


A dvances <>”e,the pa,t decade
,n many aspects <d d,g,tal

1<,<t,,l<,lOg~—~3Pe~,all~dev,ces for
,n,,tqeacqulsltlon,datastorage,and
b!LrIlappedprlrltlng and dlsplay—
have hrought about many .pphca-
tlons of d,g,tal ,mag,ng HcIwcver,
these appbcat,ons tend to be spe-
clabzed due to their relativelyhigh
cost With the possible except,o” of
facslmde, d,g,tal ,magez arc nor
commonplace In general-purpose
comput,ng systemsthe waytextand
geometric graphics are The major-
ity of modern b“s,ness and con-
s“mer usage (If photographs and
otber types of ,mages takes place
through more trad!tlonal analog
means

The key obstacle for many appl,-
cat,ons ,s tbe vast amo” ”t of data
requ,red to r~pr~~~”t a d,g,tal
~magedtrecdy A dlgltlzed version
of a single, color p,ct”re at TV re~-
olutlon conta,ns on the order of
one mdhon bytes, 35mm resol”tlo”
req”Ires te” t,mesthatamo””t use
of d,g,tal Imagesoften ISnot .Iable
due to high storage or transm,ss,o”
costs, even when Imagecapt”re a“d
displaydev,ces are q“,te affordable

Modern Image compression
technology offers a poss,ble sol”.
tlon State-of-the-artte’hn,ques ca”
compress typical ,mages from 1/10
to 1/50 the,r uncompressed SIZC
w,thout v,z,hly affect,ng ,mage
quahty But compression technol-
ogy alone ISnot sufficient For dlgl-
tal Image appbcat]ons Involvlng
storage or transmission to become
widespread In today’s marketplace,
a ,tandard ,mage compression”
method IS “ceded to e“able l“ter-
operabd,ty of equ,pment from dif-
ferent ma”” fact”rers. The CCl~
recommendation for today’s ubiq-
uitous Group 3 fax m.ich,nes [16] ,s
a dramatic example of how a stan-
dard compression method ca” e“-
able an Important Image apphca-
tion. The Group 3 method,
however, deals with bdevel ,mages
only and does “ot address photo-
graphic Image compression

For the past few years, a sta”d-
ard,zat,on effort known by the ac-
ronym JPEG, for Joint Photo.

graph,c Experts Group, bas beer]
work,”% toward estabbsh,”g the
first International dlgltal Inlage
compression standard for contln-
“<>”s-tone (muhdevel) stall,mages,
both g,a~~’dl~ and c<dor The
‘jotnt” ,n JPEG refers t<]a collabo-
ratlot] between CCITT and LSO
JPEGconvenes officially as the 1S0
c<]mm,ttee designated JTCllSC21
WGIIJ, b“t operates ,“ ~1”~~,“for-
mal col)aboratlon with CCI’I”T
SGVIII

Photovldeotex, desktop p“bhsh-
,“g, graphic arts, color facslmde,
newspaper w,rephoto tra”sm,ss,o”,
nledical ,maglng, and many other
continuous-tone Imageappbcatlons
require a compression standard In
order to develop slgnlticantlv hL-
yond the,. present stdte JPEG has
undertaken the amb,t,ous task of
developing a Xeneral-purposecom-
pression standard to meet the
needs of almost all continuous-tone
stdl-,mage dppbcatlons

If th,s goal proves atta,”able, “ot
only wdl ,nd,v,dual apphcatlans
flourlsh, but exchange of Images
across apphcatlon boundaries wdl
be facd,tated This latter feature
wdl become IncreasinglyImportant
as more Image appbcattons are
implemented on general-purpose
comput,ng systems, which .re
themselves hecomlng Increasingly
lnteroperable and Internetworked
For apphcat]ons wh,cb requ,re spe-
c,ah.ed VLSI to meet their corn.
press,on and decompression speed
requirements, a common method
wdl provide economies of scale not
posstblew,thin . single appbcat,on

Tb,s art,cle g,ves an overv,ew of
JPEG’s proposed ,mage-compres-
slon standard Readers without
prior knowledge of JPEG or com-
pression based on the D,screte Co-
s,ne Transform (DCT) are encour-
aged tO study first the detaded
description of the Basehnesequen-
tial codec, wh,ch ,s the basis for all
of the DCT-based decoders Whale
this article provides many detads,
many more are necessary omitted
The reader should refer to the 1S0
draft standard [2] before attempt-
ing ,mplementatLOn

Irite,c,t,nylp ,<,,,,c <>fthe earl,est
,“du\tr, attrnt~c>n10tbe JPEG pro-
posal hasbeer] focused on the Base.
hne seq~lentlalc<>decas a motton
(Intraframe) ,mage compression
method (See the associated s,de-
bar, “NEX”Istep Putting JPEG to
Multiple Uses“) The fact that lt bas
not been In JPEG’s cbarter as ar,
1S0 work~nggro”p to address this
apphcatlOn may Ind)cate that dls
t,nct,on betweerl stall-and mot,on-
,mage coding can sometimesbe ar-
tificial

Background: ReQUlremefltS
and Selection Process
JPFG’s gc)al h.s beer] to develop .
method for continuous-tone Image
compression wh,ch meets the fol-
lowlng requirements

a) be at or ne.r the stateof the art
with regard to compression rale
and accompanying Image fidebty,
over a w,de range of Image quabty
ratl”gs, and especiallyIn the range
where v,sual fidehty to the orlglnal
IScharacter,zcd as “very good” to
“excellent”, also, the encoder
sho”ld be parameter,zable, YOthat
tbe apph.atlon (or user) can set the
des,red compresslonlquabty trade-
off,

b) be apphcable to practically an)
k,nd of continuous-tone dlgltal
so”rce ,mdge (1.e, for most practi-
cal purpose, not be restricted to
tmagesc>fcerta,” d,menslons, color

spaces, pixel aspect ratlOs,ctc ), and
not be bmlted to classesof Imagery
with restrictions on scene content,
such as complexity, range of colors,
or stat,st,cal properties,

c) have tractable computatlo”al
complexity, to make feasible soft
ware lmplementat,ons w,th v,able
performance on . range of CPUS,
as well as hardware implementa-
tions with viable cost for apphca-
tlons requlrlng high performance,
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d have the folluwlrig rr>odcs of
opcrat,on

. Sequentialencod,ng each ,m.ge
component ISencoded In a s,ngle
Ieft-to-right, top-to-bottom scan,

. Progressive encoding the Image
,s encoded In multlple scans for
apphcatlOns in which transmis-
sion time ISlong, and the v,ewer
prefers to watch the Image budd
UP In multlple cOarse-tO-clear
Passes.

. Losdess encud,ng the Image IS
encoded to guarantee exact re-
covery of every source Image
sample value (even though the
res”h IS low compression cOm-
pared to tbe Iossymodes),

● Hierarchicalencoding the Image
,s encoded at multlple resolu-
tions, so that Iower-resolution
V~rS,O”Smay be accessed without
first hav!ng to decompress the
Image at Its full resolution

In June 1987,JPEG co”ducted a
selectlon process based on a bhnd
assessment of subjective picture
quahty,and narrowed 12 proposed
metbods to tbree Tbree Informal
working groups formed to refine
them, and In Jan”ary 1988, a sec-
ond, more rigorous selectlon pro-
cess [18] revealed the “ADCT’> pro-
pOSal[10], based o“ the 8 X 8 DCT,
had prod”ced the kst p,cture qual-
,ty

At the time of Its selectton, the
DCT-based method was only par-
tlaliy defi”ed for some of the
modes of operatlo” From 1988
through 1990,JPEG undertook the
sizabletaskof defining, document-
ing, slmulatlng, testing, vahdatlng,
and simply agreeing on the pleth.
ora ofdetads “ecessary for gen”l”e
,nteroperabd,ty a“d ““lversahty
F“rther h,story of tbe JPEG effort
,s contal”ed I“ [5, 6, 8, 17]

Arcfsltecture of the Proposed
Standard
The proposed standard co”ta,”s
the fo”r “modes of operatlo””
ide”tdied prev,o”sly For each
mode, o“e or more dlstlnct codecs
are specdied Codecs wlthlna mode
differ according to the preclslon of

so”rce lrnagesarI1pleslhey earl harl-
dle or the entropy coding method
they use Although the word code.
(encoderlde’oder) ,s “seal fre.
quendy ,n th,s article, there 1, no
requ,reme”t that !mpleme”tatto”s
must Include hth an encoder and a
decoder Many appbcatlons wdl
have systems or dev,ces wb]ch re.
qulre only one or the otber

The four modes of Op~ratl””
and the,r various codecs have re-
s“lted from JPEG’s goal of be,”g
generic and from the d,vers,ty of
,mage formats across apphcatlo”s
The m“lt,ple p,eces ca” give the
ImpressIon of u“des,rable com-
plexity, b“t they should act”ally be
regarded as a comprehensive “tool-
klt” which can span a w,de ra”ge of

continuous-tOne Image aPPhca-
t,ons It ,s unlikely that many ,m.
pleme”tat,ons wdl utd,ze every
tool—indeed, most of the early
Implementatlo”s n“w on the mar-
ket (even before fi”al ISO ap-
proval) bave Implemented only the
Basebne seque”tlal codec.

The Baseline seq”ent,al codec IS
Inherently a r,ch and sophisticated
compression method which wdl be
sufficient for many apphcat,ons
Getting just this m,n,m”m JPEG
capabd!ty implemented properly
and Interoperably wdi provide the
Industry w,th a“ Important l“ltla)
capabd,ty for exchange of Images
across vendors and appbcatlo”s

Processing Steps for
DCT-BaSed Coding
Figures 1 and 2 show the key pr”-
cesslng steps wh,ch are the beart of
the DCT-hased modes of Op~ra-
tlo” These figures dlustrate the
special case of single-compone”t
(grayscale)tmagecompress,o” Tbe
reader ca” grasp the essentials of
DCT-based ‘omprezslo” by thl”k-
Ing of ,t as esse”tlally compress*o”
of a streamof 8 x 8 blocksof gray-
scale Image samples Color ,magc
compression can the” be approxi-
mately regarded as compression”of
m“lt,ple grayscale Images, whlcb
are e,tber compressed entirely one
at a time, or are compressed by al-
ternately Interleaving 8 x 8 sample

blocks f,om eacb In turrl
For DCT sequential-mode

codecs, which Include the Basebne
sequentialcodec, the slmphficd dra-
grams Ind,cate how s,”gle-compo-
nent ‘ompress,on works I“ a falr)y
complete way Each 8 x 8 block IS
[“put, makes Its way through each
processing step, and y,elds o“tp”t
I“ compressed form Into the data
stream For DCT progressive-mode
codecs, an Image buffer exists prior
to the entropy coding step, so that
an Image can he stored and the”
parcelled o“t ,n m“lt,ple sca”s with
s“c’ess,vely >mprovt”gquahty For
the blerarcb,cal mode ofoperat>on,
tbe steps shown are used as budd-
Ing blocks w,th,” a larger frame-
work

8 x 8 FDCTand IDCT
At tbe Input to the cnc”dcr, source
Image samples are gro”ped ,“to
8 x 8 blocks,shifted from u“stg”ed
I“tegers w,tb ra”ge [0, 2P – 1] to
s,gned Integers with range [–2’-’,
2P-1 – 1], and Input to the For.
ward DCT (FDCT). At the output
from the de’oder, the I“verse DC’f
(IDCT) outputs 8 x 8 sample
blocks to form the reconstructed
Image The followlngeq”atlons are
the Ideabzed mathematical dcfi”,.
tlons of the 8 X 8 FDCT a“d 8 x 8
IDCT

F(u”)=+~(~)~(u
(2x+ l)um —1(2y+ I)um

cOs—
16 co’ 16

(1)

‘[77f(x,Y)=~ ,~ou~oc(U)~(U)F(U,U)*
(2x + 1)U71 —1(Zy+ 1)U7

cOs—
16 ‘Os 16

where C(u), C(.) = l/~ for u,
u = O, C(u), C(.) = 1 otherw,se

(2)

The DCT ISrelated to tbe D,screte
Fourier Transform (DFT), Some
simple Int”,t,on for DCT-based
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dndnos,nglc algor,thm,soptlmal
foralllmplementat,o”s What ,s
optimal In software for a general-
purpose CPU ISunhkely to be opt,-
mal 1nfirmware for a programma-
ble DSPand IScertain to be suboptl-
mal for ded,cated VLSI

Even ,n bght of tbe finite precl-
sxon of the DCT Inputs and out-
puts, 1ndependendy des,gned ,m-
plementatlons of the very same
FDCT or IDCT algorltbm which
differ even m,nutely 1n the precl-
slon by which they represent cosine
1ermsor Intermediateresults,or 1n
tbe way they sum and round frac-
tlOnalvalues, wdl eventually prO-
duce shghtly different outputs
from IdenttcalInputs

To preserve freedom for lnnova-
tlon and c“stomlzatlon wltbln lm-
plementat,o”s, JPEG bas cbosen to
specify neither a unique FDCT al-
gorithm nor a unique IDCT algo-
rltbm 1n 1ts proposed standard
Tbls makes compbance somewhat
more dlff,cult to confirm, hecause
two comphant encoders (or decod-
ers) generally wdl not produce
Identical outputs given Ident,cal
inputs The JPEG standard wdl
address this Iss”e by specifying an
accuracy test as part of Itscompli-
ance testsfor all DCT-based encod-
ers and decoders, this ISto ensure
against crudely Inaccurate cOslne
basis functions whlcb would de-
grade Image quahty

For each DCT-based mode of
operation, theJPEG proposal spec-
dies separate codecs for images
wltb 8-bit and 12-blt (per compo-
nent) source Image samples The
12-b,t codecs, needed to accommo-
date certain types of medical and
otber Images,require greater com-
putational resources to ach,eve the
required FDCT or IDCT accuracy
Images with other sample prec,-
slons can usuallybe accommodated
by eltber an 8-bit or 12-blt codec,
but this must be done outs,de the
JPEG standard It IStbe respons,-
bdlty of apphcatlons to decide how
to fit or pad a 6-bit sample Into tbe
8-bit encoder’s input interface, how
to unpack It at tbe decoder’s out-
put, and how to encode any neces-

auantlzatlon
After output from the FDC1, e~ch
of tbe 64 DCT coeffic,e”ts ,Z ““,.
formly q“a”tlzed )“ co”j””ct,on
wltb a 64-element Quantlzatlon
Table, whlcb must be specdied by
the apphcatlon (or user) as an input
to the encoder Each element can
be any Integer value from 1 to 255,
which specdies the step size of tbe
quant,zer for Its corresponding
DCT coefficle”t The p“rpose of
quantlzatlon IS to acbteve furtber
compression by representing DCT
coefficients wltb no greater precl-
slon than IS“ecessary to acbleve tbe
desired Image quabty Stated an-
other way, the goal of this process-
ing step IS to discard 1nformatlon
wh,ch ,s “ot vls”ally slgndicant
Quant,zat,on IS a many-to-one
mapping, and tberefore IS funda-
mentally lossy It IS the prtnclpal
source of losslness 1n DCT-based
encoders

Quantlzatlon ISdefined as dlv,-
s,on of eacb DCT coefficient by Its
corresponding quantlzer step size,
followed by rounding to the nearest
I“teger

(3)

This o“tput v.l”e ISnormahzed by
the q“antxzer step size Dequantlza-
tlon IStbe Inverse functson, wblch
1n this case means simply tbat the
normabzat,on ISremoved by multi.
ply,ng by the step s,ze, wh,cb re-
turns the result to a representation
apprOprlatefOrinput tOthe IDCT

@ (u, u) = fiu, u) * fJ(u, v)

(4)

Wben the aim ISto compress the
Image as mucb as possible without
visible art!facts, eacb step size ide-
allysbould be chosen as the percep-
tual thresbold or ‘~ust noticeable
difference” for tbe visualcontr,bu-
t>on of 1ts corresponding cosine
basis function Tbese thresholds
are also functions of the so”rce

Image cbaracter,stlcs, display char-
acter,stlcsand vlewlngdistance For
apphcatlOns 1n wblch these vari-
ables can be reasonably well de-
fined, psychov,s”al experiments
can be performed to determine the
best thresholds The experiment
described ,n [11] has led to a set of
Quantlzat,on Tahles for CCIR-601
[4] ,mages and d!splays These bave
been used experimentally by JPEG
members and wdl appear 1n the
1S0 standard as a matter of infor-
mation, but not as a requirement

DCCoding and Zig-ZagSeqUenCe
After q“ant,zatlo”, tbe DC coeffi-
cient IStreated separatelyfrom the
63 AC coefficients Tbe DC coeffi-
cient IS a measure of the average
val”e of the 64 1magcsamples Be-
cause there IS“sually strong correl-
ation between tbe DC coefficients
of adjacent 8 X 8 blocks, the quan-
tized DC coefiiclent ISencoded as
the difference from the DC term of
the prev,ous block 1ntbe encoding
order (defined 1nthe following), as
shown In Figure 3. This special
treatment ISworthwbde, as DC co-
efficients frequently contatn a s,g-
ndicant fract,on of the total image
energy

Finally,all of the quantized co. f-
fic,ents are ordered into the “zig-
zag” sequence, also sbown In F,g-
ure 3 This ordering helps to facd-
tate entropy coding by placing
low-frequency coefiiclents (wblch
are more bkely to be nonzero) k-
fore hlgb-frequency coefficients

Entropy coding
The final DCT’-basedencoder pro-
cessing step ISentropy coding This
step achieves additional compres-
sion Iosslessly by encoding tbe
quantized DCT coefficients more
compactly based on tbelr statlst,cal
character,stlcs The JPEG proposal
specifies twO entropy coding
metbods—Huffman coding [7] and
arithmetic coding [141 The Base-
bne sequentialcodec uses Huffman
coding, but codecs wltb both meth-
ods are specdied for all modes of
Operation.

It IS “seful to consider entropy
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coding as a 2-step process The first
step converts the zig-zag sequence
of quant,zed coefficients Into an
intermediate sequence of symhls
The second step converts the sym-
hols to a data stream In wh,ch the
symbols no longer have externally
tde”tdiable ho”ndarles The form
and definition of the ,ntermedlate
symbOlsISdependent On both the
DCT-based mode of operation and
the entropy coding method

H“ffman cod,ng rcq”,res that
one or more sets of Huffman code
tables be specdied hy the apphca-
tlon The same tablesused to com-
press an Image are needed to de-
compress It Huffman tablesmaybe
predefine and used wlth,n an
apphcatlOn as defaults, CIFcOm-
puted specdically for a given Image
,n an Inltlalstatlst]cs-gatherLngpass
prior to compression Such choices
are the businessof the appbcatlons
which useJPEG, theJPEG proposal
speclfles nO required Huffman ta-
bles Huffman coding for the Base.
bne sequentialencoder ,s described
In detad later In this article

By contrast, the particular ar!th-
metlc coding metbod specdied In
the JPEG proposal [2] rcq”,res no
tables to be externally Input, be-
cause ,t ISable to adapt to the Image
stat,st,csas lt e“codes the Image (If
des,red, ztat,st,calc“nd,t,on,ng ta-
bles ca” he “seal as r“puts for
shghdy hetter efficiency, but this IS
nol required ) Arlthmetlc coding
has produced 5–10% better com-
pression tba” H“ffma” for ma”y
oftbe ImageswhichJPEG memhers

have tested However, some feel It
IS more complex than Huffman
coding for certain lmplementa-
t,o”z, f<>r example, the hlghest-
speed bardware ,mplementat,ons
(Throughout JPEG’s h,story, ‘ccom-
plex]ty” has proved to k most eh-
slve as a practical metric for cOm-
panng compression methods.)

If the O“ly d,ffere”ce ktween
two JPEG codecs IS tbe entropy
coding method, transcodlng he-
tween the two ,s poss,ble by s,mply
entropy decoding withone method
and entropy recoding with the
other

compression and Picture Qualiw
For color Images with moderately
complex scenes, all DCT-based
modes of operation typically pro-
duce the followlng levelsof p,cture
quahty for the Indicated ranges of
compression Tbese levels are only
a gu,dehne-quahty and compres-
sion can vary slgndicantly accord-
ing to source Image characteristics
and scene content (The units“<b)td
pixel” here mean the total number
of b,ts In tbe compressed tmage—
Includlng the chromlnance compo-
nents—dlvlded by the number of
samples In the Iumlnance compo-
“e”t)

. 0 25–0 5 bltsiplxel moderate LO
good quahty, sufficient for some
apphcatlons,

● O5–O 75 h,tslp,xel good to very
good quahty, sufficient for many
appbcatlons;

● O75–1 5 bits/pixel excellent

AC”n ACn
Diffemntid DC moxlmg Zig-zag saquenca

quahLv.sLlftiLlerllfur most appl,.
Callorls,

. 1 5–2 O b,tslp,xel usually l“dls-
tlngulshable from the orlglnal,
sufficient for the most demand.
Ing apphcatlans

later In this article, Figure 11
shows an example of the p,cturc
quahty obtained for a CCIR-601
Imageatvariousstagesand blt rates
of a progressive encodLng.Because
FDCT and Quantlzatlon are com-
mon to progressive and sequential
DCT-based modes, the quahty and
compression shown In Figure 11 IS
also Indlcatlveof the trade-offs that
can be expected for sequentialcod-
,ng.

Processingstepsfor
Predictive LOSSleSSCoding
After ,t, select,c>nof a DCT-based
metbod In 1988, JPEG discovered
thata DCTbased Iosslessmode was
difficult to define as a pract,cal
standard against which encoders
and decoders could be lndepen-
dendy Implemented, without plac-
I“g severe constraints on both
encoder and decoder lmplemen-
tat,ons

JPEG, to meet Its requirement
for a lossless mode of operation,
has chosen a simple predlct,ve
metbod which IS wholly indepen-
dent of tbe DCT processing de-
scribed previously Ahbough not
the result of rigorous competitive
evaluation as was the DCT-based
method, the pred,ctlve method
produces results wb,ch, ,n light of
Itsslmpbclty, are surprisingly close
to tbe state of the art for Iossless
continuous-tone compression.

Figure 4 sbows tbe main process-
ing steps for a single-component
,ma~e A predictor combines the

b~’1:~-~
Preparation of Quantized
coefficients for EntrOpV cocflng
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Generalized Interleaved Data
ordering EXaMPle

Component-Interleave and
Table-switching Control

t,un with multlple-component 1n-
terleavlng for the encoder s,de
(Th,s s,mpbfied v,ew does not d,s.
tlngulsh between qua”t,zaoo” and
entropy cod,ng tables.)

Baseline and Other DCT
Sequential Codecs
‘1be DCT sequentialmode of oper-
at,<]n co”ststs of the FDCT and
Quant,zatlon steps from the sectio”
entlded “Process,”g Steps for DCT.
Based Coding” a“d the m“ltlple.
component control from the prevI.
Gussection 0“ multiple compone”t
Images In addltlon to the Basehne
sequential codec, other DCT se.
quent,al codecs are defined to ac-
commodate the two different sam-
ple prec,s,o”s (8 and 12 bits) and
the two different types of entropy
coding methods (H” ffma” a“d
arlthmetlc).

Basehne seq”e”tlal coding ISfor
Images w,th S-bit samples a“d uses
H“ffma” codl”g only It also dlf.
fers from the other seq”e”tlal DCT

DA

Y’n-B
Encoding
Pmcass I

n-

Comprezaed
c Image Data

J

Al‘ I
Table Table

Soec. 1 sDec. 2

codecs ,n that Its decoder can store
only two sets of Huffman tables
(one AC table and one DC table per
set) This restriction means that, for
Images witb tbree or fo”r Inter.
leaved components, at least one set
of Huffman tables must k shared
bytwo components This restriction
poses no hmltatlon at all for no”.
Interleaved components, a new SC1
of tables can he loaded Into the de.
coder before decompression of a
nonlnterleaved component beg,ns

For ma”y apphcatto”s which do
need to Interleave three color com-
ponents, this restriction IS hardly a
bm,tatto” at all Color spaces (YUV,

CIELUV, CIELAB, and others)
which represent the cbromatlc
(“color”) lnformatlo” ,n two corn.
ponents a“d the acbromat,c
(“grayscale”) l“for”atlon ,n a tblrd
are more efficient for compression
than spaces hke RGB. One Huff.
man table set can be “$ed for tbe
achromatic component a“d one for
the chromlnance components
DCT coefficient statistics are siml.
Iar for the chromlnance compo.
nents of most Images, and one set
of Huffma” tables ca” e“code both
almost as opt,mally as two

The commjttee also felt that
early avadahdlty of single-chip 1m-

38
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o .dd,t,onal level must be added
to the bottom of Table 3 for DC
coefficients Symbl-1 for DC coef-
fic,e”ts thus represents a value
from 1 to I I

Variable.Length EfltrOpy C0dln9
Once the quantzzedcoefficient data
for a“ 8 x 8 block ISrepresented In
the Intermediate symbol sequence
described above, variable-length
codes are assigned For each 8 X 8
block, the DC coefficient’s symbol-1
and symhol-2 representation IS
coded and output first

For both DC and AC coefficients,
each symbol-1 IS encoded with a
variable.length code (VLC) from
the H“ffman table set assigned to
the 8 x 8 block’s Imagecomponent
Each symbol-2 IS encoded with a
c’variable-lengtb Integer” (VL1)
code whose length InbitsISgiven In
Table 3 VLCS and VLIS bth are
codes with variable lengths, but
VLIS are not Huffman codes An
Important dlstlnctlon IS that the
Iengtb of a VLC (Huffman code) IS
not known untd ,t ISdecoded, but
tbe length of a VLI ,s stored In Its
preced,ng VLC

H“ffman codes (VLCS) must be
specdied externally as an Input to
JPEGencoders. (Note thattbe form
In which Huffman tablesare repre-
sented In the datastreamISan lndl-
rect specification wltb which the
decoder must construct the tables
themselves prior to decompress-
Ion ) Tbe JPEG proposal Includes
an example set of Huffman tables
In Its Lnformatlonalannex, but be-
cause they are apphcat,on.specdic,
It specdies none for required use
The VL1 codes, In contrast, are
“hardwlred” Intothe proposal Th\s
IS appropriate, because the VLI
codes are far more numerous, can
be computed rather than stored,
and have not ken shown to & ap-
preciably more efficient wben im-
plemented as Huffman codes.

Other OCT sequential Cociecs
The structure of the 12-blt DCT
sequential codec with Huffman
coding ISa straightforward exten-
sion of the entropy coding method

described previously. Quantized
DCT coeffic,cnts can be 4 bits
larger, SO tbe SIZE and AMPLI-
TUDE t“format,o” exte”d accord-
ingly DCT sequential wltb arltb-
metlc coding ISdescribed In detad
In [2]

DCT Progressive Mode
1 he DC I progress,, e mode of op-
eration consists of the same FDCT
and Quant,zat,on steps from the
sect,on “Processing Steps for DCT-
Based Coding” that are used by
DCT sequentialmode The key dlf-

BaSelineEntropy Coding
Symbol.2 Structure

SIZE AMPLITUDE

2
3
a
5
6
7
8
9

10

-1,1
–3,–2,2,3
–7..–4,4..7

–15..–8,8 ,15
–31..–16,16..31
–63..–32,32..63

–127..–64,64.,$27
-255.-128,128..255
–511,,–256,256..511

–1023..–512,512..1023

buffer memory Tbe buffered coef-
ficne”ts are tben part,ally encoded
,n each of multiple scans

There are two complementary
methods by whlcb a block of quan-
tized DCT coefficients may be par-
t,ally enc<>ded First, only a speci-
fied “band” ofcoefficlents from the
zig-zag sequence need be encoded
wlthlna @ven scan Tb,s procedure
IS called “spectral selection,” be-
cause each band typically contains
coefficients which occupy a lower
<>r higher part of tbe spatlal-
freq”ency spectrum for tbat 8 X 8
block Secondly, tbe coefficients
wlthln the current band need not
be encoded to tbelr full (quantized)
accuracy In a given scan Upon .
coeftictent’s first encod,ng, tbe N
most s>gndicantbitscan be encoded
first, where N ,s specdiable. In sub-
sequent scans, tbe less slgndicant
b,ts can tben be encoded This pro-
cedure ,s called successiveapprox,-
matlon Both procedures can be
“seal separately, or mixed In flexi-
ble combinations

Some Intultlonfor spectral selec-
tlon and successive approx,mat,on
can be obta,ned from Figure 10
The quantized DCT coefficient ln-
fo,mat,on can be viewed as a rec-
tangle for which the axes are the
DCT coefficients and their ampli-
tudes Spectral selectlon sbces the. .

nent ISencoded jn mult,ple scans Informa;lon In one dlmenslon and
rather than In a single scan The successive approx,matlon In the
first scan(s)encode a rough but rec- other
Ognlzable verslOn Of the Image For ‘omparatlve purposes, Flg-
wb,ch can be transmittedquickly In ure 11 sbows an example of both
comparison to the total transmls- progres~lveencod,ng methods
slon time, and are refined by suc-
ceeding scans untd reacblng the
level of pIct”re q“abty tbat was es- Hlera~hlCal Mode Of

tabhshed by the quantlzatlontables oi2eration

To ach,eve tb,s requ,res the addl- 1 he haerarchlcalmode provides a

tlon of an Image-stzedbuffer mem- c’pyramidal” encoding of an Image

ory at the output of tbe quant,zer, at muh,ple resolutions, each dlffer-

hefore the Input to the entropy en-
Ing in rcsolut,on from Its adjacent

coder The buffer memory mustbe
encoding by a factor of two !n e,-
ther the horizontal or vertical d}-

of sufficient size to store the Image
asquantized DCT coefficients, each

mens,on or both The encoding

of which (If stored stralghtfor- procedure can be summarized as
follows.wardly) ,s 3 bits larger than the

source Image samples After each a) Falterand down-sample the orlg-
block of DCT coefficients ISquan- Inal Image by the desired number
tlzed, It ISstored In the coefficient ofmultlples of 2 Ineach dlmenslon
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b) Enc<]dethis reduced-s,ze tm.ge
ustng c>ncof the sequ.nt,al DCT,
progres~,ve DCT, or Iosslessencod-
ers described previously

c) Decode thts reduced-sl.e Image
and then ]nterpol.te arid up-
sample ,t bv 2 horizontally .ndlor
vertically, using the Ident,cal 1nter-
polatlon filter which the rece,ver
must u5e

d) Use th,s up-sampled ,mage .s .
prediction <If the orlglnal at th,s
resolution, and encode the differ-
ence Image us,ng one of the se-
quential DCT, progressive DCT, or
Iossless encoders descr]bed previ-
ously

e) Repeal stepi .) and d) untd the
full re~olutlon of the Image has
been encoded

The encod,ng ,n steps b) a])d d)
may be done us,ng only DC1’-based
processes, only Iosslessprocesses, or
DCT-based processes w,th a final
lossless process for each compo-
“ent

H,erarchtcal encodlrlg IS useful
In appbcatlons ]n wh,ch a very high
resolution !mage must be accessed
bv a Iower-resolution device, which
does not have the huffer capacity to
reconstruct tbe Image .t Its full res-
olution and then scale It down for
the Iowcr-resolution display An
example IS .n Image scanned and
compressed at high resolution for a
very high-quahty printer, where the
ImaSe must also he dtsplayed on a
low-rewlut,on PC video screen

Other ASf)eCtS of tfre JPEC
Proposal
Some kcv aspects of the proposed
standard can only be ment]oned
briefly boremost among these are
po,nts concerning the coded repre-
sentation for compressed ,mag.
data specdied In addltlon to the
encod]ng and decoding proce-
dures

Most ?mportandy, an interchange

f.~atsyntaxISspecdied wh]ch .“.
sures tbat a JPEG-compressed
Image can be exchanged success-
fully between d]fferent appbcatjon
environments The format IS struc-

tured ,n a consistent w.y for .11 ,

‘“de’of “’’’””” ‘he’”’”- lm~
change format always Includes all
quantlzatlon and entropy -cod,ng

0

/

1
DCT

waffidents [

62 component
63

. . +“

(b) eaquential
encoding

e...”

0 ~“1
1stscane,...

3
4 ~p”
5

2 nd scan

H,...
61
62 [R
6!3

nti scan

(o) Progressive encoding:
spectral aaltiion

88 quantized
OCTc-fffclents

(d) Prcgre681ve encoding:
successive

approximation

SDeCtral SeleCtlOn and Successive ADDrOXIMatiOn MethOdS Of Pr09reS-
sive Encoding
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tableswhich were used to con>press
the Image

Apphcatlans (and apphcatlon-
SPeCIfiCstandards) are the “users”
of the JPF,G standard The JPE(,
sta”dard Imposes no requirement
that, wlthln an appbcat,on>sc“v,-
ronme”t, .11 or even any tables
must be e“coded with the com-
pressed Image data d“rlng storage
or transmission Tbrs leaves apph-
cat!ons the freedom to spec,fy de-
fault or referenced tableslfthey are
considered appropriate It also
ICaV~S them the respo”s,bd,ty to
ensure thatJPEG-comphant decod-
ers used wlthln their envlro”me”t
get loaded w,th tbc proper tables at
the pFCl~C, t,mes, a“d that the
proper tables are Included In the
,“tercha”ge format when a com-
pressed Image IS“exported” outside
the apphcat?on

Some of the Important appbca-
tlons thatare already In the pro’ess
of adopting JPEG compression or
have stated the,r )“terest ]“ do,ng
so arc Adobe’s PostScript language
for Prlntl”g systems[1], the Raster
Content portion of the 1S0 Office
Document Archltect”re and Inter-
change Format [12], the f“ture
CCITT color facslmde standard,
and the European ETSI v,deotex
standard [9]

Stancfarcfization schedule
JPEC’S 1S0 sta”dard WIIIbe d,.
v,ded ,“to two parts Part 1 [2] wdl
specify the four modes of opera-
tion, the dlffere”t codecs specdied
for tbose modes, a“d the Inter.
cha”ge format It wdl alsoconta,n a
substantialInformat,o”al section o“

,mplementatto” g“,deh”es Par( 2
[3] wdl specify the comphan.e tests
which wdl determine whether an
Implementation of an encoder or
decoder specdied ,“ Part I co”-
forms to the sta”dard

Tbere are two key ballot,”g
phases I“ the 1S0 standard,zat,on
process a Committee Draft (CD) ,s
balloted to determ,ne promotlo” to
Draft t“ter”atlo”al Standard (DIS),
and a DIS ISballoted to determ,ne
promotion to International Sta”-
dard (IS) Eacb ballot requires four
to SIXmonths JPEG’s Part 1 began
CD ballot In Febr”ary 1991, and
Part2 ISexpected to beg,n CD bal-
lot by J“ne 1991

Tho”gb there IS no guara”tee
that the first ballot of each phase
wdl result In promotion to the next,
JPEG’sCD Part 1 conta,”s no tech-
“,cal cha”ges (other than some
minor corrections) from JPEG’s lat-
est Techn,cal Specdicatlo” [13]
Successive rev,s,ons of the Tech”,.
Cal Specdicat,o” were w,dely d,s.
tr,buted and subjected to Informal
review I“ many for”ms thro”gho”t
1990, and yet the technical content
has been stable for nearly a year

Conclusions
Tbe emergl”g JPEG continuous.
tone Imagecompress,o” standardIS
not a pa”acea tbat wdl solve the

myriad ISSUeSwhich must ~ ad-
dressed before dlgltal Images wdl
be fully Integrated w,thln all the
apphcatlOns that wdl ultimately
benefit fro”l them For example, ,f
two appbcat,o”s cannot excha”ge
uncompressed Imagesbecause they
use Incompatible color spaces, as-

Progressive Builtt.u12,showing Sf2ectral SelectIon vs. Successive Approx-
imation
a) Or191nal lMa9e (CCIR-601 Format. YUV, 720 x 576 V SaMpleS)
tz) Spectral SelectIon
bl. oc coticients only: 0.19 bits/pixel
f32 Addition of 1 AC COefflClent: 0.32 bits/pixel
b3. Addition of 2d AC CO~Cient: 0.43 bits/pixel
b4. Addition of 3d.-9th AC coefflClents: 0.96 bltS/pixel
c1 Successive Approxlmatlon
cl. 7 MSas of DC coefficient. 0.15 bits/pixel
c2. Addition of 5 MSBSof AC Coefficients: 0.3 bits/plxei
c3. Addition of 6th MSB of AC Coefficients: 0.49 f3itS/Pixel
c4. Addition of 7th MSB of AC Coefficients: 0.8 bits/Dlxel
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‘ah
pect ratl<)~,d,mctl~,<,n,.etc , the,, a
.ornlrlon conlpressto!l method wdl
not help

However, a great many apphca-
t,ons are “stuck” because of storage
or transmission costs, because of
argument over whlcb (nonstand-
ard) compression method to use, or
because VLSI codecs are too ex-
pens,ve due to low volumes For
these apphcat]ons, the tborough
technical evaluation, testing, selec-
tlon, vahdatlon,and documentatlor]
work which JPEG committee mem-
bers have performed ISexpcctcd to
soon yield an approved interna-
tional standard that wdl withstand
the testsof quahtyand t,me As d,-
verse Imaging appbcatlons become
Lncreaslnglyimplemented on open,
networked computing systems, the
ultlmate measure of the commit-
tee’s success wdl be wben JPEG-
compressed dlgltal Imagescome to
be regarded and even taken for
granted as ‘)ust another data type,”
as text and graphics are today

For more information
Regarding the proposed starldard
Itself,InstructIonson how to obtain
the ISO Committee Draft Part 1,
the JPEG Technical Specdicat,on,
which preceded It, and otber key
doc”ments as theybecome avadable
can & ohtalned by wrltlng the au-
thor at the followlng address.

Dlgltal Equipment Corporation
146 Ma,n Street, ML05-2/Gl
Maynard, MA 01754-2571

Floppy disks containing uncom-
pressed, compressed, and recon-
structed data for the purpose of
,nformally vabdatlng whether an
encoder or decoder ,mplementa-
tlon conforms to the proposed stan-
dard are avadable. Thanks to the
follow,ngJPEG comm,ttee member
and hls company who bave agreed
to provide these for a nominal fee
on behalf of the committee untd
arrangementscan be made for 1S0



t“ pr”.lde dlenl

fill’ Hamdton
C-Cube Mlcrc,systcms
399-A W Tr,mble R{].d
San Jose, CA 95131

Acknowledgments
The folh)wlng l<>”gt,nkcJPE.(, core
member> bave spc”t untold hours
(usually III addltlo” to tbe,r “real
lobs”) to make tb,s collaborative In-
teln.t,c,nal cffurt succeed Each has
made specdic substantive co”trlb”-
o<>nso> tbe JPEG proposal Aharon
Gdl (Zoran, Israel), Eric Hamdton
(C-Cube, USA), Ala,” I.eger
(CCETT, Fra”ce), Adr,aan I,Ig-
tenberg (St{}rnl, USA), Herbert
I.obscheller (AN r, Germany), J“a”
M1tcheO (IBM, USA), M,chacl NIer
(Kodak, USA), Takao Omach,
(NEC, Japa”), Wdham Pe””ebake,
(IBM, USA), Henn,ng Poulse,,
(KIAS, Denmark), a“d Jorgen
Vaaben (AutoGraph, Denmark)
Tbe Ieadersh,p efforts of H,rosh)
Yasuda (NTT, Japa”), the Con-
venor of J“rCllSC21WG8 from
whlcb JPEG was spawned, Istvan
Sebestyen (S1eme”s, Germany), the
Special Rapporteur from CCI1”I
SGVII1, and Grabam H“dso”
(Brltlsb Telecom, U K ), former
JPEG cha,r and fo”nder of the ei-
fort which becdme JPEG Tbe au-
thor regrets that space does “0[
perm,t reco~n,tlon of the many
otber ,ndlv]duals who contrlb”ted
to JPEC,’S work

Wdham Pennebaker a“d col.
leagues at IBM Research provided
tbe processed JPEG test Images ,“
F,g”re 1I

The author’s role wlth,n JPEG
has ken supported 1na great “um-
ber of ways by D,g,tal Eq”Ipme”t
C[>rp<>rat,on ❑

References
1. Adobe SysLen,s1,,< P“st$cnp(L.,,

page Reference ManuaI Seco”d Ed
Add,,.” Wesley, Menlo Park, Cabf
1990

2. Dtg!talCompressto. and Cod~ng<,1
Continuous-Tone S[,11Image,, Part
1, Req”,rcme”t, a“d Gu,dehnes
ISO/IEC J rC1 Comm,tte. Draft
10918-1, Feb lq91

3. f),g,tal Compress,.. and Cod,.g of
( <,tlt~n.<,.~-To.e StallImages, Part
2, Compba”cc Test,ng ISORE[
JT(, I (,<>mm,tteeDraft 10918-210
b. p“bhsh.d S“mmer 1991

4, kncod,ng parameters of d,g,tal 1.1.
,,s,.” r“, stud,,,, C{,l R Recom-
,ne.d.t~ons, Recommc”dalton 601
1982

5. 11.dson, G P 1 h. d..el.pment <>f
photograph,. v,de<,tex ,. the UK
In Proceedingsofthc ILhE Global Tel
ecomniuntcattom Conference, IEEE
Lommun,cal,ons socte~, 1984
pp 319-322

6. Hudson, G P, Yas.da, H .r,d
Sebestyen, I rhe ,nter”.it,o”al
star,dardtzat,on of a st~ll p,ct”re
c<,mpress,ontech”,que 1“ Proceed
t%gs0/ the IFEF Global Telecmnmunz
calzons [,onfererue, IELA. C“mnl.ntca
ltom Soctety(NOV 1988), PP 1016–
1021

7. Huff,”.”, D A A method for the
construction of m,n,mum redu”-
dancycodes 1nProceedtn~s IRE, “0)
40, 1962, pP 1098–1 101

8. Leger, A Impleme”ul,o”s of fast
discrete costnc transform for f“ll
color vldeotex serv,ces and term~-
nals In Proteedtn8r of the IEEE Glo
bal Tele<OfIIrIIUmt.filtO%S Conference,
IELE Coni~untcattom .soctelv (1984)
pp ‘i33-337

9. Lezer, A , Omacbt, T, .nd Wallace,
G The JPEG still p,ct.re compres-
s,.” .Igor,tbm and tts appbcatlons
OptualEng To be pubbsbed

10. Lcger, A, Mitch.11, M , and
Yamazak,, Y Stallp,ct”re compres-
SCO”al~”r,tbms .val”ated for tnter-
nat,o”al sm”d.rd~zatlon In Pro
ceedtn~s of the IEEE Global
Teleconimuntcattons Conference, IEEE
CO~~U~tCaltO~$Soctety (NOV 1988),
Pp 1028–1032

11. Lohscheller, H A subject~vely
.dapled ,mage communlcat!on sys-
tem IEEE Trafis COmWIU7iCOM 32
(De. 1984), 1316-1322

12. office Doc”mcnt Arch!teclure
(ODA) and Interchange Format,
Part 7 Raster Graphics Content
Archlt.ct”res ISOIIEC JTC1 In-
ter”atto”al Standard 8613-7

13. Penn.baker, W B JPEG Tech
Spec,ficat,o”, Rev,s,on 8 l“formal
work,”g p.~. JPEG-8-R8, Aug
1990

14. Pen”eb.ker, W B , M,tcheR,J L , et
al Arttbmetlc ccdt”z artules “IBM
J R., De. 32,6 Spe;,al Issue (Nov
1988), 717–774

15. R.., K R and Y,p, P Dticrete Costn?
T~umfom—Algonthm, Advantages,
AfJ@luattom Academ,c Press, 1“c,
Lo”do”, 1990

16. Statldard,zat,on of Group 3 f.cs~m-
d. apparatus for docum.nl trans
In,sslon CCITT Recommend.
t!ons, F.s.,cle VII2,
Recomme”datto” T4, 1980

17. Wallace,G K OvervtewoftbeJPEL
(ISO/CCITT) stall1m.ge cOmpres-
?,on standard Image Processing
Algorttbms and Tecbn,q.es 1.
Proceedingsof the YP[E, VOI 1244
(Feb 1990), pp 220-233

18. Wallace, G , V,.,.”, R , a“d Poul-
sen, H Sub,ect,ve test,”gres”lts for
st!o p,ct”l’e C.mp,CSS,O”algorithm,
f<,, ,“ternat,onal sta”dard,zat,o”
1“ Proceedingsof the IEEE Global Tcl-
ecomnun~attom Conference, IEEE
Communtcaltoru Socte~ (No, 1988),
1022–1027

CR Categoriesand S“bject Descrip-
tors: 14 Y [Image Processing] Corn.

presslOn(cOdlng)—Awo=8matemetho~.
exactcodtn~

G“eral Terms: Des!gn,Sm”dard,za-
t,o”

AdditionalKey Words and Pbrases:
JPEG

About theAuthor:
GREWRY K. WALLACE ,s Ma”.iger
of Workstat)o”s Mult~medlaAdvanced
Prod”ct Development a“d ISConvenor
of the ISO/lEC JTC1/SC2/WGIO
UPEG)comm,ttee at D,~tal Eq.,pme”t
Corporatlo” H,s researcb Interests1n-
.I.de compress,.”, s,g”al processing,
a“d ,ntegrat,on of real-ttme .Ideo and
aud,o ,“to workstal,o”s Author,,Pres-
entAddress:D,g,tal Eq”tpment CorpI-
rat,o”, 146 Ma!” Street, ML05-21G1
Maynard MA 01754-2571 emad wal-
iace@ga”ss enet de. com

Pemlss,on to COpywltho”tf.cauor partof
th,s matertd ,s gra”ted prov,ded thattbe
cop,esarenotmadeord,str,b”tedford,rect
commem,afadvantage,theACM copymgbt
not,cea”d thet,tle.fthe pubbcat,onand,[s
dateappear,andnot,ce,sg,ven tbatcopytng
,, by ~rm,ss,on of the Assoc,at,on for
ComputingMacbmery‘loco pyoibe-=,or
to r.pubhsb, requ,resa fee a“d/or spec,fic
p.rm,ssl..

@ ACM0002-0782/91/0400-030$150

44


