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Thresholds were measured for the detection of inhannonicity in complex tones, Subjects were EOE B,

required to distinguish acomplex tone whose partials were all at exact harmonic frequencies from a
a similar complex tone with one of thie partials slightly mistuned. The mistuning which allowed

a kind of “beat” or T
presumably reflecting a sensitivity to the changing relative phase of the mistuned e
harmonic relative to the other harmonics. The results are discussed in relation to theories of pitch
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3§ INTRODUCTION : 1985). The method mvolves shifting the frequency of a single
¥ Several recent pitch models assume that the perception  partial in a complex tone upwards or downwards from its
. of the pitch of complex tones is a two-stage process. In the “correct” harmonic value. Subjects are required to adjust
first stage the complex tone is subjected to a frequency analy-  tha Tepetition rate of a periodic complex tone so that its pitch o

sis which resolves some of the lower partials. In thesecond  matches that of the inharmonic complex. The shift in the
f Stagethepitch of the complex is derived or synthesized from pitch match, produced by shifting the partial, gives an esti-
E the resolved partials (Terhardt, 1972, 1974, Goldstein, 1973; mate of the relative dominance of that partial. We found, for

Wightman, 1973). In essence, the theories assume that a cep- complex tones with fundamenta] frequencies of 100, 200, * +.
tral pattern Tecognizer tries to find the fundamental frequen- and 400 Hz, that the lowest six harmonics were generally the 3 .- *
€Y whose harmonjcs provide the best match to the partials  most important, a result broadly consistent with earlier ., ~ -
which have beep analyzed from the complex. work on the “dominant region” (Plomp, 1967a; Ritsma, * ~ -

In everyday life we are often presented with two or 1967). We also found that the shift in the pitch of the com- :
more complex toneg simultaneously. The pitch mechanism plex sound produced by shifting the frequency of a single
Tust then have some Wway of partitioning the partials, decid- partial was, on average, approximately a linear function of >
mg‘ which harmonics “belong” to one harmonic series and the shiftin the partial, for shifts upto29,-39;, However, the .
“'hJCl} belong to another. One way in which this might be  pitch shift, expressed as a proportion of the shift in the par- ~
done jg based on the theory of Goldstein (1973) and uses the . tial, decreased for shifts beyond about 3%, and partials shift-
foncept of 4 “harmonic sjeye” (Duifhuis er al, 1982; ed by 6%-89, hardly affected the pitch of the complex tones

heffers, 1983; Grandor, 1984); a partial will only be ac-  asa whole. This Suggests that the hypothetical “harmonic
“epted as part of 4 given harmonic serjes if its estimated  sjeve” ACCepLs partials within a range of 2ty +2%-3%
‘_r €quency falls within a preset range around each harmonic around each harmonjc frequency. ’

°0Cy. Some recent resujts of our own are relevant to the One question rajsed by these studies j; whetlier a partial
N Pt of a harmonic sieve. We introduced a new method  which has been rejected by the harmonic sieve is actually
tf"' Stimating the relative dominance of the individual par- heard out from the complex as a separate tone. [f this were
lals in determining the pitch of complex tones (Moore er al., the case then the harmonic sié,ye)‘cou]d also »s regarded as a
1
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ymechanism for the formation of perceptual streams (Breg-

« 1an, 1978; Moore, 1982, Chap. 6); partials passed- by the
‘'sieve would be heard as part of one stream, being perceived

as emanating from a single source, while partials rejected by
the sieve would form one Or more separate streams, not “be-
longing” to the first sound. The experiments in the present

paper represent a preliminary attempt to study this problem,

We measured thresholds for detecting that a single partial in

a complex tone was mistuned from its “correct” harmonic

value. We wished to determine whether a partial was only .
heard as mistuned if it was rejected by the harmonic sieve,

i.e., if it was mistuned by more than about 3%, or whether

mistunings smaller than this could be detected. ‘

l. GENERAL METHOD

The object of the experiments was to determine the
amount by which a partial in a complex tone had to be mis-
tuned from its harmonic value in order for the inharmonicity
to be detected. On each trial the subject was presented with
two successive complex tones. One was a truly harmonic
complex, and the other had one partial shifted slightly up-
wards or downwards in frequency from its harmonic value.
The subject was required to identify

contained the mistuned partial, - e af
L % £y
A. Stimuli A ¥e

The complex tone had a fundamental fregﬁgﬁcy of ei
ther 100, 200, or 400 Hz. For the lower two frequencies, the
first 12 harmonics were present at equal amplitude. For the 2\
400-Hz fundamental the first ten harmonics were present. y
Each harmonic had a level of 60 dB SPL (except in a few/
conditions where the mistuned harmonic was incremented;
in level by 6 or 9 dB relative to the other components). All/
components except the one to be shifted were computer gen-;
erated (Texas Instruments 990/4) using a 12-bit digital-to-:
analog converter (DAC), and a sampling rate of 10 kHz. The
output of the DAC was low-pass filtered at 4 kHz (—3dB,
point) using a Barr and Stroud EF16 filter (100 dB/oct '
slope). All components were in sine phase. The component
to be shifted was obtained from a Farnell DSG1 digital sig-
nal generator, under computer control. The frequency of
that component could be set with an accuracy of 5 parts in
108, Resolution was 0.1 Hz up to 1000 Hz and 1 Hz above

that. The component was set to an exact harmonic frequen o/
for one interval of a trial, and was mistuned slightly, eith?r?i
upwards or downwards for the other interval. The phase of!
this component relative to the other components was uncon-
trolled. The interval containing the mistuned partial was ei-
ther the first or the second at random (probability 0.5 for
each interval), and the mistuning was either upwards or
downwards at random. Thys the task could not be per-
formed by listening to the direction of pitch change of the
partial: The subject had to detect which interval contained
the “out-of-tune” partial. :

The tone in each observation interval had onsets and
offsets of 10-ms duration, with envelopes shaped according
to a raised-cosine function. In experiment I the steady-state
duration was 400 ms. In experiment I1 the steady-state dura-
tion was either 40, 100, 400, or 1600 ms. Overal] durations,
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which complex tone .
ot

at the 6-dB down points were 50, 110, 410, and 1610 my i3
silent interval between the two observation intervajg ;Otn- '
prising a trial was 500 ms. Stimulj Were presented via ¢, W
earphone of a Sennheiser HD414 headset. The frequ, o
Iesponse, as measured in a Bruel and Kjaer artificia] earm
4153, was flat within + 3 dB over the range 1 2
Stimuli were checked with a Hewlett-Packard 35824 Spec
* trum analyzer. . :

B. Procedure '
Thresholds were determined using a two-interval, twe
alternative forced-choice procedure that estimated the Vil
point on the psychometric function, At the start of a ryy
subject was presented with six bursts of the partia] Which 3
would be mistuned, in order to focus attention on the appro.%
priate frequency region. The duration of each burst Was the %
- same as the duration to be used for the complex tope, Az
sequence of trials started with the partial mistuneq by
amount somewhat greater than the expected threshold va)
(except for some conditions in experiment II, which wi]] pa

Y- provided by lights on the response box, and the subject’s
response initiated the next trial aftera delay of 1 5. After two
consecutive correct responses the mistuning of the partial;
(the frequency deviation from its harmonic value) was de-,
creased by a factor of 1.4. After each incorrect response the-
mistuning was increased by the same factor. The factor 14
was found empirically to give stable thréshold estimates, and 3%
alsorapid convergence to the threshold value. The transitio :

from increasing to decreasing mistuning, and vice versa, de- ;

e e e

fines a turnaround. Testing continued until 12 turnarounds .
* had occurred, and threshold was estimated as the geometric
mean of the mistuning at the last eight turnarounds. '

The thresholds reported are based on six estimates pe
condition in experiment I, and at least three estimates per *:
condition in experiment II. The thresholds for a given sub-
Ject and condition had roughly a normal distribution on a
logarithmic frequency scale. Hence, the final estimates were 2 |
computed as the geometric mean of the individual estimates. -
The sample standard deviation of the logarithms of the esti-
mates for a given subject and condition was on average 0.12
(the range was from 0.02-0.36).

C. Subjects

All subjects had absolute thfesholds within 10 dB of the
ISO-1964 standard over the frequency range tested. The
three subjects of experiment I were author RP and two stu-
dents who were paid for their services, All subjects had taken
part in other psychoacoustical experiments, and they were Bl
trained for about. 14 h each before the data reported here.
were obtained: The three subjects of experiment I were ;&3
authors BM and BG, and a third volunteer, MS. All three




: This experiment had two parts. In the first part the
Feomplex tones had components which were all of equal level

) dB SPL per component), and thresholds for detecting
1 mharmOi!iCitY were measured for each component of com-
¥olex tones with fundamental frequencies of 100, 200, and 400
Hz, In the second part the fundamental frequency was fixed
4200 Hz, and thr&sholds for detecting inharmonicity were
measured when the mistuned component was incremented
in level by either 6 or 9 dB relative to the levels of the other

mponents. _ .

B.Results .

The results for the three subjects were similar (with one
xception, noted below), and Fig. 1 shows the results aver-
aged across subjects for the first part of the experiment.
Thresholds for inharmonicity, expressed as percent mistun-

g of the partial concerned, decrease progressively with in-
creasing harmonic number and with increasing fundamental
frequency. The only marked exception to this rule is for the
fourth harmonic at a fundamental frequency of 400 Hz. One
2subject (SY) performed consistently poorly in this condition,

even after extensive practice. The pattern of results appears
mewhat different if the thresholds are expressed simply as
nustumng in Hz. Then thresholds vary little with harmonic

harmonic of 400 Hz, where the threshold was 46 Hz).
The subjects reported that the nature of the task was
Ay different for low harmonic numbers and for high har-
nic numbers. For the low harmonics the mistuned partial
was heard as “standing out” from the complex as a whole,
and the interval containing the mistuned partial could be
entified on that basis. For the high harmonics, the mis-
funed partial was not heard out from the complex. Instead,

Fundasenta) frequency, Hz
[w] e 100
A .20

i00
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Harmonic Number .

B G.1. Thresholds for detecting inharmonicity, averaged across three sub-
4e threshold mistuning required for detection of that mistuning is
sedasapercentage and plotted for each harmonic in turn, The stimuli
& complex tones with equal-amplitude harmonics, The parameter is the
~amenta] frequency of the complex tones.
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““the primary tones (Goldstein,

fumber or fundamental frequency, covering a range from .
24-7.3 Hz (again with the exception of SY for the fourth .

the mistuning produced a kind of “beat” which could be
used to identify the interval containing the mistuned partial.
The transition was reported to occur around the fourth to
sixth harmonic, depending on the subject. Tha particular
difficulty experienced by subject SY for the fourth harmonic
of 400 Hz appeared to occur because for this particular con-
dition the partial could not be clearly heard out from the
complex, but at the same time beats could not be heard.
' The beats heard for the higher partials could occur in
two different ways. One possibility is that the mistuned par-
tial interacts with a combination tone introduced by the ear.
A combination tone of the type 2f1~f2, produced by the two -
-harmonics above the mistuned harmonic, would lie at the
“true” harmonic frequency of the mistuned harmonic, Thus
the beats would be similar to those produced by the simple
interaction between two tones. An explanation of this type
has been put forward to explain phase effects in three-com-
ponent stimuli (Buunen et al., 1974; see Plomp, 1976, for a
review). We feel that it is unlikely that the beats heard in our
experiments were mediated by combination tones, for the
following reasons: First, the subjective nature of the beats
was not that of a simple loudness' fluctuation; changes in
pitch and timbre could also be heard. Second, combination
tones generally have levels at least 15 dB below the levels of
1967, Smoorenburg, 1974).
"Thus, if the beats arise from interaction of the mistuned par-
tial with a combination tone, the beats should be heard more
distinctly if the level of the mistuned component is reduced;
the beating components would then be more nearly equal in
amplitude. In fact,'reducing the level of the mistuned com-
ponent made the beats Zess distinct, and if the level of the
component was reduced by more than 15 dB the beats be-
came completely inaudible. Finally, adding a simulated
combination tone at a level relative to the primary compo-
nents between — 10 and — 20 dB, had no detectable effect
on the perception of the beats. Thus we feel that combination
tones do not provide an explanation for the perception of
beats in our experiments.

The second possibility is that the beats and roughness
reflect a sensitivity to changes in waveform at the output of
the auditory filter. The mistuning of the partial produces a
continuously changing phase rélationship between it and the
adjacent partials, which results in such waveform changes.
Our sensitivity to such waveform fluctuations is already well
established (Mathes and Miller, 1947; Terhardt, 1974b;
Plomp, 1976), and Terhardt has described in detail how the
percept changes from one of hearing the individual fluctu-
ations to one of hearing roughness as the rate of fluctuations
increases. Our results seem to be well explained with this
concept.

The results of increasing the level of the mistuned par-
tial, by either 6 or 9 dB, are shown in Fig.2. There was only a
very small effect for the first three harmonics, presumably
because these harmonics were relatively easy to hear out
from the complex even when their level was not increment-
ed. Increasing level decreased the threshold for the fourth
and fifth harmonics, which would have been harder to hear
out from the complex. However, at higher harmonic
numbers the effect of level decreased once more, probably
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FIG. 2. As in Fig. 1, but showing the effects of varying the level of the
mistuned harmonic relative to the levels of the other harmonics. The funda-
mental frequcncy was 200 Hz.

_ because the audibility of the beats was affected only slightly
by the relative level of the partials. The fact that increasing
the level of the mistuned partial made the beats somewhat
easier to detect again indicates that the beats are not mediat-
ed by combination tones.

Clearly, the interpretation of the data is made difficult
because the subjects appeared to perform the task in differ-
ent ways for high and low harmonic numbers. Only the data
for the low harmonic numbers appear relevant to the issue of
the harmonic sieve raised in the Introduction. For the sec-

. ond, third, and fourth harmonics the subjects were able to
detect mistunings significantly less than 3%, which suggests
that even harmonics which are heard as mistuned may still
fall within the harmonic sieve and contribute to the pitch of a
complex tone. However, we cannot rule out the possibility
that, even for low harmonics, subjects were able to perform
the task on the basis of some type of beat detection.

Experiment II was carried out in an attempt to clarify
the importance of beat detection as a function of harmonic
number. Thresholds for detecting inharmonicity were mea-
sured over a wide range of signal durations. We reasoned
that at very short durations beats would not provide a very
effective cue, since only a small fraction of a beat would
occur within the presentation time of the stimulus. Thus,
where beats are being used as a cue, performance should vary
dramatically with signal duration. On the other hand, if

some sort of harmonic sieve is involved, and the mistuned

harmonic is simply heard out from the complex, we might
expect relatively little effect of signal duration.

1. EXPERIMENT H
A. Conditions

Thresholds for detecting inharmonicity were measured
for each of the 12 harmonics of a 200-Hz fundamental. Each

component had a level of 60 dB SPL. The signal duration

was either 50, 110, 410, or 1610 ms at the 60-dB down points.
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FIG. 3. Results for subject BG, showing thresholds for inharmonicity,
pressed as percentages and plotted as a function of harmonic number. The
parameter is the duration of the signals in ms. Downward pointing arrows
indicate thresholds which were less than 1 Hz, and were below the limit of
resolution of the equipment for frequencies above 1 kHz.

Initially we found that while results for the lower har-
monics were rather stable, there was a high degree of vari-
ability for the higher harmonics, particularly for the short
signal durations. We found that more stable results could be
achieved by starting each run with the mistuning close to or.
slightly less than the estimated threshold value. In some con-
ditions it appeared that relatively slow beats could be used as
a cue, but if the mistuning was too great at the start of a run,
then the beats were too rapid to be usable, and much higher
thresholds resulted. The data presented here are the “low™
thresholds obtained by starting the runs with mistunings
close to the lower thresholds obtained in pilot trials. With
this proceduire, the results were relatively consistent for all
harmonic numbers; the sample standard deviation of the
logarithms of the estimates for a given subject and condition
did not vary significantly with duration or harmonic num-
ber, having an average value of 0.12.

The results for the individual subjects did differ some-
what, and so they are presented separately in Figs. 3, 4, and
5. For the longest duration and for harmonics above the fifth
all subjects achieved essentially errorless performance when
the mistuning was 1 Hz, the limit of resolution of the equip-
ment. They reported listening for a slow fluctuation or beat _
during the presentation time of the stimulus. For the higher 1
harmonics, shortening duration produced a very large im-
pairment in performance, as would be expected if subjects
were using beats as a cue. At the shortest duration (50 ms)
thresholds for harmonics above the sixth were between 24
and 68 Hz. Such large thresholds correspond to rather rapid ;
beats, and at this duration subjects reported detecting the -
inharmonicity as a “roughness,” the individual fluctuations
being too rapid to follow {as would be expected from pre-
vious work, e.g., Terhardt, 1974b). Subject BG appeared t0 -
be somewhat more sensitive to beats than the other two sub-

( Loa scale )

"hreshold, percent harmonic frequency
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