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AIISTRACT. The COO'l'X l Disc '.u""lt..:! in the carl)' 19lt01.has SC1a "''OI"ld .. idc .tanda rd for h.gh -<t""hl)' d igital audio . 115"""pling r.:lll'
o f44 .1 ~lIzalld 1 6-hit """,d .;n 'pp". ",d lO pnwidc cnouiili b.aoo..-idlh .nd dyn;ln'llC r;lnge l" capl utt C'<\'ry !lOUnd fea"'''' ~R:el.....hll'by
lhc human ear , Allhough d igilaltechnolog y lOthy i$ c.pahk o r del i, mOll .. It"o"elllarge ' dynamic and opee l", l range al re lative ly little ' ''''' ,
1M'" has btt n an ever-i~.,inl """' l0 produce dil ",,11OWld ofC D-equi>lIlcnl q"",lity at much lower himllc, than the ClY, 1411 kl>ill.
h ample. n"i",J.",,~ mjuonng """=r bitrale<arc digital audio b~. r"ed ·!'lc. d digi...1tap" reco""''', recordable mini...:! ,,,,,,mull;_
channe l cinnna StlUnd, ...,<1 illltn Kl audio. The or iN;"'" biHnmpre»W. ""hewn '" INflsfQrm . nd ""bb.nd coding develOf'Cd in lhe laIC
l llWs. both explOlling lhe known pcrccptual limiMin". of Ihe human .u.d "oty sy<fo:m. have now mo<Tly been~ed inlo , numhcTof
...ndatdizcd compk~ "odinll . y, tems th. t combine the he. t e1em.ntl orne m , ,,,,,l,,,,hem•• . (h iler l.don;ques have I>eeodcvclopN such
a.m"del."" scd p.ram e\ric c"'h ngwhcrcllOl lh.\.... ""fllml butmlhcT thc """'''''ijng panomc\C'f'lo"r .~fonn'll""C"a< ingl11O<kl.",

cn,:(~lcd .nd transmined, Synth..,s of thc inlcnd<d ..,..nd ,,'ovc isthc n iIIUO"fff>I, ..lC\lat the deooder end, Thi' lechniq"" "'ads In ad<litional
bil .. vinlt,.nd gi\~1hccnd""""COIltrol o",rplaybllckcondit;OO5 likc theposl'innin! ofs<>und """n;cs, Thi> (catu", is not only p<>tenlially
"",,(ul (or music playback in the ""me. bul:01010 for live electroniccon<rrts . 1. I""nnfe..."" ing. and multi_..", . voic. communican"" .y<lcm.

1. 1;'\jrRO DUCTlO:'ll

Hfgh -quahty audiois a co ncept thai is nor exacny defined and
lint always prope rly understood To some it refcrs din-clly 10
phy~ical "im ilaritybe1"'..ecll ateal~nd ficld andil t ele(1f{)o

ocou,tical tqlroduction. Within Ihis vie.....point . llOOuslical
know ledge and electron ic lC'Chnology an: the only limiting
facto rs prC'"CfIlingaudioquali tyfrombcingpcrfccl , To ol hers ,
however. audio qua lity refe rs 10 the audible similarity between
a real- life so und event and an elec tro nic rep roduct ion , Given
this view poin t . the human audito ry sys lem wilh all it.
lim italiom has bce omeanessenlia l fa,1or dctcrm iningaooio
quality

If one measures the locus of all pure tone Irequcncy -.
inte nsity combinations that a yo ung and health y listener is
ab le to per ce ive w ilhout ex !,,<,ricneing di scom fort. one
typically finds a frequency range exte nding from 20 li z to 20
kHz amI an intensity range from about 10 to 110 dB
FlL'qucn,-y ~pectra of m usical instrume nts and lhe huma n
voiec.C<MlSideredal1 togcther , large1YClWeTth ism:quency
rang e. The dynamic rang e of a full symphony orchestra is.
depending on si;rc and ccecert ha ll acoll-,tics. somewhere
be lwe en 90 and 1()() d B. although dynamic ranges of
indiv idua l inSlrumen ls are considerably smaller [I] , Figure I
show s rhctypical frequency-Inte nsity area for human hearin g
and, inside that area. a COnsclVlllive estimate of the area
cov.redhyconvenl ional music.

For digital Slorageand~roduetionof soundwith a
bandwidt h of 20 kl lz, one nccds a :;amphng frequ enc y of at
least 4OUl z. To reproduce sounds with a dyn amic rnnge of%
dB witho ut aud ible quanuaatio n noise. one need s a sample
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Figa", I: The .a dilory frequenoy and dynamic range
Tho 'mu."c' .ang. is •• pre. enl.d by the da_bed area
(Fn>mRossing[ 421J

word si' e ofal least. 16 bits. The se c(lI\side ralions lcd 10 lhe
Com,,"el Disc fermat proposed by Pt uhps and Suny in the
earl y 19KOs. and standa rdized in 1987 [2]. The CO uses If>-bit
words and a sam pling freque ncy uf 44,1 kH' .. Thetotalbrtrate
in 2-<:hannel C D audio is therefore a lillie over 1.4 Mb ilsls. On
the market. lhc CD replaced the LP I'viny l'} forma t in a few
years, and quickly beca me an informa l standar d for audio
qualily acm s'lhe world

Ill sub5e<lUl.'lI1 years . slOrage and tnll>mission of aud io bils
became progress ively cheape r through adva nces in d igital
led uw lOll:Y and, co nsequ ently. a mw.1ly llX'hnology-drivcn

• Rcp,in"d from'he !'roc....Jinp" f lh.ln'<I1la';o...lC<>o>g",.. ""
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push towards an eve n higher digital aud io quality standar d
ensued, In some st udies. ev idence was found lhal sound
eomponenls well above 10 kHz can cause measura ble effects
on a· U :(j aClivily {3]. differen ce tone pcrc epuoe (4). and
othe r pcn:epI ual feat ures (5,6). The AOOlIsticRcnaissa~ for
Audio (ARA) Fou ndal ion,. residi ng at Mnidian Aud io lid in
the t: K. bas been systemalical ly pu .Jling to establish strict er
standards for higJrquality aud io on high-de n\i ty CDcarricn.
F l. Critical C''lI1uations of claims that sound co mpoo.:Tl!s
aboo.t'10kfl7arepercen.'lIb1eha\.-e,in1iOlTlt'e3Sn,uncovered
ani faets like equipment d istorti(>l1as the cause-of the observ ed
effec ts (8). Therefore, it <;t't'ITIS fair to conclude tha i
~ychophy$ical .....idencein f3VOl"0f aSiricter and~bit

inlen si\t' C D standa rd is IlOl: O\t'J"\I\-helming. It should be
n.-oognin-d. however , thai for JlI'Il'IO'in of documenting and
arc hiv ing sound r~'COrd i ngs for bIer anal ysi s. a IIlOCC'

broadbandforma t than the presenf C D standard VoOUld ha\ '(: iii
mell l!;.

In many arr licationsofdigital audio otherlhan com f'3'Cl
disc or dig ilal audio tape. there is an inheren t band width
limilal ion tha t impedes or preve nts straigh t forward
appl ication of the C D standard. Examples are digital aodio
broa dcast (DAB ), digital compa ct casselle (()( X ), ci nema
sound (So ny Dynam ic Digital Sound, Dolb y Prol.cgic, Dolby
Dil!\ital). 311I1 sou nds transmitte d over the interne t In som e
case s, the required audio bandwidth cann"t be reached
because of hardware limilalions (ocq, and in other cases ,
there is bandwidth ccmpcunon with other desi rable features
of I ~e co mmunication such as video qua lity or the nwnbe r of
availal>k radio stalions. In all ofthese cases, one i<kal ly wants
to rcd oce the audio burate o f 1.4 Mh/s to S(lmelhing
eons iderab ly lower,....-ithoutaffcctingpcrcei\·ed",-,undqualily.

A !ltn iV1lfOl"\'lo-ard al'lJl'Wl.'h of loweri ng !he sam pling rase
would immedia tely be audib le a\ a reduction ofbnglMnc:ss due
to lhcatKen<:e of higb frcq ocnc ic:s, ....-hm:asa red ocli(>l1oft he
.. or d sil e ....uuld resu lt in (occas Iona l) audibilily of
undcsirablesoondeffcclSc::a~byquantit.atiOl\nolse.

BllnJt( red uction without audible 5OW'k1dcirada tioo can
be ech icved by (a) reduetion of statistical redundancy. and (b)
minimilat ion of percept ual irrelevllnct:. Both proceces arc
ind~nl and cumulative. The fi~t process It'lfIO\t's
redundanc ies in the rode , is a slrietl y stat istical mat hema tical
opera tion. and results in Irnsleu cOOc(i.e .• a code lTomwhich
the orig ina l OOIInd ....a ve form i-scomplct(ly r«onstructible).
Thc second process CJlploits known limitations of our hearing
sysIem in ordc r to remove ina lldibk: soun d clemc nts and 10
sdc<:tivtly al1owq uanlizat ion noisclha tcanool bc:perc( ivl:d
Th is result s in a lossy, but at the same time , a pt'rcep fually
tm"sf'</....nt code , From such a cod e, lhc orig inal sound
waveform cannul be exactly reoonstrUd~'C.1 any more, but a
listener wi ll not be ab le to tell the differen ce hetwcen the
ori l!\inal llndlhebitratc-roouc ed v<:rsiun. , Final1y, if bilTates
are redu ced to a level wh<,:reaudible ...."'nd ele ments are
removed or audib le quanlizalion noise is add ed the resu lt will
be a /w syand pt 'rr;.'pt lUllI),,ug rud<'d eod e.

2. T RA:'IiSP,\ REI'.-T comxc
A genera l .-.;heme for percept ually transpa rent cod ing is
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show n in Figu re 1. A run ning waveform is first subjected to
a timc-fl"CCiuency analysis. shew n in the top-left pan ,-,f lhe
fi gu'i-c.... hich ean "'~e 5C'Veml different forms depend ing on
the cod ing s1rat~l1Y. Soon time segments. compara ble to the
tt"l'llJ'l<ll'll reso lution of 001 h....aringsyste1Tl,are passed through
a set of uniform or nonu niform. b,mdp3ss fi ltCf'S, as is done in
SlIhha" J cnJIIIS (9). The output para meters of this time
frequcncyal13.l)'si. bloclr.in Ihis case are the time respoo scs of
each subba nd to eac h inpul segme nt. TrUtujonn C'Oders
I)'pically usc some:unitary n-ansforma tion into the frequenc-y
doma in. for instance I C()l;illt' tr.msform (101. In this ca...:,t~
ou tput par Bfll(1:ers are represe nted by a se1 of Fou ticl'
coctrlcicnts fur each tn.n sformcd time~. Both subblnd
and uarbfonn coders are purely ...a\'Cf~-basnl and do IIlII
assume all )' 1r.nooIo-kdj:Cof ho<,r,' the ....aveform was produced

Figure 2: General sd 'eme ror pen:eplual entropy c<K1inll
(f rom Painter undS Pilnial [I S])

Another anal ysis strategy is 10 assu me lhal the sound
wave form is. in principle, made up of simple bui lding bloc ks
lhatcan hcm<,,<!(l cd and lldeq lllud y descri bed by a limiled .'lC1
of parame ters. Puru", ..lr;l" C,>d..n try tn <k""ri be lhe input
sound seg ments III teltl'L, of sinuso ida l parameters I I I ].
com binations of sinuso ids and noise [12), or frequency 
modulated sinuso ids [131. Ou tput param(ln"§ then lake t~

form of sinuso ida l amp litudes and Ireqeenci es, noi se
imcnsilics and bandwidths. and modulation indic es . Anothcf
t'JIample is the linear predicti\'e coder-(1-1] th.o.l has bcrome
\erysucc:essful inspeechbulless WlCfi"Ufulinmu,iceodmg
It is based on the idca ofa souru-filler model of sou nd, ....hen:
the source i~ eilhcr a po:rindic pulse or noise and the fll lCTis
ann--poJe li....-.vfilln. SUChaSOlllldmodclseemsareasonablc
~t.ation for the human \'(lice and. 10 some e~ tenl. for
harrnorUc musicalinsll\lITlCllu. ltappcars ~appropriale a¥ a

mod el for inhannonie tona l insIrumc nlS suc h as bctts.gongs
or alhcr pcrtu.u ioo ins trumen u .

Itis ootlhc pu~ "f lhi s prcscntalion lo provklc: l

complete list o f all the cod ing strategies that have been
proposed or implemenled. A deta iled and ela bo rately
docu mented rcvkw of this materia l was recen tly prov idec:lby

Parnter and Spanias jl S]
The next general operation is the quantizatio n and

encodin g of the parame ters yielded by th( lime-frequcncy
analysis. The quanrizanon process is adap tive. whc re the
nomb,-r of bits availal\leforeneod ingpammeters of eacht iI11e
fram e is dete rmined by the results a psychoaco ustic analysis
show n i" the lowe r po rtion of Fig. 2. Th i. ana lysis typic ally
a.~scsscs( l )wh ieh paramelerscan""relybe droppcdbecalise

their effect is inaud ible, ancI(2 ) how much quan lizati Oll noise
ean be allowed for signal parameters w tthin tha i lime frame
The principal psyc~ustiCelTcct (lIploill."d is simu l tanco<Js
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mask ing.",hcrelhcpct'l;Cl'lion thrl."<ooldfur qua nliz31ion
noise in an y frequ cnc y band is raised by the ~ imultan.,~,u~ 1y

presenc e of a soun d signal (16 ). Fol"Avd ...n<J ba<:kW'~rd

lIloI>oking 117). in whif:h • S<'M.md signa l masks qu.:mrizlu iOli
noi~ in suc,~ing or preceding li~ fra lTlC$. can. in
pn llCiple. also be illCludOO. In l~-dlannd lotl'ffO "'Imo!
lNI.... ed thresholds for q u.:u>liul lioo noi..: may be l""' ITN by
bllla ur;alm.l...kingR'leue [ 1 8]. resuluntl in a ~lhigkr

b'l "~ioo in oornpari:tOO ....ilh mono IIOW>d. On the other
h.u. si@nlll infonna tlon In ltK' dilTcn:tlI sound channe ls can..
l>;) lUGle extern, be combmed. lawenn, ltK' ovn-all bura te

il "101. for mulll<hannel .lU sound ~allOll, sound
dunnel~ rna) ' abo be l""1 ,a lly com lnned POI. and ne-n
~lormcd inlo . single Tl1Ol'Iaural ctunne l ptus• otream of
l>,na.... 1J"'r:llmrtl:n.. as is done in 11,...,,,,.,/ O... CnJ", . (211
Tlo;" "'ads. on the cne band "" • vnr kM bill1llO'llIUIloJ
qua hry l1!lt io and. on lhe olher "" nd. pto\ -;d,:os ..-e lle1i ble
control ovn lIOI/I'tC posilioning It the oulpul in romparii()fl
", " h tor'IVeftIional mul li<hannd cnill1 1l and ~iWon

t..-dwliques
In tho: final S~1tC o( !be gcnenl encodero( Fi, . 2. all

IJ\alhcrnalK-.II.and ...ti\l.ic"redundanclalh.al~leninlhe
slpl code ate n:mom:I. This .lal.~ o( lhe~ if,
Inuku. ....-baas the pm........,. st..1ga;of the coder yielded a
IWS! code . Heece , the tnd rewl l i~ a /"',)' 00& . \Vbc:dll:' ...
"...l lhis wok it. p;TU;1"u.111y tr ..n'J"'Klll dqoo:nd,; prirn;orily on
Ihe .vai l.bl e bun le {i.e .• lhe numlx< of hlts Illat <;an he
.IJoc.atcd ineal:hlimc frame). Jt,I..,~h.... 'CVn.on
dd ail s of thc dc5ign ofw timcifreq ucncy anal ysis block and
on the fillC!l!IC .ndcom:cme$5 of lhe:p5yctw»cou'lt ical model
thali!' u'lCd

If "" . il;lhle bilD tes ere t....l kM in compa ri<oo ",i th !he
d~rec o f ,sorh i ~lieal ion of ~illn.1 rn:rruce~s in~ and
p5)'Ciloarou.'<ticanal~"'Cl>dinllarti f:ll1.wi llooxurthalan:

lil.ely to .ITl;"\,1 tho.:pctI;civcd_nd qua lity in I III:ga uve "'"ly.
SubjoxtlVely. such an ifad s may iOWld like brief irreg ular
bUrslSof.ud il:>le noi~. di\tnrtionof ti mhrc.or disrurbancesin

rm:ei\"ed Ioealion o f "' lUnd source imagC'S. A pan icu larly
well-k "" n anJ fl"C<lucnlly occ urring arti fact i.pr't'-«lta Thi s
haJ'J'Cn -hen h me fT1l11lC5.rc chost-n too long wilhrespt'C t 10

aUfal l i~ rcsol"ti<Ml . • od ' 5IrcMl l: music signalonS<:l (i.c.• a
casta net nr be ll sou nd) fall. in the late r portion ofa lime
fram c.lkcauo;c. lIOW11blequanliral ion noiiC eslimalcd hy t!le
psyc hoacouqic model i~ sprea d U\-tt lhe:entire li~ frame. n
is lil.ely III be audihle jusl hefore the onset . To esnm ate
obtai nable lim ils fOT tran spa rem cod ing . Johnston [22)
cevetooed a gellCD I com ruta lioll scheme for PiT1"t"p1uul
Emmpy based on qua nt,talive ~yehoacou.tic models for
simulllUl<.'<lUs and llun•• imultallt:OU.. ma.• l.ing. He predic ted

• Ihal.f'>r a \·al ietyore,,, ll'O. hilralcs cou l..!be lypically
reduced to aooul 2.1 biblsa,"plc ' atsampl i n~ rall'S abO\-c 40

kHz ) hefore rcrcepl\Lill trans p"reoc y is los t. Early lisl~ninl!

tests with an MPEG - I la)'Cr I coo.: r an ..! simple Iixed-,
dilTercnce or a.dal"ive fon:cd cooi«: procedl.lreS bct",~n fu ll

l 6-bitliJ.mpJc and bit--<:om presscd signal s. )' ie ldcddilTcreoce
dete<:lionlhres ooldsbctv.-.:-cn2 and 3bilsisample .depcodcn t
on mcsc fragmt-nt (23 ]. SUbsc:qucnl technica l dc-\"c1opmrnts
of co mbin ing the ht~ ekmcnts o( dilTl.,.,....t cod ing .tra leg>cs.

ho"' c:vcr.ha\'c yicld cd hybrid etldt'Tlllhal arc ahlc hl prllduce
rc rccptual1y tTan"p"rentC lldes.t nllcs lell.~lhlln I bit/sample
[24].
3. t:XA:\-IPU: or "sU DSA:'\;() c n lJt :K

Th i. SCCIion.kscribcs the princirl n of a specific ", bband
coding 1Chctnc known all MUSICAM (25 ] Ih.:lt became lhe
'-isfor lhe IS01EC MPEG l layen l and 1I . tandard [26). Tu
he:lp unders tand h_ lhis code r "'w h . a 1Chemalie
Il:Jl'"C"C"talJ<lllflfa.l-toncmu'l-ic!UJP!aI.gain""<tuatltU,ation
noi<ebackground typ~11y productd by. reM (i e.• CO-type,
coder is shownin h g 1 II w..., s tho.:maskoo Ihrt:shold of our
audJtory S)ste:m.gl\'CII llvc:cma.s k1l1glonc$at 250. 1000and
4000 Hz and ill a sound~lc\cl or~lmalCly 71) dH.

One can see th.1t .II the thn:o: l<lne fn:qu.:nc1rs, .udltory
thrcsboI dtwboxnr.aisc:dby;about SOdBcornpam1",iththc
IIR:.hoId in quic:t.(}uartMtion ooiK forsomc arb i\nf)' bi lnte

hasbccn~o:d.by.spmrallyl1al"-'ofnoisc."tUch

i. an oo-cNmpI irlClJu..... b.'CaJOCquant:intmnoillC.although

I " +-++-fI--\t-itH-t--\-H-i

om 0-1 02 0.$ I 2

I,~-

h g"", 3: Thrcshold tLn or . Itt.I t_ in quiet Pd irllht
~ofthrttsim..Iw>Mut >llnlt "","· Sha<k<l1fCI
reprcsc:nr. arbilT.lryquanti7.1riun .....

spectrall y broadb and, is typic ally neilher t1al norstl llOMry.
From the figure . il is clea r that . for thi~ 1,lual ,on, til<:
quan tir.,l1ion n"is e is aud, llIe in the valleys of til<: masking
profile. 31arrmximalcly 1100, 25 1~ ). and 100'~) Ill..

Figu re 4 illustrates how on e c<lultl ideally shape Ihe
quantization no ise so tbat it is always be low the rna_l ed
Ihr~ sh ll id crea ted h)' Ihe . ign:ll compo nents. C arcfu!
inspec lionrc\"ca lsthat lheltltal <tuanli/,3lio nnoisc rowcr in
Fig . 4 is larger than tha t in ~·i g. J. but neverthele ss the norse
shown in Fig. 4 will be inaudible. [I is al'll,lclear th:lt. becau se
a mu~ic sigoa l co nlinUQusly cha nges with lime. the
q uamiz auc n t1oi.... shap ing shou ld be adu pnv e and be updated
vcry rrcqul'llily

In or<k:r lo achic:vc lhis. lhe:mu, ic sign" l is cUl intu sh,,"
(Iypically 8-ms) l ime frames. and each l ime fram e is
decomposed into a set or resl"'ll >CSo r. ban l. of 32 cun, lam·
bandwi dth (700- 111) po lyphase quadrature rilte", . Referri ng
bac k 10 Fig. I. this i~ donein the ' timelf n:<lUeocy anajysi~'
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block otthe coder . The ou tput ' parameters' are the (tempora l)
fil ter respun se waveform s. All respo nses are cr iticall y
subsamplcda11 400 Hl., sothatat thc o utpul oft~ filler bank

thetotalbitrate is stil1th e same as llt the inpul. Parallel to this
fil1ering operation, the ' psychoacoustic analysis' bloc k
pcrfonn s an FFT on the time fram c ano.!comp utes a maskin!:
profil e from this spect ral rep resentation based on elemenlary
psychoa cou stic rules. Ne~t, from the tota l number of bits
a" dilahlc for that parti cular timc frame, bits are allocated to
eachresponsesignal inamann"'"that varies inversely witht~

Fii ur<: 4: Same a, Fig. 3, with quantiJ.at;on noi..,
divio.k.l"" ....24 suhbando. (From ....-.....,and Stoll 12S])

_...-
Fi gure 5 : Sree ttumnf a ~I , ...u king pa!tern.and
qu;tntl,a tlO1l not.., as allocated m an MI'Hi I -layer II
coder. /From Wiese and s",n 12S])

amounl of masl~'d thl\--,;oold dcvatiunatthecenter frc'-luerlCy

of jbe passba nd fer that signal. Sluc c alloc ution o f less bits
implies generation of more quantif.lltiun m.i..c. the uvcrall
Tl-"lult wi ll boo.' that the speclral prufi le of the noise will
gene rally confUfm tu the rna,ki ng pmfi le ofthe .~ ignal , as is
shown in Fig. 4.

Fig ure 5 illus trates the ac tual per formance of the ceder for
a female-vo ice vowel segm ent comp rised of 20 harmon ics
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ShO\lil1 are ( a)the liJl«lrdl oompooenls of thl: \'(JI/l~I ,.uum.l, (b)

the masking profil e Of lhis vov.'Cl scglTll:ntcom put,-d by the
psychoa co ustic a.naly1cr, and (c) Ihc spectru m of quan liat ion
noise allowed by thc ~'Oder. Onc can ob..ervc that bi lTalc savillg

is achieved in two '...~s: (a) by allocating fewer bits in
subb ands where The masking profile is hillh. and (b) by
alloca lina; nu bits at all where all signa l OOnlp<mcnlli within a
subba nd erc inaudible, as is the case in su bba nd S. It i5 also
d ear that, ifonc want>;10 mainta in pe recptu.al lra llsparcncy.
any uncertaimy abon the ccercceess of the psycho aco ustic
mode l will l'C(juire a largCl"sa fety margin between compuTed
masked lhrt'Shold and quamization noiscl evels. Thcrel~, tbe '

quality of lhcpsyc OOaooustic mode l has adireclinl1ul.'llccon
the tranSJ"'renl bieares that a cod er can ultimately acbi......e.
There fore, co ntinued efforts are made to further imprO\le
psychoacoust ic maslingmodeL~I27]

4, SUBJF.CT I\'E E\ 'Al .L:AT IO :"lOF soux n QUA I .IT \'

Bl"Cau;.c percept ual cllt r\'PY ~'Oders e'\plo; t lim itat i ons i nhe,,;nl

10 the hu man auditor y sys tem. cla~s ica l measUres of sound
qua lity such as sigllaVnoi\C ratio or mtal harmo nic distortio n
are inadeq ua te andirrelevant. Therefore, the per formanccof
coo ing schemes is typicall y cvaluated w ith The usc of human
listeners .

If one on ly wants To e"..luate whether a sound fn1m a
parti cular coder al a ce rtain enra te is perc cptua lly transpa rent,
the simplest and mos t relevant method is a forced-choic e
disc rim ination test. The onOcrlying thoug ht he re is that. if
hstcncT<; canllot aurally detec t thediffen:ne e belwecn a sound
signa l from an accepte d qua lity stan dard such as a CD and the
sam e sound signal from a lower-bitrate coder, then the two
signals are percepTua lly equivalc nt in all rcspcets and
there fore the lcwer-bitra te code is perceptually tra nsparent
The fastest form of sueh a discri mination test is an adaptive 2
dow n r-ep compa rison mcthod [28 ] in which each trial
cOllsists of a presentation of a rcfercnce and a coded signa l in
random order. Li ~te ners have to respond on each lrial what the

prese ntat ion order was. and typicall y will reccive respo nse
feed back . A r unwilltypica lly start with a low burat e for the
coded signal, so Ihat differences between reference and coded
signa ls arc nOI difficult 10 pe rceive. After 1100'0 succes sive
corrcct responses. th c h i trate of thc coded s i gnal i s i ncrea.~d

by a cc rta in increment, making the disc rimination task more
difficult. This procedure is continued unti l an incorrec t
response is given, whe reupon the bitrate of thc cod ed signal is
decreas ed by one increment. Somcwhere the adapt ive tra<:e
will end up osci llatinll between increments and c ecremen ts. at
which point the adaptive run is cnd ed. Th e bnra te ar which
oscillat ion of the trac e occ urs is con sider ed the pc rccpl ual
disc nminauon threshcld and corn:s ponds tu a 7 1%curTl:\.1
d i..c rim i nal iunlevel i ffi~ed -di lfcrcncc run'",'C fe used.

Ahhcugh forced-choi ce di scr imin at io n method s are
stmightfurward inc lassicalpsychop hysics,l hcir ap plicationi n
thc present case is not with\>ut prob lems . Fin;tly. lTlI:aningful
cumparison of music frallmenls req uires some minimum
length of these fragme nts, which interferes .....ilh short -term
memor y and often causes Iislcncrfaligue_ Se«mdly,coding
artifacts have many di1T~rent perceptua l forms and can occ ur



atr4ndomtim<;~, li<.that thcsuhject is i neon,tantunccrla i nty

aho ut ..."""to listen, ...hut tolistcnjor and,i nc asesofspatia l
sound, ..,.h.·fI! to liste n, To m~ke mat1er, won;e. discr imin atiun
cues will not on ly quanmauvejy cha nge when the bitrat e is
changed but may also chang e qua litatively. This makes
adapt ive discrim ination runs difficult to perfonn, andoftcn
cause s unstable nOIl·conv erging tra ces and significant
leam ingeffeets.

A more popular test method is the double-blind A-B- C
hidden refe ren ce paradig m. stan dardil ed in ITU -R
Recommendation BS. 1116 [29], which is used for the
cn luat ion ofboth Jl<'feeptually tra nspare ntanddcgraded
codes. On each trial, expert hstcne rs hear th m: identic"l
mu,i c fragmen ts A. n. and C, " t.lrn' A is always the high _
quality reference and Band C are . in random orde r. the
refe renc e and the coded sillnal lislcncrs must (a) identify
which o f B and C is the hidden reference. and (b) rate the
differen cc bel ..~ BandCon a4 1·Jl<l i ntscale. A\'ariant on

this method is n U_T Recommendation P.800i P.8J O. which

uses a 7-po int scale and isin tended for more heavily degrad ed
signa ls. Incorr ect ide ntific atio n of the hidden reference
auto mat ica lly ass ig ns the highcs t ratin g (tpe rceprually
eq uivalent"] to the cede d signal for thattrial. Average scale
valu es assignL-dloperceivcddifTercncesp rovideani ndie atinn
of the amuunt of perceptua l dellradation of code d signals
This method of rating is iml" lrtant for situa tions WhL'Te the
highest poss ible qual ity of audio is desired but perce ptua l
transpare ncy can not he ach ieve d because of technical
limitations.

S. OR.n:Cfl V~: M EASIJR~:S OF snurcn QIJAI.IT\ ·

Giv en the many problems encountered with ~u"j L"Cli.'e quali ty
testing, incl uding the fi nd ingl hat ' expcn ' hst'mer s tend to bc
systc maticallybiascdintheir sen siti , 'itylOpan lcula rt YI":s of
perce ptual degradation [3(J]. it is oot surprisingtlull5CVer31
attem pts have been mad e to develo p object i,'c measu res fot
perce ived sound qua lity 131 ~33]. A fundamen tal problem
underlyingalltheseal1emptsis lhc factthat, since~tual

entropy coding is based 00 impd"fllC"liuns o f thc human ear. an
accurate and co mplete mode l ofbwnan hcari ng is ll.'qu iredlO
build a reliab le and objective evalua tion algori thm. tt is
oo,..ious that a oomp lcte nwdel of human heari ng docs not
exi~t and will not ex ist for some time to come, Moreover.
th.:rc is alwaysahiddendanger thal an ·oojective ' evaluation
algorithm ado pts the same or a similar hearing model as was
used in a particular cod ing algorithm . since all perceptua l
entropy eO<kNusesomekindofpsycho.1cou~ticmodel. r f th i s

is t hecase. thce\al uat ion a lgorithm is l i k ely to fa~o r the Clldcr

that uses the same hearing mode l. and will therefore be
evcryt hing hut'ohjeetive'

Oespitc thc inhcrcnt pitfa llsandpotemial sltortcominlls of
object ive eva luat ion methods. an 'int cm alional standard for
oojective sou nd qaahty testi ng has been deve loped and ag reed
upon oct " c cn 1998 and 200 1 by the Interna t ional
Telecommunicanc ns Union as Recommendation ITU -R
BS.1387 [34]. Th is standard cont ains a psyehoacou stic modcl
yieldingquant itativcmeasuresfortheinternalrcprcocntation
of signal fea tures . and a cogniti ve model for desc ribing

fea ture extrac tion and co mbination. It incorpo rutes six earli er
propo sed percept ion and cogn ition mode ls. spcc ifica lly the
Disturbance IndeX (D IX ) mode l [35 ), the Noise_to-Mas ked
Ratio ( Jv:MR) model (32J. the Objectiv e A udio S ignal
Evalua tion (OASE) model [36J. the Perceptua l Audio Quality
Mcasure (PAQ M) mode l 137], the PE RCeptua l EVALuation
(P ERC EVAL) model (38 J, and the ~CL"ptual Objec tive
Meas ureme nt (PO M) mod el (39 ]. The essence o f the
eva luation mode l i§ tha t il al....':l)' s co mpares a degraded signa l
....ith a high-quulity refercoce, and ClltimatC'lspec ificloudne<s
diffcrcnces in ea.ch cr itical bandfol1owingaclassica lmcthod
outlin ed by Zwic ker and Feldtkellcr in 1'J67 ( 16]. Thes e
quantitie s arc the n ......ighted and cornbmcd, and ultimately
yic ld a sing le quanti tative measure represcnting the percep tual
di stance between the reference und the corn..... sign u1.

6. CO:'liCLl: IlI:"G REMAR KS

One shoul d always kl.:e p in mind tha i lossy. percep tually
transp arent codes are meantto be listenL...Jto only. Th" y should
never be used for doc umentetlon purposes in which sounds
arc recorded and stull.'t1 1' lr physica l analysis at a later time.
The fact tha t such code s arc tran,p arent to our ears does noI

imp ly that they are rranspa rern to acou stica l or signa l
processing analysi s procedures.

The original waveform-based cod ing lecl1niques basically
allow on ly playback ofa music signal a.~ it ",:as recorded.
Modern model-based paramet ric te<:hniquC'Sall ow. besides
considerable bit saving'S,u grcal deal of ne~ ibi 1i ly and « >ntrol
orI the playbael: ,it c I40AI)
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