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Abstract

Temporalcharacteristics of signals ase time has been studied showing to be a significaat cu
for the perceptual organization of complex tone sequences [P. G. Singh and A. S. Bregman, J
Acoust.Soc. Am. 102, 1943-1952 (1997)]. The perceptual contributbspectral synchronigit
andtemporal envelopes of complex tosequences were investigated considering variations in
the amplitude distribution of four harmonics and three different onset and offset loveral
characteristicsThe perceived differences in the timbre features were measured usiR@-the
tracking method, where the relative pitch of one of two dissinmdtanplex tones is increased o
decreaed until the segregation takes place. Results show that the synchrony and tempora
envelopefeatures do ndbtave a significant importance in facilitating the segregation of th& AB
triplets compared with the AAA monotimbral sequences. The pitch direction of the seguence
showedto have a significant influence in streaming the timbral attribUites.musical experieec

of the paticipants showed to be significant for the segregation of some of the timbral $eature
studied






Abstracts in other languages

Spanish Abstract

Influencia de atributos temporales en la percepcion timbristica de sequencias de sonidos
complejos

Las caracteristicas temporalds sefiales han sido estudiadas mostrando ser importantessfactore
parala organizacion perceptual de secuencias de tonos complejos [P. G. Singh and A. S
Bregman, J. Acoust. Soc. Am. 102, 1943-1952 (1997)]. La contribucién perceptuah de |
sincronicidadespectral y las caracteristicas envolventes espectrales de secuenciassde tono
complejos fueron invegiadas. Para tal efecto se consideraron variaciones en las distribuciones
de amplitud de cuatro armoénicos y trdistintos tipos de ataques y decaimientos de ampligud d

la envolvente total. Las diferenciasrpibidas en las caracteristicas timbristicas fueron medidas
utilizando el método de seguimiento de frequencia fundamé&®ationde la frecuencia relativ

de uno de dos tonos complejos disimiles es variada hasti gegregacion timbristica ocurre.

Los resultados muestran que la sincronicidad espectral y las caracteristicas envolvendes totale
no tienen una una importancia significante en facilitar la segregacion timbristica dessonido
modificadosen comparacion a aquellos no modificados. La direccion de las variacienes d
frecuertia mostrd tener una influencia significante en la segregacion de las caracteridticas de
timbre de los tonos complejos. Lapexiencia musical de los participantes de los experimentos
demostréser un factor significante en la percepcion de las caracteritinpsrales estudiadas

Danish Abstract
Indflydelsen af tidsmaessige egenskaber i timbre adskillelse

Den tidsmassige karakteristik af signalers dynamik er blever undersggt, hvor de wiser e
signifikant egenskab for organisationahopfattelsen for komplekse tone sekvenser [P. G.hSing

& A. S. Bregman, J. Acoust. Soc. Am. 102, 1943-1952 (1997)]. Bidraget for opfattélsen a
spektral synkronitet og tidsmaessige indhyllingskurver af komplekse tone sekvenser dr bleve
studeretfor forandringen i amplitude distributionen af fire harmoniske og tre forskellige onse
og offset indhyllingskurve karakteristikkeRen forskellige opfattelse af timbre egenskaberne ble
malt ved at bruge FO- tracking metoden, hvor den relative tonehgjde for et af to foeskellig
komplekse toner er forgget, indtil en adskillelse finder sted. Resultater viser airstgikn og
tidsmaessigéndhyllingskurve egenskaber ikke hasgen signifikant betydning i lette adskillelse

af ABA triplets sammenlignet med AAA monotimbral sekvenser. Tonehgjde retnirfgen a
selvenserneviser at have en signifikant indflydelse i adskillelsen i timbral egenskaber. De
musikalskeerfaring af eksperimentets deltagere vistejaate signifikant i adskillelsen for negl

af de undersggte timbral egenskaber.
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...... the cues for timbre depend on context: the duration, intensity, and the frequency of the
notes, the set of comparison sounds, the task, and the experience of the subjects all determine
the outcomes. At this point, no known acoustic invariants can be said to underlie timbre.

Stephen Handel
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Introduction

In this chaptethe topics of timbre and timbre perception will be introduced. First, the definitio
of timbre will be approached froem intuitive point of view in order to clarify the definition tha

will be used all along this pert. As a second issue, the main sound physical characteristics of
sound involved in timbre perception will be described.

1.1 What is timbre?

Whenwe reefer to timbre wget the idea of many things, but not really something very precise
A musician would probably relate it to the characteristics that enable him to disting@sh on
particular musical instrument from another and ply an expert in speech recognition would
as®ciateit with the physical characteristics of vowels in a spectrogram. In order to selve th
diverseinterpretations and confusions with the concept and definition of timbrehheecber
severalattempts to create@ecise terminology in the theme. The following brief descriptioh wil
follow the analysis of different definitiortd timbre carried out by Letowski (1992). The analysi
ends with the definition that has been used as a basis for this study.

The Amelican Standard Association (ASA) (1962), following the original idea of #&mbr
described by Helmholtz (1885), describes timbre as “the attribute of auditory sensagionsn t

of which a Istener can judge that two sounds similarly presented as having the samedoudnes
and pitch are dissimilar”. This definition is supplemented by a note that states that &timbr
dependsprimarily upon the spectrum of the stimulus, but it @lepends upon the waveformeth
soundpressire, the frequency location of the spectrum, and the temporal characteristies of th
stimulus.” Timbre, as understood in tipeevious definition, involves a variety of phenomena bu

is limited to the comparison a&founds of equal loudness, pitch and duration. An attempt taedefin
timbre, compensating for the rigid approachthe definition of the ASA, was given by Pratdan
Doak (1976). They defined timbre as “that attribofeauditory sensation whereby a listenen ca
judge that two [similarly presented] sounds are dissimilar using any criteria other than pitch
loudnessor duration”. In a general approach, the last definition states that ttapesds on th
spectrumof the stimulus and can be interpreted as the perceived spectrum, or al® as th
listener’s reaction to the distribution of sound energy along the frequency scale. Thisrmreactio
involves the spectral envelope and the spectral distribution of sound componentsy Strictl
speakingthe last definition of timbre can be applied only to steady state sounds (static.timbre)
The timbre of sounds varying in time (dynamic timbre) depends also upon the témpora
chaacteristicsof the stimulus. In this study a modified version of the definition of &mbr
proposed by Letowski (1992) will be used, as described below:

“Timbre is that multidimensional attribute of an auditory image in terms of which the
listener judges the spectral and temporal character of sound. Timbral differences observed among
a group of sounds are meaningful only as long as they refer to the same condition of
comparison.”
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1.2  Spectral features involved in timbre perception

The spectal shape, or relative amplitude of each partial, is the classical and probably the most
influential cue of the acoustical properties of complex tones in relation to timbre perception
Thereare different ways to characterize the relative amplitudes of the partials, being the mos
commonto calculate the overall distribution of spectral energy included in the signal abtaine
by addingthe squared amplitudes of each frequency component. One of the important perceptua
characteristicsof the spectra shape is the fundamental frequef®®). (This frequency
corresponding to the first maximum in the spectral shape, allows us to dstirtgia complex
tonesheardtogether and plays an important roles in the perceptual fusion of harmonics (Moore
1997).An alternative frequency characterization of a signal can also be obbgimedans of t&
formantfrequencies. These frequencies correspond to spectral prominences in spectra and can b
obtainedby averaging the frequency spectra across the signal range (Handel 1993). Fig.
illustrates how a particular kinof regular harmonic source is modified by a filter that has two
prominent‘pass bands” resonances or “formants” - tults that reinforce the source frequerscie
decreasingvith them (Slawson, 1982). The filter provides reinforcemebtae harmonics an
attenuats others, giving to the original spectra the pitch characteristics, as it happéns wit
musical instruments that include mouthpieces (Slawson, 1985).

SOURCE > FILTER =[q

AMPLITUDE

FREQUENCY

FIG. 1. The Source/Filter Model of Sound Production; the filter modifies the energy coming from the sourc
according to the filter's spectrum envelope.
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1.3 Temporal features involved in timbre perception

In non static timbres, timbres that change in the time domain, the temporal atoustica
charateristics of a signal are important cues for the identification. Different tenhpora
charactristicshave showed to have a significant role in perception of timbre. Onset and offse
characteristicsof a “string” musical instrument, for example, are related to the method o
excitation(plucked or bowed) and variations in the damping of the various vibration mbdes o
the source and filter system mentioned in the previous section (Handel 1995). Researchers
dealingmostly with multidimensional scaling (MDS) studiestiofbre of a single note of musica
instrumentshave used qualitativdifferent descriptions to describe some temporal charactsristic
involved in timbre perception (Krumhansl, 1989; Winsberg and Carroll, 1989; G8&y,). Or
tempoal parameter that has been manipulated in this studies is the overall attack andfdecay o
complex tones. Two tones having the same harmonic wteubut different dynamic transitions

will be perceived to have different timbres. Another temporal feature that has shoen to b
importantin these studies is the stability thie spectra. This stability, or complexity of the time
varying changes in the spectrum, corresponds to the rate at which the different lkkarmoni
intensitiesfluctuate to each other. If all the harmonics comiatsame time, the spectra wié b

said to be stable or synchronous, and if they come at different rates it will be unstable o
asynchronouskigure2 shows the different attacks and decays of 8 synthesized harmonics of a
trumpet tone (Risset and Mathews, 1969).
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FIG. 2. Line segment functions that approximate the evolution of 8 harmonics ofranipet tone of 0.2 sec.
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2 Stream segregation and purpose of this work

This chapter introduces the concept of stream segregation and some of the research tarried ou
in the fied related to the influence of temporal attributes in timbre perception. The igspirin
researchfor the present work by Singh and Bregman will then be described with its gahls an
results. Finally, the scope and goals of this investigation will be introduced.

2.1  Temporal attributes of timbre involved in stream segregation

Auditory stream segregation can be described as the process by which the auditary syste
determineswhether a sequence of acoustic events result from one, or more than one,” “source
(McAdams and Bregman, 1979). If we have a sequence of two tones differing in & smal
frequencydifference played at a high speed, the human auditory system tends to integrate th
streamin one melody of fluctuating pitches (one source). When we have a larger frgquenc
separationthe auditory system tends to separate the stream in two independent melddies wit
different pitches (two sources). In this case the pitch differences cause the tones to esegregat
(Iverson,1995). Fig. 3 shows two figures of a repeating sequences of six high and l@v tone
heardas one or two streams, respectively. In the left figure we can distinguish the sequence a
one single melody of tones coming from one source, while at the figure to the rightrwe ca
distinguish two different melodies (McAdams and Bregman, 1979).

Frequency
Frequency

Time Time
ONE STREAM TWO STREAMS

FIG. 3. A repeating 6-tone sequence of interlaced high amddpoes. In figure 3a, the sequence of tones is played

at 5 tones/sec., one perceptual stream is heard. In figure 3b, at a tempo of 10 tones/sec., the higtefrinalype
segregate from the lower tones forming two streams.
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The cortribution of acoustical attributes of timbre to streaming has been studied bynlverso
(1995) showing that the streaming judgments correspond well to the perceived simifarity o
timbres of previous MDS studies (Grey, 1975; Wessel, 1979; Krumhansl, 1989). rverso
suggestedhat the auditory stream segregation relies on the same dynamic and acousticsattribute
that determne the similarity judgments of MDS studies. His study showed that, apart feom th
known spectral effects, changes in the temporal-amplitude envelopes of tones inducer a highe
segregatiorwhen compared with unmodified ones. This results contrast with the previasis one
obtained by Hartmann and Johnson (199hgme envelope differences showed to have little, or
no, influence in stream segregation. The opposing results of the findings of Hartm@&nn an
Johnsa and those of Iverson could be explained from the different kind of stimuli used in th
two investigations, as proposed by Singh and Bregman (1997).

2.2  The study of Singh and Bregman

Consideing the studies of Iverson (1995), Hartmann and Johnson (1991), and othed relate
studies, Singh and Bregman (1997) decided to investigate the influence of different timbr
attributes on the perceptual segregation of complex-tone sequences. Their apprdaciiseas

on two main features: harmonic content and spectral envelope charactdristicsnanipulated

the timbral attributes using a variant of the paradigm introduced by van Noorden (19%b). Thi
original paradigm used a three element sequences composed of two pure tones created to for
a triplet pattern ABA. The three tones are repeated with a period of séeuoed to the duratio

of the Btone inserted between the repetitions. In the “temporal coherence state”, or ehen w
don’t have any segregation between the two auditory streams, the sequence of triplets igslperceive
as a single stream resembling a sound of a galloping rhyththe Iffission” state, or when the
segregatiortakes place, the sequence is perceived as two independent streams of thB A and
tonesindepemently. In Fig. 4 it can be observed the galloping sequence used by van mNoorde
with the “temporal coherence state” (aboaayl the “fission” state (below). Singh and Bregma

usa the same method to measure the stream segregation replacing the pure tonesr with fou
harmonicscomplex tones sequences using the displacements in the frequency domaain as
quantitative measure for the perceived timbre differentes.results of their study confirm the
importance of spectral differences in facilitating stream segregation and show some significant,
but minaor, importance of the amplitude-envelope features. As one of their conclusions
consdering the results proposed Hartmann and Johnson (1991), Iverson (1995), and their ow
findings, the authors propose as a further studies a more detailed examination of thie role o
tempord cues in stream segregation using a wider range of envelope differences andltempora
enveloge modulation differences. Also, they conclude as a complementary observatiorethat th
musical experience of some of the subjects in their test could have had some influenee in th
percepion of timbre as shown in previous studies (Pitt, 1994). It is suggested (by Sidgh an
Bregman)a further study of the influence of the subjects musical experience consi@ering
different type of musical experience from the participants.
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FIG. 4. The “ABA” galloping sequence used by van Noorden (1975). The top panel represents the Ftempora

coherence’stae where the galloping rhythm is heard as one single stream. The bottom panel shows the “fission

stae, where the sequence is perceptually segregated into two overlapping sequences of A and B tones, with on
perceived to have the double tempo of the other.

2.3  Purpose and scope

Considering the results obtainbgl Singh and Bregman, it was decided as the main goal of the
presem work to study selected temporal attributes involved in timbre perception in detai
Followin th spirit of the mentioned study, it was decided to use vhaemnt of the van Noorde
methodconsidering two different types of temporal features to manipulate. The first témpora
attribute considered was a ganof three different overall amplitude differences of the complex
tones.The second temporal attribute consideredanipulate was the complexity of time-vargyin
changesin the spectrum of the signals. This feature involves the different onset ant offse
characteristics of different harmonics of the complex tone.

As a secondary goal it was intended to study, if the musical experience of the subfects tha

participatein the experiments could have some kind of influence in the perception of the timbr
attributes studied.
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3 Method

In this chapter the method used for the listening experiments will be described. Initially, ¢he typ
of stimulusused will be explained considering the test method and the features of the syahthesize
soundsAs a second issue, the equipment used for the experiments wéksbebed considemn
software,hardware and audio devices used. The procedure followthe ilrstening experimesit

will be explicated considering the way the stimulus were presented and howp#reese was
controlled through the computer. Finally, the general characteristics of the subjetts tha
participated in the experiments will be outlined.

3.1 Stimulus

First of all it is important to define the terminology that will be used in this chapter ané in th
rest of the report referring the sounds used as a stimulus. One group of ABA sounds will b
mentionedn this chapter as a triplet and one group of 24 triplets with the same timbral adtribute
betweeneach other will be mentioned as one series. A number of series will define a sessio
according to the specifications that will be mentioned subsequently in the next section.

The stimulus sound series used for the listening experiments were constructed consdering
variantof the van Noorden galloping ABA sequence employed by Singh and Bregmanrin thei
experiments. Compk tones consisting of four harmonics of 256, 512 ,1024 and 2048 Hz were
synthesized in phase in order to build each of the sounds series. Each triplet wasdbuilde
consideringa duration of the tones of 100 ms and a period of silence of 10 ms between them
After the third tone waplayed a gap of silence of 120 ms was included before the next triplet
started.This kind of configuration of the triplets implidise audition of a characteristic gallogin
rhythm that should break into streams whenever the sequence perceptually segregates int
independeniA and B streams, as depicted in Fig. 4 ofghevious chapter. In each of the serie

of triplets the pitch of the B tone was increasing, or decreasing, depending of thef type o
ascening or descending series played. The ascending series will imply an increase im pitch i
the frequency stepsize while the descending will imply a reductéth this procedure the pitc

was used as a basis of comparison for the segregation of the timbral features. At eath triple
repetitionthe pitch is increased in eighth of a musical tone, that is a quarter of a semitone o
anamount equal to 1.5% of the referemd® This value for the differences in pitdiffers fram

the one of one quarter of a tone used in the study of Singh and Bregman. The reasan for thi
differencein the stimulus was that the results of some pgilqteriments, using a quarter of ag¢on

as a unit of comparison, showed large variations in the answéie etibjects in the ascending
pitch mettod. The subjects argued that the segregation took place too fast after the strt of th
seriesof triplets and wheithey indicate that the segregation had taken place it had alreagly gon
a period of time. Inorder to make the transitions slower, and allow the subject to have enough
time to tell more accurately when the segregation streaming occurre@hdin of a tone unit vea

used in new pilot experiments showing to reduce the response time of the subjecteand th
variations in the answers for the same series.

The first tenporal attribute manipulated for the triplets series was the complexity of tke tim
varying changes in the spectrum. The amplitudes of one or tMleedour harmonics of the ten
B were manipulated with a different value from the rest of the harmonice & #nd B tones.
For the first feature seriethe first harmonic was manipulated with a different temporal engelop
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from the rest of the harmonics of the B tone. The same procedure was done consi@ering th
amplitudeof the first and the third, the second and the fouantid, the third and the fourth foreth
restof the initial five features. The overall temporal envelopes used for the manipulated harmonic
as well as the rest ahe complex tone components, were the envelopes of 95 ms of attack and
5 ms of decay (95/5ps well as 95 ms of attack and 5 ms of decay (95/5). The same peocedur
was used to generate the next five features, but with the values of thaidespbf tone A and

B exchanged. Table 1 ilitrates the different types of stimuli used to create the first 10 feature
series of tripletcorresponding to the complexity of time varying changes in the spectrum. Fig.
5 shows the amplitude in the time domain of a triplet corresponding to feature 2 of table 1.

Number | Amplitude | Amplitude Harmonics Amplitude
of feature tone A tone B of tone B harmonics
manipulated manipulated
1 5/95 5/95 1 95/5
2 5/95 5/95 1-2 95/5
3 5/95 5/95 1-3 95/5
4 5/95 5/95 2-4 95/5
5 5/95 5/95 3-4 95/5
6 95/5 95/5 1 5/95
7 95/5 95/5 1-2 5/95
8 95/5 95/5 1-3 5/95
9 95/5 95/5 2-4 5/95
10 95/5 95/5 3-4 5/95

Table 1. Spectrum synchrony characteristics used to construct the 10 first features series for the experiments.

The second temporal attribute manipulated the triplets series was the overall amplitude ef th
tones.Three different amplitude characteristics wenesidered consisting of three values fa th
attackanddecay of the complex sounds. The values used were: an attack of 5 ms and a decay
of 95 ms (5/95); an attack &0 ms and a decay of 50 ms (50/50); and an attack of 95 ms and
adecay of 5 ms (95/5). Tableshows the three main envelope characteristics with the 9 mossibl
subgroup combinations, which correspond to the last 9 of the 19 subgrdepsuoés used for

the experiments. Mono timbral sequences (AAA) were also included as a basis of compariso
for both temporal attributes manipulated. Fig. 6 shows a triplet corresponding to featdre 19 o
table 2.
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FIG. 5. A triplet of sounds ABA used for the experiments. In this triplet the amplitude of the first and the second
harmonics of the B tone have been manipulated with an envelope of (95/5), according to feature 2 of table 1.
The first and the last tones have the same amplitude (5/95).

Number Amplitude Amplitude

of feature tone A tone B
11 5/95 5/95
12 5/95 50/50
13 5/95 95/5
14 50/50 50/50
15 50/50 5/95
16 50/50 95/5
17 95/5 95/5
18 95/5 5/95
19 95/5 50/50

Table 2. The temporal envelope characteristics for each of the last 9 triplets sequences of all the features
manipulated.

For each of the feature series of triplets the frequency range considered pitckheariations

of the van Noorden method covered approximately half an ockhierange started with a valu

of fundamental frequencyFQ) of 262 Hz and ended in a value approximately of 365 Hz Thi
rangewaschosen in order to fit the characteristics of the frequency units of one eighth of a tone
All the resulting triplets series were compensated for their overall level in order to congensat
the amplitude differences in the reproduction process through headphones.
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FIG. 6. A triplet of sounds ABA where the spectral characteristics of the B tone have been manipulated. Th
amplitude of the tones A and B correspond to the ones of feature 19 of table 2.

3.2  Apparatus

The sounds used to build the sequences wenthesized digitally using the softwavkatiab. The
codeof one of the programs used for the synthesis can be seen in the Enclosure of this report
The stimulus presentation artlde data collection were controlled witiHawlett Packard pentium
computer,75 MHz, fitted with avortex 1 soundcard set at a sampling frequency of 48 kHd an
16-bit resolution. The levels of the presentations were controlled wigdhenger headphoe
amplifier model H1903 and verified with a B&K artificial ear type 4153 fitted with aKB&
condensemicrophone type 4134 witbreamplifier 2619 connected to a B&K analyzer type 2133
Thelisteners were seated in a double wall audiometry room with a background noise le@el of -1
dB referred to the humaroend threshold, measured in octave bands. The subjects received the
stimulus via Sennheiser headphones model HDA 200 at an overall sound pressure Ievel o
approximately 70 dB.

3.3 Procedure

The series 6 triplets were presented to the listeners using an interactive proceduree routin
programcreated in C++ language. The program’s code used for the presentation of the triplet
seriesandachievement of the results can be seen in the Enclosure. For each series of ssunds, th
subjectswere presented with a repeated sequence of triplets which increased in pitch inkan eight
of a tone steps. Thieiplet series were played through the computer until they were percgptuall
segregatedby the listeners into a galloping rhythm or two different streams, dependingon th
ascendingor descending pitch disposition thfe series. If the sequence was ascending in pitch,
the subjects were asked to indicate when the constant pitch galloping rhythm stoppea and tw
different streams were heard, as shown in Fig. 4 of the previous chapter. If the sequence wa
descendingn pitch, the subjects were asked to indicate whertwo different streams transfor

into a constant pitch galloping rhythm. The series of triplets were played by the computer until
the listener presed a push-button which lead to a gap of 2 seconds of silence followeel by th
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next saies of triplets. The number of the last triplet played was then achievetMatlab file

and a tet file, respectively. The control program allowed the controller of the experiment t
monitor the inclusiorof the different sound files corresponding to the different timbral features
and hearthe sounds played during the experiments. For each triplet of the 19 featurea series
soundfile was played in the ascending or descending pitch disposition. The order of tee serie
of triplets sequences was controlled by the program such that the order in whacketies wa
different for each subject, and alge first triplet in each session different between each of the
sessionsof the same subject. At each of the three sessions long and short series of dgscendin
and ascading triplets were played to the listeners considering short pauses between taem. Th
orderwas thesame for all the subjects and consisted of one short and one long descending serie
for thefirst session, one short and one long ascending series for the second session, antl one shor
ascendingand one short descending for the final session. This order was chosen to be fixed t
facilitate the performance of the subjects and was structured accordimg results obtained in

the pilot experiments.

Summarizing, the order of the series in the three sessions was:
(1) short descending and long descending series;

(2) short ascending and long ascending series; and

(3) short ascending and short descending series.

Eachof the short series included the 19 features once, while the long series of repetitionsl include
the 19 features twice. After each of the sessions a pause of 10 minutes was held where th
subjectscould take @reak and drink coffee or juice in a resting room. All and all, each of the
seriesof the 19 features were played to liseeners four times for each ascending and desagndin
method.

3.4  Subjects

Twelve subjects, threéemales and nine males, participated in the experiments with ages etwee
22 and 32 wars. Three of subjects had participated in listening experiments before. Mest wer
studentsfrom the electronic systems and music departments at Aalborg University, amd wer
chosenaccording to their musical experien&x of the subjects were piano players with a fdrma
musicd education. The remaining six subjects did not have previous musical educatioo and d
not play any musical instrument. To each subject an audiometric test was performedeafter th
listening tests showing that the hearing loss of the subjects was less than 15 dB at octav
frequenciedrom 125 Hz to 8 kHz. All subjects were given written and oral instructions before
the experiments, as well as an auditory demonstration of andasgeand descending sequence

of repetitions of triplets. The written instructions are included in Appendix Aigfrgport. The

initial descending and ascending sheaties of the first and second sessions were used ak a tria
for the subjets and were not included as part of the results. This initial series were repeated in
caseit was dé¢ected the subjects had not understood correctly the task of the experiments. Th
reallts corresponding to the first two subjects were not used for the analysis dae to
synchronization problem that was detected in the reproduction process by the computer.
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4 Results and discussion

In this chaptethe results from the listening experiments will be presented and discussed. tThe firs
sectionwill include the results from the temporal attributes studied, followed by the resuits fro
plannedcomparisons. In the second section a general discussion wiltlbded where the ressilt

will be analyzed and compared witfevious studies. It must be noted that in all the analysis o
the resultsand the planned comparisons a value of 0.05 was considered as a referenee for th
probability under the null hypothesis of obtaining a result equal in the one-way ANOV
comparisons.

4.1 Results
4.1.1 Synchrony features

The resuts obtained for the first five synchrony features for the ascending and desc&fding
trials can be seen in Fig. 8. The ordinate gives the m8atifferencesfor 10 subjects required

for stream segregation in eighth-tone steps calculated as an average for the 10 sulgjects. Th
abscissa shows the first five synchrony features as defined in tables 1 and 2. The effect of the firs
five synchrony features did not show to be significant for the asapiatid descending method
compared with the reference $5). The descending values are lower than the ascending values
for all the features.

Figure 9 shows the results obtained for the second five synchrony features for the ascedding an
descenthg FO trials. The ordinate and abscissa are the same as in Fig. 8. The resules for th
ascendingand descending method show that the second five syncfeatyyes’ mean crossave
points values do not show significant different with respect to the reference (95/8). Th
descending values are lower than the ascending values for all the features.

The mearF0 crossover points for the synchrony featuregayed for the order in which the A

and B tones were played is shown in Fig.10, for the ascending and descending me#hod. Th
ordinateand abscissa are the saaein the previous figures. The effect of the averaged fsature
did not show to be significant for the ascending and descending method compared to th
referencesThe descending values are lower than the ascending vatusbkthe features showin
differences that fluctuate from small values (0.aafrossover point approx.) to large values (2
Crossover points approx.).

Figure 11 shows the results obtained the synchrony features and references averaged for the
ascendingand descendingO trials and theorder of the A and B tones. The ordinate and al#sciss
arethe same as in the previous figures. A planned comparison bettveediiferent features dn

the references can be seen in table 3. These results show thdiffetlemces in the segregation
are not significant for any of the features compared with the respective references.
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Mean FO Crossover Points for the First Five Synchrony Features and Reference (5/95)
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FIG. 8. Mean crossover points (in eight-tone steps) obtaineriosubjects for the first five synchrony featured an
reference(5/95) shown along the abscissa. Empty symbols correspond to crossover points for agaetrthig
Crosssymbolsrepresent the descendiR§ trials. Error bars correspond to the standard error of the data considered

Mean FO Crossover Points for the Second Five Synchrony Features and Reference (95/5)
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FIG. 9. Mean crossover points (in eight-tone steps) obtdoretn subjects for the second five synchrony features
andreference (95/5) shown along the abscissa. Empty symbols correspond to crossover points for BSceiading
Crosssymbolsrepresent the descendiR§ trials. Error bars correspond to the standard error of the data considered
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Mean FO crossover Points for Synchrony Features and References Averaged
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FIG. 10. Mean crossover points (in eight-tone steps) obtained for ten subjects for the synchrony fedtures an
references averaged for the order in which the A and B tones were playety. $qmbols correspond to crossover
pointsfor ascendind-0 trials. Cross symbols represent the descenéingials. Error bars correspond to the staddar
error of the data considered.

Mean FO Crossover Points for Synchrony Features and References Averaged for Ascending and Descending
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FIG. 11. Mean crossover points (in eight-tone steps) obtained for ten subjects for the synchrony fedtures an
referencesveraged for the order in which the A and B tones pkged and the ascending and descending method
Error bars correspond to the standard error of the data considered
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Features Comparisons p values
mean (1 & 6) vs. 11 0.922
mean (2 & 7) vs. 11 0.929
mean (3 & 8) vs. 11 0.919
mean (4 & 9) vs. 11 0.927
mean (5 & 10) vs. 11 0.638
mean (1 & 6) vs. 17 0.633
mean (2 & 7) vs. 17 0.795
mean (3 & 8) vs. 17 0.767
mean (4 & 9) vs. 17 0.788
mean (5 & 10) vs. 17 0.411

Table 3. Results of planned comparison for different averagsegrathrony features and references. The first colum
showsthe features averaged and the reference for whicbribavay ANOVA was done. The second column show
the values for the null hypothesis that timeans of the columns are equdlie numbers of each feature correspon
to the ones specified in table 1 and 2.

4.1.2 Temporal envelope features

The results obtained for the temporal envelope featurethéoascending and descendiF@trials
areshown in Fig. 12. The ordinate gives the meardifference for 10 subjectgquired for tle
streamsegregation in eighth-tone steps. Hbscissa shows the corresponding temporal ereelop
featuresas defined in table 2. The effect of the different temporal envelope features didwot sho
to be sgnificant for the ascending and descending method compared with the referereces. Th
descendingnethod values are lower than the descending for all the features, with differemnces tha
fluctuate from small values (0.5 of a unit approx.) to large values (2 units approx.).

Figure 13 shows the medf0 crossovepoints for temporal features and references averaged. Th
averages were considered for the order of thend B tones for features 12 and 15, 13 and 18,

and 16 and 19, respectively. The reference corresponds to the Jaahae the tones A and B

had the sare temporal envelope in the triplet, that is features 11, 14 and 17 from table 2. Th
ordinateis the same as in Fig. 12 and the abscissa includes the falties average in the firs
threepositions and following the references. The results for the ascesmtindescending mettio
showthat the averaged temporal envelbpatures are not significantly different comparechwit

the references. The descending method values are lower than the ascending method vadlues for al
the averaged features and references witttiftions in the difference between them (from 0.5

to 2 units approx.).

Figure 14 shavs the results obtained for the average for the ascending and descendingy metho

andthe order of the A and B tones for the temporal envelope fealurerdinate and abscéss
arethe same as in the previous figureplanned comparison between the three features aderage
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for the orderof the A and B tones in the triplet and the references

can be seen in tabée 4. Th

comparisonbetween the references is also included. The results show that for all thesfeature
comparedwith the references the results are not significadififierent. The same can be stated

about the streaming between the references.

Mean FO Crossover Points for Temporal Envelope Features
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FIG. 12. Mean crossover points Eight-tone steps) obtained for ten subjects for nine envelope temporal envelope
featues. Empty symbols correspond to crossover points for ascerfdingrials. Cross symbols representth
descending-0 trials. Error bars correspond to the standard error of the data considered.
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FIG. 14. Man crossover points (in eight-tone steps) obtained for ten subjects for the temporal enveloe feature
averagedor the order of tones A and B and for the ascending and descdr@limigls. Error bars correspond t
the standard error of the data considered.

Features Comparisons p values
mean (12 & 15) vs. 11 0.479
mean (13 & 18) vs. 11 1
mean (16 & 19) vs. 11 0.695
mean (12 & 15) vs. 14 0.415
mean (13 & 18) vs. 14 0.856
mean (16 & 19) vs. 14 0.859
mean (12 & 15) vs. 17 0.397
mean (13 & 18) vs. 17 0.851
mean (16 & 19) vs. 17 0.854

5vs. 6 1
4vs. 6 0.824
4vs. 5 0.833

Table 4. Resuts of planned comparison for different temporal envelope features and references. The finst colum
showsthe features averaged and the reference for whicbrthevay ANOVA was done. The second column show
the values for the null hypothesis that timeans of the columns are equals. The numbers of each feature catrespon
to the ones specified in table 2.
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4.1.3 Influence of the order of timbres for A or B tones

Table 5 shows the results of the one-way ANOVA with the two types of order of the 8 and
tonesof the triplets. For each of the streaming conditions the comparisons were doneewith th
valuesobtained with one of the order of A and B tones. The first five features correspomd to th
synchronyfeatures and the last three to the temporal envelope features. Resultthat for dl

the features studied the order of the A and B tonesdichad a significant effect on the timbra
segregation.

Features Comparisons p value
lvs. 6 0.816
2vs. 7 0.481
3vs. 8 0.771
4vs.9 0.731
5vs. 10 0.308
12 vs. 15 0.952
13 vs. 18 0.164
16 vs. 19 0.336

Table 5. Results of planned comparison for the order of the A and B tones in the triplets. The first column show
the features compared in a one-way ANOVA . The seaaidmn shows the values for the null hypothesis that th
meansof the eatures compared are equals. The numbers of each feature correspond to the ones speciied in tabl
2.

4.1.4 Influence of direction of FO change

Table6 shows the results of tleme-way ANOVA analysis for the influence of the ascendirdy an
descending method in the streaming of the 19 features studied. The firsitterSecorrespond

to the synchrony features and the last nine to the temporal envelope features. The results sho
that the segregation is significantly different for the ascending and descending methods.

4.1.5 Influence of the musical experience of subjects

The results of the one-way ANOVA for the influence of the musical experience of eight of the
subjects(4 musicians and Aonmusicians) is shown in tables 7 and 8. The results are shown fo

all the features studied where the first ten conditions correspond to the synchrony feadures an
the last nine to the temporal envelope features. The results for the ascending method of table 7
show that for most of the features (11 of 19) the results of the musicians and nonnsusician
timbral segregation arggnificantly different. The descending method’s results of table 8 show
that for most of the features (16 of 19) the results of the musicians and nonmusician$ timbra
segregation were not significantly different.
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Features Comparisons p value
1 0.016
2 0.000
3 0.006
4 0.004
5 0.000
6 0.000
7 0.000
9 0.000

10 0.000
11 0.000
12 0.000
13 0.000
14 0.000
15 0.000
16 0.000
17 0.000
18 0.000
19 0.000

Table 6. Results of planned comparison for ascending andrtsg method. The first column shows the features
comparedin a me-way ANOVA of the ascending results and descending results. The second column shows th
values for the null hypo#sis that the means of the features compared are equals. The values stated as 0.000 are p
values smaller than 5 in 10000 (p<0.0005).
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Features Comparisons p value
1 0.019
2 0.137
3 0.076
4 0.012
5 0.027
6 0.011
7 0.053
8 0.090
9 0.029

10 0.004
11 0.002
12 0.019
13 0.009
14 0.003
15 0.064
16 0.003
17 0.015
18 0.312
19 0.054

Table 7. Results of planned comparison for therage of the streaming of musicians and nonmusicians for the 19
features using the ascending method. The first column shows the features compared in a one-way AN®VA. Th
second column shows the values for the null hypothesis that the means of the features compared are equals.
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Features Comparisons p value
1 0.426
2 0.912
3 0.915
4 0.231
5 0.803
6 0.245
7 0.162
8 0.192
9 0.759

10 0.958
11 0.045
12 0.040
13 0.307
14 0.092
15 0.545
16 0.186
17 0.034
18 0.214
19 0.103

Table 8. Results of planned comparison for therage of the streaming of musicians and nonmusicians for the 19
featuresusing the descending methdithe first column shows the features compared in a one-way ANOVA. Th
second column shows the values for the null hypothesis that the means of the compared features are equals.
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4.2 Discussion

The results of the experiments do not show an importance of the synchrony of themspectru
featuresin facilitating stream segregation. These findings are not in concordance with the one
of MDS studies, where the synchrony the time varying change of the spectrum shovwed to b
importantfor the discrimination between modified and non-modified musisaituments soursd
(Krumhansl,1989; Grey, 1977). A possible explanation for the different results could relyon th
very different kind of stimulus used in both kinds of studies. The mentioned MDS studie
consdered similarity experiments with synthesized musical instruments tones which cantain
wide range of harmonic components emulatimg natural ones. The influence of these spectral
charactestics has proven to affect the perceptual segregation of the timbral characteristics to a
higher extent in studies of static-spectra tones (Plomp, 1970; Wessel, 1979).

Theresults of the experiments do not exhibit an importance of the temporal envelope features i
facilitating stream segregation. These results do not corrobbetenes of Singh and Bregman
(1997) where two temporal envelope features (95/5 and 5/95) showed to have a significan
importance in facilitating the segregation of the ABA triplets compared with theAAA
monotimbral sequences. Figure 4/ows the results of the investigation of Singh and Bregman
plotted with the ones of the present investigation. The stepsigebeen adapted to the one @ th
present study by multiplying the arier-tones units by two in order to obtain eighth-tone units.
The ordinate gives the mean the meRfO difference between tones required for strea
segregationn eighth-tone steps. The abscissa showsnibieotimbral references and the tempora
envelopefeatures averaged for the ordérthe A and B tones and the ascending and desagendin
method.The circles correspond to the results of Singh and Bregman and the crosses to the presen
investigation. As it is seen the results of both investigations are in different ranges @nd th
differencesfrom the references to the temporal envelope features differ. The reasom for th
discrepaniesin the range could be explained by the influence of the modifications intebduce
in the methodwith the change in the frequency stepsize. Comparing the results with the one
obtainedin previous studies to the ones of Singh and Bregman, the findings of Hartnthnn an
Johnson(1991) are confirmed iapposition to the ones of Iverson (1991). This supports thesthesi
that the kind stimulus could make the differerfor the streaming in both studies. Iverson used
synthe&zed musical tones while Hartmann and Johnson used harmonic tones, as in the presen
investigation.As discussed for the synchroaf/the spectrum streaming results, the charactevistic

of the ynthesized tones could have implied a higher segregation due to their wide fygequenc
range that includes higher order components that the harmonic tones do not have.

The results of the planned comparisons for the oofi¢he timbres in tones A and B showed n
significant importance in the timbral segregation of all the features studied in agree &ith th
findings of Singh and Bregman. Further investigation could include multiple comparison betwee
the features and more dynamic characteristics.

The planned comparisons for the influence of the ascending and descending methodmn strea
segregationshowed a highly significant difference for the crossover points for eacheof th
directionsof FO change. This result also corroborates the results of Singh and Bregman wher
the ascending and descending method showed to contribute to highly significant differences i
the crossover points for the monotimbral sequencestandpectral envelope features. In thisecas

no distinction could be founthat could reveal that tHe0 direction only made a difference for
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envelopeswith sharper rise times as found by Singh and Bregman. Further investigatiorss shoul
includea detailed study of the importance of #@direction in the response time of the sulgect

with very different kinds of timbre attributes. This features should include some comgtrastin
timbre characteristicghat will be easy and hard to segregate for the listener. It can be spkculate
that features that have more subtle perceptual characteristics, as the temporal attribuses of thi
study, will be more dependent of the directione® change than features that are known teehav

a high segregation, as the pure spectral characteristics.

Planned comparisons between the results of musicians anshusiaians showed that for some
featuresthe segregation was significantly differdrgtween the groups when using the ascendin
method (11 of 19). Using the descending method only for few features the segregaton wa
significantly different (2 of 19). It could be hypothesized that the musicians were faster t
familiarize with thetones when presented in the ascending method and probably segregate faster
The results of these planned comparisons agree with the ones of Pitt (1994) that showed som
distinction for the perception of timbre and pitch between musicians and noranssit is not
possiblewith the present study to tell which of the two groups was more sensible foe timbr
streamingln the present study all the musicians were selected according to their type of musica
experiencenith one particulamusical instrument (all were piano players). Further studiesl coul
include subjects with other type of musical experience.

Mean FO Crossover Points for Averaged Temporal Envelope Features and References
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FIG. 15. Mean crossover pointim eight-tone steps) of the work of Singh and Bregman and the present investigatio
obtainedfor ten subjects for the temporal features averaged for the order of tones A and B and for the asecending an
descendind-0 trials. The empty symbols correspond to the restilSirigh and Bregman and the cross symbols to

the present work. Error bars correspond to the standard error of the data considered.
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5 Conclusion

Theinfluence in stream segregation of two different types of temporal attributes of compkex tone
has been evaluated in listening experiments with twelve subjects. The temporal &eature
consideredvere the time-varying changes in the spectrum and three different temporal envelop
charactestics. The method used to measure the timbral streaming was the FO-trackingl metho
which enabled nasuring the segregation of the differences using the frequency space as a unit
of comparison.

The effect of the studied temporal features in the segregation did not showed to be significan
whencomparing the timbre modified triplets with the non modified ones. The results of @eviou
comparison MDS studies were not confirmed in the streaming of the synchronyspettieum
features.The different stimulus of both studies could explain the divergences in the &nding
consideringthe high frequency components included in the synthesizesital tones of the M®
studies The results of the segregation of the three different envelope features confiemed th
findings of Hartmann and Johnson (1991), which showed that little @tnream segregation is
observedvhen manipulating differences in amplitude envelope shape. These findings alsé suppor
the hypotlesis that synthesized musical instruments tones segregate more than harmonic tones
The effect of the stepsize in the experiments could have implied a lower segregatian of th
temporalattributes. It remains tbe investigated if the the same experiments with a quarter-ton
stepsize would give similar results.

The FO-tracking method used for this study enabled measuring the the influenee diffénent

timbre attributes on perceptual segregation using crossover points as a cdemoaminator. Té
metlhod seems to suit very well to measure differences in pure spectral changes (as yhown b
Singhand Bregman ), but does not seem to fit so well to measure moreditibtiences as t
onesusedin the present study. The quality of this method, to measure differences inl timbra
attributesthat are not easily distinguished by the auditory system, remainsstadied in detail

There also remains to be studied the influence of other frequency stepsizes and othersmethod’
characteristics as tempo of the sequences and frequency range of the stimulus.

The musical experience of the participants of the experiments showed to be a factor o
significance in the streaming of some of the temporal features. The direction of the pitc
differencesshowed to be amportant cue for the segregation increasing the differences wéen th
sequencewvere presenteth ascending order. A possible explanation for this tendency cowld rel

on the fact that musicians are faster to determine timbral changes than non musicians. Furthe
studies should emphasize these presentation differences and study if the type ofl musica
experience of the participants affects timbre streaming.
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Appendix A

Instructions for the listening experiments

The following are the written instructions given to the participants of the experimergs. Th
instructionsfor the first and second experiment whesndled separately to the sujects beford eac
experience.

A.1 General Instructions

The listening experiments in which you will participate are part of an investigation ofrhuma
soundperception. Initially you will hear a group of three sounds that will be repeated Isevera
times. These sounds will be presented one after each other. Before thedinels are repeate
therewill be ashort pause of silence. The first and the third sound in each repetition wilkalway
be the sameand the only sound that will change will be the second sound. This sounce will b
differentin some repetitions and in others it will be the same. When the second soune will b
the same, the three sounds will be heard as a constant galloping mhigthmo difference at all
When the second sound will be different, no constant galloping rhythm will be heardh but
different sound in the second place.

If you have any questions, or you will wish to have some more training, please ask.

In caseyou have make a mistake you must tell the operator at once. It is very easy to epeat th
experiments and there is no problem in making as many repetitions as you like.

Thanks for your participation.

A.2 Instructions for the first experiment

Therepetitions in this experiment will start withvary different second sound that each time wil

be getting more and more similar to the first and the third sounds. t#sk in this experiment

will be to hear the repetitions of three sounds and press the button whenever the threeesounds ar
heard as a constant galloping rhythm with no perceived difference between the three sounds.

A.3 Instructions for the second experiment
The repetitions in this experiment will start withvary similar second sound that each timd wil
be getting more and more different to the first andtthed sounds. Your task in the experirhen

will be to hear the repetitions of three sounds and press the button whenever thd constan
gallopingrhythm is replaced bghree sounds that have one different sound in the second position
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Appendix B

Letters to and from researchers

The following are some electronic mails that were send aredvierd from authors dealing with
thetopic of timbre streaming. Only the mail sent to Albert Bregman is shown due to the fact tha
the others were very similar, only changing in small details.

Electronic mail sent to Albert Bregman

Mr. Bregman, | ana student of the last semester of the master in acoustics at Aalborg Universit
in the north of Denmark (www.acoustidk) and | am making my Master thesis in the topic of
timbre perception. | have been reading some of the literature oiettarf the last months and

| became very interested in the topic of stream segregation of complex tones andiapsrin

your publication with Punita Singh of the timbre characteristics involved in the perteptua
segregatiorof complex tones. [P. G. Singh and A. S. Bregman, J. Acoust. Soc. Am. 102, 1943
1952 (1997)]. My idea would be to make an experiment using the same method that you use
in the experiments ( FO-tracking method ) but trying to emphasize the perceptual congibution
of temporal characteristics obmplex-tone sequences (as it is proposed for further develgpment
in the themeat the end of the cited publication). The initial idea is to make experiments usin

a set of equal complex sounds with different attaokes (and probably decays times ) in orde

to determine the the role of temporal cues in stream segregation. | would like to ask you you
opinion about thegoal of my project and if possible some feedback about the possible features
of the temporal cues that could be used in the experiment. | have also mailed Punita Singh i
order to getsome feedback from her. Finally, | would like to tell you that it has begn ver
enouraging for me as a student to read your publications and your book Auditorye Scen
Analysis.

Thanks.

Felipe
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Electronic mail from Albert Bregman
Dear Felipe,

It is interesting that you are doing your research on timbre perception. It was a good idea t
contactPunita Singh for comments.The rate of onset and of offsetavarebvious things to vgr

in an experiment. Another possibility for manipulating temporal properties might ée th
complexty of time-varying changes in the spectrum. This property has come out ef som
multi-dimensionakcaling studies as an important feature whereby listeners discriminate differen
musicalinstruments. For example, in one tone the harmonics might come on at different rate
from each other, or might fluctuate in intensity independently of each other, wireeeascod

tone all the harmonics would come on at the same time and maintain a constant intensity (o
fluctuate synchronously with one another). In other words, tones could be differentin th
"stability” of their spectra, especially at the moment of onset.

Best of luck,

Al Bregman

Electronic mail from Stephen McAdams

> | would like to ask you your opinion
> about the goal of my project

| think you should look at paper in Music Perception by Hartmann & Johnson who fourtd tha
temporal factors had no effect, and another in Cognitive Psygydly Iverson who found that
they did to some extent.

Stephen McAdams
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Electronic mail from Paul Iverson

Felipe,thanks for the note. I've often thought of doing a study like you proposehbue Ibee
focusingmore on speech perception for the Eesteral years. I'll be interested in what you find

My main siggestion is that you should try to look at a wide range of temporal variation
Hartmann and Johnson looked at a temporal contrast that they thought would be maximall
different - a tone with a short attack and a long decay and the mirror image tone wit a lon
attack and a short decay. Howevehale a suspicion that this difference may have had only a
marginal difference ostream segregation. My guess is that one of their tones would segregate
more with a tone that had long transitions on both sides. I'm also guessing that spectral flu
interactswith amplitude variation in amportant way, so that amplitude differences will besles
likely to cause stream segregation if spectral variation is absent.

These are only speailons on my part, but my general point is that no one really knows what
aspectof temporal variation are importaftar stream segregation, so you run the risk of ngssin
someinteresting phenomena if you make too many apriori assumptions about what stimulu
dimensions are most important. Of course, there is also the risk of pr@auc uninterpretable
mess if you include too much.

I'm moving to take a faculty position at Universitpliége London in the fall and | understand
that Aalborg is not right next door to London, but feel free to stop by my futureUCL office i
you are in that area.

Best,

Paul
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Appendix C

Some literature related to Timbre Perception

The following is a list of selected literature, by topic, related to timbre perception tlsat wa
reviewedduring the development of the investigation. Some references appear more #an onc
due to the fact that they involve more than one topic.

Auditory Stream Segregation and Timbre

Bregman,A. S.(1978). "Auditory Streaming and tbailding of Timbre," Canad. J. Psychol.,32
19-31.

Bregman,A. S. (1990). “Auditory Scene Analysis: The Perceptual Organizafi®@ound” (MIT,
Cambridge, MA). (Chapter 2, 92-130)

Hartmann,W. M. and Johnson, [J1991). "Stream segregation and peripheral channeling,” Mus
Perc. 9, 155-184.

Ilverson,P.(1995). "Auditory stream segregationraysical timbre: effects of static and dynami
acoustic attributes,” J. Exp. Psychol: Hum. Percept. Perf. 21, 751-763.

McAdams, S.E. and Bregman, A. S. (1979). "Hearing Musical Streams," Comput. Mus. J. 3
26-43.

Moore, B. C. J. (1997)An Introduction to the psychology of hearing (Academic Press). (Ghapte
7, 249-270).

Singh, P. G. ad Bregman, A. S. (1997). " The influence of different timbre attributes @n th
perceptual segregation of complex-tone sequences," J. Acoust. Soc. Am. 102, 1943-1952.
Timbre and Pitch interaction

Balzano,G. J.(1986). "Whay are musical Pitch and Timbre?," Music Perception. 3(3), 297-314

Singh, P. G. (1987). "Perceptual organization of complex-tone sequences: A tradeoffrbetwee
pitch and timbre?," J. Acoust. Soc. Am. 82, 886-899.

Singh, P. G. and Hirsh, 1 .J.(1992 Influence of spectral locus an FO change on the pitch and
timbre of complex tones," J. Acoust. Soc. Am. 92, 2650-2661.

Moore, B. C. J. (1997). An Introduction to the psychology of hearing (Academic Press).
(Chapter 5)
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Temporal attributes of signals involved in Timbre Perception

PattersonR. D. (1994b). " The sound of a sinusoid: Time-intervals models ," J. Acoust. Soc. Am
96, 1419-1428.

Influence of phase in Timbre Perception

Plomp, R. and Steeneken, J. M. (1969). "Effect of phase on the timbre of complex tones ," J
Acoust. Soc. Am. 46, 409-421.

Influence of spectral attributes of signals in Timbre Perception

Pdterson,R. D. (1994a). "The sound of a sinusoid: Spectral models ," J. Acoust. Soc.,Am.96
1409-1418.

Timbre Perception and Musical Instruments

Saldanha,E. L., and Corso, J .F. (1964). " Timbre Cues and the ldentification of rhusica
instruments,” J. Acoust. Soc. Am. 36, 2021-2026.

Slawson, A.W. (1985). “Sound Color” (Berkeley: University of California Press) (Chapter 2)

Timbre Synthesis

Risset,J. C., and Mathews, M. V. (1969). "Analysis of musical-instrument tones," Physicy Toda
22, (2), 23-30.

Wessel,D. L. (1979). "Timbre space as a musicahtrol structure,” Comput. Music. J.3, 45-52

Speech and timbre perception

Assman,P. E (1987). "Perception of front vowels: The role of harmonics in the first fdrman
region,"” J. Acoust. Soc. Am. 81, 520-534.

Darwin, C. J. and Gardner, R. B. (1986). "Mistuning a harmonic of a vowel: Grouping ared phas
effect on vowel quality,” J. Acoust. Soc. Am. 79, 838-845.

Timbre characterization

Bailey, N. J. and Cooper, D. (2000). " SculptBxploring Timbral Spaces in Real Tirhe,
J. Audio. Eng. Soc. 48, 174-180.
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Multidimensional Scaling of Timbre

Grey, J. M. (1975). "Multidimensional perceptual scaling of musical timbres," J. Acoust. Soc
Am. 61, 1270-1277.

Handel,S. (1995. Timbre perception and auditory object identification, in Hearing, edited by
B. C. J. Moore (Academic Press, Florida).

Krumhansl,C. L.(1989). "Why is musical timbre so hard to understand?,"Structure and perceptio
of electroacoustic sounds and music", Amsterdam:Elsevier (Excerpta Medica 846), gdited b
S.Nielzen and O.Olson , 43-53.

Shepad,R. N. (1962b). "The analysis of proximities: Multidimensional scaling with unknow
distance function ," Psychometrika, 27, 219-246.

Wedin, L. andGoude, G. (1972). "Dimensional analysis of the perception of instrumental timbre,
Scand. J. Psych.,13, 228-240.

Wessel, D.L. (1979). "Timbre space as a musical control structure,” Comgsit. Mi1B, 45-52.
Winsberg,S., and Carroll, J.D1089. “A quasi-nonmetric method for multidimensional scglin
via the extended Euclidean model,” Psychometida 217-229.

Timbre Perception and Music

Bregman,A.S. (1990). “AuditoryScene Analysis: The Perceptual Organization of Sound” (MIT
Cambridge, MA). (Chapter 5 ,481-490)

Handel,S. (1995. Timbre perception and auditory object identification, in Hearing, edited by
B. C. J. Moore (Academic Press, Florida).

McAdams,S. and K. Saariaho (1985). "Qualities and Functions of Musical Timbre," Comput
Mus. Proced. 367-374.

Pitt, M.A.(1994). "Perception of Pitch and Timbre by Musically Trained and Unttaine
Listeners," J. Exp. Psychol: Hum. Percept. Perf. 20, 976-986.

Slawson, A.\W. (1982). "The musical control of sound coloiCanad. Univ. Mus. Rev. 3,67-79

Timbre perception and musical composition

McAdams,S. and K. Saariaho (1985). "Qualities and Functions of Musical Timbre," Comput
Mus. Proced. 367-374.

Slawson, A. W. (1985). “Sound Color” (eBeley: University of California Press) (Chapters 1,
6 &7)

49



Timbre definition and concepts
Balzano,G. J. (1986). " What are musid@itch and Timbre?, " Music Perception. 3(3), 297:314

Handel, S. (1995. Timbre perception and auditory object identification, in Hearing, edited by
B. C. J. Moore (Academic Press, Florida).

Letowski, T.(1992)."Tmbre, tone color, and sound quality: concepts and definitions," Archives
of Acoustics, 17, 1, 17-30.
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Matlab program to synthesize the tones

The following is an excerpt of the Matlab program was used to synthesize the gomple
tonetriplets. In this part of the original program only the creation of the second syychron
feature complex tones has been included.

%% Program that creates the second synchrony feature wav file

%% for the experiments with headphone correction

%% first the 10 synchrony features and after the 10 temporal features

%% Program that creates 3 complex tones A - B - A %%%%%%%%%%%
%% makes the graph of one triplet for each feature

%% temporal envelope characteristics

%% winl1=(95 / 5)

%% win2=(50 / 50)

%% win3=(5 / 95)

clear all
close all

%%%%% Corrections headphones for the different harmonics

C2=13;
C3 = 1.7179;
C4 = 1.9498;

%%%%%% Constants

fs=44100; %sampling frequency

C=((2)(1/48)); %constant of the increase in pitch
%of one eighth of a tone

n1=100/1000; %beginning of the first period of time

tl = 0+1/fs:1/fs:nl; %period of time of the first component

%%%%%%%%%% calculations of the first 4 harmonics of the complex tone A

x1=sin(262*2*pi*t1); %first harmonic tone

X2=sin(2*262*2*pi*t1); %second harmonic tone A
x3=sin(3*262*2*pi*t1); %third harmonic tone A
X4=sin(4*262*2*pi*t1); %fourth harmonic tone A

x= X1 + C2*x2 + C3*x3 +C4*x4; %complex sound A with the 4 harmonics

% building the temporal envelope characteristics winl : 5/95 (onset =5 ms, offset = 95 ms)

numsamplesl=length(x(1:round(fs*5/1000))); %number of samples from O to 5 ms in the first tone
win01= 0+1/numsamplesl:1l/numsamplesl:1; %onset part of the envelope (5 ms)
numsamples2=length(x(round(5/1000*fs)+1:round(0.1*fs))) ; %number of samples from 5ms to 100ms
winl2=-1+1/numsamples2:1/numsamples2:0; %offset part of the envelope (95 ms)

winl= [win01l -winl12];

%Xx= winl.*x; %assuming winl as a temporal envelope for A (50/50)
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%%%building the temporal envelope characteristics win2 : 50/50 (onset =50ms, offset = 50ms)

numsamplesl=length(x(1:round(fs*50/1000))); %number of samples from O to 50ms in the first tone
win01= 0+1/numsamplesl:1/numsamplesl:1; %onset part of the envelope (50 ms)
numsampts2=length(x(round(50?1000*fs)+1:round(0.1*fs)Ponumber of samples from 50ms to

100ms
%%win12=-1+1/numsamples2:1/numsamples2:0; %offset part of the envelope (50 ms)

win2= [win01 -win12];

%X= Win2.*x; %assuming win2 as a temporal envelope for A (50?50)
%Dbuilding the temporal envelope characteristics for the toneswin3 : 95/5 (onset =95ms, offset = 5ms)

numsamplesl=length(x(1:round(fs*95/1000))); %number of sarfmoles0 to 95ms in the first tone

win01= 0+1/numsamplesl:1/numsamplesl:1; %onset part of the envelope (95 ms)
numsamples2=length(x(round(95/1000*fs)+1:round(0.1*fs)ypnumber of samples from 95ms to 1@0m
winl2=-1+1/numsamples2:1/numsamples2:0; %offset part of the envelope (5 ms)

win3= [win01 -win12];

%%%%%%%%%% inclusion of the period of silence after tone A ( 10 ms)

n2=110/1000;

t2= nl+1/fs:1/fs:n2; %%the silence gap starts in the first sample after 100 ms
u=0*sin(262*2*pi*t2);

%%%%%%%%%% inclusion of the period of silence after tone B (10 ms)

n3=210/1000; %end of the B tone (110 ms)
t3= n2+1/fs:1/fs:n3;

n4=220/1000 ; %period of silence of 10 ms (gap)

t4= n3+1/fs:1/fs:n4;

g=0*sin(262*2*pi*t4);

%%%%%%%%%% inclusion of the period of silence after tone A (120 ms)
n5=320/1000;

n6=440/1000; %final period of time of 120 ms (gap)
t6=n5+1/fs:1/fs:n6;

v=0*sin(262*2*pi*t6);

20%%%%%%%%% Final time vector

t=0:1/fs:n6+1/fs;
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%%%%%%% Creating the synchrony characteristic %%%
%%% SYNCHRONY FEATURE #2 : 5/95 ,1-2 95/5
n=2 %number of synchrony feature

win=winl;
win_a=winl; %%envelope TONE A

T=[];

for N = 0: 23, % loop used to create the 24 tones
Cmod= C " N; % the new value of C modified (1/8 tone higher)
n3=21071000; % beginning of the tone B (110 ms)
y1= win3.*sin(262*Cmod*2*pi*t3) ; %first harmonic tone B
y2= win3.*sin(2*262*Cmod*2*pi*t3); %second harmonic tone B
y3= win.*sin(3*262*Cmod*2*pi*t3); %third harmonic tone B
y4= win.*sin(4*262*Cmod*2*pi*t3); %fourth harmonic tone B
W = y1+C2*y2+C3*y3+C4*y4, %tone B with the 4 harmonics
r=[
S= win_a.*x; % assigning the amplitude characteristics to tone A
r=[suWusj %vector with the new value of pitch of the B tone
T=[T;r1]; %vector with the 24 values of pitch

end

T = T*0.15; %%compensation for amplitude saturation

%%%% General string labels for the wav files %%%%

D2=['ex_01_00''ex_01_01''ex_01_02''ex_01_03''ex_01_0&leR5''ex 01 _06''ex 01 _07''ex 01 0
8''ex_01_09''ex_01_10''ex 01 _11''ex 01 12''ex 01_13''ex 01 14' 8% '@k 01 16 'ex 01_17';
ex_01_18','ex_01_19''ex 01 20''ex 01_21''ex 01 22 'ex 01 237;

for e = 1:8:length (D2) % loop to assign the label to the wav file
D2(e + 4) = char(48+n);% corresponding to the second synchrony feature
end

J=1;

for 1= 1: 24, % creating wav files with the corresponding labels
wavwrite(T(l,1:1:length(T)),44100,D2(J:1:J+7));
P= D2(J:1:3+7) %prints to the screen the value of the wav file created
J=J+8;

end

figure(n)
plot(T(4,1:length(T))); % plots the wav file to the screen
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C++ program created for the listening experiments

The following is part of the code created to control the listening experiments. The fglowin
excerptcorresponds the first session of the experiments. The other sessions were not ineluded du
to space reasons.

/I C++ program created to control the listening experiments ///

/I This code only includes the routines for session 1
/I The other 7 sessions follow the same procedure with the only
/I difference in the order in which the triplets are played (ascending and descending)

#include <conio.h>
#include <stdio.h>
#include <windows.h>

/I the next lines correspond to the initialization of the press-button through the parallel pogt of th
computer

BOOL bButtonPressed=FALSE;

DWORD WINAPI check_button_thread(LPVOID){
while (1) { // while program running - always
/it (_inp(Ox3F8)&1) { // Means that bit 1 is set on the parallel port = button pressed
/I bButtonPressed=TRUE;
if (_inp(0x379)&32) { // Means that bit 5 is set on the parallel port = button pressed
bButtonPressed=TRUE;

}
}
return O;
}
main()
{

int i,j,counter=0; // initialization of variables
int last_triplet=0;
HANDLE hThread;
DWORD dwThreadID;
char File[81];
hThread = CreateThread(NULL,0,check_button_thread,0,0,&dwThreadID);
char filename[15];
char filename_matlab[25];
FILE *fp;
FILE *fp2;
int session,subject;
int first_feature=1;
int noFeatures=19;
int *result=new int[(2*noFeatures)+1]; //defining result vector with length

_outp(0x378,2); /Il brings up bit #2
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/I Here the experiment routine starts

printf("Enter number of subject:");
scanf("%02d",&subject); // input number of session
printf("\n"); I

jumps to the next line

printf("Enter number of session:");
scanf("%d",&session); // input number of session

if ( subject <11 ) // making the first features different for each the first ten subjects
{first_feature = (2*subject - 1 );}

if ( subject > 10 ) // making the first features different for the second ten subjects

{
if (subject <21)
first_feature = (2*(subject-10) - 1);}

/Il SESSION #1

if (session == 1) //routine first session

{

printf("DESCENDING # 1 SUBJECT %02d\n",subject);//prints to the scrdensession and the nunnbe
of the subject
int *result=new int[(noFeatures)+1];

for (j = first_feature; j<noFeatures+1; ++j ) //loop that plays the series of triplets corresponding
/to the éatures from the first feature for each subject until
/lthe last one (the rest of the features (before first feature)
Il are played a loop afterwards

Sleep(2000); // waits 2 seconds before it starts each series
bButtonPressed=FALSE; // assumes that the button has not been pressed

for (i = 23; i>-1; --i ) //'i = number of triplets in a sequence (M = 24)
sprintf(File, "ex_%02d_%02d.wav" },i);
/lassigns the wav file to the variable File

PlaySound(File,NULL,SND_FILENAME); //plays the file
printf("%s\n",File); /I prints the file played to the screen

if (bButtonPressed) { // if loop that checks if the butoon has been pressed
resultfjl=i; // stores the number of the last triplet in a vector of results
printf("%d %d\n",j,result[j]); // prints the last triplet to the screen

56



while (_inp(0x379)&32) { // this while loop waits that the button is released
_outp(0x378,0); /I resets bit #2
Sleep(1); // time to wait that it resets
_outp(0x378,2); /I brings it up again

}
bButtonPressed=FALSE;
break;
}
Sleep (120); // gap of silence after the last tone A

}

for (j = 1, j<first_feature; ++j ) // j = number of sequences in a session (N = 20)

{

// loop that plays the rest of the features

Sleep(2000); /I Time interval before the new set of sequences starts
bButtonPressed=FALSE;
for (i = 23; i>-1; --i)

{
sprintf(File, "ex_%02d_%02d.wav" },i);
PlaySound(File,NULL,SND_FILENAME); //plays the file
printf("%s\n",File); /I copies to the screen
if (bButtonPressed) {
result[j]=i;

printf("%d %d\n",j,result[j]);
while (_inp(0x379)&32) { /I this while loop waits that the button is released

_outp(0x378,0); /I resets bit #2
Sleep(1); // time to wait that it resets
_outp(0x378,2); // brings it up again

}
bButtonPressed=FALSE;
break;
}
Sleep (120);

}

sprintf(filename,"subject%02d0%d.txt",subject,sessiony: creating the textle string of the file to wri¢
the results

sprintf(filename_matlab,"subject%02d0%d.m",subject,sessibnjeating the matlafile string of the fie
to write the results

fp2=fopen(filename_matlab,"w");
I/l putting the results in a column vector
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fp=fopen(filename,"w"); I/l putting the results in a column vector

for (i=1;i<(noFeatures+1);++i)

{
fprintf(fp,"%02d\n",result[i]); // assigning the results in the vector
fprintf(fp2,"featureS%02d(1,%02d) = %02d ;\n",subject,i,result]i]);
}

fclose(fp);

fclose(fp2);

} // end if session =1

TerminateThread(hThread,0); // Stops the background thread

printf("\n");

printf("End session %02d of subject %02d\n",session,subject); //print the session endedeand th

corresponding subject number
delete result;
return 0O;

}
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