
ACOUSTICAL FEATURES OF MUSICAL SOUNDS
Howar d F Pollard
6 W", II Ptx~. Cr-.u II 1 2 1.\O.

ABST'llALT; In ~ardling for signrfocanl k.ol.-n of """""-l """" II "~ IO ((IOl\>l'rl "' . phrooal opccnl doLo iMo I
po)c~--...... fWIrrmnaryanatyoir;&Dd'lrJl............ oftllt 4-. tM.«rb<:. .. the coc...... 'Ookn:_... a:ouRJc'Ooa>o". ....

filleredand........mrdiMo~~1lIlpoIhcsn-c~_,....s.. ""lhcbrwl""'-Ihty_~in • ....".",.of.Jft
ofiro.:tea....... oatlOlL Ti.... &Dd~~OttUr1sirnu11.-..'Y al ....... COIIIl.... orholhthc .......-tcfi>.ticI,

ofthc sum., IWtuml -.l thcnmla! ·1&ady" .......... The IristiJnuM -.lIodof-'Y>" nnulalf'J Ihdproecwby ....,....,n.1he d\angc'>
dYI....;w.1III~ Io hochIi"",...t fmjUmCy.

I. RASIC PIIYSICAl ANALYSIS
In onl~r to ~I udy Ihe aco usl ical ()tJlput o f a musical
instru menl, I "Cl (If represcmetiv e sound~ IlkI)' he recorded
and displayed a.'I a lime display, a freq uency display or a
combinalion ofoolhusing asonogrdphll ). Such records arc
purely phyt ical in thal lhey are inde pcn<knl of the propcnin
of the ca r alld brain For 'l ud iesof inslrumenl mce han icsor
lhc d f« IS p", oJUI:ed by fOOlfl5, th is lyJlCof m: ord is l dcq Ualc.
Qua ntities thaI may he mca5Uml include lhe mean sound level
of thc cornt>ktc .. ouOO, lhe dura lionsof lhc staoingtransiem ,
steady ""'te and decay together with spect r um leve ls at
spec ific times. To have ~k",1lOCC to musica l problems il is
necessary 10 condlk-'1 fUOh<.T proces sinll. in par li<:ular, to
com -eo the mel ... eerneus inlo psycho phys ical unitl and
subjea tbt'1l1 Io <h;U1rNooion

2. PS\'CIIOP IlYS ICAl ~f [.ASL:R[S

....1lm lhc J'fOCCSsinS functions of the ear and the brain arc
takCIIinIoKOOUnl, fealUteSof tbcsoundlOl)'beCllITX1Cdcha1
caa be desnibcd. being psydlopII:.~ical. implyiftj lhat lhey
Me I comb'lI.iIIliOll o f ph)siul meUURmC nb I nd Gall
originating from urcrimcnls irr.-oh 'il1l! humanJudgmenls.
Pre lim in;ory pI'O':n!>inltakes place in !he coc hlea where lhe
fn:quaocy_iti'ehair«lls arcorganiscdinloa~ofband­

pass fllIL-rs. el lk,..,J criliCiI bands. \\'hcn e.cil~'d the hair ""II.
genera te dlgi lll IloC'n'e impu l5C'S lhal ~ Irammined via the
acoust ic n_lu I .crin of ludi lory cm lrn in lhc bnll n. The
crit ical band, play I primary role in do:Iermmin,~
pilch and lim hre . Th<:y determine speen] weig hling.
maski ng and som e limi ng functions k,.'3odm): 10 me3.'l.InS
inc lud ing lhe mean loud ness o f the comp lete ",,",00, hand
joudness ~peCIr. al ,pec ifl c times and hand lou<lne••
de rivatives as a function of l;m e (thc""pmvillc estirnales {lf
slart -timesand rtsc-rmes for thc partialroncs pre"ICTlt in the
soun d), The critica l bands have time cu nslant, of
appro . iTllind y 10 rn, at I" ", frequencie s falling 10 less than I

msal hil:h feequcncie•. Their handwid tlu arc such lhal . for
mosI mu. ical SOUlld... lhc first five or sh panial loo n fall
....ithin separa te Nnds - an importanl occ urrence for lhoc
~'\TTIt'1Ilofbolhp llchaootimhre.Forthchit:herp.rti. 1

IOOCllo, IWOor IJlOR: fall ",ithin I panicl.l lar band I'nluiri ng lhocir
inlcru;ilin to becomb ined {I" P'UCfiu. if u "fie" n ..' ..... ,. ...,
to IlM II sn 0/ .",....,1r",J onll .... halld fillers . R"'p" 'fJl/ I;~S-_...

1111'simi/llr '" III"" jOr enliNl hunobnnpl' p ,hi:m IlK"
bt'luw 400 H: ..*,,""nr _Ihird oae....'il,.." ,...,,...,. ... ,imn orr
,,,"gt'r 1M " 11I",,,/<.rcvn1"'p'...Ji1ff(umc(J/INJt<b/.

Proccsoing by the hnin is an imut ved and ",'Iy pan ially
understood dom a in. II is generally Illre ed Ihal the
OIpII iw lion of nC\lTOlls in the eoch lca by l"" ,r frequency
scns itivily is maintained through alJ IhcludllOl")" stage,; up to
the aud il"r y co ne • . The brain il1l:llldcs • •llIe. involving
com putali" n.L·" m pari.....n . c"r~lal ion a rw:l j n l~ ..ali" n couplcd
to a wry s0l' hislicated mem ory SyslClll 11lc result is the
ability 10 perform rapid evaluancn of iI r.mIoOC of fcalum; of a
snood. Pil~h . klUdnt ss and timb~ ;arc aSloeSlC'd as well as
mOf"C: !<IIblk a.>pe<.'1s sueb as shafJ'llC"ss (2), rou ghnc s.o[l J aoo
ftat um of the impo n.anl SIan;nll Inn>icnls suc h a. earty
noise, inhalTl100ic compo"c:nIS Ind doo1inant tonc:s. The
O'cn,lI elT«I Ofllllhis.ctivity i'lO~a ·soundnn.gc'

(JIf' ' oICOUSIK le'mplale" thai is s:tond for f..ure refm:ncc.md
tden liflCllliollof!lOUnth..

OatareoJUClKIIlplaYlanimportanl role inrtduo.: ingcach
rmlgt: to llll nocnti.al propcnic!.. For instanee , in 1-"-"C5sing lhc
pilch ...f I ccmplee MlU nd.1hc fil'!>l few partialklnn that fi ll in
~teo:rilicalho.lIlbplayldomilWllro1einallowinglhc

bra in In form I harmonic template oflbe sound and assip a
pilL'" 14j. Th i, Iw the c1TeeI of reducing I iarJlo: amount of
spccmrldatatoI5lnglecmll). S Im,brly,inIheCllSCoftlmbrc,
it is irllJlOrUlll lllal thc rlN j or 6 p.vt w lOIlQ fa ll in lCplU1llc
cmicalb:mdllbcfun:lhcsignal sarcplL,,-ocdo nlu lhe hrainf(Jlf'
asSC'S.mcnr In Ihc rristi mulusmelhod do..'SCribedhclow,lhe
Iargeamou nl of spec1nJ da la l s\OCialedwilh each nnte alany
g;,,'c:n time i. redu ced 10 l timbre coordinates. A fuo her
importanl property of the ear, brain sys lem Ih~l increases
O\Ic1'311 process i ng C"Conomy isadarlal ionwho.TCin ccr1ain cen~

respo nd mainly 10 changing signals, red ucin g Il>cir acti vity
whe n "" new inf"rlllati"n is prcscnled

A bas ic la, lfi.rlhe im-esligatur i5t n identify lhe csscn lial
features in ea l;h Iype of sound, For musicl ' KlUnds. the
~lalivcrnlcs of lhe ' sleady sound ' alld the trallsie1lb musl be:

asscs.;cd. {Th" I",.", " 'cfMiy ,mUM' is 11'" par1il'ularly
OCC1InJlr sill«' IIrcrr II,.,. .fiK"ijiCOIII mri"Ii"n.' of 10""1"",,.
p ifdr ",,,d n...hrr jontti1fg Cl""P""l·,,'J "I rihrn", '" ...Ili<* lire
bnU" U _ firm-/' In tbe:usc of limbre. some inWsl iga l<>rs
(illCluding lle lmhnltl: (SJ).~ ma i n tai.....,Jthat thebrainll$Cs
differc:nt l'w ccd un;'ll for lS1C5Sing"eady-state and transicm
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fit:I Swu ", Irnl>..",. growth cun"" for ilJI opc1I orpn piP<'
l !'l',ncipool g' , pih,.... G4. M.u'<:U<OCII orp... SJ>lo... d1urt"1l.
Sltl(kholm),1lle lime"~l'mm lhc hnl._"f

......1Id from ,he ", re f or thi5 pi"" , mo- is .., ,,,,, in,I"l noi.e
onlhcboonlb o:o"t.. n'nr part .. l ton.... K&9.10&1l.and 12-14.
Inlll"I Iy, p;ul i~1 ~ band 2(.s/M:Mn by t\c;tvy lillQ) ~re

......, ... ., 1. Aller a . 1ow ,u:art. thc funJa""",t. 1 ;"" ........... in
sU01lg!ll up 10 200 ms. The.econd h3rmonic ft1I\oI,ns rhe
'1"' ''g",ronlJ'I<''Iml.

sounds . Ol~r W1,)rkcrs consider thallhese l\\O(l a.'JI'CI.·a ,h(lul d

be CIIllSidcn.'d logethcr , timbre bl:ing a com pos ue P"'J'C"1y o(
the ...hole sound . [1 is nee dear how lhe min processes and
c~diru.lC'5 mfcem atjon relatin g 10 the sta.ni ng tra nsien t and
Ihc:Mc:ady state a.,d ,tfemrt p;trtsofthc bnnn take part. It ....,ll
be .....n he""'" that bol:haspo.."Cbuf limbrc can be roml>incd
inlho:_expcrimrntalprocedure .

J . A~ALYSIS PROCEDURE t'U R I.O UDS f.SS
ASO TlM8Rt:

For the arqJys is of .11complc1cmusical DOCe. tile IOUOd is
dJgitised. filtcfl:dinlo<:riric:aloronc-thirdOCU\'eblond$.llnd
stom:l in . OOIJl'UkT ror~ng I61· A , the ..und bui loh

up.~u an: made al 5 ms illlenals using. aliding
Ilann ing ...ind<Morl0TIIS~l\tlcNbarJdo,o,idth[6J. SWting
nmfmt5typicarly~~30andKOrm"'lIh_

$lringsounds ex~nl! lo300ms. The-O\Ilpulofcachfiller

band b comcrtl:'d InIOliD..-ar loodll<:U uni t5 I_ I and 111<:11
imolog.irirhmie Ioodnnsk\TI Ultlt5 fphons ). [Tfwlo,tarlrltMk
pJt<... _w u_ "wflJi"~~"-·Inft..J...,.. ./wIo11w

li......~..-_lrJ A produetroeIlo2y10~ til.: b3sic dal ;t
ii in I~ fUfm of "P'Xlnm growlh curvn ftlf the p.onial l" ........
prese m.

In cvl hl'l lin[t. the erilicl t hand Im..lncu ""' 1'OO'iC il i~

immalerial where a p.:ln icu lar lone fll ll~ wilhin a !'land or
....n erher the Inne is harmon ic or not. If lWO or m~lo~fal1

wllhin !he ~me hand they are 001 beard .., llqIlIr.lle loon ;
tlJc:ir intensities are summed 10 find lhe Cl.IUI\lakn l 1oodne!J.,
....ilhin tholt N od , for many musiclll i n"lUl"""l~ !he p" l1ial
lones are h.affill)nic altho llgh tbcy o neo dev iale flom lhis 5llicl
oondi lion in lhe fin! few milli~ '" the ~t:mding \/0T01:
1)'~MlI ii hcing C'llal,h shcd , Then: are coo5l:q....-nrly iRllial
non -l'UIrmoniclOIIeI pte:'ie'Tllln some inRrurne'n t5. such as lhe

56 · VOl.32 1201)4)No. 2

60 0 -
10.11

::1. ~ I
OO ~~~

o 5 10 15 ~ ~ ~ ~ ~ ~ ~

Time lms )

Fig 2 Uornlllall1 pon.ab for l~ obrlin, IraJbornI Or .. ohoe
nofe E4 flal The order or OOmi~;' !he l'un.bmmla1 to. ~

","j, paIl"13(~-28 j,p;artial$(28-34mslputial. 10.11(44
"'" on""lnk), T~ LI bel or .he fund.lmm l:ol;. .........n by
:ledol1e<! C"'1:. """, h,n, a Icvelor .wphons in the Slesdy

'moulh tnnt's ' bearu in the Illlie and nUl" "!'gan pipe [I )
Percussi"n inslr umen ls generally have no n-harmo nic p;.n ktl
tones. Under I\orrnal li' lcning conduiorrs, low-le vel initial
loncs arc lIi1Ticull ttl hear a, tho:)' an; ellsily ma_kcll lly
background no i!IC, espec ially by wind ooi se in lhe cue or
organ plpt'll

.t. 1:'\iITIAL I'R On :SSING OF I,OlllJ:'\iI-:SS
AND TI~IBRE l:'\iTlIF: I:\ NF:R F.AR

G"""dl elln n . ..d domh. anl part iak

An orpn pipc lA, ha::n dtrn.cn .. an exam ple nf a m....ic. 1

sound havin g 1I'IOlbal~ "'monicoc-.. 'dopmo:nt.oo Iloflkh i,
lIOIlkp.:ndmlonlhellWlnl"l'or p\.l)ringby .ptrfOlTlleT. A
eceirenson ...ilI be made ....ilh a lIOIe p layed (Ill a
TeJIf'l""l:TlblAeOl\.ilDtnI lmtnnno:nl. an oboe . Fi,urc l""-J'IO
:II rullsetof llfCMthcurvnt'romlheon>e:toflllJUnduplO"
ms for • PriOClpai ptpe. pitch 04. from the ~1aT\:~ orpn
in Sp!nV. ch un:h. SrocUlOlm. Tb<: G4 pipe:was sck"h:<Jfrum
the Il ft Prilll:ir-I rank of ptpn. The- fiTS! S pan iab rail in
scp8l11l<:crilica l banJ ",partials 6 and 7 in Ihe nc_l bond.t hm
8 and" lo'll""hcr.ltl llnd 11 , 12 10 14, Ht" Ill......c. for
~nlP'lrpo"'"' .~le i, lolOmuo:h inflllTllillil.lnin rigure l

rrom .. hich e'l&l"nlial f~"lum reed 10 be:ex tracte d
The dominanl pama l for a gi~cn time value. an importa nl

qllantity in lhe:aslnSmenl of the stan ing tra nsietll . is revealed
by Ille cmrcklf'l"oflhe: gflM1h curves (shown . s beavy curves )
The-lio minanl l' ''rt ials inlhe 8Iarting tfllnsicnt f" r lkc Principal
G4 I'ipc: ar~ lhe 6th (frulTlun S<.1 10 18 rns) , ,,ndl lM:2nt1(fru m
I II m. <Inwards). The funda menral is slow to deve lop lakin g
ilt least 200 ms 10 m1eh a 1eve1 com parable ....ith thaI or the
2odharmonic.

Tbere is no regul;u pee ern in the order orappearano:c o f
the panial lOOe:lfrom pipe:10 pipe even ""1lhin the same rank
ofpipn. Forifll1lno:e,flJl'theC4 pipefinmthe~8ft
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tl ll 3 Ikm'aIMCW'o'elforlhcfowr_ ...... p.. ual• ..t 1M
1'f1n;;ipa.lG4ptpc. nc doaed bl>nznnt,olltw .fIOO phono.'. it
.~k<.cI b lhc~<>f avt·h"'"'and b"'"

ktucadyou.IC:. n.. p,...."""oflhepetk of~KhC\IrWfl\'n the

ma1imwarix~ ano1 lhc'~ll: llIne

PrillCipall"3nk .lhe do."", R;u1I ~ial order is 6th. 2nd . 3rd lnd

~1 .. hile (or the E4 pipe the onkr is 51h. 2nd . MId
fundamm1al. The ~inc in thit orptl " in kCOfd wi th
baroque orpn Slyli"l_ A ddf~ dominaN partia l order
'oOOUld be C'~ pc'\;I.:d rn.n p lp:'l voiced ... . "roman",' rnanllCT

(I)
f iJ'": 2 shows the su mn g rrmsinll domin l n l paltial . rot"

I lIOle (£4 flal, rl~ on an 000c (data from Moom' and
Grey (7)). The order o(.~ann<:e ofdominanl panials is tlx

fuAlbmmtal ,0- 5 nul. ) rd 1)- 211rm l, Slh (2&-).4 ms) and
"" n ials ]0 and 11 (4f 1m onwMlk). As wi th the otpn P'f":,
this is a ra:on1 of I sin~k IOUIJ&.l and is DOl Ile«UMiIy
chanctcristic of all ohoo: nuI ('S. On wind . nd slri,,¥
instrullKlllS.thaeareoon.idl.'nhlclonal dl ff~ lla~

dltferml "' ltC'Spbyed 011the SlInKinlllJUnlt'l\t or beNoeen the
same 00[" played by d,lft m.t pl a~.

"roPC'rti el ..rlht sl .r1 in ~ l rln.kn l

For l gi~n ioOUlW1.lhc.o r.lc tlrrilie l1fl,,"dno:lo5 for each pu1 i. 1

lont i . d ifferen t . There an: fWDrelatedJlII"'"""~ ,lui. are

important in thc a.. SC'Ssrncnl of Incsbrl ing rrms itnl [S): the

maximum rise- rate and tIx li lTtC'10 IN<: h • slu dy sound for
eac h part ia l. Bulh qua nlil iu may be measure d frum
deri\'aliVO' C'Urve5, based on the mcasured l"udll<:Ss ,",iff<'fcnces
al S ms inlervals, Figure J shows smoothl'd ,",erivalive eurves
for the four faslest rising piJrl ials uf lhe l' rineip.a.IG4pipe.
Fromlhl"Sc curves thefollowillll valun are fnund :

~----
, to,H;,nr .... ""'...,' _.- ,....,10~

'"'" ,..,." riw-r_C rnsI ........
.... K "

,,..
t o .~ IH
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0' 1....<;»;

~ :: l·· l · '~~: 1
O.o ,J~~ _ ~

o 5 10 15 ~ ~ ~ ~ 40 ~ ~

TIme (ms l

r ig . \'uwioll ofu.. ..mul... coonIo_,.,.A.JI, : .. ,lhlimc·r..
(II) I'nnci~ c...lIfIt" twpn f'l1"C'. fbI ohoc note FA flat. For
(a ), I sWU high It>en<kuca.-. ) owu lhL... in<."'rnllft.:
remains ... Ia.. ....ly . nody For (b) . t nl high It- falls
rapodly, y ,ncn;_ lafIidly at rn ...'h,!o:. lWU whvl lht-n--
'The stan ins lime for a [ti\"C1l pan tal il Illken ... the lime

whenthe Ioud""" s bTl rcacne,. 3 phool abcwe biKkgT1>und (a
differencc: ofJ pl1onl< In a lime interval of S ms i. equ i\ alenl
lo foOOphoru;pl"r §ccond) . Maxima sn r ise-ratc corresponds
with th.-:first peak of the curve (zero stope j while the duration
of the stamng transient corresponds wilh the return uf the
curve to the threshold valuco ftlOO phomper -ec:ond

For thc PrincipaI G4 pipc. t he Slar1 ing lran~ienl d unllt ton is

less than ~ms for ITkIloI f'lIrt ial toocs l>ulis a""rox lmald y 120
ms for part ial 142and in Cl CCSSof 200 ms for the rundamenlal
Furthe r e:\amplcs o f Slarting transient duralion~ ioclude a
stopped organ pipe fGcdackt ( ;4 ) 40 ms, the pn:v i ou~ ly

quoted oboe note 3S rns, a reed orga n pipe ( Vo~ l hnnana G4 )
l O ms, a d arinelnllle4S msand aviola nolc6S 111 s.

r r llnsitioo from l la rllnll:l ra n, i, nl lo . lflldy , lal,

With musica l sounds, t ime and frequcncy aspecte ne....d to be
etms idcred together. One of the mnarbble pmpert in of me
car and brain is the ir abililyto procc:sslime: and frequent:)"
informa tion simultaneously . Al Gahur [8,9) poinll.'d out, tllo:re
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Fig 6 Graph of brightnes.' (xIz)'as a function of time for (a) the
Priocipal G4 pipe, (b) the Gl'd.\Ckl G~ pi~, Ind (e) I~e "hoe
note FA Ilat. Forb<>th organr ;p".. lhe bri ~hme... diminisllcsa s
thefundamcnta l tone grows whereas Iheoboe notc bchavcs in
the ol'Il'O"ite sense

' : [~'J~/,~, ~\

:~
o 5 10 15 20 25 30 35 40 45 50

Time (ms)

1.00.80 60.40.2

00 +--_-_-_--~____"

00

0.8

0 4

0.6

S, TIM BRE PROCESSING IN T HE BRAIN
Fig 5 TriSlimulus diagram with y pl"u~d against x for (a) the
Principal G4 pipe, (b) a GedacklG4pipe, al>d(c) lheoboenole
F.4 1lal. The Principal pipe ,ta rts with a bright sound (r O.59,
.FO .lS, z=<I.16) and finishes with stronger y and inc,",.sed
fundamcnlal(.r--O.10,rO.60, z=O.30), TbeGe<Jad t pipcslart s
hrightly (x-O .54. ,v- O.29, Z"'O.17) and finishcswilh. " rong
fumlamenl. 1 in tht: stcady sMe after only 60 ms (x- O,09,
y-O .14,z>=O.77) . 11lcnhGCMlc<larL' withlundam"."t.l only
J~dfinishcs brighlly(~_5 1 , .FO_ 33, z-O, 16)

is no limit 10 the accuracy of a time or freq uency measu rem ent

carr ied 0111 in iso lation ( I variab le) bUI when carried ou t

sirnulran eously (2 variables) the rcsulls are limi ted by the

uncert ainty princ iple, Gabor introduced the concept of an

'clcmcntary , il,'TIal' or ' l"l;on' of area 6.l.M, where l!.t is the

e tTeetive durati<.m and Af is the elfeetive frequeney re, olution

A logo n is the smalles t allowable quant um of infor mation

govem edbytheuncerta intyprinciplel!.t .Af;, I . A profi tab le

applica tion or togons is in the analysis of musical startin g

trans ients [10].

Dur ing the starting transie nt, the signals change rap idly

with time, hence max imum time reso lution is required. In this

phase, a typicallogon for samp led filter mea,ure mcnb would

have At - IO ms and Af - 100 Hz. Orce the sleady state is

reac hed, ehanl,'Cs wi th rnpect to time slow down. Sensitivity

to pitch changes then become s more importa nl requiring

max imumfrequc neyrcsolution . ln thestea rlystate,accurate

pitch recogn ition wou ld require Af ,; 10 ms with a consequent

expansion of the time reso lution to et e lOOm s

ltcan be concl uded that t he cochl ea f ilters play a

fundame nta l rolc in ana ly,ingbothlhe stan ing lrans ienland

stea dy Slate part s of a musical sound. The brain then

interprets this basic data in terms ofa number of more

sophisucatcd ccncc pts

T ristimulusmrth od

The huma n brain is particularly adep t in reduci ng the large
amoun t of spcL~ral information im'o l vcd in l i sten ing to mu sic .
In the musical assessment of lirnbre, even though <ItI""st 10
separat e factors maybe involved [ IOJ,three parameters have
been foun d to lead to an adequate practical desc npnon [10 ,
I I]. 10 the tristimulus method. hand sp<:<:trum measuremen ts
are reduce d to three normalised coordin ates deriv ed from the
follow ing three groups [12]:

Grou p I: the lou dness of the fundam ental ton e in soncs,
Grou p 2: thc loudncssofpart ialt oncs2,3artd4 ,
Grou p) : the lou dnes s of part ial tones 5 and grea ter.
Because of its impo rtance as a reference point both for

piteh andtimbre , the fundame rttal is the only tone inclu ded in
group I. For groups 2 and J ,theloudness of each grou p is
compu ted using Stevens Mart 7 proc ed ure [ IJ ].

Tbreetristim ulus coordm ates, x, y and zcare then defined

x - N(5,nj/N, y - N(2.4j/N , z - N(I)/N ( I )

where N(I) is the loudn ess of the funJ amental, N( 2,4) is the
loudness of pa rtia ls 2 10 4, N(S,n) isthe loudness of pan ials 5
to n, and N -N( I) + /'vt 2.4) + N(S,n). The coc rdinate s xj- and
: describe timbre on ly; they are no rmalised for loudne.'s
(since x+Y"'z-J) and for pitch (since the fundamentalreneis
used as a reference pitch). Two-dimensionalgraphs may be
dr<lWTIforanyp;lirofcoordina tnsuch asxversus yorxversus
z. The me thod may be ap plied to steady sounds or to <:hanges
occurring during starting transients.

Figure 4 shows the varia tion ofx . y and r with time for (a)
the Principa l G4 ope n organ pipe and (b) the oboe notc E4 l1at
The tona l beha viour dur ing the startin g transient i, quite
different for these two sounds. For the Pr incipal pipe, the
propo n ion of high -frequency par1ials (x) falls rapidly up to
lOOm s, the mi d-lrequeneies (y) grow rapid ly duringthe fiffit
60 ms and then remain at a high level wnile z remains
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rel~ l i.-dy low, reac hing ils muimum value al 200 ms . For~
oboe nOlC, Z starts high, since the fundamenlal is lhe fiN

partial 10 oWn, lhe mid· frequenc ies lv) rh e Dp idly lhen
d iminish while lhe high- frequetll:)' com ponents (l) ......n
slowly bul domi na le afler .30 nlS. The WOo.:is briii:ht in the
Rndy slalewherelheroordinal" order is ;l. 'aOO ;:,

Fi~ S s""",aIri!il.imuhd dia",ram in ...'hi<:h Yis pIoucd
apm! ~ fOl"(I) the Principo.l Co4 opm Plpe.lb)aGabcl lG4
slUppCd pipe by "'-ay of~roon. .-I l c) lhc oboc OOle.

The Princip&lplpe~ ...ilhabri~ 5QUIlIi (~ - O S9. , ­

0.25. z "'0.llt )lI'Id rlJlioJlo in lhe.ceadywle(200 msor
l. er ' ...itlt mucb r'C'ducah . a stron J:,oer y and ani.....'telI '>C in ; (I
· 0. 10. , .. 0.60 , z · 0..30), The C>Cdao; kl pipe ..un. bright ly
t I - 0.S4•.~ · 0.29,: - 0. 17 ) and ll nishcs ....ilh a . lTooJ zin!he:
. Indy sUle ~n.... on ly 60 ms II = O.()<,l. y " 0. 14. : - 0.77 ).
The tnit' OOIe sta n . ...ilh fundamenul on ly and IIntshes
brighlly,l approximalely ,", ms(.. - O.SI. Y- 0 .) ) • • - 0, 16).

Fil:!ure6 !Jl()'A-slhc valucof l\.'z l . afunction of limc:f..­
lhe -o und. sho....n in fig 6. 1lM: ratio .ok lIl<'a...res lhe
co ntribulion o f the upper pania b co mpare d ", ilh the
fundamental and i. a useful quantit y dc..: rih ing lhe !"nat
balane e or ' brighlness ' of the sound . (WI"k ",,,,,r ~.,."m di5lik

/Arl ·",IXA' .....u· ..·Ar" o.ppliM lOo..wwoot.Jru- o.l.· .... "j i,·" .... '<1
hy"' ,i<'io..... I" nJIII""./w o. ·dul/ · .,,"""'. JJrjJ(" I ... unJ,Iw,~AiJ:l,

V: . ,,1..... . dul/ ..... nd. """" I_ m/ ll<'.' Unth the Princip al G4
and GedoK:lt (',4 pipcs show early high values Ihal gradually
dc\:ru -e .u lhe fundamenta l lone beco..... . more dumi nant.
The behaviour i ~ the re...erse for the oboe note.

Se n. il !>·lly of l h~ lrhlimul u~ method

The m shmulo. coord ina tes are ~CTY ~n.. "~·", to snu. ll
chan~ in the opectrum of the sou nd. The method is
JWIieularty II>oC ful for 51ud).~ng small IorIaI dl.11lgft due 10
di ffefl:lKC8 In playing tec hniques or in instN~lal

rond uk>N.. II IS pmsible 10 mea sure dla.ngn ... .ma ll as lhe
j o.-\I noI'«able diffnencn UN O) in timM fOl" ilhl rumm tal
tODeS. Aecord"'llo Colunan(J4).forskillcdm",iciant.lhc:
ND in limbfeo for fluleSOtlnds~lOl chanile of

only I dB in lhe In ..:l of a give n harmoni c. For leu K illed
'~men. lhe JNU corm.pon<i_ ....ith a change of abou t J dlJ
Coltman found 1....1 the sm,;"lIest JND \"lII tues ...w e oo..enal
with stn ..g "" ""oo ies suc h as the sero nd.

Coni idt,T lhe fon_~ng spccnum (lyp ic.al of a flu!e lIOIe

playcd forte) :

U..m,u nie; 1 2 3 4 S 6 7

levc: 1(dHI: 40 30 25 23 10 10 S

ForlhisllOllnd.A - 0.IIS• .'," 0.44 2. =" O,44 3.

U ,be kv el <lf lhe lI<'COOOh311TlOOic is pn'l: ressively reduc ed
by l . 2 and J d R. lhc y C"Ordin31ered uces by O.Oi5, 0,029 and
0.044 respec u...ely with corresponding percen tage change s of
J .3%. 6,6% <lnd 9 9%. Wilh stable scon es , rhe lrislitnulus
melh...d ca nre<,:ord ehanj,tesn fl heordcTo f2 -3o/• .

Chang~'S in Ihe 1C\"e1of the seco nd harmonic direCily aff0:..1
oo lydala in lhc lo«ondgroup and hencc:lhe y eoordinale.
li o." e" er. e hanltn a lso occur i n I and : a. a~uenC'C of

the nonnalisin¥ contl iuoo I .. Y .. ; - I.

--

6. CO NCU JSIO ,\S
Tona l pn'f'CT1ics "f bol:h lhe suning lr.lIlSicnI and the steady
Slate can be measured using a single methodin which sampl<:<1
!op....-trum d lla arc rtCordo:d at S ms interva ls. Co",,'enion ;nlo
ps)'I:bophy sica l measurn fac ililales inlerpn:!a lion o f ee roles
pI.tyed by doe coc hlea and the bra in. Cor respondi ng 10
fTequeftcy :lI>a t)~. perl'ormcd by !he: coc hJca. the j!:rowtbof
tho- partia l I",," ",i tlt t Ime. !he: presence:of donu naIll pamal
lones and lime nlC;a.....n:s assoc i:;ued ",ilb me $lat1ing uamimt
may be e~ IIK""'-d. Futthcr analysis in !he: bra in pruducn
esl imaln of Ioodolc" and pum (oo tlt one-d imen sional l and o f
timbre (mu1Tl-dimm sional). Appbeat ion of a IIishmulus
meIhodl't"dllCftlimt>rc ll> ttnedunerl~ alkJWi.. f..­
use ful gnphical rrncnl:olion
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