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," Image AcquISItmn- Hardcopy and Color

ortla (/mwolma Smte Umvemtv

1’ extensive: btbltbgraphv [33]: Tlns section will
Concentrate _nn <;1gnal proccs\smw a\spegts

€1 .rhc rctma and mrlv neural proc-
‘ml contrast sensitivity. funcnon obtamcd

. varying. spectral radjance or reflecranc

MARCH 1998

' ‘.“'ouss it: T.ht: prucc,sscd mmgc theii 'nuuds tO bc: phvsmaily",.

Jan P A lchach, Puwlm: Umm-sm pmﬁl H ]031 Tmm:ll -.?",”‘~reallzcd bv the svnthcsw of spatmllv varwng ~spt,ctral d.v;

k:nodm" ” ths 1s.,the phvslcal basis for tmlammacy, thc fact £
. _.._that m} addmvc, cnjor mmure can bc matchc ” bv‘r

txmulus ]u*el is proportlonal to thc ovi arall"["?”
of the stimalus, This principle, commonly | =~
; sugguts anonlinear stage inour .~
which signals are passed throug,h a
atmn Pmallv, the HVS also has_ e

funcrmn of spaml frequmcv the con- . '

_ !‘proccssmg mcthodq havc bccn apphcd o't ’
: .'optlmal ﬁltcr dwgn md n the

- Color | 1magc9 uu‘.t in thc phvs:cal world as spatially-
d _‘trlbutmns

_ever, the- bands are. not obnde usmg the uswal’
, 'Color mformatmn nl.cds to be rcu)rdcd m c)rdcr 10 Pro-

T'"grcen and biue mrrowband f)ltu‘s R

: lmage Capture :
- ’The most accurate devxccs for mea

. ~rangcmcnt for hlgh ru()lutmn 5pat1a1
: colér filrering uses three G CD array’s wi
" and blue color F lttra For Lmnom) and in md

""( CD atra3 o obtam a thrcc—bmd xmqgc fro
céssive measurements. In actal scannérs,’
. .ineasurement of the’ small arca mrrcspondmg m a sai

g AQP‘“" of th ¢ %' cl ements of thc H VS aré sé enin rhc . plmg umt is' mﬂucnccd bV rhe Lolor of the emrc‘)undmgar

“eolor spaces that are commonlv used in color imaging. <~
.8 stnms, sud1 as YC er and CH:LAB and in the alﬂo- '
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Bernice Rogow

Fg"‘*h(\mumlh\ suld\ of perceprual image qmlm bctranu

£ widh Otto Sdmd( and his u)llcaouu at RCA in thg
1950s. Using the human’ ¢onerasl sensitivity funcrion as a

modcl of I_hL TIVS allow ed tuhnol()u]sls to treat the human .
.obscrver ‘
~ ol thesysteins. A svhole g gencrarion of image qlmlm mettics
eme Le,cd prov 1dm“ variations ‘on how to compute the rela-
:uonshlp bepween the spatial frequengy. mukluhnun of tic
Cdisplay Jnd the contrast sensitivity of the human obsn\u .

A sunplc compomnr in the linear system analvsis

rcaﬂlll AL SQRI). : ’
This rcthmqm was later extended to L\'illllJLC “the

ompoue nts could lm evaluated with respect
o th ‘threshold. sensitiviey 1umn()n Not sulpnsmnl\" cven

: rhxs mdumnmn model provided a better characterization
.'than stimulus-based LJ]CUIJ“OHS smh as root mean square. ‘

(]{\TS) CLror. .
2 Qver the past d(.kdd& these model\ ha\L l)cmmc more

.sophlsmatcd drawing mgrmsnwl\ on the literature on

huuman vision. ' One (‘\()lL‘lI]Ol)‘ll\ direction has been to

include &ym\mm to othet” Lhamtr(usms of, rhc visual -
srtmulus {e.g.. size, angle: of ‘view, color) into the |
 parame Lumahon of rhls Lhu sholdsensiticity enrve - Another

'cn]mn(unu]r of-this basic im: age-quality m)dd based on

Vision I(’\Ldl\.h ‘has been to model the lhltshold uspnnsc' ’
ot as’a single; plmmucumh] funcrion,bur as a set of -
Jun(ﬂons -:mh representing avisual mechanism tuned 10 €
particular spatial’ ‘emporal; ‘chromatic range of visual
information over a finite visual area. These are Lln.

ﬁpmal ircquem\ -channel, (x\b(n Land mnltmsohmr)u
modc[\ These modds a\c]nd w 1des11mp'ur1n Jppllh.mon
\l\lbl[!l\ of supmthmhuld artifacts. such as those

produced by Imlfnmmu and low-bit-rate’ compression.

These artifacts may not l)L umlulmh distributed ACross the

Simage, so a4 madel with muluph SCRSOLS (mcm Space

pm\nlns a good mauh to this problen. |

‘One methiod for ‘modeling image quality is Lo umlplm a
. ) of hm\ a Luml\ of \Lxu.ll muhdm\ms tcsponds wan

mwm.\! snmulus compate ir to a map of how thar same

) tuml\f of mc*dmmsms resp()nds 1o 4 pr ()uss\ d stimulus, and

P 'usc dmt dlliucnu, as a- me.L&uLL of mmi_,c qualitv. This

pmusﬁ can lu nnpumd l\\ mmpaxmﬂ 1hc results to human

" judgments of image qlnlu\' or eveli tuning thc pammugrs
- of the model based on humah judgments. -

Psvchophysical 'measuzements of image. \.lLl.lllT\
l\um_vu. ate themsehes a comples ficld of snuh It s
nlam d\ wm} sle o have an ()bscr\‘cr)udfrt one feature.of an

~image, such as which of two images is embedded in more
- highly modulated noise: But for . most supmthrcshold.

artifacts and distortions. many ph\,slm] attributes can”

“contribute to the quality of the image, making:ic difficult to

" arriveata simple judgment of which image has betrer image’
effectiveness of image- Lomprcssmua]oomhms In this case,
the idea voas that the i image- compr«,ssxon J,lumrhm umtcd,

' ‘h(ll(_l\/ -derec able distortion (()ll)]‘()ll(lli_\ and the pereeptual

quality. One of the images might have more q_,luuous wlor
quantization nuhcrs l\ur the nthcrmwhr iook very blurred.
Which mechanisms are involved in 1lu ]udgmqns we are

"qsl\mg our obscrvers to make: Are they lowtlevel
“micchanisms with runcd spatial, umpoml. and chromatic

responscs? Ot perhaps they are mechanisms in highercenteérs
of the visual cortex ned to higher-level visual fc.mu_csrﬂlf

* 0. what are these mechanisms, and how are the responses of

LIILSL mechanisms or ganized? How do fln xcspnnqcs ol these

‘mechanisins ch nnge dcpmdmu on L\anuuc

These questions’ do not bave simple- psnhoph\'mal

. answers. The complex stimuli we create, and the complek
.;ndtrmuns we want human observers to make, challenge oar
_,]\nu\\kdu of human pereeption. Every year, oor Llunonm

1CLI1|1<)1()U\ alows us Lo create more u)mph,\‘ more
interacrivey more intellig igent visual ncprc SCUTALONS, caysing
us'to cxpaud our qucsru s abour how humans de tect, )udu
,md interact. awith clectronic imagers . W' create monrag,u of -

“iihages on our display screens, 3-1) shaded represenratiorts of
-molecules and stock prices, interactive displays that allow Ui

1o color and mark regions on die screen and: lave other

TegIons updatc nter am\d\: on our screen, or i avirtaal
‘ nalm cave'in another wunm We create clecrr ORI systems
“that allow people to see, interesting patterns in their d.lu a
“mavigare through seas of images, vidéos and books, and .
- hu()llk beteet problem s()l\els l)cLausc they ¢in jriteract

divectly with the visual u‘prucntatlcms we create
clectr omull\ At ecach step. we are challeuged o improve the
technology by 111.1L|Lr5(.:111.d.1ng more abont Juumn perception -
and cognition;.and as technology develops [urther, we may:
be challenged £ ANSWET questions about human judgiment,
aesthetics and emotion as we oy to increase image lqualiq}, '

26
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) Yac ,nd scléLtmg a
for cach clustcr In mfmy :

méans algorithm A at sed.
qu 'tﬂer& have been devclopcd fOr paﬂcm?au(); "
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. ”l”()\\« TS Lo JnsmmI\ \1"

-~ between 1'&,(1.;111(1 l)IUL row's. The, number of ¢

fing- z?,:;m*::f 1%

U’m/d Rahlmuz mui Km £ mulsl' R

M& <he marl\u t(n dwu&l cameras is mpldl\ O‘m\« ing in mu—
«%L SUMCE, pr()ﬂssn)nal. and seiénilic apphccmo ‘mnguw

from d(sl\mp publishing Lo remote ‘scu\mg Digicad unnunls‘__ '
Pl()(.'CS 3 ‘.lnd [IJHSIY]H H’n IUCS o
m(ludmo solid-state |
‘memory cards and magnetic hard drives. These | lmatrcs um; :

lhu Ese. @ varietvof stor atrc ‘media,

be viewed. onhome TVs or high-resolution computer: monis
tors. TTard- copy prings can bg plodmcd using ml\;c . ther-
lll.,\l, x]cctmphou><Tr(1p|nc or ‘silver Imhdc‘L(‘(hnolum«.s
Inslmd offilm, most dmlml cameras n
sraté sensoriwith a wo-dimensional arrav of discréte pho-
-tosites T capruge

deuit |)h<)t0ns of light into electrow dnrﬁc'p.td\cls

. phot(mu is o\ulmd W l(h a uylm llllt‘L',‘Lf)I examp

- Baver wolor hltu (umv (CEA)
- theckerboard m(mu with' lhe Jcmamuw pixel
lumns md
ges o 64()\480 for low uxd “VGA .muusm

7()4\ for somc pmluxnmdl LJIT](‘ A, ’\I()st cameras

u,sp (,( D qchar, rm u)upl\ d device) sensors, w heie rows of

ch.\r(rc packens are sgquum«llh clocked 'tor a \Cthll 1Ladoup .

register that ter mitiates in acharge tos \()lLﬂ"(, mu\/ener
(7( ) %ns(us pmx xdc low t.mdom and i~

\ 411@10111—3@@0.55 e adc)ut. L

- Prior w digital proces 'h,lg: the ()iJ[‘}_)‘ll'thI_“ c;lch— pi‘}g_&:l‘vis

.amplified, analog processed to reduce the sensor’s outpiit

) amplmc 110]
) l’r()lcsxmnal ameras use lincar A/ Ds: with 12 or more thQ

smwk “color solid-
dmdges. The photosites cgnverr the ingi-
*o green plxcls mna-
ier u.:tmﬂ '

_ Finally
- the filé size to lesy thfm2 bits per pivel 10 save stor aoc space.

d pdm i noise; a | ‘

- object- based scene k.lpLurL mampulalu ny, and storage

. digital l1lnm_\.,
- referred to [63,

ST [\odau Corrparry

. and “analog to du,ual (A Dl converted.

while low-tost cameras use nonlinear 8-hit 3\ Ds. Most

Sprocessing s performediin the digital domain. cither using
ccustom ICs ora P‘(()UIJ.ITILTnbl(. pmuw)r in. the cameta, or

muw host computer pr(’(‘g\sll)‘ as Lhe images are

~dow nload‘ .

“Lvpical p rocessing inclides an interpolation algorithim to

. reconistruct the missing color pixel valoes from the G }w\,

Pl\LI\ Whire. lm]nmc which corrects {or the scehe

~illuminant, s P(ll()]’lﬂ(.d by amplifving the red and blue

signals o pquﬂl areen for neutral (white or’ oty objects.
(olor (()L]utl()ll may use a3 x 3 marix to correct the

Sdamera ’s SPLLU al \LUSIU\’IU(,\S and tone COTTCCLION USes a set

of Iuol\up tables, lnnﬂc sharpening,; achieved by sitnple or
adaptl\u sp ratial, IJchxsn compensates for the lens and othu
sources. of blur and provides a \ubjutlu v oshe upu mmuc
standard ]I LG compression i '-bc uscd o 1cduu

The continued- ndmmumms i camera LlLLlI()lllCS
u)lnlui with- mnm Aations in image-processing algogithibs.
unlld soon Tead 1o - mtclll;.,uu cameras mpablc ot"_'

Q.
a’camera that Iu()(’lll/L,S oh;urs of interest in a seene and,
()PLImI/Ls the ¢ caprure par ameters accordingly, ‘tollowed by
wbject-scalable compression and cditing for Ell\hl\.ll in-a
For addmona] information the ‘reader is
64, 657.
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and L:m thm be xmpkmcntcd cxactly Mcxrf:over t:hc FF '

approxnmatmm have been proposed to splve thc o
';atu:i w:th thie Karhuncn Locve transﬁ)rm; o

MARCH 1998

IResujual

MR Decoder

IEEE SIGNAL PROCESSING MAGAZINE

29



30

IEEE SIGNAL PROCESSING MAGAZINE

MARCH 1998



‘ ,smtctuml/syntactxcal dwcrtpttons of the i 1mage
, and the process that has altered it. The second, 6f which®
' }_117 i an examplc “equires atatxstual dﬁscrlptlom Re-
- cent eft’ort‘a are bas d on: trami Orm mcthods oron u:)mb' :

pf tur 5. obtamed fromispacefraft ich
t the well- pubhcm:d py.eblcme

h abso- - own share of particular dcgradanons b
lute error.. L N s R thcm onto new. dlgxtal) medla .
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e ai good dcs;gn isa quesuon of :
' h: ,ade fos Source codmrr theorv focuses 8

e :codc: consxdcrcd : o
“ oo The opnmal tradc" qff betwccn rate and dlstortmn can

- mizing the (average) distortion, D
- onthe. (a\rcrage) rate; ., by minimizing the rate subject to

,',mlmmtzatxon of the Lagrangian cost function, D + AR,

ative xmpurtame of distortion and bit-rate.
hebry: of data comprmsmn has ‘two principal
,f VVthh are cclcbratmg their 50th birth-

d htg,h £at€ or hL;_.,h rcsc)lutlon quantlzatlon
oac.h mvolvmg apprommatlons f01 ]ow

ﬂso prom;st:s that codes exist that approach these

- width and emodes these spectral componcents in an inde-

' pendent manner [248]. This 1s conmrcnt w1th the

MARCH 1998

*yachl evea performance 0.255 blts or 1.5 dBaw 18} :
,Shannon bound. The gap can be closed further if veetor.

: ’jbc prc,cmdy defired in several equivalent. ways: by mini- -
sub]cct toaconstraint

constraint on the. distortion, or by an unconstrained

- where the: Lagrange multiplier, A, provides a weighting of |

a\’e:rag,g dmtoruon fora fixed average rate, or vice

at il ()Pumum coder spllls ‘e nu&uml o
al’ ¢ )mponcnts of infinitesimal band-

h1gh—rate quanttzanon theorv ‘which df:munstratcs thar N

the décorrelating KLT is optxmal for transform coding of -
]"',‘Gauman sources. The corresponding bit allocation for ..
~ 'the separate subband quantizers should ‘make the rate. .
, propomonal to the logarithm of energy in'each subband..
-For high bit-rate, uniform. scalar qmnﬁzatloni coupled“ :

thh hxgh—order or adaptwc Lntropv Lodmg an

quantization or trellis-coded quantization is used [249,

'250]. These theoretical insights have motivated the wide-

spread use of transform and sybband u)dm even'when
the rates are not high and the 1magc<; are cermm]v not -

Gammn

| Tmnsform and Subband Cadmg -
“Transform coding and subband coding, (SBC) refer to

wmprusmn systems where the ué,ml decomposition’ -
(Fig. 8) is 1mplunu1tcd using an analysis filter bank.. At

the receiver, the signal is rcabsemblcd by a synthesis tilter

bank. By transform coding, we usually mean that.the lin-
ear transform is block-based (such as a block-wise DCTin
JPEG). When transform coding is interpreted as an SBC.

technique, the impulse responses of the analysis and syn--,

thesis filters arc at most as long as the subsamphng factor "
cmplc)vcd in the subbands; thus, the i image-can be subdi-
vided into blocks that are proccssc,d in an independent.

“manner. General $BC, on the other hand, allows the im=
. pulse responses to overlap and thm mcludu transform' '

coding as a special casc. ' .
As pointed out carlicr in this article, one. o’r rhc mmr,
important tasks of the transform is to pack the encrgy of -

~the signal into as few transform coefficients as, pmsxbl

Thc DCT yields nearly optimal energy concentration for =
images, “while bemg a lot casier to 1mplement than the
KLT, which is the theotetically best otthonormal.
cncrgv-pad\mg fransform. As a result, almost all mmgc‘.'

- transform coders today employ the block— wise DCT, usu-
ralh with a block size of 8x8 pl\cl‘; The. transfbrm is fol-

I()WLd by quantization (most often scalar: umiorm ,
quantlzanon) and cntropy. coding. Tvplc,all} the trans-

form coefficients are run-level encoded; that is, sticcessive
',zeros along a zig-zag path are grouped with the first -

nonzero amplitude into a joint symbol which is then

‘ Huﬁman coded. For example, the wxdch ased ]Pb(xm( '
- standard works in this fashion, and so do the predu.tlon b
.error encoders for MPEG, H. 261, and H. 263. The LOT -

could bf. substituted for the DCT in the above process to- .
avoid some of the typical bloclung artifacts that become
visible with codrse quantization. Figures 9(b) (L) show.
the DCT decomposition of the Barbara image-in Fig.
(a) as well as.the J'PF(: codms‘ r result at 0.5 blts/pl\t,l .

The full pulunml Of SBC is unleashed whaenrnopuoiforn
bandsphmng is used to build mulnrcsolunon representa- -
tions of an image. Beside excellent comprcssmn multircso- -

: lutlon coders provxdc: thc suuu.sn e 1ppr0mnannn fcmrurc,
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~reley iston:pictur
. and creare oded }mllucs and \Jdu)()n the Web, view coded
\1du) on their pcr"' aal’ cr)mputcrs\ ancl even use dlotnl' ‘
‘\1dcntcltp]1<)rw for infer: rsations. The
0 & this tlamm(m {mm 1h( rumuh hb to1he -

‘ .. dSLLl_l usen has bccn 1]1(‘ uc‘m(m oJ standards- for visual

(mm /. Su//n/ut//. I YetureTel ( 0IPOIETION

hc pdst fcw \cms rhc advent of mlcm.moml standards

for dl;,n al i g Land video codirig has given the woild a -
,\‘ast‘new atmv'oi napabxhn s for \mnl commumnication. .
W JduIm ad' Lommlmmmon 18 nnpowblc w 1rhoul the use. of
LCommon anln%. and an lsm] u)dmu “standard” is a spL—
cialized: hngum.zg that defines how to mtmpwt the dw*lta}
; ILPJ( entations of pieturcs, _
i Jh: «r)mpl(‘ssed oding’ ofpumws mmthmml fmm \us" '
1 .‘1r1|\ the domain of c]mstua d research lalmmtouc\s just

_L’ll\ wo loday millions of people worldwide wate h
g ndigitally transinitted, view

\vorld ()’r r]u tuturc [hu smmidldlmtmn 'n()ups meet m .

()Scl\_ ¢ a-muu the Lapllwlmc pvrmrm.mu andg -
i "D‘r the\an(ms concepts, fearures, and dcsﬂ:11§

cthat arg br(nwht torth. fmm the rescarcly. cummunm ‘
ihe\ thcn col ab()mlc to merge the best of Lh(‘s(‘ idcas’

into avohierent-and Fully, dthncd speuhc ation lhal all can

SuseT Reé pmtcdl\ the tmal written staodard has bécome a
‘bétter overall rechnical sc)lutjon than any of the
Jndividudl. pmpus.xls that. \\uc broughr into" the

\()llal)umm L process.

o latest standard this vear (Rec. 112631

The standards have theimsehves buumu loudlstoucs for new
u(umvuu(mdl stnee they provide a well- known rdcl(mL {for :
cmnpcmcon llm creation and promulw'mon ol a stqndmd
()rgmms the collective Lhou&,hl» of the technical cofnmimwity, .
cres ing a breadth of undcr@hmdmg and txpxuenu that could
not ha\c been achieved by rescarch alone. , ,

- The bwncsr names in the realm of standardization of

Fisual information u)dmg aré the TTU-T and. the T8O, G

JTCI . org__,am/anr)ns The Tru-r {lformerly calléd ‘the
CCIrL appnmd the first digiral wdu) \odmn standard
(Rec Tl 120 in 1984 and has been updatmff its methods
pumd(mll\, since then by revising F.120 .in 1988, then
moving ‘on to xmrcnstrwl\ successful standards in 1990
chc lJ 261 and 1995 (RLL H.263). and u]h.anuno lrs
In 199n nhc'
~ISOIEC JICL LOIT]PLL['(.’\'I the APEG: l video- codm‘r
standard (1S11172 2] and ]omcd withthe ITU- 'T'lmk\( lop ,
the JPEG standard for stiil pictares in 1994 (1S ] '

" and thé MPEG-2 standard for video.in 1996 115 13818- 2)

Fach of these seandards has led to- mg feasing grow th in the
use and Vaciety of apphc.mons f‘()l dmml Lod 1 vmml‘,
. information; and both Sroups are worl Lmu On new (ttort% for
the future (such as the MPEG-4 project in [SOTEC. JTCL
and the H.263-+ and H.261. projects, iy the JTTU-T).

“Today’s standards dc\dopm(.m process has bécome’ vel\' '
respopsive to dhe progress of rescarch, and the rescare i
world has been helped by the progress: of smmhrd]/anou
This- symbiotic 1c1auuu>lup will coutinue ineo the future,
pmwdmg a fertile (fe hl {onr ne w t& N hnr)lng\: dete I()pm( nt:
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K houschold terms ‘and brought digital images and

video iito millions of homes worldwide. But what have
" they donc for.us v fisual, compression researchers, the com-

munity: responsible for developing the algorithms? Now
. that our best ideas hzve been perfected, packagcd and pol-
ished for public disscmination, what remains for research-
‘ers. in this ficld to do? Should research continue on

' mlght be questionable?

_answers that have beent offered have reshaped the field,

. us to reagsess directior s and prioritiés, but overall, it is clear that
; smndards open. morc: doors than they close, and standards

4 fandamental research advances in the field.

* standards have helpcd uncover challénging new problems

| offering exciting’ opportumtlcs for the rescarch community.
"Rabust transmission of images and vidéo over packet
-networks and video transmission over wireless channels have

- contént-based retrizval, and digital watérmarking are
fex*amplcs of activc new research areas spawned bv the
' ‘widespread- application of coding standards and involving

- problems of visual re prceentatlon that are dusely related to
'thc coding pmh]cm

Visual Codmg Standards.
A Research Community's Midlife Crisis?
Mwlmel Orchard, Princeton University
'Yes standards ha\e turncd JPEG and MPEG into

- sound technical approaches to the coding problem and has
* those approaches for improved performance. In fact, today’s
very limited understanding of the fundamental structure of

- imagg and video sources. Therc is very little reason to believe

‘either that today’s standards comc closc to the ideal
‘erformanu_ pusstbk for these sources (that is, it is unlikely

algorithms whose chances of ever bccommg a standard .

The xflsuai~comprc ssion research commumtv has wrcstled -
X \mth thiese kinds.of «questions over the past five years, and the -

] W:dcsprcad acceptance of visual codmg standards have forced

,_unduretandmg of the relationship between motion and |
‘catinot altér the nature or-diminish the importance, of trulv -, 'intensity uncertainty models for video sequences, '
By accclcranng the dwdopmcnt of visual applications, '
. efforts h} the community. Unfortonately, the fundamental, -
* advances tharare needed are notlikely to produce immedate

" has discouraged réscarch in these directions. Tt is. pamcularly
_important that young rescarchers entering the field be

‘encouraged to apply their creativity and healthy skcpncxsm
~ toward challenging accepted frameworks, engaging basic

-become hot fesearch topics, Digital. video libraries,

Balanced against thélf pomtne effects, standards havc, alm  ' ‘

. 'hA( th(,unh)rmnatu d.ut of dwuung_, :mum()n hnm INpOCANL - superior \l&udards ‘

" fundamental questions in image and video compression. The
success of standards has suggested that they arc based on

focused the community’s attention on the refincment of

standards are built on ad-hoc frameworks that reflect our

that they arc near the fundamental entropy of these sourccs) :

" or that there cannot exist simple, practical coding algorithms |~
- performing much better than today’s standards. In
‘particular, the standard hybrid framework: for.

mormn—compensat«.d video codmg is based ‘on"a maive

The gaps in our undcrstandmg aré wide, and pmgru»b in
br1dgmg those _gaps requires’ contjnued strong research .

practical algorithms to challengc today’s standards, and this

issucs, and proposing sound alternative approaches, no. -

matter how far-fetched they may 1ppe1r In the Jong term,
these efforts promise progress on import tant’ ‘hmdamc ntal |
qucstxons. a more \1brant rescarch communm‘ A\ID s
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) or cxample in vidéo c.odmg for ;
’ ,non vcctors are hlghlv protcatcd'

, dmg Thc .
jldcﬂ 'is 16 us‘ srandar:i optumzatxon proccdures suc.h as’

o dapﬁ.d to mulmaat aver fpacke e orks’;
" Bin Ity recent work on mulnplc descnptl n mdm

scparatc optmnzatmn oF source’ _c ‘dmg and-ﬂ‘;f‘
dnlead roa pcrtorman fear

’kt us stress the 1mportance ot
sndent. s rce .com- error occurs, it can havc catax, ;
.()dmg [264] Thls has rwulred in
rESE'lth n rhe two 'weqs Hnwevu S
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:vears.’i In ‘tyhe earlv 10609 it w<)uld havc requxrcd moref;'“" S
“than $50 '000'o_sc:tllpasma:lllqboraton that could dig- o2
1tize and P! cess images. An accurate ﬁim scanner alonc Tl

’,:DSPS havL the apélﬁnhw (S?d i 15

han S%OGO anquurc a .svstem that_”" .
svproccssmg Othcr dcvclc)pmcn 5"

~, performance of any 1960’ image-
N leborarory. Just as in' the.past- when . . Mpac
: 'tvplcalmcrs d a dlg ital audio card in theu- PCs WC arc - ating

b the 'avarlabxhtv of me’xpcnswc and, .
evices Another drwmg force in -

817 Farly' efforts at using general- -
ors o process dxgltal unages werenotsat-

'ludéd appI‘ cauon—specxﬁc mtegratcd >
at’ mﬂd perform spccmx. 1mage-. :

%yst"cms wefe'very eﬁ'cctnw rhe;
. Pr gram and wete. ot w1dcly~~
ri L boratoriés. One: '1dva11tage ofusinga
tpeise computer is-the avaxlg.blhty()f 3 program-" "
et 'As mor;‘: genc“ 11 d i

; , ms g; 4 adrgn:al camera), L}

,procusors are stﬂl vudd} Used. This situation mav Lhangc
"AS, mmroproccssors inercase it speed and have instruction

- sets designed  for ‘image/signal- procmsmg funmons In, L
. ;manv cases the igsues are blurred::

DR nagc procesqmg has not benchted as much as qxcch -
- and audio] processing. from the: development of DSPs. This, x

" 'has been due to the relatively slow speed of DSPs. In the

' ,eariy 19805 Tcxas Instruments mtrod"ced,_‘ e TMS320:
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;'beha iof of thc labeled pharmaceuncal - the bodv In o
*- 1982, Sheppand Vardi [327] proposed a maximum like- '
: ¥ ', ;‘hhoocl (ML) solum)n for this Poisson imaging problem .
_ &tt.ms lnrerem gly, it 1s alsn an alm()st d1r¢ct numeri-. - based onthe expectation- maximization (EM) algorithm;
_eal implementation of thc inverse formula first. derived in- *- The naulung, images are more robus st to noise than ejthier -

‘1917 by Radon, In rccent years it has been discovered <~ EBPior. ART Howevcr due o the largc numbu of un-_:’-’ j
- that the FPB.method is a la,st means of 1mplcmu1tmg the .. '.3 10 '

direct Fourier method” lox: the. case. where the. polar-to-
' C/ax tesian mtcrpolator usem 2-Disinc kernel [320; 321}..
X ray prc))ectmn daca eari be collected far more quickly” . .

:beéam employed in the current gcnemnon of
sec Flgure 10{e)). It is possible o re-sort
data into equlvalmt paullel pro;utmm"

ﬂ

ar, the data-are c:xacr line: mtcgmls of the 1mage An ei-
- titgh dlffercnt approc ch tor rewmtmc,tnon from pm}cc~,

W the ) chse mamx .
- and the' p serice of 1 m the;data callv. for :
i tarlorcd remnstmcno‘

,,Qm hydrogen nudu in thc: bodv Usmg combina-
tions . of time:varying - magnetic field gradxcrm. and .
radio- frcquencv pulses, it is possible’to: obtain kespace: -
(Fourter) méasurements with a wide range. of sa p'hng i
‘patterns. Farly. rc&earch in MR samipled k-space using the
polar-grid shown in Figure 10(by and réconstriicted the:

| .images using'methods similar 1o th().sc employed in. CY
_'[836]. More commonly, MR data"are collected directly
 onrecrangular sample patterns (Figure lfl(d)) [337); al-
g ,." ._~thou;‘,h fast agqumtxon can be admvcd using mor comi- -
- plex patcernssuch as the spiral scan meéthod | %%8} (Figure -
QO(e)). Iu addition to varying thie manner in ‘which the .
urier space is samplcd different prilse sequicnees can he
d to altér contrastity the images through varying théiniz.
act of spini-spity and spin-lattice’ relaxation, conistants on:
'th;: resonance hlé,nal MR mlagmg rcmams a, lnghlv;ac ive

ent of lmc mtegrals, or otherma pm s'b
'ag’e; and dara t()gcrher w1th LOlnputh i '
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,,.&,ausc the radar reflect.vity is compkx with ﬁurly mndmn o
- phase [348]. bpothght—mod(. SAR can also be used in an -
. inverse mode, where. thc radaris stationary-and the rarget -
~moves. This'is useful'in imaging ships on the occan sur-

face [349) and has also been used in planetary radar as-

spotlight-mode.

their tie-to specific imaging applications and modaliries,

tummol()gy amiylt,s own approach to data modeling and

. inversion: I recent years, a second group of researchers
‘has come alonU, drawn pnmarllv from the signal- and

- image- proucssmg community. . Rescarchers mthxs scu)nd .
-group have aninterest in‘applications, bt are experts on:
Fourier transforms, convolution, spectral analysis, linear
algcbra statistical si nalpr()wsqm and thic 1mplt.menta- B
tion of the associated riumerical operations. Signal proc--
essing: 0 vescarchers who have worked on more than one.

. imaging: 1ppllmr10n areina partmularlv goad posmon to

help provide naification to the field of computed i 1mag— o ~ : o
8. R;M. Merscreau, “The- processing of hua;,omlly Q.xmpkd two~dnmnsmml ’

~ ing. We arc just now at thie point where textbooks in this
field are becommg ax axlabk [3:;4 356] '

:Conclusmns

This: artu,lc has | prese: ntc.d a s‘clut overview of prog,ress; o
and advarices made i the area of image and multidimen-

- powerful and affordable computers, and .global hlgh

~ - bandwideh mtwc»rka, this arca will continue to witness.

prloswe growth over the next decade and bevond.

o and ‘the Univ Lrsxty of Ca.hfmma Bu‘kdc

We close this section by pointing out that two groups .-

of researchers have driven the deve lopmcnt of the ficld of ¢

compurcd imaging. The first group is characterized by Refer ences : : o S
“' ] NK. Bose Ap/)lwdMulltdmmzswml \S)m’m.r 1/1&017' \’m Nosrmnd Rhctm S

.- Researchers from this group have pionceted.the dcvclop—, : S

" pient of niew:. imaging modalitics in an independent way.

~each application area initially has developed its own -

4TS, Hmng,, od., Two-Dimensional D:mml Slgual Processing

‘ '6 lth ASSP Society’s MDSP Commitree, ml Sele
L sionat l)ynml Symnl I’m::w\mn, IEBE, Prcss

: ’ 10 b B Hmus JH. Mc(‘lclhn D.SK. ‘Chan, :md H W ‘uhm‘cslcr "‘Vuctor

. II GK. Rivard, “Dm:cr fast Fouricr n.uw{orm ()i bn\matt. hmmons,
sional signal processing over the last three decades. ()\v»;/

_ing to the availability of incxpensive. dtgxral cameras, 4'. -,
" multitude of nonvisibl¢ sensors and i imaging modalities, -

> hellnpptt s wmh the Umvemtv of Marvlmd (,o!-v -

legm Park, MD, U‘SA Bernd Girodis ivith the University of *-
; 'Erlanéun-Nuer, .
the University.of Winois, Uibraria- Champmgn IL; USA.
A Murar Tekolp is with the University of
tronomy [350], Some excellent reference books on SAR
include [351] for strip mappmg and [352, 353] for .

rg, Germany. Disvid Muman Jrds wu'h

Roch,cstc =
Rochester, NY, USA. Martin Vetterli is with the Wiss
Federal Immutc of Téchnology, Tausanne, Swit/c,rland[ ;
f(A USA

- hold, anYork,I\Y 1982.

D E. I)udgcun and R.M. Mersereag, Muliuimunmma! D@nza/ Stqmzl P1wm- '
zrj], Prtnncn H\ll 1<m:l<.'wuod(,hﬁs XJ, 1984 - . .

. ’3 TS Hmng od, l“n»a -Dimmensionn) Py gyzml Swmyl l’mrmmﬁ I m Topics mAp—ﬁ

plzrd l’fﬂ‘m@ 42, Sprm.g,cr Verlag, Bcrlm 1981.

Applied Physics, 43, \Spung,cr Verlag, B(.rhm l‘)XLV

"o . J.8. Lim, Two- Dmu nsional $ignal atd hmg,e Prmrwng, ]’rc.nn(c H1]l

Lnglewcmd (;hﬁb NJ 199()

i, Pnpm in leludzmm-
oW Yolk \Y 1986

7-D. P Petersen and I, ded!ct«)u “Sampling and rcu)n\tmctlon of wavés ]
) numbu limited funcrions in N-dimensional Lndxdcan spu:s,” lnfmmntwn B
mzd Control, 5. pp. 279-323, 1962. e

SIgnals. 1’1m IPH: 67, pp. 93049, 1979

.9 T.S. Huang, “Iwo dimensional wzmiuws,’ll-ﬁb Trans, ‘Aua'zo}'lem' wmt .

- 20,pp. 88-00,1972.

‘ radm fasrhmlmrtramf(nm," Pruc. Im Conf. fl:,ausr Spruh Swzul ]‘rm:
pp 548-551, 1977. ’ : . :

lmm‘ Acousst; &pceda Signal Pric., 25. pp 250 252 19/7

Tewill be interesting to see ‘whether today’s smajor para-

digms collected i this * time- capsule” of current contri- '“"f ;
. butions will be valid in the distant future. ‘We speculare”
that, ves, many of them will be useful, but almost cer-

“rainly they will e angmented by many other néw and -
“radically dtfferent ‘approaches. While the field originally o
‘started out by extending and adapuno familiar methods- -

from related dhuphnu (such as 1-D mgnai processing),

we expu:t that. furure progress ‘wilk come ncreasingly
from mithods that are speuﬁc to’ 1magc and multldlmen-

'stonal slgnais v
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