror
between the ideal merand the merunder test have to
be less than certainsmall numbersgiven in the standard.

Afew other itemsare requiredbythe standard.
Oneofthem is the image-block updating rate.To prevent
mismatched mererror and channelerror propagation,
everyMB should be intra-coded at leastoncein every
132 transmitted picture frames. The contentsofthe
transmitted bit streammustmeet the requirements ofa
hypothetical reference decoder (HRD). For ClFpictures,
everycodedframe is limited to fewer than 256 kb/s; for
QClF, the limit is 64kb/s. The HRD receiving buffer size
is B +256kb/s, whereB =4xRmax/29.97 andRmax is the
maximum connection (channel) rate.Ateverypicture
interval (1/29.97 sec), the HRD buffer is examined. If at
least one complete coded picture is in the buffer, then
the earliestpicture dataare removed from the buffer and
decoded. The buffer occupancy, right afterthe above
datahavebeen removed, mustbe less than B.

Encoder Constraints and Options. Figure 12 shows
a typical encoderstructure. For the purpose ofthis dis­
cussion, the elements inside a standard compatible
encodercan be classified, basedon their functionalities,
intotwo categories:
- The basic coding operation units, such as motion esti­

mator, quantizer, transform, andvariable-word-length
encoder (VLE)

- The coding parameter decision units, suchas the coding
control in Figure12. These unitsselectthe parameter
values ofthe basicoperation units, including motion
vectors, quantization step size, and picture frame rate.

Although H.261 doesnot explicitly specify a stan­
dard encoder, mostbasicoperation elements are strongly
constrained by the standard. However, other crucial ele­
ments,such as the parameter decision unit, are still open
to the designengineers. Webriefly outline our observa­
tionsbelow.

The VLE implements the VLC H.261 tables. The
forward Der is not specified, but it is expected that the
»cr inside the encodermatchesthe decodermer, and
the forward ncr should be ableto matchits own mer.
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Because the inverse quantizer (IQ) is defined at
the decoder, variations ofthe encoderquantizer are quite
limited. Froma theoretical viewpoint, however, it is not
necessaryfor the decision levels ofthe encoderquan­
tizerto be in the middle oftwo reconstruction levels.
Also, encoderdesigners determine the criterion (afixed
or an adaptive threshold, for example) for selecting
transform coefficients.

Ifmotion compensation is selected, the motion
estimator must be ableto produceone motion vectorfor
the entire ME. Block-matching motion estimation is used
to producesuch a motion vector; there canbe several
variations, such as hierarchical-motion estimation. 21
Because ofthe HRD model requiredby the standard, the
encoded outputbits ofeveryframe must be regulated
carefully. For example, successive frames producing
small numbersofbits mayviolate the HRD requirement.

Although individual basiccoding elements may
affect the overall coding performance, the mostcritical
andglobal influence on the encoderperformance comes
from the parameterdecision units. The encodermust
makeseveral decisions, such as:
- How manyframes shouldbe transmitted, or con-

versely, howmanyshouldbe skipped?
- WhatMTYPE should each macroblock use?
- Whatis the properquantization step size?
- How dowe control the buffer fullness so that it does

not producelongdelay and doesnot violate the HRD
requirements?
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Also, it is important to keep the hardware simple
forpractical applications. Many issues discussed have
been investigated in the past; however, a complete solu­
tionhas not been found.

MPEG First-Phase Standard
MPEG is an international standard22- 25 for the com­

pression ofdigital audio andvideo transmission. The MPEG
first-phase (MPEG-l) video compression standard, aimed
primarily at coding video for digital storagemedia, at rates
of1 to 1.5 Mb/s, is well suitedfora wide range ofapplica­
tionsat a variety ofbit rates.The standardmandates real­
timedecoding and supports features to facilitate interac­
tivity with stored bit stream. It only specifies a syntax for
the bit streamand the decoding process; sufficient flexi­
bility is allowed forencoding complexity. Encoders can
be designed for optimal tradeoff ofperformance versus
complexity, depending on the specific application.

MPEG wascharteredby the ISO to standardize a
codedrepresentation ofvideo and audio suitable for digital
storagemedia, such as compact disk- read-only memory
(CD-ROM), digital audio tape (DAT), etc.The group'sgoal,
however, has been to develop ageneric standard, one that
canbe used in other digital video applications, such as
telecommunication. The MPEG standardhas three parts:
- Part 1describesthe synchronization and multiplexing

ofvideo and audio
- Part 2 describesvideo
- Part 3 describesaudio.



J
Best

./ match

~~ Current frame

<,
<,

I'-...
.........

~ Future frame
<,

B ""<,
I'-.......

.........
'-...

- /' Best
match

Block-Matching Technique C
1. Block B = Block A
2. Block B = Block C
3. Block B = (Block A + Block C)/2

Previous frame

An overview ofthe video portion ofthe MPEG standard
follows.

Requirements of the Standard. Uncompressed digi­
tal video requires an extremely high transmission band­
width. Digitized NorthAmerican Television Standards
Committee (NTSC) resolution video, for example, has a
bit rate ofapproximately 100 Mb/s. Withdigital video,
compression is necessaryto reduce the bit rate to suit
most applications. The required degree ofcompression
is achieved by exploiting the spatial and temporal redun­
dancy present in a video signal. However, the compres­
sionprocess is inherentlylossy, and the signalrecon­
structed from the compressedbit stream is not identical
to the inputvideo signal. Compression typically intro­
duces artifacts intothe decodedsignal.

The primary requirementofthe MPEG video stan­
dard is that it shouldachieve the highest possible quality
ofthe decoded video at a given bit rate. In addition to pic­
ture quality, different applications stipulate additional
requirements. For instance, multimedia applications
require the ability to access, i.e., decode, anyvideo frame
in a short time. The ability to perform fast search directly
on the bit stream- forward and backward - is

Figure 13. Motion­
compensated interpo­
lation.

extremely desirable ifthe storagemedium has "seek"
capabilities. Mostapplications requiresome degree of
resilience to bit errors. It is also useful to be ableto edit
compressedbit streams directly while maintaining decod­
ability. Avariety ofvideo formats shouldbe supported.

Compression Algorithm Overview. References 23
and 25describethe basicalgorithms andsyntax ofthe
MPEG standardand Reference 25details video coding
using this standard. Here,we present the background
and the basicinformation necessaryfor understanding
this standard.

Exploiting spatial redundancy. The compression
approach of MPEG video uses a combination ofthe ISO
JPEG (still image) and ccrrrH.261 (videoconferencing)
standards. Because video is a sequenceofstill images,
it is possible to compressor encodea video signal using
techniquessimilar toJPEG.Suchmethodsofcompres­
sionare called intraframe coding techniques, where
each frame ofvideo is individually and independently
compressedor encoded. Intraframe coding exploits
the spatial redundancy that existsbetween adjacent
pixels ofa frame.

As inJPEGand H.261, the MPEG video-coding
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algorithm employs a block-based two-dimensional DCT.
Aframe is first divided into8x8 blocksofpixels, and the
two-dimensional DCTis then applied independently on
eachblock. This operation results in an 8 x 8 blockof
DCf coefficients in which most ofthe energy in the origi­
nal (pixel) blockis typically concentrated in a few low­
frequency coefficients. Aquantizer is applied to each DCT
coefficient that sets manyofthem to zero.This quantiza­
tionis responsible for the lossynature of the compres­
sionalgorithms in JPEG, H.261 and MPEG video. Com­
pressionis achieved by transmitting onlythe coefficients
that survive the quantization operation and by entropy­
coding their locations and amplitudes.

This standard allows the quantization operation
to achieve a higher level ofadaptation, a keyfactor in
achieving good picturequality. Reference 26details the
relevant details ofa quantizer adaptation schemeapplica­
ble within this context.
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Exploitingtemporal redundancy. Many ofthe interac­
tive requirementsdiscussed earliercan be satisfied by
intraframe coding. However, as in H.261, the quality
achieved by intraframe coding alone is not sufficient for
typical video signals at bit rates around 1.5 Mb/s. Tem­
poralredundancy results from a high degree ofcorrela­
tionbetweenadjacent frames. The H.261 algorithm
exploits this redundancy by computing a frame-to-frame
difference signalcalled the prediction error. In computing
the prediction error, the technique ofmotion compensa­
tionis employed to correct for motion. Ablock-based
approach is adopted for motion compensation, where a
blockofpixels, called a target block, in the frame to be
encoded is matchedwitha set ofblocksofthe samesize
in the previous frame, called a reference frame. The block
in the referenceframe that "best matches" the target
blockis used as the prediction for the latter, i.e., the
prediction error is computed as the difference between
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the target blockand the best-matching block. This best­
matching blockis associated with a motion vectorthat
describesthe displacement between it and the target
block. The motion vector information is alsoencoded
and transmitted alongwith the prediction error. The pre­
diction error itselfis transmitted usingthe ncr-based
intraframe encoding technique summarized above. In
MPEG video (asin H.261), the blocksizefor motion com­
pensation is chosen to be 16x 16, representing a reason­
abletradeoff between the compression provided by
motion compensation and the cost associated withtrans­
mitting the motion vectors.

Bidirectional temporal prediction. Bidirectional tem­
poralprediction, alsocalled motion-compensated interpo­
lation, is a keyfeature ofMPEG video. In bidirectional
prediction, some ofthe video frames are encoded using
two reference frames, one in the past and one in the
future. Ablockin those frames canbe predicted by
anotherblockfrom the past reference frame (forward
prediction), or from the future reference frame (backward
prediction), or by the average oftwo blocks, one from
each reference frame (interpolation). In everycase, the
block from the reference frame is associated witha
motion vector, so that two motion vectorsare used with
interpolation. Motion-compensated interpolation fora
block in a bidirectionally predicted frame is illustrated in
Figure13. Framesthat are bidirectionally predicted are
neverthemselves used as reference frames.

Bidirectional prediction provides a numberof
advantages. The primary one is that the compression

obtained is typically higher than can be obtained from
forward prediction. To obtain the samepicturequality,
bidirectionally predicted frames can be encoded with
fewer bits than frames usingonly forward prediction.
However, bidirectional prediction introduces extradelay
in the encoding process, becauseframes mustbe
encoded out ofsequence. Further, it entails extraencod­
ingcomplexity becauseblock matching (themostcom­
putationally intensive encoding procedure) has to be per­
formed twice for each target block, oncewith the past
reference and oncewith the futurereference.

Features of the Bit-Stream Syntax. The MPEG video
standardspecifies the syntax ofthe bit streamand,thus,
the decoder. The standardalsospecifies howthis bit
stream is to be parsedand decoded to produce a
decompressed video signal. However, a specific encod­
ing methodis not mandatory; different algorithms canbe
employed at the encoderso longas the resulting bit
stream is consistent with the specified syntax. For exam­
ple, the details ofthe block-matching procedure are not
part ofthe standard. This is alsotrue in H.261.

The bit-stream syntax shouldbe flexible to sup­
port the variety ofapplications envisaged for the MPEG
video standard. To this end, the overall syntax is con­
structed in several layers, each performing a different
logical function. The outermost layeris called the video
sequence layer, which contains basicparameters such as
the sizeofthe video frames, the frame rate, the bit rate,
and certainother global parameters. Awide range of
values is supported for allthese parameters.
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Table III. Layers of MPEG Video Bit-Stream Syntax

In demonstrations ofMPEG video at a bit rate of
1.2 Mb/s, noninterlaced framesofsizeof352 pixels by
240 linesat a frame rate of29.97 per secondhavebeen
used, with2:1 colorsubsampling both horizontally and
vertically. This resolution is roughly equivalent to one
field ofan interlaced NTSC frame. The quality achieved
by the MPEG video encoderat this bit rate has often been
compared to that ofVHS. Although the MPEG video stan­
dard wasoriginally intendedfor operation in the neigh­
borhoodofthe above bit rate, a much widerrange of
resolution and bit rates is supported by the syntax. The
MPEG video standardthus provides a genericbit-stream
syntaxthat can be used for a variety ofapplications. The
MPEG-video Committee DraftISO CD 11172-2 provides all
the details ofthe syntax, complete with informative sec­
tionson encoderprocedures that are outside the scope
ofthe standard. 22

MPEG Second·Phase Standard. Currently, the
secondphase of MPEG (MPEG-2) is in progress. This
phase is aimed at coding the video signals createdby
CCIR 601, e.g.,720 pixels, 480 lines, 30frames per
second, 2:1 interlace at bit rates of2 Mb/s, or higher.

The first-phase standard, MPEG-1, focused on
coding ofsingle-layer (nonscalable) video ofprogressive
format. The MPEG-2 standardis addressing issues of
improved functionality by usingscalable video coding.
To initiate technical workfor this phase ofthe MPEG stan­
dard, a worldwide video coding competition washeld at
Kurihama, Japan, in November 1991. Nearly 30interna­
tional organizations, including AT&T, submitted a video­
coding scheme to this contest. AT&T's schemewas
judgedone ofthe best. Immediately after this competi­
tion, a collaborative phase ofworkbegan and, thus far,
has resulted in a compromise scheme that retainsmany
ofthe best features ofthe best performing schemes.

In the MPEG-2 standard, the mainimprovements
in nonscalable coding result fromemphasison interlaced
video. Various forms offrame/field motion-compensated

Insidethe video sequence layeris the GOP layer,
which provides supportfor randomaccess, fast search,
and editing. Asequence is divided intoa series ofGOPS,
where each GOP contains an intracoded frame (l-frame)
followed by an arrangementof (forward) predictive­
codedframes (P-frames) and bidirectionally predicted,
interpolative-coded frames (B-frames). Figure 14shows
a GOP example with sixframes, 1 to 6.This GOP contains
I-frame 1,P-frames 4 and 6,and B-frames 2,3, and 5.
The encoding and transmission order ofthe frames in
this GOP is shownat the bottomofFigure 14. B-frames
2 and 3 are encodedafter P-frame 4, using P-frame 4 and
I-frame 1 as reference. We note that B-frame 7 in Fig­
ure 14is part ofthe next GOP because it is encoded after
I-frame 8. Random access andfast search are enabledby
the availability ofthe I-frames, whichcan be decoded
independently and serve as entry pointsforfurther
decoding. The MPEG video standard allows Gaps to be
ofarbitrarystructure and length.The GOP layeris the
basicunit for editingan MPEG video bit stream.

The compressedbits produced by encoding a
frame in a GOP constitutethe picture layer. The picture
layerfirst contains information on the type offrame that
is present (I, P, or B), and the position ofthe frame in
display order.The bits corresponding to the motion vec­
tors and the ocr coefficients are packaged in the slice
layer, the macroblock layer, and the block layer. Here, the
blockis the 8 x 8 ocr unit, the macroblock the 16x 16
motion compensation unit, and the sliceis a string of
macroblocks ofarbitrarylength runningfromleft to
right and top to bottomacross the frame. The slicelayer
is intendedto be used for resynchronization duringthe
decoding ofa frame, in the eventofbit errors. Prediction
registers used in the differential encoding ofmotion vec­
tors are reset at the start ofa slice. It is againthe respon­
sibility ofthe encoder to choose the length ofeach slice.
Figure 15showsan example in whichslicelengthsvary
throughoutthe frame. In the macroblock layer, the
motion vectorbits for a macroblock are followed by the
blocklayer, which consistsofthe bits for the ocr
coefficients ofthe 8 x 8 blocksin the macroblock. Fig­
ure 16showsan MPEG video encoderand decoder. The
different layersin the syntaxand their use are illustrated
inTableIII.

Figure 16. A typical (a) MPEG-1 encoder and (b) MPEG-1
decoder. 25

Syntax layer

Sequence layer
Group ofpictureslayer
Picturelayer
Slice layer
Macroblocklayer
Block layer

Functionality

Context unit
Random accessunit: video coding
Primary codingunit
Resynchronization unit
Motion compensation unit
ocr unit
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predictions havebeen adapted to increasethe coding
efficiency. Frame/fieldDCf coding and quantization have
alsobeen adapted. All optimization experiments are
beingperformed at bit rates between 4 and 9 Mb/s.

The MPEG-2 standardis alsoaddressingscalable
video coding fora range ofapplications wherevideo
needs to be decoded and displayed at a variety ofresolu­
tionscales. Among the noteworthy applications of
interestare multipoint video conferencing, window
display onworkstations, video communications on asyn­
chronoustransfermodenetworks, and high-definition
television (HDTV) with embeddedstandard1V.

In scalable video coding, which canbe achieved
in the spatial or the frequency domain, it is assumedthat
given an encoded video bit stream,decodersofvarious
complexities candecodeand display appropriate-size
replicas ofthe original video. Ascalable video encoder
and corresponding highest resolution decoderare likely
to haveincreased complexity compared to a single-layer
encoder/decoder.However, this increasein complexity
maybe well justified in applications where increased
functionality and error resilience are important.

Conclusion
Image codingstandardsare crucial to the robust

growth ofvisual services in communication and com­
puter systems. Without them, communication between
terminals and systemsbecomesextremely inconvenient
and costly. In the absenceofstandards, economies of
scalein the manufacture ofuser devices, board systems,
andVLSI chipsmaybe lost.

The JBIG,JPEG, Px64, and MPEG standardspro­
vide compression algorithms for alltypesofimagesthat
mightbe carriedon multimedia services. Withthe onset
ofinexpensive chips, high-speed communication, and
largecapacity disk storage, allelementsneededfor rapid
growth are in place.
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