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ABSTRACT The pereeptual grouping of a four-tone cycle was studicd as a func-
tion of differences in fundamental frequencies and the frequencies of spectral peaks.
Fach tonc had a single formant and at least 13 harmonics. 1n Experiment | the for-
mant was created by filtering a flat spectrum and in Experiment 2 by adding har-
monics. Fundamental frequency was found to be capable of controlling grouping
even when the spectra spanncd exactly the same frequency range. Formant peak
separation became more ctfective as the sharpness (amplitude of the peak relative
10 a spectral pedestal) increased. The cffeet of each type of acoustic difference
depended on the task. Listeners could group the tones by either sort of differcnce
but were also capable of resisting the disruptive effect of the other one. This was
taken as evidence for the presence of a schema-based process of perceptual group-
ing and the rclative weakness of primitive segregation.

RESUME  Nous avons éudié le regroupement perceptuel d'un cycele de quatre sons
en fonction des différences dans les fréquences fondamentales et les fréquences de
pics spectraux. Chaque son avait un scul formant et au moins 13 harmonigues. Dans
I"expéricnce 1 le formant était créé par le filtrage d’un spectre plat et dans 'cx-
périence 2 par "addition d’harmonigues. Nous avons trouvé que ta fréguence fon-
damentale était capable de controler le regroupement méme quand les spectres
traversaient cxactement la méme étendue de fréquences. La séparation entre fes pics
dc formant devenait plus elficace & mesure que acuité (lamplitude du pic relatif
au piédestal spectral) augmentait. L'elfet de chaque type de différence acoustique
dépendait de la tiche. Les sujets pouvaient regrouper les sons par 1'une ou I"autre
des différences et ¢taient aussi capables de résister a 1effet perturbateur de Pautre
différence. Ceci a ét¢ cansidéré comme une évidence de la présence dun processus
schéma-dépendant du regroupement perceptucl ¢t de la faiblesse relative de fa ségré-
gation primitive.

When a repeating cycle of tones, some in a higher frequency region and some
in a lower region, is repeated rapidly, the listener hears two streams of sound, one
composed of the higher tones and the other of the lower tones (Bozzi & Vicario,
1960; Miller & Heise, 1950). This phecnomenon has been referred o as auditory
stream segregation (Bregman & Campbell, 1971). Strcam segregation makes it hard
to hear patterns that cross the two strcams, be they melodic patterns (Bregman &
Campbell, 1971; Dowling, 1973) or rhythmic patterns (Bregman, 1978b; Handcl,
1984 van Noorden, 1975). The time intcrval between cvents in two different streams
is also hard to judge (c.g.., Divenyi, 1971; Fitzgibbons, Pollatsek, & Thomas, 1974;
Kinncy, 1961; Neff, Jesteadt, & Brown, 1982; van Noorden, 1975).

The segregation of the two subsets of toncs becomes greater with increasing fre-
quency scparation and with incrcasing speed (van Noorden, 1975, 1977, 1982).
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It also increases with repetitions of the cycle (Anstis & Saida, 1985; Bregman, 1978a).
While the scgregation in most of these studies was produced by frequency separa-
tion, other kinds of diffcrences between sounds can also cause them to form separate
perceptual streams. For example, strcams can be formed on the basis of differences
in spatial location (Axclrod & Guzy, 1968; Judd, 1979; Massaro, 1976) or diffcr-
ences in the direction of the gliding of tones (Steiger & Bregman, 1981).

Much of the research on stream segregation has been done with pure tones. Such
tones are unigue in that they confound two height dimensions that occur in more
complex periodic sounds. These dimensions arc the height of the fundamental fre-
quency and the height of the mean of the spectral epergy. With pure tones, these
are always the same. In complex tones, however, the former is thought to give risc
to our sense of musical pitch while the latter is responsible for a timbral dimension,
the brightness of the tone (Wessel, [979).

Differences in timbre can contributc to segregation. Rescarch on this basis for
scgregation has defined timbre in many different ways: as the contrasts between
diffcrent instruments playing the same pitch (Erickson, 1975; Smith, Hausfeld,
Power, & Gorta, 1982), between arbitrary qualitative classes such as buzzes, pitches,
and noise bursts (Dannenbring & Bregman, 1976; McNally & Handel, 1977),
between tones with and without extra partials added to a fundamental (McAdams
& Bregman, 1979), between tones differing on brightness (Wessel, 1979), or in terms
of tones formed from different subsets of harmonics of the same fundamental, the
subsets occupying differcnt frequency bands (Singh, 1987; van Noorden, 1975).

'The question of whether fundamental frequency (F) alone, independently of the
region of the spectrum occupied by the harmonics, can affect grouping has not been
clearly answered in the literaturce. Positive cvidence has been found. For example,
sudden Fy changes have been shown to dissociate the parts of a synthesized speech
syllable (Darwin & Bethell-Fox, 1977; Green, Stevens, & Kuhl, 1989). Further-
more, vowels synthesized on different fundamentals and formed into a repeating
loop tend to scgregate into streams grouped by fundamental frequency (Noteboom,
Brokx, & de Rooij, 1978). However, these experiments employed speech stimuli
exclusively.

The present experiments used complex tones to study the way in which their stream
scgregation was affected by their fundamental frequencies and their timbres by varying
the two independently. A similar manipulation was performed by Singh (1987). She
found a contribution of both the (missing) ¥, and the spectral region of the har-
monics. To vary timbre, Singh used tones formed of four consccutive harmonics
and varied the harmonic number of the lowest harmonic. Tones composed of higher
harmonics had the same (missing) Fy but sounded brighter.

The present rescarch differed from Singh (1987) in that we studicd the perceptual
grouping of tones with richer spectra. Rather than differing in the selcction of har-
monics, the spectra of difterent tones in the present experiments differed in the loca-
tion of a peak (formant). Like Singh, we studied how the spectral shape traded off
against the fundamental frequency in controlling the grouping. The use of richer
toncs allowed us to avoid one of the problems faced by Singh. Her stimuli had only
a small number of harmonics. She noted that the pitch of such stimuli becomes less
pronounced when higher harmonics are uscd. Therefore they confound the
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saturation of the pitch with the brightness. Our tones consisted of at lcast 13 har-
monics, with the lowest harmonic never higher than the fourth.

Experiment 2 investigated how the sharpaess ol the spectral peaks (difference
between peak and valley intensitics) affected their ability to control perceptual organi-
zation. In specch recognition research, it is generally accepted that the sharpness
of the formants has tittle effect on phonctic recognition (¢.g., Klawt, 1982; Roberts,
1988, chap. 3). Yet sharpness could stll make it easier to follow a formant over
time or to group scgments of a formant across interruptions by extraneous sounds.

In Experiment 1. the spectral peaks were created by filtering a flat spectrum. In
Experiment 2, in order to specify sharpness more exactly, peaks were produced by
controlhing the intensity of each harmonic explicitly through additive synthesis. The
latter procedure also made it possibie to hold the highest and lowest frequencies
constant and o ensure that a harmonic always lell at the nominal spectral peak.

EXPERIMENT 1

The stimuli in this experiment were similar to those used by Singh (1987). It was
a cycle of four tones in which two types ol similarity were present. one based on
the fundamental frequency (Fy) of the tones and another based on the frequency of
a formant peak. Henceforth, these two factors will simply be referred to as Fyy and
peak, respectively. The main purposc of the experiment was to study how each of
these two factors affected stream segregation, especially when the two were brought
into competition with one another.

Method

Task: On each trial four tones, each 100 ms in duration and differing on both peak and F,,
were formed into a 400-ms repeating loop, and the subject performed a judgement that was
designed o reveal how strongly cach of the two factors were promoting the formation of
similarity based strcams. First the subjects heard 20 repetitions of a 400-ms cycle consisting
of two tones (symbolized as A and B), selected from the four chosen tones, and two silent
slots (symbolized as hyphens), cach (00 ms in duration, in the order AB—-AR- ... This
was the standard cvele. Then, with no break in the AB-—AB--... rhythm, this was Tollowed
by 20 repetitions of a sequence of four tones in which the two remaining tones (CD) were
inserted into the two silent slots that had occurred in the standard cycle 1o form a comparison
cyele (ABCDABCD...). The subjects were asked to judge how casily they could hear the
standard pair (AB) continve with the same quality and rhythm when the additional sounds
were added in. The instruction about rhythm was used because when sequences of sounds
are absorbed into a larger stream, they tend 10 lose their original rhythms. The reference
to quality in the instructions was used to help guarantee that the subjects were identifying
ihe correct sounds within the cycle (since in certain cases. only the timbre distinguished the
standard tones from the other tones in the comparison cycle). The judgement was made on
a numerical scale running from | (hard) 10 5 (easy). The subjects had 2.5 s to make cach
Judgement.

The choice of the tones in the comparison cycles was varicd on diflerent trials to manipu-
latc independently the frequency separation of the peaks and the Tys. There were two kinds
of tests created by diffcrent selections of the two tones 10 be used in the standard cyele. On
some trials the two tones of the standard were alike in Fy,; on such trials F,, was the tested
factor and peak was the interfering factor (except in certain cases where there was no inter-
fering factor). On other trials the standard pair were alike in peak frequency: here the roles
of tested and interfering factors were reversed. It was expected that if the two tones of the
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TABLE 1
Design ol Stimuli for Experiment |

Spectral Peak Position

Fundamental 1000 1212 1470 1782 2161
128 1 2 3 4 5
155 6 7 8 9 10
188 1 12 13 14 15
228 16 17 18 19 20
22 23 24 25

27 21

Note.  The numbers in the table are the identification numbers for the
1ones (to be read as Tone (, Tone 2, cic.).

standard (A and B) were alike on the tested factor and different enough from C and D, they
should form a separate perceptual strcam in the comparison cycle and thus be heard clearly.
Therefore, a high clarity score for the tested tactor was taken as evidence that the particular
choice of separations of F, and formant frequency had created a stimulus in which the tested
factor was dominant in controlling the formation of streams and was resisting the disruptive
influence of the interfering factor,

Design: Table | can be used to explain the design of the sequences. Twenty-five harmoni-
cully rich tones were ereated, cach having a duration of 100 ms. They are shown numbered
from 1 to 25 in Table 1. The F, of cach is shown at its left and the frequency of the formant
peak is shown above it. On cach trial four tones were selected from this table and wsed for
the comparison sequence. Tone | in the tuble can be called the pivoral wne, It appearcd in
every four-tone comparison cycle. The choice of the other three tones defined the similaritics
of F, and peak in that set of tour tones. One of these, which we can call the contrasting tone,
wlways diftered trom the pivotal tone both on I, and formant frequency; an example might
be Tone 19. It was expected to be segregated trom Tone | via both of these factors. The
third tone (¢.g.. Tone 4) would be the same as Tone | on Iy but the same as the contrasting
tone on formant {requency. The fourth tone (e.g., Tone 16) was chosen o be the same as
‘Tone | on formant [requency but the same as the contrasting tone on F,. Therefore, the (our
tones always occupicd the vertices ot a rectangle in Table 1, defined by two formant frequen-
cies and two Fys. It can be seen that, in our example, Tones | and 4 both have an ¥, of 128
Hz while Tones 16 and 19 have Fis of 228 Hz. 11 T, is a strong basis for stream segregation
and formant frequency has negligible etfects, two strcams of tones should be heard, one with
a 128-Hz F, (1 & 4) and the sccond with a 228-Hz F,, (16 & 19). However, if F, has a
negligible effect upon segregation and the formant frequency has a strong influence, again
two streams should be heard, one consisting of the two tones whose formant peak is at 1000
Hz (I & 16) and the other consisting of the two whose peak is at 1782 Hz (4 & 19). Since
Tone | was always present, the sclection of the contrasting tone prescribed the separations
among the four tones on F, and formant fregency. the choice of the other two tones following
automatically.

Across all the trials of the experiment, all the tones in Table 1. except for Tone 1 itselt,
were chosen as the contrasting, tone. Notice that tones in the top row or the [eftmost coluinn
were not excluded from serving as the contrasting tone despite the fact that in these cases
a degenerate case of similarity would be obtained in which only one basis of similarity would
exist in the group of four toncs. For cxample, because Tone 1 was aiways selected, then
when Tone 16 was chosen as the contrasting tone, 1he rule of selection of the other two tones
led us to select Tones 1 and 16 again as the third and fourth tones. Hence only the factor
of F, could differentiate the four tones (I, {, 16, & 16). The trials that used the degenerate
cases allowed us o study the stream-forming strength of cither F; or formant frequency
without competition from the other factor.
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Figure 1. Spectra of four tones used in Experiment 1. Horizontal grid lines are spaced by 10 dB, ver-
tical ones by 1000 Hz. Fgs and peaks are as follows: upper left - 128, 1000; upper right = 128, 2161,
lower Ieft = 277, 1000; lower right - 277, 2161. Note that the frequency scale is linear.

After each selection of four tones was made from Table 1, it was tested on four different
trials that differed in the order of the tones in the comparison loop (c.g., CBADCBAD...).
This arrangement in a particular order also determined which two tones would scrve as the
toncs in the standard loop (e.g., CB--CB--...) since the standard loop always uscd the first
two tones from the comparison loop. This procedure automatically produced the combina-
tions of tested factor and interfering factor mentioned carlier.

The experiment consisted of 100 trials. Four tapes were made, cach with a different random
order of the 100 trials. Four subjects were tested on cach tape.

Stimuli: Complex tones of 100-ms duration were used. They were digitally synthesized using
the MITSYN signal processing software (Henke, 1980) running on a PDP-11 computer.
Sequences werc synthesized at 15,360 samples/s output on a 12-bit D/A converter, low-pass
filtered at 4 kHz, and rccorded on an analog tape recorder. At testing time, the playback
{rom the tape recorder was again low-pass filtered at 4 kHz, to reduce tape noisc and played
to listeners over TDH-49P headphones in an Industrial Acoustics 1202 test chamber.

There were 25 different tones: five different Fys combined with five different frequencies
of the formant peak. Table 1 shows that both the Irequencics of the fundamentals and those
of the spectral pcaks were spaced by ratios of approximately 1.21. Each tone consisted of
harmonics 1 1o N. Since we used only frcquencies up to about 3600 Hz, the tones with higher
fundamentals had fewer harmonics (but never Iess than 13). The digital synthesis that gener-
ated the spectrum of these tones first passed a flat spectrum (all components in sine phase)
through a formant filter (second-order digital resonator) and then through a first-order differ-
ence filier to give a spectrum with a similar roll-off both above and below the tned fre-
quency. The bandwidth of the formant filter was sct at 0.1 times the formant peak frequency.
Four examples of the resulting spectra are shown in Figure 1. Notice that there is not always
a spectral component at the nominal formant peak. The tones were gated on and off in 10 ms
by a quartcr sine wave function. Tone | (of Table 1) was presented to the subjects binaurally
at 79 dBA as measured from the hcadphones with a flat-plate coupler. The other tones were
matched to it in loudness according o the subjective judgement of one of the experimenters
(RL).

Subjects: There were 16 subjects, 15 university students between the ages of 21 and 27, paid
for participating, and one 46-ycar-old male (ASB). They had about 15 minutes of introduc-
tion and pretraining on the task.
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TABLE 2
Experiment {2 Mean Clarity Scores for the Fy Tests

Tested Factor

Interfering Factor (Fundamental)

(formant prak) 128 155 188 228 277 M
1000 2.7 4.1 7.4 8.9 89 6.4
1212 2.4 4.1 7.8 8.4 8.8 6.3
1470 2.7 39 5.3 7.9 8.6 5.7
1782 29 16 5.2 6.6 8.3 53
2161 2.9 32 4.9 6.6 7.3 50

M 2.7 38 6.} 7.7 84

Note. Range of scorcs is 2 to 10.

Results

For each combination of Fy and formant frequency, the subjects gave four scores
running from 1 to 5. Table 2 shows the sum of the two scores for the same Fy stan-
dards. The scores run from 2 to 10 with a higher score indicating that therc was
morc segregation by F,.

Recall that onc of the tones in the comparison loop always had an Fy of 128 and
a formant frequency of 1000. The cell cntries tell how much segregation there was
by F, when the other toncs had the Fj and formant (requency shown in the margins.
We observe that the Fy-based scgregation becomes stronger (scores become larger)
as Fy scparation increases (running across the table from left to right). There is a
monolonic increase in all rows. Comparing each score to the onc just to its left, the
number of increases is significant at p < .002 by the sign test. There is a small ten-
dency for a decreasc in segregation as the formant frequency scparation (the inter-
fering factor here) became larger (running down the table). It is significant at p < .01
by the sign test. These trends are displayed most clearly by the row and column means.
The cells that violate the top-to-bottom weakening trend are always in Row 1 or Column
1, which contain the conditions in which only onc factor was varied. We also note
that the decrease in segregation as the interfering factor increased in strength was not as
large as the increase when the tested factor increased in strength by the same amount.

The leftmost column in Table 2 shows what happens when all four tones had the
same Fj;. Segrepation was very low and was not made any worse by larger separa-
tions on the interfering factor (formant frequency separation). On the other hand,
the top row shows what happens when all tones had the samc formant frequency.
We sce a strong increase in scgregation as Fy, scparation increased.

Tablc 3 shows the results for the tests of segregation by formant (peak) frequency.
High numbers here indicate that the frequency of the formant peak was effective
in controlling segregation. Therefore, the strong observed increasc in scores from
left to right indicates an increase in segregation as the separation on the tested factor
of formant peak increased. This increasc is significant at p < .002 by the sign test.
In the results shown in this table, Fy, was the interfering factor. Therefore we should
expect to see a decreasc in segregation scores as Fy increased (running down the
table). The trend taken over the whole table, if it exists at all, is very weak (p > .22
by the sign test). However, we can sce an interesting pattern il we ignore Row 1
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TABLE 3
Experiment 11 Mean Clarity Scores for the Formant Peak Freguency Tests

Tested Factor
(Formant peak position)

Interfering factor

(Fundamental) 1000 1212 1470 1782 2161 M
128 2.7 3. 8.1 8.8 9.3 6.4
155 29 58 8.7 9.3 9.6 7.3
188 2.8 4.8 8.3 9.1 9.3 6.9
228 3.6 3.5 6.4 8.2 9.1 0.2
277 29 31 4.6 7.1 84 5.2
M 3.0 4.1 7.2 8.5 9.1

Note. Range of scores is 2 to 0.

TABLE 4
Experiment 1: Relative Strength of [y and Peak

N Steps of N Steps of Difference on Tested Factor

Difference on ' ) ) | -

interfering Factor 0 i 2 3 4 M
0 0 10 -7 10 -4 0
1 5 17 9 -9 8 —-10
2 -1 -9 -30 -1 7 —12
3 7 | - 12 - 16 -5 —&
4 0 1 3 -8 —11 -3
M -3 -3 —11 -9 -7 -6

Notc. FEntrics arc Table 2 entry minus Table 3 entry times 10. Positive numbers indicate that |,
I8 a stronger intluence.

and Column 1, which contain the degencrate tests in which only I, or formant fre-
quency was varied. In cach of the four remaining columns, where the two factors
competed, the score declined monotonically as the Fyy scparation incrcased over four
sieps. The conditions in which only once factor was varied scem always to give lower
scores than would be predicted by extrapolating the trends from the other 16 cells.
Perhaps this is duc to some diftcrence in strategy when the histener hears variation
on only one factor,

Overall we see the same pattern in both Tables 2 and 3. Increases in separation
on the tested factor strongly strengthened segregation, and increases in separation
on the interfering factor produced an interfering effect that was substantially weaker.

A visual comparison of the relative strengths of segregation by Fy and formant
frequency can be obtained by subtracting cach cell in Table 3 from the corresponding
cell in Table 2. Table 4 shows the results of this subtraction. In order to climinate
decimal points and make the table more readable, cach result has been multiplied
by 10. The first thing to notice is that the mcan for the whole table is —6 and that
only 5 out of the 25 subtractions give positive numbers. This incans that, on the
whole, the formant frequency separations were stronger than the Fy, separations in
controlling segregation when the two types of separations were cquated in terms
of the ratios of the frequencies involved.

The mcan of zero taken across the first row reflects the fact that when the inter-
fering factor was inopcerative (zero steps ol difference) the two factors were, on
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average, equally strong with some variation from condition to condition. Thesc strong
effects arc the ones that appear in Row | of Tables 1 and 2. However, it appears
that the formant frequency tended to dominate when the two factors were acting
at cross purposes. This interpretation is consistent with the observation that the stron-
gest superiority of formant separation (largest negative numbers in Table 4) appears
on the diagonal that runs from top left to bottom right. On this diagonal, the number
of steps of separation on the two factors was the same, and the superiority of for-
mant separation was due to some sort of compcetitive advantage. Another apparent
pattern is that cells toward the middle of the table have higher values. This suggests
that the greatest domination by the stronger factor occurs when both factors have
a medium strength.

EXPERIMENT 2

Experiment 1 showed that separations in peak frequencics atfected the grouping of
tones. Experiment 2 looked at the role played by the sharpness of the peaks in affecting
this grouping. Since we already knew that both Fy and peak affected segregation,
we decided not to explore a range of variation on both factors again but simply to
set up a conflict between the two and look at how the sharpness of the peak enhanced
the ability of the frequency separation of the peaks to compete cffectively with an
Fy separation in controlling the grouping.

Method

The listener's task and the timing of the tones were the same as in Experiment 1, but the
toncs themselves were different. Because the formant peaks in Experiment 1 had been created
by filtering, not all the peaks were exactly the same shape, and there was no guarantee that
there was a harmonic at the nominal spectral peak defined by the centre frequency of the
filter. These factors might have accounted for the irregularities in the superiority ol peak
over Fy (Table 4). In order to control more exactly the shape of the spectrum in Experiment
2. the spectra of the stimuli were created by adding pure tones together rather than by filtering
a complex tone.

The use of additive synthesis in this experiment also allowed us to rule out a factor that
might have influenced the segregation in Experiment 1. The stimuli of Experiment | were
created by filtering harmonics 1 to N. Since the first harmonic was always present, as the
fundamental increased so did the lower edge of the spectral band occupied by the signal. There-
fore, F, was not completely independent of spectral range.

All the tones in Experiment 2, no matter what their pitch or formant frequency, spanned
exactly the same spectral range, sharing the same lowest and highest harmonics (500 Hz &
4000 Hz). This ruled out spectral edges or spectral balance as bases for grouping. This design
was made possible because the fundamental was omitted in all cases, the lowest harmonic
always being the one at 500 Hz. Thus the tones having an T7y, of 125 Hz had 29 harmonics,
those with an F; of 166.7 Hz had 22, and those with an T, of 250 had 15. These should have
been sufficient to produce highly saturated pitches. Furthermore, there was always a har-
monic¢ exactly at the nominal spectral peak. All harmonics started in sine phase. They were
synthesized at 19,200 samples/s, low-pass filtered at 4.5 KHz, and recorded on an analog
tape recorder.

Variation of F, and Peak: In contrast to Experiment 1, there were only three Fys (125, 167,
& 250 Hz) and three peak frequencies (1000, 1500, & 2000 Hz). Becausc of constraints imposed
by the other design poals, they could not be spaced by cqual ratios. Furthcrmore, not all
combinations of these values were used in synthesizing the 1ones. The combinations that were
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Figure 2. Experiment 2: Qutlines of the speetra (frequency and amplitude boundarics) for the tones having
the three differcnt spectral peak positions. The frequency scale is logarithmic.

used allowed us to create scquences of tones bearing either a 2:1 or 3:2 relationship to one
another in terms of both their Fys and their formant peak positions. In every condition, the
separation on Fy was the samc as the scparation of pcaks when both were mcasured as ratios.
Thus for the 2:1 ratio, the four tones in the cycle, expressed in the form, [F,, peak], were
[250, 2000], [250, 1000], [125, 2000}, and 1125, 1000]. For the 3:2 ratio, the values
were [250, 2000], [250, 15001, [167, 2000], and | 167, 1500] . In other words, the factors
always competed on an equal footing (defined in terms of frequency ratio) with one qualifica-
tion: the sharpness of the spectral peak was sometimes too small to allow separation of the
peak frequencics to be a4 meaning(ul perceptual difference. In these cases, we observed pure
effects of F,.

Peak Sharpness: Each combination of F, and formant frequency was used to synthesize five
different tones, each with a differcnt value of formant peak sharpness. The spectral envelope
of each tone can be plotted on log-frequency-by-decibel co-ordinates as a triangle standing
on a pedestal. The sharpness was defined as the height of the triangle, the triangle always
having the same width. Outlines of the spectra (frequency and amplitude boundaries) for tones
with the three different peak positions are shown in Figure 2. Note that the dB scale in thesc
diagrams is a purely relative one, expressed in terms ol the amplitude of the components
in the pedestal; the actual playback intensitics were adjusted to achieve cqual subjective loudness
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TABLL 5
Experiment 2: Mean Clarity Scores

Peak Sharpness (in dB)

Rate of Fys
and Pcaks 0 6 12 18 24 M
Fy Tests
3:2 6.7 7.1 7.9 8.1 4.0 7.6
2:1 8.1 8.4 7.8 8.0 7.6 8.0
M 7.4 7.8 7.8 8.0 7.8 —
Peak Tcests

32 2.8 2.9 33 3.7 49 35
2:1 2.7 2.9 35 5.5 7.3 4.4
M 2.8 29 34 4.6 6.1 —

Note.  Range ol scores is 2 to 10,

of all tones. The different peak sharpnesses were obtained by setting the amplitude of the
harmonic at the formant peak to be 0. 6, 12, 18, or 24 dB above the amplitude of the equal
intensity harmonics of the pedestal. The stimuli having 0 dB peuks had, of course, flat spectra.
For all the other stimuli, the sides of the triangle dropped to the level of the pedestal in one
octave in both the high-frequency and low-frequency directions.

The 125, 1000 tone was presented binaurally at 65 dBA and the other tones were matched
to this onc for subjective loudness by the experimenter (CL). The experiment was presented
as counterbalanced halves where only one ratio of F, and formant frequency (2:1 or 3:2)
appearcd in each half. The other variables were randomized within halves. The experiment
lasted for about | hour for cach subject, including instruction and practice. The subjects were
20 young adults, ranging from 20 to 28 years of age.

Resulty

The results tor the Fy) tests arc shown in the upper half of Table 5 on the same
2-10 scale as the results of Experiment 1. High numbers rcpresent a better ability
to hear the grouping when F;, was the tested factor. The trends that will be men-
tioned here are all supported by an ANova described later. Gencrally speaking, the
scores were always very high, indicating that the subjects always thought that the
Fy-bascd grouping was strong despite the fact that it was being opposed, in all cases,
by a formant peak separation of equal size. Increasing the sharpness of the peaks
did not scem to lead, in any systematic way, o greater interfercnce (lower scores).

The results for the formant frequency tests arc given in the lower half of Table 5.
Here the scores were generally low, indicating that cither the force cxercised by peak
scparation on grouping was weak at most of the peak sharpnesses that were employed
or clse that it was overpowered by a disruptive cffect of the interfering factor (Fy).
We also see that the effects of the frequency separation of the peaks became greater
as the peaks themselves became sharper, this trend being stronger for the 2:1 separa-
tion. Remember that the 2:1 separation applied all the Fys and formant peak separa-
tions in a cycle. Therefore, sharpening the peaks helped a formant separation of 2:1
to overcome more strongly the disruptive cffects of an Fy separation of 2:1. Overall,
the scores were higher for the 2:1 ratio than for the 3:2 ratio,

The results given in Table 5 werc subjected to an overall aNova. it confirmed
the finding that the F tests were very much casier than the formant frequency tests,
F(1,19) = 351.8, p < .0001. Therc was a significant overall effect of peak sharp-
ness, F(4,76) = 52.8, p < .0001, and a significant sharpness by ratio interaction,
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TABLE 6
Experiment 20 Relative Strength of Fy and Peak Fregueney

Peak Sharpness (in dB)

Rate of Fys

and Pcaks 0 6 12 18 24 M
3:2 39 42 46 44 31 40

24 54 55 43 25 3 36

M 47 49 45 35 17 R

Note.  bntries are Table § Fy test values minus peak 1est values times 10, Positive numbers indicate that
Iy was a stronger influence.

F(4,76) — 4.24, p < .01. There was also a signilicant sharpness by type of test
intcraction, F(4, 76) = 28.4, p < .0001, indicating that peak sharpness had a
stronger cffect, understandably, when the tests were focussed on the effects of peak
scparation. Finally, there was a highly significant three-way interaction between the
ratio, the test, and the peak sharpness, F(4, 76) = 29.5, p < .0001. This occurred
because the sharpness had the strongest effect in the peak test at the 2:1 ratio.

The competition of the two factors is best displayed by the entries in Table 6. These
entrics are analogous to some of the entries in Table 4, namely, the ones in which
the Fyy and the formant frequency separations are the same (along the major diagonal)
and where these separations are similar to the 2:1 and 3:2 ratios used in the present
experiment. Specifically, the four-tone cycle represented by the third row. third column
(value of —30) in Tablc 4 embodics un approximately 3:2 ratio and the one for the
fifth row, fifth column (valuc of  11) cmbodies an approximately 2:1 ratio. It scems
that the relative dominance of F, separation and formant peak scparation were reversed
in the two experiments, with 1Y) dominating in the sccond onc. However, looking back
at the lower hall of Table 5, we sce that the peak separation began to resist the disrup-
tive cffects of the F,, separation at the higher peak sharpnesses. We must recall that
the peaks were created in ditferent ways in the two experiments.

GENERAL DISCUSSION

The experiments confirm that I, alone can be used to segregate sequences of sounds,
even when the upper and lower limits of the [requency bands are identical. Therefore,
they confirm the results of Singh (1987) showing a tradeof( between pitch (our Fy) and
timbre (analogous o our spectral peak) in controlling the formation of streams. They
also show that 19, itself, and not some secondary spectral effect, can control segrega-
tion. In addition, they show that the formant peak frequency controls grouping more
strongly when the peak is made to stand out more from the spectrum. This effect con-
tinucs up to a sharpness of 24 dB, the highest sharpness studicd. Therefore, while for-
mant sharpness may not play a role in phoneme identification when a voice is presented
in isolation, it may play a role in segregating voices from interfering sounds.

The diffcrences in the relative strength of the effects of Fy and peak in the two
experiments should not be treated as having any importance, since the formant peaks
were created in a different way in each experiment. In Experiment 2, the maximum
peak sharpness (height) was 24 dB. Figure | shows that in Experiment 1, because of
the first-order difference filter, the lowest harmonics were attenuated by much more
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than 24 dB rclative to the most intense harmonic (up to 40 dB 1n somce cases). As we
know from Experiment 2, this would have strengthened the effects of peak separation.

It is possible (hat the cffect that has been described as due to the separation of spec-
tral peaks was not duc 1o that at all. but to a diffcrence in the relative intensity of
higher versus lower harmonics, a property that gives rise to the perception of bright-
ness (Wessel, 1979). This would have been affected automaticaly whenever the fre-
quency of the spectral peak was changed. In Experiment 2, the ceffect of peak sharp-
ness might have been due to the fact that the effects of the peak on the balance of
high versus low harmonics was greater as the peaks became more intense relative to
the pedestal. When the spectrum has only a single spectral peak, the brightness is
automatically corrclated with the position of this peak. One way to decide whether
spectral peaks themselves controlled grouping, independent of brightness, would be
o use tones containing at least two spectral peaks. Then the frequencies of the two
peaks could be varied in opposite directions so as to keep brightness constant. A second
way to vary the scparation of peaks, in a single-formant spectrum, without affecting
brightness would be to change the shape of the peak as it was moved upward, compen-
sating for a higher peak position by a sharper roll-oft of the harmonics above the peak.

Although it appears that both Fy and formant frequency (or perhaps brightness)
were uscd by listeners to achicve segregation, we must ask what kind of segregation
it was. We observed, particularly in Experiment 1, that each factor was relatively
weak in interfering with the segregation based on the other. Even in Experiment
2, where the clfects of peak separation were not as strong, when the peaks were
24 dB high the listeners were able to group the Lones by their peak separation and
to resist the disruption by an cequally large scparation in Fy, (giving a valuc of 7.3
out of 10 in the lower hall of Table 5).

What does this resistance to interference mean? Bregman (1990) has proposed
that there arc two kinds of perceptual processes that lead to perceptual grouping.
They are iHustrated by the results of van Noorden (1977) who found two bound-
aries relating stream segregation to the frequency separation of the tones at different
tone rates.. The temporal coherence boundary (TCB) was found when the listener
was asked to hold all the tones together as one stream. It scems to represent a limit
on integration. This integration was found to get harder as the tones were separated
further in frequency or were more rapidly alternimed. The fission boundary (FB),
on the other hand, was found when [isteners were asked 1o focus on one of the streams
that remained in a restricted frequency range. Success in this task required only a
small frequency separation (1-3 semitones) and was unaffected by the tone rate.

Bregman (1990) sees these two forms of segregation as resulting from two kinds
of perceptual process. The TCB derives trom primitive segregation. One ot the marks
of primitive segregation is that it makes it hard for the listener to perccive relation-
ships between sounds that have been placed into different streams by this process.
Primitive segregation is viewed as a preattentive grouping process. The second Kind
of process, called schema-based segregation, is responsible for the FB. It occurs
when the listener uses a schema or criterion to extract the parts of a signal that fit it.

In the present experiment, the listeners profited by differences in between the two
targret tones and their neighbours to extract them from the sequence. However, as
long as the feature that they werce using was defined clearly enough (e.g., when the
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peaks were sharp cnough in Exp. 2), they were not prevented from perceiving the
pair as a pair by the fact that they were different from each other on the interfering
quality. These two facts argue that the task was strongly affected by a schema-based
process of segregation, capable of grouping the pair by their shared property, and
that the primitive segregation was weak. A strong primitive scgregation should have
disrupted the integration of the two target tones when they were different on the
interfering property even when they were grouped by the tested property.

The importance of the schema-based process in this task may have resulted from
the 20 repetitions of the two-tone pattern in the standard cycle (AB—AB—...). There
was plenty of time for the listener to build up a mental description (schema) of the
target pair. Indeed, it seems that any time a listener tries to hear a pattern inside another
one, he or she requircs a mental description of the pattern being sought. Any such
task, therefore, must have a hcavy loading on the schema-based segregative process.

Our results can be comparced to those reported by van Noorden (1975). Just as
we did in Experiment 2, he varicd the fundamental frequencics in a rapid sequence
of tones while keeping the frequency componcnts of all the tones in a fixed band.
Contrary to what he had expected, when he acted as his own subject he was able
to hear perceptual cohcrence up to a separation of an octave, This result can be com-
parcd to the results of Experiment | for the peak test in which there was no peak
frequency diffcrence but only an F, difference (Table 3, Column 1). We observed
little interference from F,; even when differences on this factor exceeded an octave
(lower lcft cell value of 2.9). Van Noorden’s results arc therefore consistent with
our own and with the hypothesis that schema-based integration was heavily involved
in his task. As a highly trained subject hc would have developed strong schemas
concerning the sequence of tones and would therefore have been able to overcome
the disruptive effects of a rclatively weak primitive segregation based on F,.
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