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ABSTRACT The perceptual grouping of a four-tone cycle was studied as a func-
tion of differences in fundamental frequencies and the frequencies of spectral peaks.
F.ach tone had a single formant and at least 13 harmonics. In Kxperimcnt 1 the for-
mant was created by filtering a Hat spectrum and in Experiment 2 by adding har-
monics. Fundamental frequency was found to be capable of controlling grouping
even when the spectra spanned exactly the same frequency range. Formant peak
separation became more effective as the sharpness (amplitude of the peak relative
to a spectral pedestal) increased. The effect of each type of acoustic difference
depended on the task. Listeners could group the tones by either sort of difference
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 relative weakness of primitive segregation.

KKNL'MK Nous avons cludic le regroupcmenl perccptuel d'un cycle de qualre sons
en fonction des differences dans les frequences londamentales et les frequences de
pics spectraux. Chaquc son avail un scul forniant et au moins 13 hyrmoniques. Dans
('experience 1 Ic formant ctait eree par le filtrage d'un spectre plat et dans I'cx-
perience 2 par I'addition d'harmoniques. Nous avons trouve que la frequence fon-
damcntale etait capable de controlcr le regroupement meme quand les spectres
traversaicnt exactement la meme elenduc dc frequences. l.a separation entre les pics
dc formant devenait plus efficacc a mesure que I'acuitc (Tamplitude du pic relatif
au picdcstal spectral) augmcntail. L'elfet dc chaque type dc difference acoustique
dcpcndail de la tachc. Les sujets pouvaienl regrouper les sons par Tune ou Paul re
des differences et elaient aussi capables dc rcsister a 1'effet pcrturbateur dc l'autre
difference. Ccci a etc considere commc une evidence de la presence dun processus
schema-dependant du regroupement percepluel et dc la faiblesse relative de la scgre
gation primitive.

When a repealing 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 (Bo/.zi & Vicario,
1960; Miller & Heise, 1950). This phenomenon has been referred to as auditory
stream segregation (Bregman & Campbell, 1971). Stream segregation makes it hard
to hear patterns that cross the two streams, be they melodic patterns (Bregman &
Campbell, 1971; Dowling, 1973) or rhythmic patterns (Bregman, 1978b; Handel,
1984; van Noorden, 1975). The time interval between events in two different streams
is also hard to judge (e.g., Divenyi, 1971; Fitzgibbons, Pollatsek, & Thomas, 1974;
Kinney, 1961; Neff, Jesteadt, & Brown, 1982; van Noorden, 1975).

The segregation of the two subsets of tones becomes greater with increasing fre-
quency separation and with increasing 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 segregation in most of these studies was produced by frequency separa-
tion, other kinds of differences between sounds can also cause them to form separate
perceptual streams. For example, streams can be formed on the basis of differences
in spatial location (Axclrod & Guzy, 1968; Judd, 1979; Massaro, 1976) or differ-
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 unique in that they confound two height dimensions that occur in more
complex periodic sounds. These dimensions are the height of the fundamental fre-
quency and the height of the mean of the spectral energy. With pure tones, these
are always the same. In complex tones, however, the former is thought to give rise
to our sense of musical pitch while the latter is responsible for a timbral dimension,
the brightness of the tone (Wcssel, 1979).

Differences in timbre can contribute to segregation. Research on this basis for
segregation has defined timbre in many different ways: as the contrasts between
different instruments playing the same pitch (Lirickson, 1975; Smith, Hausfcld,
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 different 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 literature. Positive evidence has been found. For example,
sudden F() changes have been shown to dissociate the parts of a synthesized speech
syllabic (Darwin & Bethell-Fox, 1977; Green, Stevens, & Kuhl, 1989). Further-
more, vowels synthesized on different fundamentals and formed into a repeating
loop tend to segregate 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
segregation 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) Fo and the spectral region of the har-
monics. To vary timbre, Singh used tones formed of four consecutive harmonics
and varied the harmonic number of the lowest harmonic. Tones composed of higher
harmonics had the same (missing) Fo but sounded brighter.

The present research differed from Singh (1987) in that we studied the perceptual
grouping of tones with richer spectra. Rather than differing in the selection of har-
monics, the spectra of different 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
tones 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 used. Therefore they confound the
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saturation of the pitch with the brightness. Our tones consisted of at least 13 har-
monics, with the lowest harmonic never higher than the fourth.

Experiment 2 investigated how the sharpness of the spectral peaks (difference
between peak and valley intensities) affected their ability to control perceptual organi-
zation. In speech recognition research, it is generally accepted that the sharpness
of the formants has little effect on phonetic recognition (e.g., Klatt, 1982: Roberts,
1988, chap. 3). Yet sharpness could still make it easier to follow a formant over
time or to group segments of a Ibrmant across interruptions by extraneous sounds.

In Hxperiment 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
controlling the intensity of each harmonic explicitly through additive synthesis. The
latter procedure also made it possible to hold the highest and lowest frequencies
constant and to ensure that a harmonic always fell at the nominal spectral peak.

EXPERIMENT I

The stimuli in this experiment were similar to those used by Singh (1987). It was
a cycle of four tones in which two types of similarity were present, one based on
the fundamental frequency (Fo) of the tones and another based on the frequency of
a formant peak. Henceforth, these two factors will simply be referred to as Fo and
peak, respectively. The main purpose 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 nis in duration and differing on both peak and Fo,
were formed into a 4(X)-ms repeating loop, and the subject performed a judgement that was
designed to reveal how strongly each of the two factors were promoting the formation of
similarity based streams. First the subjects heard 20 repetitions of a 400-ms cycle consisting
of two tones (symboli/cd as A and B), selected from the four chosen tones, and two silent
slots (symbolized as hyphens), each 100 ms in duration, in the order AB—AB- .... This
was the standard cycle- Then, with no break in the AB—AB—... rhythm, this was followed
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 Ihe standard cycle to form a comparison
cycle (ABCDABCD...). The subjects were asked to judge how easily they could hear the
standard pair (AB) continue 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 to 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 I (hard) to 5 (easy). The subjects had 2.5 s to make each
judgement.

The choice of the tones in the comparison cycles was varied on different trials to manipu-
late independently the frequency separation of the peaks and the F,,s. There were two kinds
of tests created by different selections of the two lones to be used in the standard cycle. On
some trials the two tones of the standard were alike in Fo; on such trials Fo 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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TABLL: 1
Design of Stimuli lor bxpcrinu.*nl I

luiiuki mental

128
155
INN

228
277

1000

1
6

I I
16
21

Note. The numbers in the

Spectral

1212

2

7

12
17
22

Peak

1470

3
8

13
IK
23

Position

1782

4
»

14
19
24

table are the ioYntilicalion numbers

2161

5
10

15
20
25

for the

tones (lo hi-1 read ;is Tone I. Tom: 2. etc )

standard (A and B) were alike on the leslod factor tint) different enough from C and D, they
should form a separate perceptual stream in the comparison cycle and thus be heard clearly.
Therefore, a high clarity score for Ihe tested factor was taken as evidence thai the pariicular
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 Ihe interfering factor.

Design: Table I can be used to explain the design of the sequences. Twenty-five harmoni-
cally rich tones were created, each having a duration of I(K) ms. They are shown numbered
from 1 to 25 in Table 1. The F,, of each is shown at its left and the frequency of the lornianl
peak is shown above it. On each trial four (ones were selected from this table and used for
the comparison sequence. Tone 1 in the table can be called the pivotal tone. It appeared in
every four-tone comparison cycle. The choice of the other ihree (ones defined the similarities
of F,, and peak in that set of four tones. One of these, which we can call the contrasting tone,
always differed from the pivotal lone both on F,> and formant frequency; an example might
be Tone 19. It was expected to be segregated from Tone 1 via both of these factors. The
third tone (e.g.. Tone 4) would be the same as Tone I on Fo but the same as the contrasting
tone on formant frequency. The fourth tone (e.g.. lone 16) was chosen to be the same as
Tone 1 on formant frequency but the same a.s the contrasting tone on !•'„. Therefore, the four
tones always occupied Ihe vertices of a rectangle in Table I, defined by two formant frequen-
cies and two F,,s. It can be seen thai, in our example. Tones I and 4 both have an F(, of 128
Hz while Tones 16 and 19 have F(,s ol" 228 11/.. If F,, is a strong basis for stream segregation
and Ibrmaiu frequency has negligible effects, two streams of tones should be heard, one with
a 12KHz F,, (I & 4) and Ihe second with a 228-H/. F,, (16 & 19). However, if F,, has a
negligible effect upon segregation and the formanl frequency has a strong influence, again
two streams should be heard, one consisting of Ihe lwo tones whose formant peak is at KKH)
Hz (I & Ifi) and the other consisting of the two whose peak is at 17X2 Hz (4 & 19). Since
Tone 1 was always present, the selection of the contrasting lone prescribed the separations
among the four tones on Fo and formant freqency. 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 itself,
were chosen as (he contrasting tone. Notice that tones in Ihe top row or the leftmost column
were not excluded from serving as ihe contrasting lone despite the fact that in these cases
a degenerate ease of similarity would be obtained in which only one basis of similarity would
exist in the group of four tones. For example, because Tone 1 was always selected, then
when Tone. 16 was chosen as the contrasting tone, the rule of selection of the other two tones
led us to select Tones I and 16 again as the third and fourth tones. Hence only the factor
of F,| could differentiate the (bur tones (1. 1, 16. & 16). The trials that used the degenerate
cases allowed us to study the stream-forming strength of cither Ft, or formant frequency
without competition from the other factor.
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Figure 1. Spectra of four tones used in Experiment I. Horizontal grid lines are spaced by 10 dB, ver-
tical ones by 1(XX) Hz Fos and peaks are as follows: upper left •- 128. KXX); upper right = 128. 2161;
lower left = 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 (e.g., CBADCBAD...).
This arrangement in a particular order also determined which two tones would serve as the
tones in the standard loop (e.g., CB—CB—...) since the standard loop always used the first
two tones from the comparison loop. This procedure automatically produced the combina-
tions of tested factor and interfering factor mentioned earlier.

The experiment consisted of 100 trials. Four tapes were made, each with a different random
order of the I(K) trials. Four subjects were tested on each 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 were synlhesi/.ed at 15,360 samples/s output on a 12-bit D/A converter, low-pass
filtered at 4 kHz, and recorded on an analog tape recorder. At testing time, the playback
from the tape recorder was again low-pass filtered at 4 kHz to reduce tape noise and played
to listeners over TDH-49P headphones in an Industrial Acoustics 1202 test chamber.

There were 25 different tones: five different F,,s combined with five different frequencies
of the formant peak. Table 1 shows that both the frequencies of the fundamentals and those
of the spectral peaks were spaced by ratios of approximately 1.21. Bach tone consisted of
harmonics 1 to N. Since we used only frequencies up to about 3600 Hz, the tones with higher
fundamentals had fewer harmonics (but never less 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 filter to give a spectrum with a similar roll-oil both above and below the tuned fre-
quency. The bandwidth of the formant filter was set at 0.1 limes the formant peak frequency-
Four examples of the resulting spectra are shown in Figure I. 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 quarter sine wave function. Tone I (of Table 1) was presented to the subjects binaurally
at 79 dBA as measured from the headphones with a flat-plate coupler. The other tones were
matched to it in loudness according to 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-year-old male (ASB). They had about 15 minutes of introduc-
tion and prctraining on the task.
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TAHl.K 2
Lxpcrimcnt I: Mean Clarity Scores tor the F o Tests

Interfering Factor
(formant peak)

KKX)
1212
1470
1782
2161

M

Note. Ranj>c of scores

128

2.7
2.4
2.7
2.9
2.9
2.7

is 2 to 10.

155

4.1
4.1
.1.9
3.6
3.2
3.8

Tested Factor
(Fundamental)

188

7.4
7.8
.5.3
5.2
4.9
6.1

228

8.9
8.4
7.9
6.6
6.6
7.7

277

8.9
8.8
8.6
8.3
7.3
8.4

M

6.4
6.3
5.7
5.3
5.0

Results

For each combination of Fo 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 Fo stan-
dards. The scores run from 2 to 10 with a higher score indicating (hat there was
more segregation by Fo.

Recall that one of the tones in the comparison loop always had an Fo of 128 and
a formant frequency of 1000. The cell entries tell how much segregation there was
by Fo when the other tones had the Fo and formant frequency shown in the margins.
We observe that the F(,-based segregation becomes stronger (scores become larger)
as Fo separation increases (running across the table from left to right). There is a
monotonic increase in all rows. Comparing each score to the one 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 decrease in segregation as the formant frequency separation (the inter-
fering factor here) became larger (running down the table). It is significant atp < .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 one 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 F(). Segregation 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 same formant frequency.
We see a strong increase in segregation as F() separation increased.

Table 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 increase in scores from
left to right indicates an increase in segregation as the separation on the tested factor
of formant peak increased. This increase is significant at/? < .002 by the sign test.
In the results shown in this table, F() was the interfering factor. Therefore we should
expect to see a decrease in segregation scores as Fo 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 see an interesting pattern if we ignore Row 1
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TABLE 3
Kxpcriiucnl 1: Mean Clarity Scores for the Forinanl Peak Frequency Tests

Interfering factor
(Fundamental)

128
155
188
228
277
M

KKX)

2.7

2.9
2.8
3.6
2.9
3.0

1212

3.1
5.8
4.8
3.5

3.1
4.1

Tested [•'actor
(Formant peak position)

1470

8.1
8.7

8.3
6.4
4.6
7.2

1782

8.8
9.3

9.1
8.2
7.1
K.5

2161

9.3
9.6

9.3
9.1
8.4
9.1

M

6.4

7.3
6.9

6.2
5.2

Note. Range ol" scores is 2 to 10.

TABLE 4
Experiment I. Relative Strength of Ir

() and Peak

N Steps of
Difference on
Interfering Factor

N Steps of Difference on Tested Factor

M

0

1
2

3
4
M

Note. Entries are Table

0
5

- 1
7

0
- 3

2 entry

10
17

- 9
1
1

- 3

minus Table

7
9

- 3 0
12
3

- 1 1

3 entry times 10.

10
9

- 1 2
16

- 8
-«>

Positive numbers

- 4
8
7

- • 5

- I I
- 7

indicate

0

- 1 0
- 1 2
- 8
- 3
- 6

that I',,

is n stronger influence.

and Column I, which contain the degenerate tests in which only !•'„ or forniant fre-
quency was varied. In each of the four remaining columns, where the two factors
competed, the score declined monotonically as the F,, separation increased over four
steps. The conditions in which only one factor was varied seem always to give lower
scores than would be predicted by extrapolating the trends from the other 16 cells.
Perhaps this is due to some difference in strategy when the listener 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 F<) and forniant
frequency can be obtained by subtracting each cell in Table 3 from the corresponding
cell in Table 2. Table 4 shows the results ol" this subtraction. In order to eliminate
decimal points and make the table more readable, each result has been multiplied
by 10. The first thing to notice is that the mean for the whole table is - 6 and that
only 5 out of the 25 subtractions give positive numbers. This means that, on the
whole, the fonnant frequency separations were stronger than the Fo separations in
controlling segregation when the two types of separations were equated in terms
of the ratios of the frequencies involved.

The mean of zero taken across the first row reflects the fact that when the inter-
fering factor was inoperative (zero steps of difference) the two factors were, on
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average, equally strong with some variation from condition to condition. These strong
effects are the ones that appear in Row I of Tables 1 and 2. However, it appears
that the fonnant 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 competitive advantage. Another apparent
pattern is that cells toward the middle of the (able 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 frequencies affected 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 F() 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 effectively with an
Fo separation in controlling the grouping.

Method

The listener's task and the timing of the tones were the same as in Experiment 1, bul the
loncs themselves were different. Because the fornuint peaks in Experiment 1 had been created
by tillering, not all the peaks were exactly the same shape, and there was no guarantee that
there was a harmonic ut the nominal spectral peak defined by the centre frequency of the
filter. These factors might have accounted lor the irregularities in the superiority of peak
over f'o (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 lone.

The use of additive synthesis in this experiment also allowed us to rule out a factor that
might have influenced the segregation in Experiment I. The stimuli of Experiment I were
created by filtering harmonics I 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 F.xperiment 2, no matter what their pilch 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 eases, the lowest harmonic
always being the one at 500 Hz. Thus the tones having an Fn of 125 Hz had 29 harmonies,
those with an F,, of 166.7 Hz had 22. and those with an F,, 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 harmonies 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 Fnami Peak: In contrast to Experiment I, there were only three Fos (125, 167,
& 250 Hz) and three peak frequencies (KXK), 1500, & 2000 Hz). Because of constraints imposed
by the other design goals, they could not be spaced by equal ratios. Furthermore, not all
combinations of these values were used in synthesizing the tones. The combinations that were
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Figure 2. Experiment 2: Outlines ol the spectra (frequency and amplitude boundaries) for the tones having
the three different spectral peak positions. The frequency scale is logarithmic.

used allowed us to create sequences of tones bearing either a 2:1 or 3:2 relationship to one
another in terms of both their Fos and their formant peak positions. In every condition, the
separation on Fo was the same as the separation of peaks when both were measured as ratios.
Thus for the 2:1 ratio, the four tones in the cycle, expressed in the form, [Fo, peak], were
[250, 2000], [250, 1000], 1125, 2000], and I 125. 10001. For the 3:2 ratio, the values
were [250, 2000], [250, 1500J, [ 167, 2<XK>1, 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 loo small to allow separation of the
peak frequencies to be a meaningful perceptual difference. In these eases, we observed pure
effects of F().

Peak Sharpness: Hach combination of F() and formant frequency was used to synthesize five
different tones, each with a different value of formant peak sharpness. The spectral envelope
of each tone can be plotted on log-lrequcncy-by-dccibel 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 these
diagrams is a purely relative one, expressed in terms of the amplitude of the components
in the pedestal; the actual playback intensities were adjusted to achieve equal subjective loudncss
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TABLli 5
lixpcrimcnt 2: Mean Clarity Seores

Rate of F,,s
and Peaks

3:2
2:1
M

3:2
2:1
M

0

6.7
8.1
7.4

2.8
2.7
2.8

6

7.1
8.4
7.8

2.9
2.9
2.9

Peak Sharpness

12

F(l Tests
7.9
7.8
7.8

Peak Tests
3.3
3.5
3.4

(in dB)

18

8.1
8.0
8.0

3.7
5.5
4.6

24

8.0
7.6
7.8

4.9
7.3
6.1

M

7.6
8.0
—

3.5
4.4
-

Note. Range of stores 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 peaks 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 one for subjective loudness by the experimenter (CL). The experiment was presented
as counterbalanced halves where only one ratio of Fn and formant frequency (2:1 or 3:2)
appeared in each half. The other variables were randomized within halves. The experiment
lasted for about I hour for each subject, including instruction and practice. The subjects were
20 young adults, ranging from 20 to 28 years of age.

Results

The results for the Fo tests are shown in the upper half of Table 5 on the same
2-10 scale as the results of Experiment 1. High numbers represent a better ability
to hear the grouping when F,, was the tested faetor. The trends that will be men-
tioned here are all supported by an ANOVA described later. Generally speaking, the
scores were always very high, indicating that the subjects always thought that the
F0-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 seem to lead, in any systematic way, to greater interference (lower scores).

The results for the tbrmant frequency tests arc given in the lower half of Table 5.
Here the scores were generally low, indicating that either the force exercised by peak
separation on grouping was weak at most of the peak sharpnesses that were employed
or else that it was overpowered by a disruptive effect of the interfering factor (F()).
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 Fos 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 effects of an Fo 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 were subjected to an overall ANOVA. It confirmed
the finding that the Fo tests were very much easier than the formant frequency tests,
F(l, 19) = 351.8, p < .0001. There was a significant overall effect of peak sharp-
ness, F(4, 76) = 52.8, p < .0001, and a significant sharpness by ratio interaction,



410 A S BREGMAN. C. LIAO. & R. I.F.V1TAN

TABLE 6
Experiment 2: Relative Strength ol h',, and Peak Frequency

Rale nt l'i)S
and Peaks

3:2
2:1
M

0

39

54

47

6

42

55

49

Peak

12

46

43

45

Sharpness (in dB)

IK

44

25

35

24

31
3

17

M

40

36

38

Noli;. Ivntries are Table 5 Ko test values minus peak lest values times 10. Positive numbers indicate that
I'd was a stronger influence.

F(4, 76) - 4-24, p < .01. There was also a significant sharpness by lype of test
interaction, F(4, 76) = 28.4, p < .0001, indicating that peak sharpness had a
stronger effect, understandably, when the tests were focussed on the effects of peak
separation. Finally, there was a highly significant three-way interaction between the
ratio, the test, and the peak sharpness, A"(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
entries are analogous to some of the entries in lable 4, namely, the ones in which
the F(| and the fbrmaiit 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 tour-tone cycle represented by the third row, third column
(value of —30) in Table 4 embodies an approximately 3:2 ratio anil the one for the
fifth row, fifth column (value of II) embodies an approximately 2:1 ratio. It seems
that the relative dominance of F,| separation and formanl peak separation were reversed
in the two experiments, with l'(l dominating in the second one. However, looking back
at the lower half of Table 5, we sec that the peak separation began to resist the disrup-
tive effects of the F() separation at the higher peak sharpnesses. We must recall that
the peaks were created in different ways in ihc two experiments.

GHNKRAL DISCUSSION

The experiments confirm that F(, alone can be used to segregate sequences of sounds,
even when the upper and lower limits of ihe frequency bands are identical. Therefore,
they confirm the results of Singh (1987) showing a tradeoff between pitch (our F()) and
timbre (analogous to our spectral peak) in controlling the formation of streams. They
also show that l;

0 itself, and not sonic secondary spectral effect, can control segrega-
tion. In addition, they show that the Ibrmant peak frequency controls grouping more
strongly when the peak is made to stand out more from the spectrum. This effect con-
tinues up to a sharpness of 24 dB, the highest sharpness studied. 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 differences in the relative strength of the effects of Fo and peak in the two
experiments should not be treated as having any importance, since the tbrmant peaks
were created in a different way in each experiment. In Experiment 2, the maximum
peak sharpness (height) was 24 dB. Figure I shows that in Experiment I, because of
the first-order difference filter, the lowest harmonics were attenuated by much more
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than 24 dB relative to the most intense harmonic (up lo 40 dB in some eases). As we
know from Experiment 2, this would have strengthened the effects of peak separation.

It is possible that the effect that has been described as due to the separation of spec-
tral peaks was not due to that at all. but to a difference in the relative intensity of
higher versus lower harmonics, a property that gives rise to the perception of bright-
ness (Wesscl, 1979). This would have been affected automaticaly whenever the fre-
quency of the spectral peak was changed. In Experiment 2, the effect 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 correlated with the position of this peak. One way to decide whether
spectral peaks themselves controlled grouping, independent of brightness, would be
to 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 separation of peaks, in a singlc-lbrmant spectrum, without affecting
brightness would be to change the shape of the peak as it was moved upward, compen-
sating tor a higher peak position by a sharper roll-off of the harmonics above the peak.

Although it appears that both Fo and formant frequency (or perhaps brightness)
were used by listeners to achieve segregation, we must ask what kind of segregation
it was. We observed, particularly in Experiment I, that each factor was relatively
weak in interfering with the segregation based on the other. Even in Experiment
2, where the effects of peak separation were not as strong, when the peaks were
24 dB high the listeners were able to group the tones by their peak separation and
to resist the disruption by an equally large separation in F() (giving a value of 7.3
out of 10 in the lower half of Table 5).

What does this resistance to interference mean? Brcgman (1990) has proposed
that there are two kinds of perceptual processes that lead to perceptual grouping.
They are illustrated 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 seems to represent a limit
on integration. This integration was found to gel harder as the tones were separated
further in frequency or were more rapidly alternated. The fission houndar\ (FB),
on the other hand, was found when listeners were asked lo 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 from primitive segregation. One of the marks
of primitive segregation is that it makes it hard for the listener to perceive relation-
ships between sounds that have been placed into different streams by this process.
Primitive segregation is viewed as a prcattenlive 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
target tones and their neighbours to extract them from the sequence. However, as
long as the feature that they were using was defined clearly enough (e.g., when the
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peaks were sharp enough 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 segregation 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 requires a mental description of the pattern being sought. Any such
task, therefore, must have a heavy loading on the schema-based segregative process.

Our results can be compared to those reported by van Noorden (1975). Just as
we did in Experiment 2, he varied the fundamental frequencies in a rapid sequence
of tones while keeping the frequency components 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 coherence up to a separation of an octave. This result can be com-
pared to the results of Experiment 1 for the peak test in which there was no peak
frequency difference but only an Fo difference (Table 3, Column I). We observed
little interference from Fo even when differences on this factor exceeded an octave
(lower left cell value of 2.9). Van Noorden's results are therefore consistent with
our own and with the hypothesis that schema-based integration was heavily involved
in his task. As a highly trained subject he would have developed strong schemas
concerning the sequence of tones and would therefore have been able to overcome
the disruptive effects of a relatively weak primitive segregation based on F().

References

Anstis, S., & Saida. S. (19X5). Adaptation to auditory streaming ol'frequency-modulated tones. Percep-
tion and Psychophysics, II, 2 5 7 2 7 1 .

Axelrod, S., & (iu/y, I..T. (1968). Underestimation ol° dichotic click rates: Results using methods of
absolute estimation and constant stimuli. I'sychonomic Science. 12, 133-134.

Bozzi, P., & Vicario, G. (1960). Due lallori di unifica/ionc Ira note musicali: l.a vicinanza temporale
e la vicinanza tonale. Rivista de Psycologia. 54, 235-258.

Bregman, A.S. (1978a). Auditory streaming is cumulative. Journal ofExperimental Psychology: Human
Perception and Performance. 4. 380-387.

Bregman, A.S. (1978b) Auditory streaming: Competition among alternative organizations. Perception

and Psychophysics, 23, 391-398.
Bregman, A.S. (1990). Auditory scene analyst*. Ihe perceptual organization of sound. Cambridge, Mas

saehusctts: The MIT Press.
Bregman, A.S., & Campbell, J. (1971). Primary auditory stream segregation and perception of order

in rapid sequences of tones. Journal of Experimental I'swhohgy. X9, 244-249.
Dannenbring, G.L., & Bregman, AS . (1976). Stream segregation and the illusion of overlap. Journal

of Experimental Psychology: Human Perception and Performance. 2, 544-555.
Darwin. C,J., & Beihcll-Fox, C.li. (1977). Pitch continuity and speech source attribution. Journal of

Experimental Psychology: Human Perception and Performance, .?, 665-672.
Divenyi. P.I.. (1971). Ihe rhythmic perception of micromclodies: Deleclability by human observers of

a lime increment between sinusoidal pulses of two different, successive frequencies. In R. Gordon
(Eid.). University ofIowa studies in Ihe psychology ofmusk (Vol. 7). Iowa City: University of Iowa Press.



AUDITORY GROUPING BY F() AND FORMANT PHAK 413

Howling, W.J. (1973). Rhythmic groups and suhjective chunks in memory lor melodies. Perception and
Psyihophysics, 14, 37 40.

I'Tickson, R. (1975). Sound structure in music Berkcly. CA: University olCalifornia Press.
Fitzgibbons, P.J., Pollatsck, A., & Thomas. I.B. (1974). Detection of temporal gaps within and between

perceptual tonal groups. Perception & Psychophysics, 16, 522-528.
Green, K.P., Stevens, L.U-, & Kuhl. P.K. (1989). The use of rate information during phonetic percep-

tion depends on pitch continuity. Journal of the Acoustical Society of America, 85, (Suppl. 1), S52.
Handd, S. (1984). Using polyrhythms to study rhythm. Music Perception, I, 465-484.
Henke, W.L. (1980). MlTSYN: A coherent family of command-level utilities for time signal processing.

Cambridge, MA: Copyright by W.I.. Henke. (Revised and extended by D. Salomon, McOill University)
Judd, T. (1979). Comments on Dcutch's musical scale illusion. Perception and Psyihophysics, 26, 85 92.
Kinney, J.A.S. (1961). Discrimination in auditory and visual patterns. American Journal of Psychology,

74, 529-541.
Klatt, D.H. (1982). Prediction ol perceived phonetic distance from critical-band spectra. Proceedings

of the IEEE International Conference on Speech, Acoustics, and Signal Processing, 1278 1281.
Massaro, D. W. (1976). Perceiving and counting sounds. Journal of Experimental Psychology: Human

Perception and Performance, 2, 337-346.
McAdams, S., & Bregmaii. A.S. (1979). Hearing musical streams. Computer Music Journal,.?, 26 43.
McNally, K.A., & Handel, S. (1977). Effect ol element composition on streaming arid the ordering ol

repeating sequences. Journal of Experimental Psychology: Human Perception and Perjormance. 3.
451 460.

Miller, G.A., & Heine, C1.A. (1950). The trill threshold. Journal of the Acousiicul Society of America,
22. 637-638.

Nell, D.L., Jesteadt, W . & Brown, L.L. (1982). The relation between gap discrimination and auditory
stream segregation. Perception and Psyihophysics. .?/, 493-501.

Noichoom. S.J., Brokx, J.P.L., & De Rooij, J-J. (1978). Contributions ol prosody to speech percep-
tion. In W.J.M. Levelt & Ci.B. Flores d'Arcais (Ixls.), Studies in the perception of language. New
York: Wiley.

Roberts, B. (1988). Vowel identification in the presence of extraneous sounds. Unpublished Ph.D. dis-
sertation, Cambridge University, United Kingdom.

Singh, P. (1987). Perceptual organization of complex-tone sequences: A tradeoff between pilch and timbre'.'
Journal of the Acoustical Society of America, S2. 886-899.

Smith, J., Hauslcld, S-, Power, R.P., & Gorta. A. (1982). Ambiguous musical figures and auditory
streaming. Perception and Psyihophysics, 32, 454-464.

Steiger, H., & Kregman, A.S. (1981). Capturing frequency components of glided tones: Frequency sepa-
ration, orientation and alignment. Perception and Psyihophysics, 30. 425-435.

van Noorden, I.P.A.S. (1975). Temporal coherence in the perception of tone sequences. Unpublished
doctoral dissertation, Technische Hogeschool Kindhovcn. Eindhoven, The Netherlands.

van Noorden, I. P.A.S. (1977). Minimum differences of level and frequency for perceptual fission of
tone sequences AUAB. Journal of the Acoustical Society of America, 61', 1041 1045

van Noorden, L.P.A.S. (1982). Two channel pitch perception. In M- Oynes (Fd.), Music, mind ami
brain. New York: Plenum Press.

Wesscl, D.L. (1979). Timbre space as a musical control structure Computer Musii Journal, 3(2), 45 52.

Received II July 19X9
Revision received 26 February 1990

Accepted 26 February 1990


