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I magine that you are walking blindfolded thro ugh the streets of a city . What 
do you hear? A combination of chugging and whirring meta l and t he popping of 
rubber on cobble stones is heard as a pass in g car. A rhythmic clicking of 
toe nails and jang l i ng of s mall meta l medallions is heard as a dog t rotting 
by . A small herd of children goes giggling and screa ming by on bicycles. 
You walk past a jack-ham mer pounding the street with metal and your ears with 
pa i nfu l pressure waves . Do we mere ly hear these so urces as a collection of 
'sound event s ' ( p . 50)? Qr do we hear each of the se complex sound 
constellations as an 'object'? I would opt f or the latt er cla im. I do not 
just hear a jangling and clicking . I also hear a trotting dog with a well 
adorned co ll ar . There is a certain coherence · in the co ll ective behaviour of 
t hese eve nts that I have learned and which allows (eve n i nduces) me t o gr oup 
them into the auditory image of the dog or th e jack - hammer or the he r d of 
chi l dren . 

As organ is ms fu nct i oni ng in a not always so hospitable environment, it is 
importan t that our auditory systems - - as wel l as our visu al systems - - be 
able to objectify the e l ements of t ha t environment . That is , we must be ab le 
to parse , or separate, the co mplex acoustic array into its many sources of 
sound if we are to be able, on the one hand , to separate dangerous from 
innocu ous or fri endly objects and,o n the other hand , to pay a t tention to a 
source in order to extract meani ngful information from its emanat ions. In 
fact, the auditory system is so biased towards this parsi ng behaviour that 
we have di fficu l ty hearing the sound environment as ot her than fi ll ed with 
objects . This is like trying to l ook at a landscape and seeing on l y pa tt er ns 
of coloured light instead of trees, f l owers , mount ains , clouds, etc . 

But now let us move to the world of sound art i f i ce and enter (sti ll 
blindfolded) a concert hall, where a full symphony orche s t r a is playing . 
What do you hear? At one level you probably hear the sound objects making up 
the orchestra; t r umpet, vi olin, f l ute, tympani, contrabassoon , etc . Under 
many cond i tio ns you can ' hear o ut ' t hese various i nstruments whether they are 
pl aying melodically or in chords (though less so in the la t t er case 
depending on t he vo icin g of the chord) . One set of cues t hat is useful in 
separa ting the instr ument s is associated with their occupying different 
positions in space . This ce rt a inl y facilitates t he audi t ory sys te m's task . 
But imagine the same orchestra being recorded with a mi crophone and then 
replayed over a sin gle speaker . Now there is a single physical source 
emi tting a very complex wavefor m. What do you hear? It is still relatively 
easy t o hear out trumpets, violins, etc ., t hough there is certainly a l oss of 
acuity in denser orchestrations . Somehow we are able to parse the single 
physical source into multiple 'virtual source i mages ' and t o selective l y 
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f ocus on their separate behaviours . 

This is only one level of 'g r ouping' or 'parsing ' of a musical sound 
environ ment . If three or more i ns t ruments pl ay differe nt pitches 
simultaneo us l y , these eve nts may be heard as a group . The co mposite woul d 
be e xper i enced as a chord having a certain functional quality in a sequence 
of other chords . The single chord may , in some sense, be conceived as an 
object , as mi ght the sequence of chords defin i ng a ce rt ain harmon i c 
progression . The harmonic f unct i on of any of these chords depe nds on the 
component pitches being taken perceptual l y as a group . A chord can also be 
percept ua ll y ' collected ' fro m a sequence of pitches across t i me as with 
arpegg i os. One might hear several groups of instruments that are blocked 
into differently textured organizations, for example, rapid staccoto winds 
aga in st rapid legato arpeggios in the stri ngs and a uniso n chor al melody 
l i ne . Here t he ' ob j ects• would be accu mulated by atte nding to a certai n 
playi ng characte r istic or movement as well as to various timbra l 
characteristics . 

The poi nt is that many different levels of organ iz ation are poss i ble and 
eve n desi r able i n a musical compositio n. · One is less in t ere s ted in hearing 
the physical objec t s (the instrume n ts) than the musical objects (melodies, 
chords, fused composite t imbre s , gro up tex t ures , e t c . ) . Nevertheless any 
listener br ings into t he musical .situation all of the • percep t ua l baggage' 
acq uired fro m ordinary in-the-world perceiving. And th i s wi l l certai nl y 
influence the way the music i s listened to and organized by the l i s t ener. 

Assuming an i nterest on t he part of the compos er i n vol i tional act of 
perc ept ual organization that may take place wi th i n each l i s t ene r , one might 
ask t he follo wing questio ns: ( 1) What might possibly be paid attention to
as a musical i mage? (By i mplicatio n, what ar e the limits of musical 
attention?) ; (2) What proces ses can we conceive as being involved i n the act 
of auditory organization? ; and (3) What c ues would a co mpose r or performer 
need t o be aware of to effect the grouping of many physi cal objec ts into a 
single mus i ca l image , or , in the case of music synthesis by computer , to 
effect the parsing of a si ngl e mus i cal image into many? 

Several concepts have bee n introduced in these open i ng paragraphs whi ch need 
to be exp lic at ed f urther , such as t he for mat i on and dist i nction of auditory 
source images (objec t s), simul t aneous and sequential auditory organization, 
and attentional processes . I discuss these concepts further i n an attempt 
to cl a ri fy what we have to work with in approaching answers t o or 
reph r asings of the ques t io ns posed . 

THE METAPHOR: AUDITORY IMAGE 

It is important where musi c and psycho l ogy mee t to develop metaphors for 
communi cation and cross - fertilization . I n t he search fo r a metaphor that 
embodies the combin ed aspects of auditory ' impressio ns' fr om perceptio n , 
memory and imagination, the not i on of t he ' auditory source image' has pr oven 
fruitf ul to me in describing the res ults of aud i tory organizational 
processes to composers, musicians and psycholog i sts . In pa rt icular, and 
directed toward my main i nterests , this metaphor has allowe d the development 
of a common lan guage for talk i ng abo ut the role of perception in musica l 
processes t hat are to be embodi ed in composi ti ons . While my own work to date 
ha s been limited to the study of image s deriving from sound stimulation , 
many composers with whom I have worked find the metaphor and th e delineation 
of its prope rt ies and implications useful for the imagi ning o f musica l 
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possibilities at both conceptual and perceptual levels . 

To su mmari ze briefly , the auditory image is a psycho l ogical representatio n 
of a sound entity exhibiting a coherence i n i ts acoust i c be hav i our . The 
notion of coherence is nece s sary , if rather general at this point . Since 
any nat ura l and i nte r es t ing so und eve nt has a co mplex spect r um evo l ving 
through time , often involving noisy as well as periodic and quasi - periodic 
portions , i t is important to consider the conditio ns under which t hese 
acoustically disparate portions cohere as a single entity . For example , all 
of the physical sources listed in the f i rst paragraph were quite complex 
acoustically and some even invo l ved mult i pl e so urce s of sou nd . But each of 
these could be perceived as a whole, as a s ingle image . Certa i nl y we could 
listen only to the jangling medallions or t he clicking nails of the right 
forefoot . But the t emporal nature of the pa t te rn as a whol e i s what gives 
us the coherent a udi t ory image o f a domest i cated trott i ng dog . 

Her e, at the outse t, I have int r oduced what I consider to be the most 
power fu l as set of the metaphor . It allows fo r a hie r archical or multi-levelled 
approach to auditory organization . We can consider a single trumpet tone as 
an image and speak of its properties as a to ne , for example , pit ch , bright ness , 
loudness . We can co nsi der a whol e seq uence of trumpet tones as an image and 
speak of its prope r ties as a melody and of t he f unc t iona l properties of th e 
articulation of individual tones as parts of the melody . We can consider a 
co l lection of brass tones, many occurring si multaneo usly, ot hers in 
succes si on , as an image and speak of the properties of a brass choir as an 
ensemb l e or of the properties of a particu l ar p i ece wri tten f or brass choir 
with harmony, polyphony , rhyth m, force, panache, etc . Al l of th i s is t o say 
that the metaphor allows the development and application of a broad set of 
crite r ia for musical coherence to be applied to music as a group i ng and 
parsing of sound eve nt s in t o mul ti - ti ered mus i cal i mages. 

Next let us consider the application of th i s metaphor to psyc hol ogi ca l 
research on auditory organization . I select seve r al pertinent examples to 
circ umscribe the nat ure of sequential and simultaneo us organizing processes 
and to i llust ra t e t he esse nt i a l di ffere nces between t hem. Then I r eturn to 
the notions of the auditory i mage and the coherence of behaviour of a sou nd 
entity to see how far we can push the metap hor at this stage . 

SEQUENTI AL ORGANIZATION 

Researc h on sequential organization of sound i s concer ned with how the 
s t ruc t ur e of a sequence of events affects the perce i ved continui t y of t he 
se quence . That is, under what condi t ion s is a sequence of sounds heard as 
one or more •streams •? Bregman and Campbel l ( 1971 ) employed the metaphor 
•stream• to denote a psychologica l representation of a sequence of sounds 
than can be in t erpreted as a 'whol e', si nce i t displays an internal 
consistency , or continuity . Van Noor den (1975) te r med this continuity 
'temporal coherence ', that is the events in the sequence cohere as a 
percept ua l s t ructure th ro ugh time . In general , we may consider that a stream 
repre sents t he behav i our of a rea l and vital source of sound . This i s 
consistent with the notion of image - a s t ream is an i mage of a source whos e 
emanations are extended across several events in t i me, that is a melody is 
a stream i s an image . Implied here is t he poss ibil ity that a s ingle seque nce 
of tones can be organized {grouped) as more than one s t ream . This case i s 
particularly common in music for solo instr uments of the Baroq ue period 
(cf . the violin partitas of J . S . Bach) . In these compositions, the soloist 
sometimes alternates rapidly between registers or stri ngs on successive notes 
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and what one hears is two melodies tha t appear to overlap in time . 

I t is also possible to have a situation where a li s t ener can switch between 
hear ing a sequence as one or two strea ms by chang i ng at tentiona l f ocus. 
Many of the more interesting instances of t his i n musi c have suc h mul t i ple 
perceptual possibilities . It is an i mportant point psychologically to note 
th at , i n such cases , a listene r may hear one organization or t he other but 
not both at once. In other words, I can he ar the s eque nc e as one s tream 
or as two st r eams (and switch my atte ntion between each of t he two streams 
at will), but I ca nnot hear t he sequence as both one and two streams 
simultaneo us ly . These are mutua l ly exclus i ve organizations . 

There are several i mporta nt properties exhibited by a stream . These are 
disc ussed more fully elsewhere (McAdams and Bregman, 1979) , so r mere l y 
summarize them . 

1 , It is possib le to f ocus one ' s a ttent io n on a give stream and fo llow 
it throu gh time ; this means tha t a s t ream, by defin i tio n, exhibi ts 
te mporal coherence . 

2 . The pars ing of a sequence into smaller streams takes a certain amount 
of time to occ ur; it generally takes several notes into a c ompound 
melody line unt il the separate registers are relegated to different 
streams . It appears tha t th e percept ual orga n izi ng processes ass ume 
t hings are comi ng fro m one sou rce until they acc umulate en ough 
infor matio n to suggest a diff er ent i nt erpretat ion of how the world 
is be having . 

3 . It is easily possibl e to order the events of a stream in time, but it 
is more difficult to dete rmine the rela tiv e order of even ts across 
streams. Two streams resulting from the same se quence of notes 
appea r to overlap in time , but i t is hard to say exactly how they are 
related te mpora l ly. Since tempora l orderi ng of notes i s an 
essential determinant of a melod y, this means that a melo dy is , by 
def in itio n, a stream , t hat is a melody has a perc eptual unity 
( temporal coherence). This als o impl i es that not just any arbitrary 
sequence of tones constitutes a melody ; if t he sequence is not 
temporally coherent , it is not heard as a melody (but mayb e as two 
o r more mel odies) . 

4 , A given event ca n be a member of one or of another concurrent stream 
but not both sim ult aneously . As mentioned abo ve , one might switchtch 
between hearing an event, belonging to one orga nization and then to 
anot her. The i mportant point here is tha t several parsing schemes 
cannot be used at the same time. 

The main acoust ic fac tor s which have been f ound to be us ed by the perceptual 
syst ems to build description s of str eams include frequ ency , rate of 
occurrence of eve nts (te mpo) , a mpli tud e , and spectra l content and form , t hat 
is the fre quencies present in a co mple x tone and their respective ampl itude s . 
It is not possible to go int o gre at detail abou t all of these factors . 
Simple i l l ustrations are gi ven here and the re ader is r efe rred to review 
art i cles (Bregman, 1978, 1982 ; McAdams and Bregman , 1979) . 
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Frequency Separation 

It has bee n shown repeatedly wit h sine tone sequences tha t t he relative 
frequency separatio n between to nes influences the format i on of stream 
organization (Bregman , 1981 ; Breg man and Campbell, 1971 ; Bozzi and Vicari o , 
1960 ; Dannenbring and Bregman , 1976 ; Deutsch , 1975 ; Van Noorden, 1975 , 1977 ; 
Vicario, 1965 , 1982) . At a gi ven te mpo , tones t hat ar e f ar t he r apart in 
fr equency are more likely to be heard in separate strea ms than those that 
are closer toget her . Also, at a given freq ue ncy separat i on the ro le of 
te mpo is su ch that faster sequences have more of a tendency t o sp lit int o 
multiple s treams than slower seq uences . There is a kind of tr ade-off 
between te mpo and frequency separation. 

FIGURE 1 The tones of parts of two co mmon nursery rh yme melodies 
are inter leaved . In (a) t he frequency ranges of t he two melodi es 
are similar and t he sequen ce is hear d as one, unfamiliar melod y. 
In ( b) t he frequ enc y r anges of the melodies are non-overlapping 
and eac h melody is heard independently . The dot t ed lines indi cate 
te mporal coherence (perceived sequential organization) . (deri ved 
from Dowling , 1973) 

(a) l stream 

, • ,, 
• • '1 

O O 0 

i (b) 2 streams 
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A c ompellin g example of the frequency separation effect is ill ustr ated i n 
Fi gure 1 , This example i s based on an experiment by Dowling (1973) where he 
inter l eaved (al ternated) t he notes of two familiar nursery rhyme melodies. 
When the ran ges of the pitches of t he two melodie s are the same (see Figure 
la) it is difficult to hear out the sepa rate melodies and one melody is 
hea rd which is a combina t io n of the two. However , when the freque ncy rang es 
are suff ici ently separated, one easily dis c erns th e t wo melodie s as is 
indicated i n Figur e lb . In t his and s i milar succeed in g f ig ures the dashed 
lin es betw een t ones indicate te mpora l coherence . For example, in Fig ure 1b
the third tone is perceived as following the first tone rathe r tha n the 
second tone . In Taped Example 11, the two melodies are played a t four 
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FIGURE 2 Illustration of the different percepts resulting from the 
alternation of two sinusoidal tones of ident ical frequency and 
duration, when the amplitude of tone A is varied relative to 
that of tone B. The shapes in the figure represent t he amplitude 
envelopes of the tones . (fro m Van Noorden , 1975) 

(a) 
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E 
o (e) 
t 
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different separation values; the first and last are as shown in Figure 1. 
Here the identification of the melody as a whole entity is dependent on being 
able to separate its elements from the other mel ody and hearing the m as a 
group . The streams that are formed on the basis of frequency separation are 
the melodies . 

Ampl itude Diffe r ences 

Another factor that can contribute to a stream for mation is the relative 
amplitude of the tones . Though this is a much weaker effect than the rest . 
Van Noorden ( 1975), for exa mpl e, has demonstra ted many perceptua l effects 
resulting from the alternation of two ide ntica lly pitched pure tones which 
differ in amplitude, and they range fro m hear ing : (1) a fission of th e 
sequence into two p ulsing strea ms ( one soft and one lou d; Figure 2a , c); 
(2 ) to a coherent stream at twice the tempo (Fi gure 2b) ; (3) to a single 
lo ud stream at one tempo plus a soft stream at twice that tempo ( ' roll'; 
figure 2d); (4) to a loud pulsing strea m plus a continuous soft tone 
( ' continuity' Figure 2e). These amplitude-based effects are als o depe ndent 
on tempo and frequency separation . 

FIGURE 3 Effect of differences in spectral composition on sequential 
organ i zat i on . In (a) al l tones are sinusoidal and the freq uency 
s.eparation between t hem is adj usted so that a single stream percept 
may be heard , as indicated by the dotted lines. In (b) the third 
harmonic is added to one pair and the spectral difference causes 
two streams to form , each with a differe nt timbre. Each of these 4-
tone patterns was recycled continually. (McAdams and Bregman, 1979) 
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The last factor to be discussed that contrib utes to stream formation is 
spectral form and content . A stimulus sequence can be constructed where the 
spectral composition is very similar (all tones are sinusoidal , as in Figure 
3a) and the frequency variation from tone to to ne is small enough so t hat 
the sequence can be heard as bne stream . By adding a harmonic (t he th i rd , 
in this case) to certa i n tones in this sequence , those tones ar e made to 
form a separate stream (Figure 3b) . The solid vertical bar denotes t he 
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f usion of the s pectral components into one percep t. In Taped Exampl e 2 , you 
may hear first the stimul us cycle in Figure 3a and th en the cycle in Figure 
3b. Note a l so t hat the te mpo of the new s t reams is half t hat of t he 
original st r ea m. This il l us trates t hat perceived rh y thm is also dependent 
on the stream organizat i on, that i s rhythm may be considered as a quality of 
a given strea m. 

FIGURE 4 When all of these tones a r e played by the same instrument 
ascendi ng pitch triple ts ar e he ard (solid lines). But when two 
inst r uments with diff ere nt spectral forms each play the X's and O's 
r es pectively , descen ding triplets are heard (dotted lines) . ( fr om 
Wessel, 1979) 

Another exampl e of stream formation based on s pectra l form i s il lus trated in 
Figure 4 whi ch is t ake n from Wessel ( 1979 ) . I n the first part of Taped 
Example 3 you may hear the ascendi ng three - note sequence played by one 
instrument. Then , in the second part,the tones marked X are pl ayed by one 
instrument and those marke d O by another. After a co upl e of cycles of the 
three-not e fi gur e (and as the sequence is sped up) the percept splits into 
t wo overlapping sets of desce ndin g trip l ets being played by t he two separate 
instr uments with very di ffere nt spectral characteristics . Note here that not 
only the rhythm, but also the direction of the triplet changes when the 
sequence is parsed in to multiple images . 

Spec t ra l Continuity and Seque nti a l Organization 

At firs t consideration, t here would appear t o be t hree basic factors used to 
organize monodic (si ngle-voiced ) seque nce s of sound. One might tr y to 
ex pl ai n the parsing as being ba sed on t he differences in perceptual qual ities 
of t he separate or ganiz ations . For exa mple , a series of sine t ones that form 
t wo separate audi tory streams may be sa i d to be parsed on the basis of pi tch 
differences . A series of compl ex to nes that fo r m separate streams when they 
have different spectral for ms but do not stream when they are sinusoidal may 
be said to be parsed on the bas i s of timbre differences : A sequence of tones 
of equa l pitch and t i mbre which di f fer i n amplitude and form separate s treams 
may be said to be parsed on t he basis of loud ness diff erences . However , 
Breg man has proposed (cf . Bregman and Pi nker , 1978) that the perceptual 
qualities th emselv es are derived from the stream organ i zat i ons , or s ource 
image groupi ngs . That is , the audito ry syst em firs t groups the ·complex 
acoustic array into source sub- gr oups, and then t he qualities of these sub­
groups are derived fr om their respective properties. We t hen hear a 
con tinui ty or proximity of those qualities within a g iv en s t ream . 
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I have pr oposed (McAdams , 1981 , 1983; McAdams and Wessel, 1981) tha t 
sequential organization is bas ed on a context dep enden t c r iterion of 
spectral co nti nuity . All of the t hree acoustic factor criteria proposed 
ea rli er in th is section may be reduced to t hi s one crite rion . Par tic ula rly 
for experiments done with sine tones or compl ex tones wit h constant 
amplitude relations among the part i als , spectral continuity and pitc h-h eight 
conti nuity are perfectl y correlated (Wessel, 1983) . But van Noor den (1975) 
and Br egman (1982) have shown that when one constructs st imul i with a 
sequence of' alternating to nes where the pitch sensations are iden t ic al but 
t he spectral composit ions a re very different, they form separate perceptual 
st r eams due to t he discontinuity of t he spectra l change , or of the pl ace of 
stimulation in the audito ry periphery. For experi men ts with comple x tones 
whose spect r al str ucture cha nges from to ne to tone, the spe ctral 
discontinuity and ti mbral dis cont in uity are well - correlated. In Taped 
Example 4, composed by Wessel (1979) , you may hear th e effects of continuity 
of spectra l fo r m on the organization of a seque nce of tones. This sequence 
has a di fferent instrume nt playing each note. In t he first case, the 
instruments are chose n to maxi mi ze the spectral dis conti nuity and, not 
surp r isingly , it sounds discont i nuous, like a se r ies of melodic fragment s 
strung haph azar dly together . In the secon d part, the instr ument s a re chosen 
t o maximize spectral continuity while sti ll changing i nstru ments from no te 
to note. ( The pitches and apparen t spatia l location of the notes were also 
varied to make the exampl e mor e musica lly i nteres ting . ) 

Any musi cal passa ge that i s changi ng i n pitch, timbre and loudness on a note 
to note basis is creati ng spectral discontin uities al l the ti me. And yet we 
r are ly have trouble fol l owing melodies or other kinds o f musical f i gu r es . 
We canno t rule out the influe nce of higher level musical construct such as 
rhy t hmic and harmonic function on our organization of sequential ma teri a l . 
Certai n rhythmic figures can be especially strong ' groupers' of events with 
diverse spectra l compositions as anyo ne who has heard t he mar ve llous 
complexi ty , an d yet perceptual unity , of a brazilian batucada will testify. 
To my knowle dge , there ha ve been no systematic investigations of the e ff ect 
of strength of metric field or r hyt hmic pattern sequential organization . 

Of musi ca l interest is the su ggestion that the principal factor fo r 
sequentia l organ i zat i on can res ult in several diffe rent perceptual qualities 
which ca n the n set up interesting paradoxes in musical streams . The ear 
follows spec tr al contin ui t y and not necessarily a given soun d source that is 
being composed with (tho ugh most musical sources tend to be relati vely 
conti nuous spectrally as used in co mmon practice) . One mi g ht co mpose for 
example in a polyp honic setting certain patterns tha t j ump ar ound i n pitch 
f or indi vidu al ins t ru ments. But these may be reorganizable by the ear into 
several meaning ful melodic patterns, eac h being a different kiangfarbenmeiodie 
(hear Taped Example 5) . The i mport ant fact is th at while the prin cip le of 
spectral contin uity is si mple , spectral organization i n musi c implies a vast 
complexity of musical poss ib ilities. 

SIMULTANEOUS ORGANIZATION 

Spectra l co nti nuity of eve nt sequences is not t he only so urce image organiz i ng 
pr in ci ple . We must also inves tigate how it is th at complex to nes s uch as 
th ose produced by musical instr uments are heard as sing l e sound images and 
not as compounds of many sinusoids . Also , how are we able to separa t e 
complexes fro m one another tha t are sounding at the same time? 
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My recent work has been concerned with determining the processes tha t 
cont r ibute to the formation and distinction of concurrent source images . 
And of particular musi cal i nte r es t, the relation be t ween these processes and 
the derivation of the perceptual qualities of so urces. At l east f our classes 
of ac·oustic cues may be shown to contribute to auditory image -formation: 
(1) coherence of ampl itude modulation across a sub- gr oup of spectral 
components belonging to the same so urce ; (2) coherence of frequenc y 
modulat i on across a spectral sub - group; (3) stable resonance structure 
f ormi ng the ampl itudes of a spec t ral su b- group ; and ( 4 ) local i zation in 
space of a spectra l sub - g r oup. The f i r s t three have been shown to co nt r i bute 
t o ' spectral fus i on', that is the perceptual f usio n of spectra l components 
into a uni fied pe r cept or source image. 

Ampl itude Modulation Cohere nce 

By ampl i t ude modu l ation , I mean the l ow-frequency modulatio ns we consider 
as the ampl i tude enve l ope (a t tack and decay functions and fluct uations in 
the intensity) of natural sounds . I n a musical situation, this woul d al s o 
include t remo l o . Two aspects of the coherence of ampl itude behav i our of 
spect r al components are important for grouping decisions : onset synchrony 
of spec t ral componen t s and amplitude fluctuatio ns across these components 
dur ing a sustained tone . 

Onset Synchrony It has been demonstrated several times that when the 
onsets of the par tia l s of a tone complex are asynchronous by as little as 
20-30 msec, the perceived fusion decreases and t he abi l i t y to hear ou t 
individual part i als increa s es (Br egman and Pinke r, 1978 ; Dannenbring and 
Bregman , 1976 ; Rasch, 1978 , 1979) . The mi nor asynch r oni e s obse r ved i n the 
part i als of musical instrument tones are generally less than 20 msec (Grey 
and Moorer , 1977) . Helmholtz (1885 , 1954) reminded us in the last ce ntury 
that with natura l tones . all of the par ti a l t ones te nd to s t art together, 
swell uniformly and cea s e si mul taneo us ly . 'Hence no oppor t unity is generally 
given for hear i ng them separate l y and independently ' ( p . 60) . 

Wit h computer syn t hesis techniques , one has easy contro l over the r el ative 
onsets of indivi dual partia l s . In Taped Example 6 you may hear a se r ies of 
t ones whi ch are i dentical except for the synchrony of onset of the partials. 
The ext remes of the series are represented s chema t ical l y in Figure 5 . 
Beginning with perfect synchrony t he exponential en vel ope of the inharmonic 
partials of this bell-like tone are progressively desync hronized unt i l you 
can hear each partia l s epa r ately . Note that t he change is one f r om a fused 
rich sou nd to a more chord - like quality , even thoug h t he frequency 
relations are identical . Here, the coherence of the amplitude behav i our 
is progressively destroyed which results in the destructio n of t he i mage's 
unity (or , alt er native l y, i n the creation of a multip l e image) . 

Kubovy and Jordan (1979} produced a similar kind of effect by sudden ly 
c hanging the phase relation of one harmonic of a 12-harmonic tone re l at i ve to 
the phases of t he rest of th e har moni es . In this case t he single harmo nic is 
separately aud i ble as a pure tone if the phase di f fe r ence is at least 30 
degrees . It seems likely that a s udden phase s hif t like t hi s might be 
interpreted as an onset asynchrony by the auditory syste m, thus caus i ng the 
s i ngle harmonic t o be hea r d as a separate source . 

Amplitude Fluctuations. I ncreased fusion can also be obtained even in 
inharmonic tone complexes by imposing a common ampl i t ude modulat i on on the 
co mponents . Von Békésy (1960) reported getting fused i mages latera li zed to 
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one side of the head when he pr esented sinusoids of differing frequencies 
(one to each ear over headphones) and i mposed an identical low-frequency 
(5 - 50 Hz) sinusoidal amplitude modulation (100% modulatio n dep t h) on each 
tone component . 

FIGURE 5 The role of onset synchrony in spectral fusion . When 
t he amplitude en ve l opes of al l spectral components of this 
inharmon i c sound start synchronously (a), a single , fused, be l l ­
like image occurs . When the onsets of these partia l s are spread 
out in time (b), each partial is heard as a separa t e source 
i mage. (from McAdams and Wessel, 1981) 

a synchronous b asynchronous 

image many images 

FIGURE 66 The r ole of amplit ude modul atio n coherence in spectral 
fusion . When the amplitudes of all partials fluct uate together 
(a) a fused i mage is heard, but when the onsets are asynchronous 

and the ampl i tude f l uct uations are i ncoherent , several images are 
heard . ( f rom McAdams and Wes sel , 1981) 

a cohe ren t b incoherent 

image many images 
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As f ar as I a m aware no systematic study has been done on t he necessary 
modulation depth or t he l imit ations of the modula tion freq uencies whi ch 
can cause t one complexes to fuse. Br egman, Abramson and Darwin (1983) 
per f or med an experiment in which a pur e t one al ternated with a two- tone 
complex (a stimu l us configu r a t ion similar to tha t sh own i n Figur e 6) . The 
pure tone and t he upper of the two tones in the complex were ampli tud e 
modulated at 100 Hz. The modula t i on rate of the lower of the two tones 
varied betwee n 95 and 105 Hz. The best fusion of t he t one complex occurred 
when the modula tion rates were the same and the modula ti on waveforms were 
i n phase . The frequency r elation between the tones of t he complex did not 
a ffect the fusion . Onl y th e coherence of the amplitude modulation had an 
e f fect on the fusion . This same result was reported by von Békésy and 
impli es that it is the coherent fl uct uation t hat is the unifying cr i terio n 
rather than the har monicity of the s i de ban ds crea ted by the modulat i on . 

To illust rate the effect of AM coherence , McAdams and Wessel (198 1 ) 
synthe siz ed a series of to nes where t he amplitude en velopes of the partials 
f lu ct uated at approx i mat el y 3 Hz. When a ll of th e partials (the same 
in harmonic partials as in Taped Example 6) flu ctuate cohere ntl y (see Figure 
6a) , that is in exactly the same manner , one hears a fused tone . However, 
when these fluctua t i ons are not in phase or are compl etely different (see 
Figure 6b) one hears th e individual partials. I n Taped Example 7 you may 
hear again t he fused exponential envel ope tone f r om the previous example, 
then a coherent 3 Hz f l uctuat i on (50% modulation depth) and the n different 
mixtures of dephas in g of the periodic fluctuations and add i tion of the 
e xponentia l env elope s on some of the partia l s . Again, when t he ampli t ude 
behaviours of the components are coherent, the spec ·t ral components are 
fus ed into a sing le source image , but when th ey are incoherent , or unre l a t ed, 
they te nd to be heard as se parate sin usoidal sources . 

Fr equency Modulation Coher ence 

The types of f r equency modulatio n I am referring to here inclu de musica l 
vibrato (periodic modul ation), j itter (aperiodic modulation) 2 , and slo w 
pitch glides such as in voice i nfle ct i ons or musical portamento . In all 
nat ural, sustaining vibration s ources , any perturbat i cm, periodic or 
ot herwise , of the f unda mental frequency is imparted proportionally to all 
of the harmon ies. There are, of course . minor departures due to various 
non-linear ities in s uch acous ti c systems, but in genera l as the fundamental 
frequency changes , all of the harmonics change with it mai ntaining their 
harmo nic relations . Thus , what I call 'coherent freq uency modulat ion ' is 
modulation main t ai ni ng the fre quency ratios of the partials . With the 
computer synthes is, this can be applie d to sus ta ine d inharmonic tones as 
well as to harmonic tones . 

It is di f fi cult to do an exper i ment to sh ow t ha t freque ncy modul ation 
actually fuses a tone complex . But it is ce rt ain th a t f or music synthesis 
it adds a liveliness and naturalness to otherwise dead and electron i c 
sounding i mages . I n f act , I was first put on this course of resear ch by 
hearing the examples of McNabb ( 1981) and Chowni ng (1980) who were trying 
different methods of synthesizing sung vowels. They had synthesized al l of 
t he spect ra l form (speech format) parameters correc t ly , but without 
modul ation the to nes were still unsatisfa ctory for musical purposes. When 
jitter and vi brato were added, the voca l sounds became life - like and imbued 
with the musical richness t he composers wer e seeking . This effect can be 
heard in Taped Example 8 where a vowel- li ke sound is unmodulated, then 
modula ted , t hen unmodulated and then modulated again with a spect r a l change 

The auditory image 30 1 

to a different vowel . Not e tha t the na t ural voice quality goe s away, and 
one ca n actual l y hear out individual ha rmonics, when the modulation is not 
shown . 

It can be seen tha t i f a f r equency modulation (vibrato or jitter) is i mposed 
on the partials of a harmonic tone compl ex such tha t the ratios are not 
ma in tained , the complex 'defuses' . In one experiment (McAdams, 1983) 1 I 
asked t he question whether co herence could be had simply by moving all the 
harmon ics in the same dir ection at the sa me time or whether it was real l y 
necessary to mainta i n the f r equency r atios . Subjects were asked to compare 
among harmonic compl ex tones with different modulation schemes. One tone 
had a modulation that maintained constant frequency ratios a mong the 16 
harmonics. The other tone had a modulation that mai ntained constant 
frequency di f ferences among t he harmonics . These stimuli are illustrated 
schemat ic ally in Figure 7 . The logarithm of the frequency variation is 
pl otted as a function of ti me . Note that on a logarithmic scale, constant 
r at i os mai n ta in a constant dis t ance , whereas consta nt differences do not . 
We know tha t the basi lar membrane resolves frequency components in the inner 
ear roughly on a log frequency cont inuum. Thus a constant ratio modulation 
would mainta in t he relat ive distanc es be tween the p l aces of maximum 
stim ulat i on on the membrance due to t he var io us har monic s. 

When therm s modulat i on width 3 was at least 12 cents 4 , listene rs more ofte n 
chose the constant difference tone as ha vin g more s ourc es, or images , or 
di stinguishable entities in it . I n these to nes , one experiences a 
modula t ing f undamenta l wi th the rest of the tone being relatively stationary 
particularly at larger modulation widths . It should be noted a ls o that the 
frequencies of the co mponents maki ng up these tones move in and out of a 
harmoni c relation . For the constant ratio tones , t he percept is very uni fied 
even at r ath er large modula tio n wi dths. In Taped Example 9 you may hear one 
series of each type of modula t ion (cons ta nt ratios, constant differences ) . 
The series starts with no modulation and t hen progressively increases the 
modulation width up to 56 cents (3 . 3%,a frequency excursion of abo ut a 
quart er tone on either side of the centre fre quency) . This experi ment 
demonstrates tha t the maintenance of constant ratio is an important part of 
the defin iti on of coherence for frequency modulati on . 

In another experiment ( McAdams, 1983c) I modul ated 15 of the harmoni cs of a 
16-c omponent t one cohe ren tly and modulated one harmonic inco herent ly . In 
these t ones, I used a j itt er modulation . The sta tistical cha r acteristics 
of th e modulation on t he 15 co here nt harmonics and that on t he incoherent 
harmonic were very simi l ar, but the random waveforms were independent . 
Sever al perc eptual effects resulted depending on which har monic was
modul ated and on what t he over all modul a ti on width was. Either cer tai n 
partials stand out as separa t ely audib l e (lowe r partials), or a kind of 
'choral effect' results where an i llu sion of multiple sources is heard 
(h i gher partia l s) . You may hear a simi lar effect in Taped Example 10 . The 
v i brato modulat i on is added to a single harmonic and then r emoved . This is 
done for each harmonic in turn f rom the lowest up to the sixteent h. Note 
that even the pitch of the sixteenth harmonic can be heard when i t is 
modula t ed i ndependent ly of the rest of the tone complex. 

The choral effect in the higher partials is not surpris i ng if we stop to 
i magine the beh aviour of seve r a l i ns tr ument s playing sustained to nes 
simultaneously: fiv e violins fo r example. Each acoustic source has its 
own indepe nd ent jitter modu l ating al l of i ts harmonics . When we add all of 
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the sources together we get these random movements of the frequencies 
beating aga i nst one another creating quite a complex situat i on acousti c ally. 
In addition , as one moves into the higher harmonics , the patterns of 
stimu l ation on the basilar membrane move closer and closer together until 
they are heavily overlapping . 

FIGURE 7 The role of constant ratio frequency modulation in spectral 
fusion . A spectrographic diagram of constant frequency ratio and 
constant frequency di fference modulations is plotted on a log 
frequency scale. In (a) a f used, modulating image is heard . In (b) 
the lowest frequency separat es perceptually from the rest, which are 
perceived as barely modulating . 

0 
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b) 

co nstant ratio 

con st ant difference t ime 

Theauditory image 303 

I n these r egions, the incoherent movement of adjacent harmonics is creating 
a complex st i mul ation for any given auditory nerve . You can imagine that i f 
enough of these violins are playing the same pitch , there is a limit to how 
many so urces you can pick out . The difference between 15 and 16 violins i s 
very small indeed and after about 8 to 10, we genera l ly just hear ' many ' . 

I have reported previously (McAdams, 1980, 1981 , 1982a, 1982b, 1983a , 1983c) 
that FM serves not only to gro up simultaneous components into a source 
image , but serves as a cue to distinguisn concurrent sources as wel l. The 
presence of independen t modulation patterns on separate sub -gro ups gives two 
types of cues for t he presence of multiple sources : (1) adjacent partials 
be l onging to separate sources are incoherently modulating with respect to 
one another; and (2) the modulation across the partials belonging to a 
single source i s coherent . It seems likely t o me tha t the auditory syste m 
makes use both of the local incoherence between partials to detect the 
presence of multiple sources and global coherence among partials to 
accumul ate the appropriate spectral components into a source image . This 
may be one reason soloists , particu l arly opera singers , use vibrato to the 
extent they do, that is to separate the mselves fro m the rest of the ense mbl e . 
Of course, as mentioned before , if things are too crowded temporally and 
spectrally the system may have trouble distinguishing individual source 
i mages and track i ng t heir behaviour . This would be due to the limitations 
of spectral and temporal resolution in the audit ory system . 

Another cue related to frequency that interacts to a certain exte nt wi th 
modul ation coherence is the harmonicity of the frequency components . This 
is particu l arly evident wi th sustained sounds . A harmonic series, in most 
contexts , gives an unambig uous pitc h sensation . Sus t ained i nharmonio sou nds 
tend to elicit a perception of mul tiple pitches . In many cases , the 
perception of mul tip l e pitches can be interpreted as the presence of multiple 
so urces (Cutt in g, 1976 ; Scheffers, 1983) . 

In a laboratory situation , unmodulated, sustained harmonic sounds can be 
percept ually analysed into the i r harmonics for harmonic numbers up to the 
fifth , sixth or seventh depending on t he fundamenta l freq uency . This means 
listeners can re l iably hear out indiv i dua l harmonics and identify their 
pitches . But a pilot study I have recently performed suggests that when 
these tones are modulated , listeners are no longer able to hear out the 
harmonics, indicating that the image is fused and unanalysable perceptually . 
In this case the only pitc h hea r d is the pitch of t he fundamental . Thi s 
may be interpreted as support for the notion th .at the grouping pr ocesses 
(inc l uding spectra fusion) influence our perception of the qualities of 
so ur ce images (including pitch) . Ther e remains, however , t he possibility 
that pitch detection also influences source image f ormat i on under certain 
conditions . It is still unclear at this point whether it is the presence 
of a number of pitches that indicates t he number of sources, or whether the 
presence of multiple harmonic series indicate multiple sources and give 
rise to multiple pi tches . I am more inclined toward t he latter 
interpretation given the preliminary res ult of reduction of perceptual 
analysability of harmonic complexes in the presence of frequency modulation . 

Spectral Form 

Most sustaining musical sound sources have resonance structures that are 
relatively stable , or very slowly changing, compared to the frequency 
f l uctuations mentioned in the previous section . These structures are due to 
resonant cavities that f i lter the sound before i t radiates into the a i r, for 
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e xample, vocal cavities, body res onance for string instru ments and t ube 
res .onance for winds. Each resonance has a particu l ar frequency t o which it 
responds the gr eate s t . The f r eq uency is related to the volume of the 
cav it y , and t he size of the opening . Other frequen cies are attenuated (made 
less intense ), or are not passed as ea s ily, relative to this r eso nant 
frequency . Also , di ffere nt shapes and the nature of t he wal ls of the 
resonan t cavities infl uence which frequencies near the resonant fre quency 
are a ll owed to pass. When it allows a larger number of f req ue nc ies around 
the resonant frequency t o pass we say i t has a l arger bandwith . 

These resonance reg i ons are cal l ed formants i n voice sciences . And the 
placement of the fo rmant (cent r e) frequencies, th eir re l ati ve ampl i t udes an d 
their bandwi ths are th ought to determine which vowel is Perceived. This is 
particula rl y true for t he arrange ment of the first three formants . 

Now let us imagine what happens when a singer s i ngs wit h vibra t o . All of t he 
frequencies are moving bac k and forth in a coherent manner . And what happens 
to th eir re l a t iv e a mplitudes? Well,since the res onances come afte r the point 
in the system where the vibrato is in t roduce d, t he amplitudes mus t f ollow t he 
contour of the formant structu re . This is i l l u stra te d schematical l y in 
Figure 8 . The hori zontal axis represents li near freq uency and the vertical 
axis , amplitu de . There are three for mant s( bumps in the curve) re pr esented 
here . Notice that for a gi ven frequency exc ursi on of the f undamenta l 
frequency , t here are prog ressively greater excursions f or the higher
harmonics . This is due to t he l inear f reque ncy sca le used i n t he diagram . 
Each harmonic is moving a constant per c entage l ower and higher, so wh ile the 
ex cur sions at higher har monics is greater when measured on a linear scale , 
it st ill main t ains a constan t rat i o distan ce f rom al l of t he other harmonics . 

The overall form of the resonance structure is in dicated by dotted li nes. 
The amplitude by freq uency tr ajectories of each part i al are indicated by 
so l id lin es . I n a sense, we can consider that as the freq uencies modu l ate , 
their amplit udes change such that each partia l traces a small portion of t he 
spectral envelope , that is, the frequency-amp l i tu de curve describ i ng t he 
overall spectral fo rm. This compl ex coup li ng of freq uency a nd amplitu de 
modulatio n serves to define the spectral contour and in certain cases may 
a ctually reduce t he ambiguity of the resonant identify of tne sound source . 

In Figure 9 is another spectral form . This corresponds to the vowel /a/ . 
The fundamenta l frequency is quite high here so that not very many harmonics 
fa ll i nto each formant r egion . In this c·ase t he formant structure is not 
well define d and accordingly , the perception of the vowel sound would be 
weak i f at all existent . However, when the spectral compon ents are made to 
modulate i n fr eque ncy , thei r ampli tudes trace the spectral en ve l ope and the 
audit ory syste m then has access to the slopes of the for mants around each 
part i al . This adds importa n t (even essentia l ) informa tion which the system 
can use to identify th e nature of the source . So one important function of 
freque ncy modulation is to reduce t he ambig ui ty of t he nature of the 
resonance str uc t ure definin g the source . This has been verified 
experimental l y , particularly for higher fundamentals where defin i tion of 
spectral fo rm is l ac ki ng (McAdams, 1982a , 1983c) . 

Another experi ment has s hown th at if the spe c tral envelope with t he frequency 
modul ation , that is , the ampli tudes of the components rema in constant, a kind 
of timbral modulation occurs . With vowel envelopes one hears a whist lin g 
so und which s ee ms assoc iated with the perceptual decomposition of the higher 
form ants . This occurs for modul ation widths i n excess of 1/8 to 1/4 tone 

The auditory image 305 

(25 cents to 50 ce nts) . This resu l t has some interes ting mus ical 
pos s ibilities fo r sound synthesis methods based on formant structu r es . Thi s . 
i s disc ussed la t er . 

But now let us imagin e the following perception problem . The ear re ceives 
a complex spectrum as shown in Figure 10 . There is no modulation on any of 
the co mponents . Li st eners sometimes report heari ng certain vowels embedded 
i n thi s complex and r epo r t as many as 6 - 8 differen t pitches . You may hear 
six such config urations in Taped Example 11 . Withou t some cue to help us 
group the elements of this complex , it so unds like a tone mass . If , 
however, we add some freque ncy modul a tion coupled to the resonance struc t ures 
the elements are groupe d pe r cept uall y . We hear t he i mages mor e clea rl y as 
bei ng a certain vowel at a certain pitc h . What the auditory system may t hen 
have access to spec t rally is represented in Figure 11 . I t now knows t hat 
the r e are thr ee sources each with differen t vowel qua lit y and pitch . The 
stimuli actually presented are notated i n Figure 12 . You may hear t hese 
same configu r ations of three vowels at t hr ee pitc hes, but wit h vibrato t his 
time , in Taped Example 12 . 

FIGURE 8 The dotted line represents the spectra l form created by 
a 3-formant reso nance str uc tu r e . As the har moni cs are modula ted 
i n freq uency, t heir r espective amplitudes f luct uate as a function 
of the spectra l enve lop e. This i s i ndicated by t he soli d portions 
on the dotted line . Note that these trace ou t the f orman t shapes 
a nd in t he case of f1 and f 2 these s hapes ' poi nt ' toward t he 
fo rmant pea k. 
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FIGURE 9 The vowel /a/ is plotted with a high fundamental 
freq uency where th ere a r e few harmonics present . Without 
modulation (a) , the inferred spectral fo rm (dashed l in e) 
would be very diffe r ent from t he act ual spectra l for m 
(dott ed line) . Wi t h modulatio n (b), th e sp ectral slopes 
give a much cleare r indication of the spectral for m. 
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FIGURE 10 Complex spectrum r esu l ting f r om severa l unmodulated 
sus tain i ng harmonic sources . 
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FIGURE 11 Spectra l forms extracted by the audi t ory system when 
the indi vidual sources are modul ated , thereby in creasing the 
i nformation pertaini ng to the number and nature of the sources . 
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FIGURE 12 Permutations of three vowels at three different pitches . 
These chords may be heard in Taped Examples 11 and 12. 

It is important to remark here that without the grouping information to 
select a certain subset of spectral components, one does not have access to 
t he particular spectra l form which gi ves the vowel quality. The overa ll 
spectral form is heard, which does not really correspond to any vowel6 . 
But when the modulation is added and the pa r tials trace t he individ ua l 
spectral envelopes , both t he coherent harmonic behaviour and the redu ced 
ambiguity of spectral fo rm can be used t o hear out the vowels. 

In an experiment using stimuli si milar to these, listeners jud ged the 
vowel s t o be more promine nt and the pitches less ambiguous when the ' s ources ' 
were modulating. But there was a l so a surprising result. In some conditions 
all three vowels at their respecti ve pitches were modulated coherent ly, 
mainta in ing the exact routes between all harmonics of all vowel s. Giv en 
the putative criterion of f requen cy modula ti on coherence for grouping , I 
expected it to be mor e difficult to hear out the vowels in th i s situation . 
However , t here was no difference between modulating t he vowels cohere ntly 
o r i ncoherent ly be tween them . But re member that even when their frequencies 
are moving coherently , the amplitud es of th e part i als of each vowel are 
traci ng the spectral enve l ope of the vowel a l one . Thus each vowel i s sti ll 
being una mbiguously defined by t he amplitude movement . Listeners ' results 
i ndic ated t hat t her e was no effect of the cohere nce of modulation of the 
three vowels . As long as they were being modulate d at all, th ey were more 
pro minent perceptually . 

This suggests the possibility that perception of vowel identity is 
independent of a source for mi ng proces s, tha t vowel ide nt if ic ation (o r 
speech sound iden tif ica tion i n genera l ) is performed in paralle l with source 
image processing . This suggestion is supported by the work of Cutt in g 
(1976 ). The stimulus he used is shown i n Figure 13 . A schematic, two­
formant speech sound (consonant-vowel syllable) was split up and presented 
di chotically over hea dphones . The firs t f ormant and steady state portion 
of the second f or mant were presented to one ear . The second formant 
tran sitio n responsible for the percept i on of the /d/ phenome was presented 
t o t he ot her ear . When the te mporal a l ignment of the transition sound was 
appropriate, subj ects reported hearing a / da/ syllab l e in the ear with the 
steady sta te portion . When the transit ion was not presented at al l, 
sub jects reported hearing a /ba/ most of the time . So th e tr ansition i n the 
opposite ear was cont ributi ng t o the pe rcept of the /da/ syllable , the whole 
of which was l ocated in one ear . However, many s ubjects also rep orted 
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heari ng a chirp sound (the percept elicited by the second formant 
transition alone) in th e opposite ear as well . A two source percept 
r esulted where one element of acoustic information was contr ib uting to the 
qualit i es of both sources simultaneo us ly . 

FIGURE 13 Schematic representatio n of the formant trajec to rie s in 
the stimulus used by Cutting (1976) . The second formant transit i on 
for the /da/ syllable was pr esented t o one ear and the rest of the 
signal was pre s ented to the other ear . The resulting percepts and 
their perceived located are i ndi ca t ed at t he bottom . 
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time 

Stimulus 

time 
t ransition /do/ without 
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I now present a musica l example where th e same ki nd of effect takes place . 
Namely , t he be havio ur of the overall spectral for m is extracted as 
meaningful speech informa .tion , while the actual spectral contents are 
perceived as being severa l sources . Taped Example 13 , is a f rag ment 
composed by Alain Louvi er for t he dance t hea tr e pi ece, ' Casta Diva ' , by 
Maurice Béjart and is taken from a rece nt rec ord of ext racts f'rom 
compositions and research done at IRCAM (1983) . The example was realized 
by Moorer using lin ea r predictive coding techniques for analysis and 
resynthesis of voice . I n the analysis phase , the voice is modelled as a 
source of acoustic excitation (a per i odic s ound prod uced by the vocal 
chords and the noise produced by breath , e tc.) and a series of filters (the 
vocal cavities) whi ch change in tim e . These can be resy nthesized e xact ly 
as analysed in which ca s e one r ecovers a sound very much like the original. 
Or one can perform a resynthesis ( called ' cro ss - syn t he s i s') where t he normal 
vocal chord excitation stimu l at i ng the vocal tract is replaced by a mor e 
complex , co mputer - synthesized waveform . Both kinds of resynthesis can be 
heard in the Taped Example. 

What is fascinating musically and psycholog i cally in th is kind of example i s 
th e demonstra t i on of t he multipotentiality of the imaging process . One 
can synthesize the behav i our of t he overal l spectral fo rm and hear 
inte l ligib l e speech . At the same ti me one can analyse the spect r al contents 
in to multiple source images . 
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Spat i al Location 

Sounds in the environment stimulate t wo sense organs, our two ears . Except 
for sound. sources lying in the median place, equidistant from the two e&rs , 
the signals received. at the two eardr ums are slightly different . When a 
source lies to the right side of the head , the sound reaches the right ear 
first. It is also more intense in the right ear at higher frequencies since 
the head casts a sound shadow whic h attenuates the sound before it arrives 
at th e left ear . Also, the two pinnae (the out er ears) modify the sound 
significantly depe ndi ng on the azi muth and elevation of the sound source 
relative to them. These modifications, that i s, the introduction of certain 
reflections due to the str ucture of the outer ear, would again be slightly 
different for each ear when the sound was not in the medi an plane. The 
pinna modifications are considered to be particularly impor tant for detecting 
the elevation of a sound and for making back/front distinctions . 

At any rate, what I a m pointing out here is that in most cases, the sounds 
arriving at the two eardrums are not exactly the same. But the two sources 
of stimulat io n are heard as one source, and the disparities between the ears 
influence certain qualities of the source image, for example its loc ation in 
azimuth and elevation, th e characteristics of the acoustic environment 
(large reve rberant cathedral versus ope n air space, for example; and I am 
sit ting nex t to a wall rather than being in the middle of the auditorium,) 
etc . 

When sounds are presented over headphones or speakers, where two or more 
physica l sources are present , the placement of a virtual source image between 
the physical sources can be simulated by adj us ting th e relative intensi t ies 
and onset times at each speaker or headpho ne . For example, over headphones 
( where the sou nd is usually heard inside the head but can be moved from side 
to side) a time ons et difference of only 0 .6 msec is sufficient to make the 
sound appear to come entirely fr om the leading earphone (cf . Mills, 1972) . 
If the onset difference is increased to a few msec one begins t o hear two 
separate events ( cf. Schubert, 1979; editors ' s comments pp 255-257) . With 
speakers in a moderately reverberant room, the difference must be in the 
order of 30 msec for separate events to be perceived . Thus, in the temporal 
domain, there are some rat her narrow limits to the fusion of separate events 
into a single image . Also, if the spectral and temporal characteristics 
of the events are quite different, the disparities necessary to hear the 
events as separate ar e small er . 

Often, in roo m list ening , echoes (which are repeat ed vers io ns of the same 
sound, but coming fro m different directions and transfor med by the ro om 
aco ustics ) do not affect the apparent location of the sound source . They 
are ignored in this respect by the auditory system, but contribute instead 
to the perception of the acoustic properties of the environment . This i s 
called the 'prec edence ' effect to indicate that the event which precedes 
its replications (echoes) is used to determine the nature and loca ti on of 
the source, and the replications that fo llow are perceptually fused with the 
direct sound . 

Now let us consider the extent to which spatial location helps us t o 
distinguish among sou nd sources. Cherry ( 1953 ) studied the ability of 
l is teners to attend to and extract meani ngful information fr om a speech 
stream embedded i n a noisy background (a cocktail party) of many other 
speakers (people speaking loudly, not loudspeakers). When at the party 
itself . we can use the loca tion of the source, speech characteristics o:f t he 
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voice being listened to , semantic constraints and addit i onal visu al 
i nfor mation , such as lip reading, hand gestures and the like , to reconstruct 
information masked or covered up by the noisy environment. When we listen 
to the same person speaking in the same environment but recorded on a stereo 
tape recorder (in order to preserve the directio nality of the vario us sources) 
intelligibility decreases somewhat but a significant amount can still be 
distinguished . However, when only one channel of sound is presented, 
intelligibility of the target speech stream i s reduced drastically . 

This suggests that the sounds that mask the target signal in t he monoaural 
case are not as effective as maske rs when the aud it ory system can relegate 
them to separate spatial locations . Thus, spa ti a l locat ion is a cue t hat 
can be used to attend to and follow the emanations of a given sound source . 
There is a well - developed area of study in ' classica l' psychoacoustics 
addressing the improvement in detection that oocurs when two ears are used 
inste ad of one . This improvement is called a masking le vel difference (MLD 
cf. Durlach, 1972; Jeffress, 1972), since it is a dif fe rence between 
monaural a nd binaural liste nin g conditions in the level that is necessary 

to hear a target signal in the presence of a masking signal. 

There arise certain situations i n musi c where a composer desires a great 
complexity of materia l and , at t he same time , a great clarity or 
distinguishabi lit y o:f the elements in that compl exity. The spatial 
separation of key elements can help a listener to differentiate between them . 
A good example of this is the recent piece ' Repons ' by Pierre Boulez 
(1981/1982) . He has six soloists playing percussive inst ruments (for 
example piano, xylophone, harp) which are arranged around the peri meter of a 
rectangu la r hal l. Each soloist's sound is modified electronically and sent 
to six speake rs also in the perimeter of the hall . A small orchestra is 
placed in the centre of t he hall. The audience is distribute d around the 
orchestra and thus positioned between t he acoustic orchestra and the 
electro nically modif i ed sol oists . At one point near the beginning of the 
piece the transformed sounds from each soloist are echoed many times and sent 
bouncing aro und to the speakers. What resu l ts is a marvellously r i ch , 
crystalline tex tur e of timbral arpeggios that nonethe l ess has a ki nd of 
clarity due to t he timbral elements being distributed in space . After 
hearing the first performance of th i s work, I then heard a s tereopho ni c 
recording of t he same concert. The carefully woven, multi -mirrored 
reflections and the intricacy of the electronic modificatio ns of the 
solo ists ' notes were reduced t o a dull, ambient mush . The spatialization 
had been an essential composi tional element in the hearing of the piece. 
This was something ak i n to see i ng a photograph of a Monet painting of the 
water-lilies at Giver ny in low-contr ast black and white. In the case of 
'Repons' , two electronic ' ears ' were not enough to preserve the clarity 
because in a concert hall the human ears are attached to a movable globe 
and the act of moving itse l f helps to distinguish different sources by 
creating a continually changing disparity between the ears which is unique 
fo r each source of sound . This changing disparity is a very strong cue for 
the invari ance in l ocation of t he source. 

Coherent Behaviour of Sound Objects and Simultaneous Organ i zation 

All of the factors discussed above contribute to a general coherence of the 
elements belonging to a physical sound source. And this coherence may be 
considered in turn as a by- product of the behavio ur of the physical system 
producing the sound . I propose that much of the organization our perceptual 
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systems perfor m is based on (but by no means li rni t ed to) a learning of the 
norma l behaviour of phys i cal objects in the world aro und us . I would not 
want to limit the possibilities of perceiving to such object - based learning, 
but I would suggest that this whol e realm of normal perceiving heavily 
inf l uences our perception of music . Further, I have found , in my own

perceptual analyses of seve r al pieces of music , that extensions of these 
various criteria of ' behavio ural coherence' have proven usefu l i n predicting 
when different kinds of reorganization .of t he physical objects are possib l e , 
for exa mp l e, the recombination of several instruments into a fused 
compesite timbre , and so on . 

To summarize briefly the elements treated in t his section, there are (at 
least) four factors contributing to the fusion and sepa ration of 
simultaneous source images . These are: (1) a common (or c l osely correlated) 
globa l amplitude modulation {l ow fre que ncy amplitude fluctuations and 
amplitude envelope); (2) a common (or closely correlated) frequency 
rnodulation which maintains th e freque ncy ratios among the components 
(periodic: vibrato, aperiod i c : jitter, or slow pitch glides : inflection); 
(3) a compl ex coupling of amplitude and frequency modulation which defines a 
spectral envelope, impl ying a stable resonance struct ure {such as vowel 
formants); and (4) a common spatial location (the dynami c mainte nance of 
s i milar ti me , intensity and spectra l disparities at the two ears for all 
e l ements of a source whether the source is moving or the head is moving) . 

With computer musi c synthesis one can independently control the degree of 
coherence for any of t hese factors and even play them agai nst one another . 
In Taped Example 14 a sloe,ly evolving, but stable vocal spectral form is 
pi t t ed agains t incoherent random amplitude modulatio n on each of the 
harmonics o f the compl ex tone . This modulation occ urs around t he main 
spectra l form as i llu st r ated i n Figure 14 . Three different versions are 
played , each with a progress i ve l y greater modulation depth . Note that the 
e ff ect moves from one of a kind of chorus effect to a crow-like image . 
Since the average spectral form is the same for each conditio n, the vowel 
sounds are maintained . But t he incoherence of amplitude be haviour gives 
t he impression of many sources and so an image of a crowd trying to say the 
same vowels results. 

For Taped Exampl e 15 , the sound of an oboe was analysed by phase vocoder . 
You woul d first hear the original oboe sound on the tape . The output of 
this analysis describes the amplitude and frequency behaviour of each 
harmonic . Fro m these data the sound can be resynthesized either exactly 
as analysed or wi th cer t a i n modifications . In this ca se, the even and odd 
harmonics are sent to separate cha nnels in order to be played over different 
l oudspeake r s . Initia l ly the same vibrato and jitter patterns are imposed 
on the two groups of sounds . Then, slowly, the f requency modulation pattern 
on the even harmonics is deco r related from the pattern on the odd harmonics . 
This is illustrated in Figure 15 . 

As you may hear, the init i al image of an oboe betwee n the speakers gradually 
pulls apart into two images and in the two speakers : one of a soprano - like 
sound an oc t ave higher (the even harmonics) and one of a hollow, almost 
clarinet -li ke sound at the original pitch (the odd harmonics). Following 
this, each channe l is played separately and then the two channel version is 
played again . It is extremely important that the levels of the two 
channels be pr operly adjusted for the effect to work . This exampl e was used 
in a composi t ion by Roger Reynolds •Archipelago ' (1983) and was realized at 
IRCAM by Lancino . Here we have a case where the cohere nce of freq uency 
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modulation at the beginning of the sou nd over r ides the spatial separation of 
the two subsets of harmonics and one hears a single image of the oboe , more 
or less local i zed between the speakers . But as t he modulations beco me 
incoherent, the images move to their rightful places and the sounds now 
appear to come from where they were origina l ly coming f r om. 

As disc ussed in the sectio n on spectra l f orm, the auditory system is very 
sensitive to the behaviour of the overall spectral structure . With Rodet ' s 
( 1980a , b) time - doma i n, formant - wave synthesis calle d CHANT ( fr om the Frenc h 
wor d fo r 'sing') one has flexible and independent control over the behav i our 
of each formant . Barriere (1983) used t his capability in a series of 
studies for his piece 'Chr>eode• realized at IRCAM. He manipula t ed the 
way the i ndividual formants changed in ti me to make the spectral forms 
either coa.lesce into vowels or disintegrate i nto t he several formants 
as in dividual images . In Taped Example 16 you may hear some vo i ces modelled 
after Tibetan chant that are s l owl y disintegrated by decorrelat i ng the 
formant movements until , at the end of the f r agment , i ndi vidual for mants 
can be hear d whistling around across the ha rmonics . 

All of these examples ar e in tended to show that the conste ll ation of factors 
cont ri buting t o t he organization of si multaneo us el ements into auditory 
sou r ce i mages is quite co mpl ex . They al so demonst rate that the fac t ors ca n 
interact and that so me factors can override the effects of ot hers, as was 
demonst r ated i n the s pl i t oboe example . 

FIGURE 14. The ampl i t udes of each harmonic are modula t ed randomly 
above and below the i r central value, defined by t he vowel 
spectra l envelope. The modulation pattern on each harmonic is 
i ndependent of that on any ot her harmon i c . In Taped Exampl e 14 
the modulation depth i s varied . As the modulation depth is 
increased , the ce ntral spectral form is defo r med to a greater 
degree . Not e also that in the Taped Exampl e , t he central spectral 
for m is act ually evo l ving as well and that this evolution is not 
depic t ed here . 

E 
0 
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FIGURE 15 The parsing of even and odd harmonie s of an oboe 
so und. In itia lly, all harmonics ar e modul a ted cohe ren t ly . 
Then the even harmonics are slowly decorrelated from the odd 
har monics until t hey have an independent modulation pattern . 
The triangle and squa r e waves a re on l y us ed f or eas y 
visualization . Vibratos of different rates and independent 
jitter functions were used i n Taped Example 15 . 

transition 
per iod 

The important simi l arities among these factors ar e that they are dynamic , 
t hat is they change wit h t ime , and the co her ence of cha nge i ndic ates a 
common source origin while incoherence of change indicates diverse source 
origin s. I con sid er the sp at ial l ocation factor to be dynamic beca use in 
normal l isteni ng both t he hea d and the sound sour ce are moving t o some 
extent and the dynamic coherence of the result , with respect to the two ears , 
bec omes a relatively unambiguous cue for place of origin of the so und 
source . Indeed , 'pla ce ' becomes an invariant qua li ty of the sound image 
when this coherence is maintained . 

What I think we need as a general an d subdivid able principle is the notio n 
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of the coherence of behaviour of the elements belonging to a source . Again, 
as an explanatory metaph or , this notion can be applied at several lev el s 
of description and defined with r espec t t o the factor be in g cons ide red, as I 
have demonstrated in the previous sect io ns . I t is also important to consider 
that the •meaning ' of cohe ren ce can be dependent on the previous expe ri ence 
of a listener . We can learn the beh avio ur of vari ous so und so urc es . And we 
can incorporate the instances and relat i ons between instances of its sound 
emanati ons into a model of coherence for that object and for physical l y 
similar object s. 

I find myself returning often to consider the behaviour of physical obj ects 
fo r reasons of both ' ecolog i cal validity' (pe r cept ual sys t ems ar e ' mea nt' to 
operate in the physical world) and personal experience with electracoustic 
music . In liste ning t o se ver al hundred hour s of electronic and computer 
musi c I hav e of t en been s tru ck by a particular, natural (alm os t defa ult) 
mode of listening which remarks that electron i c sounds most often sound ii ke 
something . Which is to say that my pe r ceptio n, be ing a lways i n fluenced by 
memory and lear ned patter ns of ca t egorizing and i dentifyin g , tries to hear 
with respect to the a i ready heard , I return to th is point shortly , but now 
I consider the inter ac tion s of sequential and simultaneou s organization . 

INTERACTIONS BETWEEN SEQUENTIAL AND SIMULTANEOUS ORGANIZATION 

It is no news to musi cians t hat there is so me essential dist i ncti on t o be 
made between these two types of organization , which are traditionally 
denoted as ' horiz ont a l ' and •verti cal ' in ref er enc e to the page of th e 
musi ca l s core . In musi c we see diff er ent kin ds of compositi onal pri nci ples 
in operation for writing that tends more toward homophony and that which 
te nds more toward pol yph ony. But, of course, the most interesting music 
arises where th ese come in t o counte rpla y - either conv erg in g on s imi lar 
propositions of perc eptual organ iz ation , or proposing separate , conf li cting 
organizat i ons . It is the creation of tension and functional ambiguity that , 
among many ot her things , br in gs an exhi larat i on to me as a l is ten er . 

In a sen s e , t her e are two separate propositions before our ears in this kind 
of count e rplay . It app ear s tha t sequential and sim ul tan eous orga niza t ion 
are dete r mined by separate criteria: s equential element s are organized 
according to spectral cont in uity , simultaneous elements are organized 
acco rdi ng to cohere nc e of dynamic cues . That they ar e organized by separate 
criteria suggests the possibility that they may con fl ic t, even compete , with 
one another . This was tes ted experime nt ally by Bregman and Pinker {1978) . 
The stim ulu s th ey used is dep ic ted in Figure 16 . 

A pure tone A alternated with a two-tone complex Band C. The frequ ency of 
tone A was varie d to make i t more or l ess likely to form a seq uential stream 
with B. The onset time of tone C was varied t o make it more or less likely 
to fuse , that is form a simultaneous organization with tone B. Thus, both 
t ones A and C were competing for the members hip of tone B. Two jud gements 
were collected from sub jects : (1) whet he r A and B formed one stream or two; 
and (2) whether C was perceived as being more pure or more rich . When A 
and B were in cl ose fr eque ncy proxim it y (tending to be perceive d as one 
st re am) and Band C were a synchronous (tending to be perceived s eparately) , 
judgements indicated that A and B more often formed one stream and C was 
perceive d as bein g more pur e . When A and B were di st ant in frequency 
(tending to be perceived as two st reams ) and Band C were synchronou s 
(tending to be perceived as a group), judgements indicated that A was heard 
in a s tream by i tself and C was per ce iv ed as being richer (bei ng fused with 
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B) . These two case s may be heard in Taped Example 17 in th 
above . e order described 

This was ru:1 important experiment in two respects . It demonstrated the 
separate kinds of organ i zatio n and their i nteraction i n the fi nal 
per ceptual result . And it al so demonstrated that a perceived quality of 
source for example the timbre of C, was dependent on how the elements were 
organ1 zed . When tone B was not gr ouped (fused) with c the 
p But when they a latterwas more 

pure u we n t ey wer e fused , C was perce i ved as being rich . Thus 
timbre,  and, as I demonstrated with the oboe in Taped Example 16, pitch are 

h
prope r ties of source image s t hat are de r i ved after the concurre nt elemen t s 

ave been or ganized i nto those images . 

FI GURE 16 The stimulu s used by Bregman and Pinker (1978) 
to demonstrate the competition of sequential and 
sim ul taneous orga nizations . Tone Bis pot en tia l ly a member 
of a sequential organization with A or a simultaneous 
organization with C. See text for more detailed information . 

Stimulus 

--6.! 
_ B_ 

Percepts 

-- -----

A & B st rea m 

C pu re 

-- ------- ---

A & B segregate 

C ri c h 
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Another example to demonstrate the organizational dependency of timbre is 
schematized in Figure 17 . This sound configuratio n is play ed in t wo 
separate contexts whic h greatly af f ec t t he perceived timbre of tone A. In 
the first part of Taped Example 18 , tone A (4 components) is i n itial l y 
played alone . And then tone s Band C (t wo compone nts each) grad uall y f ade 
in . At first the percept is that shown in Figure 17 as (a) . Tones Band C 
for m one stream and tone A forms another . Note the timbre of t one A. But 
as the intensities of Band C approach t hat of A, the co mponents of A are 
captured and pul le d into separate organization s by Band C. At this point 
t he original timbre of A is more difficult to hear . It is r eplaced by a 
double timbre and the rhythmic pattern is as shown i n percept (b) . 

FIGURE 17 Depending on the intensity of tones Band Candon 
the conte xt , A may be heard as a fused tone with its own 
t imbre , or it may be split into two simultaneous tones, Ab and Ac 
as indicated by the dotte d line s i n the s t i mulus diag r am. In 
the forme r case , t he r es ulting rhythm is (a); in the latter case , 
the rhythm is (b) . 

Stimulus 

----- .. ----_ ____ _ _ _ 

(0 ) 

B C B C 

A A 

But now let us reverse the proc edure . The seco nd part of Taped Example 18 
starts wi t h t ones Ban d C and the tone A is gradually faded in . This time 
it neve r reaches (for my ears anyway) a point where it is pulled apa r t by 
tones Band C. Somehow the crescendo movement of A seems to keep it 
stable as a sepa r ate s t ream and stays at percept (a) . So with as simple a 
sound configuration as this we already have some rather comple x e f fects 
of context on the way the elements are or ganized and the timbres are 
percei ved . Demonstr at i ons such as this support the proposition of Bregman 
(1977, 1980) that perception is an active process of composi ng the sensory 
data into some kind of interpre t at i on of t he way th e wor l d i s behaving . The 
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Where th i s becomes in t ere s t in g musica lly i s in its impli 

computer synthesis techniques of horizontal and vertical
play with the pr ocesses of perceptual organization that The composer can 
musical surface . This sets up the 

O 
. . . of at underly the heard 

sequent i al and simultaneo us organi possibility of composing situations where 
components to be part of t he structure compete for individual spectral 
consideration (or be tte r yet emb a ca r eful 
these pr incip l es of perceptual organization su bsequent in tuit iv e use) of 
whole realm of mutability of th e heard image the composer h as access to a 
diverge nc es of the musical funct ionali ti image convergences and 
development o f micr ostr uctural ( d es of individual elements a l low the
possibilities are e vide nced in (and pre-perceptual ambigu ity . These 
Rodet with the CHANT co mputer syn Taped Exampl e (n o. 19), created by es1s program . 

SUMMARY 

I have pr oposed t hat there are arate . . 
the way one organizes acoustic ups of t hat determine 
This dis tinc tion perhaps re f l ects and simu l taneously . 
percep tu al mechanis ms. Sequential o:f types of 
criteria of spectra l continu·t A a or ganized accor din g to 
spectral continuity more of eve nts maintains 
sequence t ha t is discontinuous. I nt e as a source than a 

the sequ ence into or case more likely to 
lS organized accordi ng t o c ri te r ia Simultaneous i nformat i on 
amplitude and f r equency modulat i on th of c ues such as 
t r acing of sp ectral :form that . common source ori gin, the es a common spatial · · 
componen t s that behave coherently in th Spectral 
heard as or igi nati ng from a common s ese more li kely to be 
auditory image . As this coherence thus a unified , fused 
the image can follow i n time as 11 across ti me, 
sequent i a l and simultaneous orga e the criteria for 
construct sit uations where t hey are it is possible to 
conflict , either one crite ri on o In situations of 
follows accordingly another and the organizatio n 

, ua of organizational ambiguity result . 

Given the extens ibi lity of the auditory image meta h 
continuity and coherence, it should be possible to develop the principles of 
relevant t heory of musica l attention and . . Pa psychologica lly 
from the formatio n of th e image f . organizat i on that covers t he range 
' image ' of a musical form , passing through event to the .accumulation of the 
organ i za ti onal poly valence (each el many intermediate l evel s of 
concurren t organi zations) an d th emen is.potentiall y a member of several 

construct ion of composite · 1 
a have a complex evolut io n through I structure objec ts 

functiona l a mbig ui ties ar e . time. . feel t hat str uct ura l and 
. ry ant part of mus i 1 . 

well unde rst ood can be used . ca organization and 
co mposit i on. great effec tiveness and power in musica l 

So where do we stand with respect to t he in. . . might possib l y be attended . initial quest i ons? As concerns what 
as a musica l i mage a good st 

h an understa nding certain . . . ar as bee n made 
simultaneous organization at 

1 
principles of seq uent ial a nd , eas at the level of source organ ization. 
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There remains much work to be done on the effects of higher leve l organizing 
princip l es , such as unde r ly ing metric and rhyt hmic str uctur e and under l ying 
harmonic structure, on what can be fo l lowed throught t ime a s a cohe rent 
entity and on what can be groupe d as musical ly meaning:fu l conglomerates or 
composite images . With res pect to t he secon d and t hird questions, the 
princ ip l es outlined here a r e certainly an important group of processes 
that a r e in vol ved in the act of audi t ory orga ni zatio n. Again , what needs to 
be further researched (as much in musica l as in psychological para digms ) is 
the extent to which the ac t ive , crea ti ve invo l vement of the lis t ener can 
play a role in the organizing of comple x conste ll at i ons o:f soun d events i nto 

musical i mages . 

As I am prone to rei te rate ad nause um, each listen er s t il l car r ie s into the 
mus i ca l situ ation ' nor mal ' tend encies of hearing th at are going t o ac t as 
defaults in the or ganiza ti on of musical sound. However , what is most 
compel l in g as a result of all of the research on auditory organizatio n is th e 
fact t hat t he will and foc us of the listener play an extraordinarily 
important ro le in determin i ng the final perceptual resul t s . Mus ical 
listening (as well as viewing visu al art s or reading a poem) is and must be 
considere d serio usly by any artist as a creative act on the part of the 
participant . As mentioned previous ly , perceiving i s a n act of composition, 
and perceiving a work of art can inv ol ve conscious an d willful acts of 
composi tion . What this propo s es to the ar ti st i s the crea ti on of fo rms th at 
contain many poss ibil it ies of ' realizatio n' by a perce i ver , to actua ll y 
compose a multipotential structure that allows the perceiver t o compose a 
new work with in that f or m at each encoun t er . This propo ses a relation to 
art that de mands of perception tha t it be creative in essence . 
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FOOTNOTES 

1. A cas s et te tape of the so und exa mples de scr ibed in this text is 
avai l able by wri tin g to the autho r . 

2 . Vibra t o is approxi mately sinu s oidal modulati on with modulation rates 
between about 3- 10 Hz. Jitter is an aper io dic modulation generally 
found in all natural sustained-vib rati on sources li ke voices, bowed 
strings and winds: t he fre quen cy spectr um of the modul ation i tself 
usually has a low-pass characteristic , that is has a greater 
predominance of lower freq uencies , par ti cul arly those below 30- 50Hz 

(McAdams, 1983 ) . 

3 . Rms s tands for ro ot -mean - square which is a measure of the overall 
devia ti on from the cent r e freque ncy of a given pa rtia l . Several 
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di f f erent experi ments have shown that this is a good measure since 
vastly different modulation waveforms, like v i brato and jit ter , ca n 
be equa t ed for amount of deviation with th is measure (Hart mann and 
Kl ein , 1983 McAdams , 1983c ). 

4 . 1 cent = 1/100 of a semitone ; 12 cents is approximately 0 .7% of t he 
fre quency. 

5 . This,h owever, has been shown by Cohen (1980) to be depe ndent to some 
exte nt on t he f orm of the amplitude enve l ope . Inharmonic (and by 
i mplication multi-pitched} sounds a re most often heard as fused , 
single sources when they have expo nentia l ly decaying amplitude 
envelopes as one fin ds with many kinds of struck sound sources , 
for exampl e , strings, bars, tubes , pla t es, etc . 

6 . For many lis teners , the vowel /a/ is always more prominent than the 
vowels /o/ and /i/ even when there is no modul a ti on . This is most 
lik ely due to the fa c t th at t he individual vowels were equa liz ed 
for loudness be fore mixin g int o t he co mpl exe s. The for mants for 
t he vowel /a/ are grou ped into t wo spectral regions and thus their 
energy is more conc ent rat ed and the harmonics in these regions 
stand above those of the ot her two vowels whose spectra are mor e 
spread out . Listeners thus have access to several f ormant 
feat ures for the vowel /a/ even when i t is not being modulated . 
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