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The perception of pure and mistuned musical
fifths and major thirds: Thresholds for

discrimination, beats, and identification

JOOS VOS
Institute/or Perception TNO, Soesterberg, TheNetherlands

In Experiment 1, the discriminability of pure and mistuned musical intervals consisting of si
multaneously presented complex tones was investigated. Because of the interference of nearby
harmonics, two features of beats were varied independently: (1) beat frequency, and (2) the
depth of the level variation. Discrimination thresholds (DTs) were expressed as differences in
level (AL) between the two tones. DTs were determined for musical fifths and major thirds, at
tone durations of 250, 500, and 1,000 msec, and for beat frequencies within a range of .5 to
32 Hz. The results showed that DTs were higher (smaller values of AL) for major thirds than for
fifths, were highest for the lowest beat frequencies, and decreased with increasing tone duration.
Interaction of tone duration and beat frequency showed that DTs were higher for short tones
than for sustained tones only when the mistuning was not too large. It was concluded that, at
higher beat frequencies, DTs could be based more on the perception of interval width than on
the perception of beats or roughness. Experiments 2 and 3 were designed to ascertain to what
extent this was true. In Experiment 2, beat thresholds (BTs) for a large number of different beat
frequencies were determined. In Experiment 3, DTs, BTs, and thresholds for the identifica
tion of the direction of mistuning (ITs) were determined. For mistuned fifths and major thirds,
sensitivity to beats was about the same. ITs for fifths and major thirds were not significantly
different; deviations from perfect at threshold ranged from about 20 to 30 cents. Comparison of
the different thresholds revealed that DTs are mainly determined by sensitivity to beats.
Detailed analysis, however, indicated that perception of interval width is a relevant aspect in
discrimination, especially for the fifths.

One of the classic problems of music theory is that
of how to tune our 12-note chromatic scale. This
tuning problem takes a very concrete form in the
fixed-pitch keyboard instruments such as the organ,
the harpsichord, and the piano. Since perfect fifths
and pure major thirds are incompatible within one
tuning system, it is inevitable that one introduces
temperaments in which the fifths and/or major
thirds are adjusted, that is, mistuned to some extent.

For complex tones, mistuned intervals are charac
terized by small frequency differences between those
harmonics which coincide completely in pure inter
vals. [In this paper, interval represents a harmonic
interval, in which a low tone (tone 1) and a high tone
(tone 2) are presented simultaneously.] The interfer
ence of these just-noncoinciding harmonics gives rise
to the perception ofbeats or roughness (see Helmholtz,
1877/1954, chap. 10). When the interfering harmon
ics have equal amplitude, these beats are most prom-
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inent. In line with current models on tonal or sensory
consonance, that is, the perception of consonance
for isolated intervals (Kameoka & Kuriyagawa,
1969; Plomp & Levelt, 1965; Terhardt, 1976), we
propose that the subjectively experienced out-of
tuneness in music may in some way be related to the
perception of beats. Since it is one aspect in the com
plex process of evaluating different tuning systems, it
may be worthwhile to know our sensitivity to mis
tuning.

It was the aim of the present study to investigate
the perception of pure and mistuned fifths and major
thirds, particularly with respect to (1) discrimina
bility between pure and mistuned intervals, (2) sen
sitivity to beats, and (3) identification of the direc
tion of mistuning, that is, whether the interval will
have been stretched or compressed. Before we give a
detailed description of the experimental method, we
shall elaborate the musical, physical, and psycho
physical aspects that are relevant to our experimental
study.

MUSIC THEORY

In Western music, consonant intervals such as the
octave, fifth, and major third play an important role.
A consonant interval is a musical interval in which
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the ratio of the fundamental frequencies of tones 1
and 2 can be described by means of small integers:
1:2 for- the octave, 2:3 for the fifth, and 4:5 for the
major third. In music theory, a major third equals
the ratio between four fifths and two octaves:

Both in musical and perceptual contexts, it is con
sidered to be more appropriate to convert frequency
ratios of musical intervals into logarithmic quantities
(Barbour, 1940; Pikler, 1966; Young, 1939). Loga
rithmic conversion of Equation 4 results in
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For a given value of n, the compound waveform can
be interpreted as a tone with frequency Y2(npf1 +
nqf,) Hz, which is the mean of the frequencies of the
two harmonics, and a slowly fluctuating amplitude
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Physical Aspects

(6)

= 2cos[2nYz(npf1 - nqf,)t) . sin[2nYz(npf1 + nqf,)t).

Figure 1. RelatloD betweeD mistuDIDg of the major third and
m1stuDiDg of the nfth. MlstuDiDg Is expressed both with the SyD
toDiccomma (8) aDd with the eeat u uDity. The raDge iDwhich the
purity of both the nfths aDd the major thirds caDbe optimized is iD
bold priDt.

in Figure 1, is relevant for optimizing the purity of
both the fifths and the major thirds.

Beat Frequency
In a consonant interval, in which the ratio of the

fundamental frequency f, of tone 1 and the funda
mental frequency f1 of tone 2 is equal to p: q, with
p and q (p < q) small integers, the nqth harmonic of
tone 1 coincides with the npth harmonic of tone 2
(n =1,2, ... ).

In mistuned intervals, however, where f, : f1 slightly
departs from p: q, these harmonics do not coincide
exactly in frequency. The superposition of the differ
ent pairs of just-noncoinciding harmonics with fre
quencies of nqf, and npf1 Hz and equal amplitudes
is equal to

(1)

(3)

(4)

(5)B = S+4A,

b = (81/80)a4.

5b/4 = (3al2)4/4,

from which it follows that

in which S equals the syntonic comma. The relation
between the mistuning of the major third and the
mistuning of the fifth, as given in Equation 5, is
depicted in Figure 1. Mistuning is expressed both
with S and with the cent as unity. The cent is defined
as the interval between two tones having as a basic
frequency ratio the 1,2OOth root of 2. Figure 1 clearly
illustrates that there is only a restricted range in
which an increase in mistuning of the major third
results in a decrease in mistuning of the fifth, and.
vice versa. Only this range, which is printed boldly

in which a, (3, and ware the ratios of the fundamen
tal frequencies of the fifth, major third, and octave,
respectively. In Equation 1, we have two degrees of
freedom, but given that the perfect octave (w = 2/1)
is an axiom in all tuning systems, Equation 1 can be
reduced to:

If the fifth is perfect (a = 312), the major third is a
Pythagorean major third (81/64), one syntonic
comma (81/80) larger than the pure major third.
If the major third is pure ((J=5/4), the fifth equals
5tA, or 1.495349. This illustrates that it is not possible
to construct tuning systems in which both the fifths
and major thirds are pure. Either the fifths or the
major thirds, or both, have to be mistuned..A mis
tuned major third, (3, comprises the pure major third
and a very small tempering interval, b ((J=5b/4).
Likewise, a mistuned fifth, a, comprises the pure
fifth and a small interval a (a = 3al2). Substituting
(5b/4) and (3al2) in Equation 2 for (3 and a, respec
tively, results in:
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LevelVariation Depth
The amplitude p(t) of the two interfering har

monics with waveforms a, sin2nqf1tand a2sin2n pf2t
equals:

p(t) = (at + a~ + 2a1a2 cos 2nfbt)Yz • (9)

The maximum and minimum values of p(t) are
(a, + a2) and (a, - a2), respectively. The levelvariation
depth in decibels of the beating harmonics is given by

\
a1+ a21 [loAL

/
20+ 1]0= 20 log -- = 20 log , (10)

al - a2 lQAL120 - 1

in which AL is the absolute level difference between
a, and a2 in decibels [AL =I 20 log (a1/a2) I). 0 ap
proaches 00 for a2 - a.. In Figure 2, the relation be
tween the level difference AL and level variation
depth 0, as defined in Equation 10, is given.

Figure 2. Deptb of level variation of two beating tones, given as
a function of tbe level difference AL of tones 1 and 2. AL equals
odB wben tbe spectral envelopes of tones 1 and 2 coincide.

given by I 2 cos 2nY2(npf2- nqf.)t I. Since this ampli
tude varies (npf', - nqf.) times per second between
o and 2, the frequency of the beating sensation
fbn for the nth pair of interfering harmonics is equal
to

If npf', - nqf', > 0, the musical interval is stretched
(f2/f1>q/p), if npf', - nqf, < 0, the musical interval
is compressed (f21f1< q/p). In our experiments, the
degree of mistuning of the intervals will be expressed
as the beat frequency for the lowest pair of just
noncoinciding harmonics (n =1). The relationship
between this beat frequency fb and deviation T (in
cents of the mistuned interval from a perfect interval
is given by .

Psychophysical Aspects

The Perception of Beats
To our knowledge, no experimental results on

thresholds for the perception of beats for intervals
consisting of two complex tones have been reported.
Only the discrimination of beats, caused by adding
two sinusoids of nearly the same frequency, has been
studied.

As a function of beat rate, Riesz (1928) found a U
shaped curve for the detection threshold of intensity
fluctuations, with a minimum for about 3 Hz.
Further experiments at this beat frequency revealed
that sensitivity increases with increasing level above
absolute hearing threshold (sensation level) up to
60 dB, and remains constant at higher levels. This
effect was verified by Harris (1963). In addition,
Harris found that the threshold varies in the same
way as a function of sensation level both for beats
resulting from two interfering sinusoids and for sine
wave amplitude modulation (AM) of one sinusoid.

Since sensitivity for the perception of beats is high,
that is, the difference between a, and a2 at threshold
is large, the amplitude p(t) as given in Equation 9
can be approximated for threshold conditions by:

(7)

or simply by

fb = Iqf, T/l,731 I. (8) (11)

Equation 8 shows that the beat frequency depends
on the amount of mistuning T, the value of q, and
the frequency of the fundamentals. From Equa
tion 8, the upper boundary of those beat frequencies
which are significant in music perception research
can be computed. For example, the beat frequency of
a major third with fundamental f1of 349 Hz (musical
F4), which is tuned 21.5 cents sharp, equals 21.8 Hz.

Since this function is identical to the amplitude vari
ation of an AM tone, we can relate the results from
studies on AM tones to those of Harris (1963) and
Riesz (1928). As for two tones, the level variation
threshold for AM tones decreases with increasing
modulation frequencies up to 4 Hz and increases
again for modulation frequencies above this value
(Ebel, 1952; Terhardt, 1974; Zwicker, 1952).
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The Rationale Behind the Experiments
In Experiment 1, discrimination between pure and

mistuned fifths and pure and mistuned major thirds
was investigated. Two features of the beats were
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dition only the high tone was varied. The effect of
stimulus complexity has recently been demonstrated
by Zatorre and Halpern (1979), who found for their
subjects that consistency of labeling data was entirely
dependent on the constancy of the lower tone.

The idea that thresholds for the perception of in
terval width are more likely to range between 10 and
20 cents, or even between 10 and 30 cents, than be
tween 4 and 10 cents is in line with adjustment thresh
olds for musical intervals consisting of simultaneous
sine-wave tones (Moran & Pratt, 1926), and with ad
justment thresholds for musical intervals consisting
of successivesine-wave tones (Rakowski, Note 1).

Flaure 3. Reanalysis of data from Stumpf and Meyer (1891),
wbo Investlaated Identification of tbe direction of m1atunlna for
several musical Intervals. Frequency differences between tbe tones
are transformed Into deviations (In cents) of tbe m1atuned Inter
vals from tbe perfect Intervals. Percentaae correct responses for
tbe stretcbed ( x) and compressed ( • ) conditions are converted to
z scores. Tbresbolds (75'70 correct), computed by means of Hnear
rearesslon functions, are indicated by arrows. For barmonlc in
tervals, results are presented for tbe major tblrd, fifth, and octave
in panels a, b, and c, respectively.

o

@ major third

-1

Maiwald (1967) and Schone (1979) have shown that
the levelvariation threshold decreases with increasing
sound pressure level (SPL). Zwicker (19S2) found
that this effect does not depend on modulation fre
quency.

The Perception of Interval Width
Musical interval recognition. Using simultaneous

complex tones, Plomp, Wagenaar, and Mimpen
(1973) showed that trained listeners are able to
categorize the 12 musical intervals between C4 and
CS, if tone duration is 120 msec, with a mean accu
racy of 83070. In a similar study, Killam, Lorton, and
Schubert (197S) found that their subjects reached a
mean score of 67070 correct. The sharpness of transi
tions between the categories has been successfully
determined by means of successive sine-wave tones.
In these experiments, subjects were presented with
ascending intervals, their widths being varied inde
pendently in small steps of 12.S to 20 cents. A
number of studies have demonstrated that, also
in such conditions, trained listeners are able to use
musical-interval categories consistently, and that
their transitions between adjacent categories are
sharp and well defined (Burns & Ward, 1978; Siegel
& Siegel, 1977a, 1977b). .

Identification of the direction of mistuning. identi
fication of the direction of mistuning was investigated
extensively by Stumpf and Meyer (1898). To make
their results more accessible, we reanalyzed the data
by transforming the frequency differences between
the tones into deviations (in cents) of the mistuned
intervals from the pure intervals, and by transform
ing the correct response percentages for the stretched
and compressed conditions into z scores. From these
values, thresholds were determined by means of
linear regression functions. For melodic major
thirds, fifths, and octaves, averaged over sine-wave
tones and complex tones, thresholds were 3, S, and
4 cents, respectively. In the same way, the data from
the harmonic intervals were reanalyzed. The results
are shown in Figure 3 for the major third, fifth, and
octave, separately. The amount of mistuning, which
resulted in 7S070 correct compressed and 7S070 correct
stretched responses, is indicated by arrows. In these
conditions, thresholds for the major third and octave
are 12 and 20 cents, respectively, and thus consider
ably higher than in the melodic conditions. This had
also been observed by Delezenne (1827). It should be
noted, however, that, in Stumpf and Meyer (1898),
determination of thresholds for melodic and har
monic intervals was confounded with stimulus com
plexity. In the melodic conditions, the frequency of
either the low or the high tone was fixed, whereas in
the harmonic conditions, both tones could be varied
in frequency. The low threshold for the fifth (=4
cents, see Figure 3b) can also be attributed to stim
ulus simplicity since in this particular harmonic con~



varied: (1) beat frequency, representing the amount
of mistuning (see Equations 7 and 8), and (2) level
variation depth of the beats (see Equation 10). We
shall learn that, for high beat frequencies, thresholds
at which subjects correctly discriminated between
pure and mistuned complex-tone intervals 75ltfo of
the time deviated from the well-known V-shaped
curve for the detection threshold of beats. Thresh
olds for beats in complex-tone intervals, however,
do not necessarily have to be similar to those caused
by superposition of two sinusoids of nearly the same
frequency. In Experiment 2, we therefore determined
thresholds for beats in complex-tone intervals for a
large number of beat frequencies, including those of
the various mistuned intervals from Experiment 1.

The main results from the second experiment were
(1) that sensitivity to beats in complex tone intervals
does not have a clear maximum such as the one
found with superimposed sinusoids, and (2) that
there was at least one condition in which the pattern
of the beat threshold strongly deviated from the pat
tern of the discrimination threshold. The latter find
ing supported our notion that, apart from beats, the
perception of differences between the size of the mis
tuned interval and that of the pure interval may have
contributed to the discrimination thresholds.

Experiment 3 was designed to obtain more direct
evidence that both the perception of beats and the
perception of interval width were relevant aspects in
discrimination. In this experiment, not only dis
crimination and beat thresholds, but also thresh
olds for identification of the direction of mistuning
were determined.

EXPERIMENT 1
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2, although having the same spectral envelope, were different.
The overall level of tones 1 and 2 together was 85 dB SPL.
This level was measured with the help of an artificial ear (Bruel
& Kjaer, Type 4152). Rise and decay times of the tone bursts,
defined as the time interval between 10070 and 90070 of the max
imum amplitude, were 40 and 20 msec, respectively. Level vari
ation depth of the beating harmonics was obtained by attenua
tion of tone 1 or tone 2 by I1L dB. When the spectral enve
lopes of the two tones coincide, that is, when the amplitudes of
the just-noncoinciding harmonics are equal, level variation depth
is maximal. We defined I1L to be 0 dB for this condition. The
spectral contents of our intervals in the conditions in which I1L
equals 0 dB are depicted in the left-hand panels of Figure 4. In
these panels, only the levels of the first 10 harmonics of tone 1
and the first 7 or 8 harmonics of tone 2 are given. The levels are
plotted relative to the level of the first harmonic of tone 1. Co
incidence of spectral envelopes occurs when the level of tone 2 is
20 log (q/p) dB lower than the level of tone 1. Increments of I1L
from the base conditions, as illustrated in the left-hand panels of
Figure 4, always result in smaller level variation depths. In the
middle panels of Figure 4, the spectral contents of our inter
vals are given for cases in which I1L=15 dB and the level of
tone 2 (L,) is lower than the level of tone 1 (L.). In the right
hand panels, the levels of the harmonics are presented relative
to the level of the first harmonic of tone 2. In the latter conditions,
when L. < L"I1L equals 15 dB again.

Appantus
A block diagram of the apparatus is given in Figure 5. The ex

periments were run under the control of a PDP-llIlO computer.
Tones 1 and 2 were generated in the following way. One period of
the waveforms of tones 1 and 2 was stored in 256 discrete samples
(with lO-bit accuracy) in external revolving memories. These re
circulators could be read out by digital-to-analog converters. Sam
pling rates were determined by pulse trains, derived from fre
quency generators 1 and 2. After gating, the tones were filtered by
Krohn-Hite filters (Model 3341) with the function switch in the
low-pass RC mode and with a cutoff frequency of 8 kHz. The
sound-pressure levels of the tones were controlled by program
mable attenuators. After appropriate attenuation, the tones were
mixed and fed to two headphone amplifiers. The signals were
presented diotically (same signal to both ears) by means of Beyer
DT 48S headphones. Subjects were seated in a soundproof room.

This resulted in a stimulus with a spectral envelope slope of
-6 dB/octave. The phase (+0> of the individual harmonics was
chosen randomly. Because of this, the waveforms of tones 1 and

Stimuli
The stimuli were intervals consisting of two complex tones,

I and 2, with fundamental frequencies of f. and f, Hz, respec
tively. The frequency ratio f.: f, was equal to or slightly different
from p:q. We presented musical fifths (P=2; q=3) and musical
major thirds (P =4; q =5). The complex tones 1 and 2 consisted
of 20harmonics with amplitudes according to:

It is needless to say that tone duration is a rele
vant parameter in music. Moreover, while listening
to performed music, it can be easily noticed that the
perceptibility of beats is enhanced at longer tone
durations. Therefore, we decided to determine dis
crimination thresholds at various tone durations,
ranging from 250 to 1,000msec.

Method

0=20

p(t) = E~sin(2nnft++o)'
0=1 n

(12)

Subjects
Four musically trained subjects were tested over eight sessions,

each session on a different day. Two were students from the In
stitute of Musicology at Utrecht, who were paid for their participa
tion; the other two were the author and a colleague. Since the ex
periment aimed at studying a musical-perceptual competence, the
choice of musically trained subjects was a deliberate one. More
over, our subjects were experienced in performing auditory tasks,
and instruction was facilitated by the possibility of using musical
terminology. We decided to present our stimuli to a rather small
number of subjects because, due to the nature of the experimental
task, we did not expect to find large discrepancies between the
thresholds of the different subjects.

Experimental Desiln
The independent variables were: (1) tone duration (250, 500,

and 1,000 msec); (2) musical interval (fifth and major third);
(3) beat frequency of the rrrst pair of just-noncoinciding harmonics
(.5, 1,2,4,8, 16, and 32 Hz); (4) attenuation of tone I or tone 2;
(5) direction of mistuning (stretched vs. compressed interval). De
scription of the discrimination threshold, being the dependent
variable, is given below. For a tone duration of 250 msec and beat
frequencies of .5 and 1 Hz, and for a tone duration of SOO msec
and a beat frequency of .5 Hz, no discrimination thresholds were
determined because these stimuli contained less than half a beating
period. This means that, with respect to tone duration, we have an
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Figure 4. Presentation of the spectral contents of various fifths (panel a) and major thirds (panel b). The levels of the fltSt 10
harmonics of tone 1 (bottom horizontal) and the first 7 or 8 harmonics of tone 2 (upper horizontal) are given on a linear frequency
scale. In the left-hand and middle panels, the levels of the harmonics are plotted relative to the level of the fust harmonic of tone I.
In the right-hand panels, the levels are given relative to the level of the first harmonic of tone 2.
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incomplete factorial design. Analyses of variance (ANOVAs) on
the interactions of tone duration with the other variables could be
performed for the five beat rates from 2 to 32 Hz.

Data Acqallition and Data Reduction
The task for the subject was to discriminate between pure and

mistuned musical intervals in a 2-AFC paradigm. By means of the
method of constant stimuli, all stimulus combinations were pre
sented 10 times for six different values of AL in equal steps of 4 or
S dB. For every stimulus combination, the raw scores for dif
ferent ALvalues were transformed to percentage correct. Since the
response patterns of the stretched and compressed intervals were
similar in almost all cues, the percentages of these two condi
tions were combined. On the assumption that the scores, for a
given set of AL values, are cumulatively normally distributed
(Kling & Riggs, 1972, pp. 11-14), these percentages were converted
to z scores. The discrimination threshold, that is, the value of AL
at which a subject responded correctly in 7SOf. of the cases, was
obtained by solving the linear regression function z= a + bAL for
AL when z equals .67. Computation of coefficients of determina
tion (r') for all linear regression functions showed that the ex
plained variability in z by ALand the linear rule, was more than.7S
in 73'10 of the cases. Moreover, r' was about the same for all
conditions and all subjects. Mean r' was .80.

Procedure
Every trial consisted of a comparison of a pure interval and a

mistuned interval. The mistuned interval was presented first in half
of the trials and second in the other half of the trials. Between the
intervals was a silent period of I.S sec. By means of a response
box, the subject indicated whether the first or the second inter
val was mistuned. Feedback was given by a red light above the
correct button. The next trial was presented I.S sec after the re
sponse to the preceding trial. Dependent upon stimulus duration,
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In the mistuned interval, one of the fundamental frequencies.
was equal to the corresponding fundamental frequency in the pure
interval, whereas the other one was altered. Within a series, the
frequencies of tones 1 and 2 were altered equally often, the par
ticular order being determined by sampling without replacement.
For the mistuned interval, either a new f, was calculated by
means of

which was held constant within the series, a series comprised 240,
288, or 336 trials. The presentation order of the different series
was randomized. Within a series, which lasted 15 to 25 min, the
stimuli were presented in a random order. At the beginning of a
series, new waveforms of tones 1 and 2, with different +n values,
were determined. The fundamental frequencies were varied from
trial to trial in such a way that the central frequency fc [= the
geometric mean (f,f,)V,j of the pure interval was equal to 370 Hz
±50, ± 100, ± 150, or ±200 cents, in a random order. As a re
sult, all fundamental frequencies fell within a range of 261 Hz
(musical C4) and 523 Hz (musical C5). The f, of the pure interval
equaled

32, 2 L. 8 16
bectfrequency (Hz)

30

35 05

Figure 6. Thresholds for the discrimination between pure and
mlstuned fifths, plotted as a function of beat frequency, with tone
duration as parameter.

tion of tone 1 or tone 2)x 5 (beat frequencies of 2, 4,
8, 16, and 32 Hz), all repeated measures]. Although
individual differences occurred [F(3,24) =94.0,
P< ,[OO1סס. a number of experimental variables af
fected our subjects' DTs in similar ways.

In general, mean threshold increases when tone
duration becomes shorter [F(2,6)=68.4, p < .0005].
Tone duration is most effective at low beat fre
quencies, whereas the differences become less ap
parent at the highest beat frequency [F(8,24)=12.3,
p < .[OO1סס. This interaction effect, being slightly
dependent on musical interval [F(8,24)=2.33, p <
.05], is given separately for the fifth and the major
third in Figures 6 and 7, respectively. In these fig.
ures, DTs are plotted as a function of beat frequency
with tone duration as parameter. The DTs for the
fifths are lower than for the major thirds [F(1 ,3)=
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(13)
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(15)

f,(mistuned) = (p . f, ± fb)/q,

f,(mistuned) = (q . f, ± fb)/p.

or a new f, was calculated by

Within a series, the particular order of stretched vs. compressed
intervals (signs in Equations 14and 15)was randomized. A session
comprised five or six series. During the first and second sessions,
in which subjects were trained, the adequate range of AL was
determined. The choice of ALdemanded careful planning because
the series of six equally spaced values of AL had to cover the sub
jects' transition range between chance performance and 100070
correct responses. If the presented range of AL values did not
result in scores around 75070, a better range was chosen. The range
appeared to depend on the particular musical interval and on
whether tone 1 or tone 2 was attenuated. In addition, the adequate
range differed from subject to subject to a small extent. In most
cases, the range of AL was from 10 to 40 dB. In the AL< 10 dB
conditions, L, and L, were attenuated to a small extent to satisfy
our criterion that the overall levelof the interval should remain at
a constant level of 85 dB SPL. The correction (C) in decibels of
L, and L" being dependent on AL and on the musical interval
(q/p), is given by

C = 1010g{1+ IOI-AL ±20log(q/P»)ll~. (16)

The positive and negative signs apply to the L, < L, and L, > L,
conditions, respectively.

Results

Discrimination thresholds (DTs) are presented in
terms of level difference, AL, rather than of level
variation depth, D (see Equation 10). This way of
presentation was preferred because the exact con
tribution of the various pairs of beating harmonics to
DT is not known a priori. Moreover, other sources
such as the perception of waveform periodicity and
combination tones may have influenced DT as well
(Plomp, 1976).

DTs were subjected to an ANOVA [4 (subjects) x 3
(tone duration) x 2 (fifth or major third) x 2 (attenua-
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Figure 7. Thresholds for the discrimination between pure and
mistuned major thirds, plotted as a function of beat frequency,
with tone duration as parameter.
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15,..,-----r----,--,---.---,---,,........, proved to be very effective. These effects will be dis
cussedin detail.

Discussion

Fillure 8. Discrimination tbresbolds, Rinn as a function of beat
frequency wltb attenuation of either tone lor tone :1 as panmeter.
Mean values, connected by boldly printed Unes, are based on
tbresbolds from tbree different tone duntlonl.

Musical Inte"_'
Mean thresholds for the detection of mistuned

fifths were about 7 dB lower than they were for the
detection of mistuned major thirds. On the assump
tion that the perception of various beating pairs of
just-noncoinciding harmonics provides one of the
most important cues in the discrimination task, we
can explain at least part of this difference by refer
ins. to the fact that the mean level of interfering har
monics for the fifths was about 5 dB higher than it
was for the major thirds. With the fifths, for ex
ample, when L1 > L1 , the level of the unattenuated
third harmonic of tone 1 is 9.5 dB lower than the
level of the fundamental (see middle panel of Fig
ure 4a). When L1 < L1 , the level of the unattenuated
second harmonic of tone 2 is 6.0 dB lower than the
levelof the fundamental (seeright-hand panel of Fig
ure 4a). For the major thirds, however, the corre
sponding values are substantially lower: 14 and
12 dB, respectively. The mean difference of 5.25 dB
in the levelsof the interfering harmonics holds for all
other pairs of just-noncoinciding harmonics. Our
hypothesis that the DT depends on the SPL of the
interfering harmonics is based on data presented by
Maiwald (1967) and by Schone (1979), who showed
that the modulation threshold of AM sinusoids de
creases with increasing SPL of the tones. Moreover,
Zwicker (1952) found that this threshold decrease
does not depend on modulation frequency. The com
bined results from Maiwald, Schone, and Zwicker in
dicate that when the signal level increases from 40 to
80 dB, the level variation depth D (Equation 10) at
threshold decreases from about .85 to .35 dB. In
terms of AL, this threshold decrease is 8 dB. At low
sensation levelswithin a range of 5 to 40 dB, a similar
relation between sensation level and threshold was
found for beats resulting from the superposition of
two sinusoids with a frequency difference of 3 Hz
(Riesz, 1928). Since the literature cited above sug
gests that the effect of sensation level on the DT is
rather small, it is unlikely that the difference between
the DTs of the fifths and the major thirds can be
completely explained by the mean level difference of
5.25 dB between the interfering harmonics.

There is a second factor, which may have also in
fluenced the DTs for the fifths and the major thirds
differently. For any beat frequency, fb' the interval
size of the mistuned fifths has to be changed to a
greater extent than the interval size of the major
thirds (see also Equation 8). From this equation it
follows that this difference increases with beat fre
quency, being 28 cents when fb equals 32 Hz. The
relevance of this second factor is apparent in the
trend for the differences between the DTs for the
fifths and the major thirds to increase at the higher
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48.0, p < .005]. Attenuation of tone 1 results in
lower DTs than attenuation of tone 2 [F(1 ,3)=63.2,
p < .005]. This effect depended to some degree on
beat frequency [F(4,12)=3.22, p < .05]. In Figure 8,
where the mean DTs are plotted as a function of
beat frequency with attenuation of either tone 1 or
tone 2 as parameter, it is shown that this attenua
tion effect is due to the increased difference of the
DTs at a beat frequency of 32Hz.

For the fifths, the effect of beat frequency is sim
ilar for all tone durations. The general trend is that
these DTs decrease with increasing beat frequency,
although three Newman-Keuls paired comparison
tests (Winer, 1970), one for each tone duration,
showed that DTs for beat frequencies of 4, 8, and
16 Hz are not significantly different.

For the major thirds, however, the effect of beat
frequency is different (see Figure 7). At a tone dura
tion of 1,000 msec, tests for trend (Winer, 1970) re
vealed that most of the variation caused by beat fre
quency is accounted for by the quadratic trend. The
Newman-Keuls paired comparison test showed that
the DTs for beat frequencies of .5, 1, and 16 Hz are
all significantly different from the DT at 4 Hz (a =
.05). A similar paired comparison test between the
DTs for a tone duration of 500 msec indicated that
the mean threshold at 16 Hz is not significantly
higher than it is at 8 Hz.

The ANOVA on the DTs for beat frequencies from
2 to 32 Hz, as well as three ANOVAs, carried out on
the DTs for each tone duration separately, showed
that the main effects of musical interval, attenua
tion of tone 1 or tone 2, and beat frequency were
significant in all subgroups of data. In addition, tone
duration and its interaction with beat frequency
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beat frequencies. The second factor will be discussed
in detail in the section on the effect of beat frequency.

Attenuation of Tone 1 or Tone 1
That DTs depended on whether tone 1 or tone 2

was attenuated can be partly explained again by the
fact that beats are most easily observed at higher
levels of the interfering harmonics, as discussed
above: the mean SPLs of the interfering harmonics in
the LI < L] conditions are 2.7S dB higher than in the
L I > L] conditions. Masking also seems to be a
candidate for explaining part of the differences. It is
a well-established fact that the masked threshold de
creases as a function of the frequency separation of
the masker and the maskee (see Plomp, 1976). In the
LI < L] condition, the frequency separation of the
harmonics of tone 2 is a factor q/p wider than the
frequency separation of the harmonics of tone 1 in
the L > L] condition. Thus, less masking of the
various pairs of interfering harmonics would be ex
pected in the LI < L] conditions. This is supported
by our data, since the DTs were lower in the LI < L]
conditions.

Beat Frequency
At tone durations of SOO and 1,000 msec, the DTs

for beat frequencies higher than about 4 or 8 Hz
tended to decrease when the interval was a fifth and
tended to increase when the interval was a major
third. We think that these particular patterns can be
explained by the combined effect of two different
processes, which have opposite effects on DT for
beat frequencies from about 4 Hz on. The first mech
anism is related to the perception of beats. Recall
that both for two superimposed sinusoids and for
AM tones, sensitivity to beats increases with increas
ing beat frequency up to about 4 Hz and decreases

again for beat frequencies above this value. It is
reasonable to assume a similar sensitivity for the per
ception of beats for our complex tones.

The second mechanism is based on the perception
of interval width and is thus related to musical inter
val recognition. From Equation 8, it can be inferred
that, for a constant beat frequency, the deviation of
the mistuned intervals from the pure intervals, I T I,
decreases with increasing values of fl. In Figure 9,
the DTs for the different beat frequencies, as given in
Figures 6 and 7, are replotted as a function of the
corresponding values of mean I T I, with tone dura
tion as parameter. For beat frequencies of 32 Hz, for
example, the corresponding mean I T I of the mis
tuned fifths and the mistuned major thirds equaled
61 and 34 cents, respectively. We suppose that our
subjects, especially in these conditions, identified the
mistuned intervals, in at least a number of trials, as
not belonging to the pure fifth or pure major third
category. Thresholds for identification of the direc
tion of mistuning (Stumpf & Meyer, 1898) and ad
justment thresholds for musical intervals (Moran &
Pratt, 1926; Rakowski, Note 1) suggest that this
proposition is correct.

Tone Duration
There is a downward shift of the DTs with increas

ing tone duration. This shift is most pronounced for
lower beat frequencies. For beat frequencies within a
range of .S to 16 Hz, halving of tone duration of the
fifth is equivalent to about quadrupling of beat fre
quency. For the major third, a simple rule cannot be
given because of the strong quadratic trend in the
data.

In our experiments, all subjects could discriminate
between pure and mistuned intervals, if the mistuned
intervals contained at least one half beating period. It
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would be interesting to test the validity of such a
simple rule because, if correct, it would mean that
musical intervals, mistuned by only 1I1Oth of a cent
can be discriminated from a pure interval, provided
that its duration is long enough.

Presumably, small fluctuations in the pure interval
itself and limitations of human memory will deter
mine the lower bounds for discrimination.

The effect of tone duration becomes smaller and
less consistent for the highest beat frequencies. The
idea that the effect of beat frequency can be ex
plained by the combined effect of two different
mechanisms is supported by the interaction effect of
beat frequency and tone duration.

In general, perceptibility of beats is enhanced at
longer tone durations. Perception of interval size,
however, which is based on the ratio of the funda
mental frequencies of the two tones, does not seri
ously deteriorate as a result of tone duration within
the range presented in our experiment (Plomp,
Wagenaar, & Mimpen, 1973).

In sum, both the perception of beats and the per
ception of interval size may have influenced the DTs.
DTs for fifths at beat frequencies higher than 4 Hz
and those for major thirds at beat frequencies higher
than 16 Hz deviate from the V-shaped curve for the
detection threshold of beats for simple tones. Assum
ing a similar sensitivity to beats for simple and com
plex tones, this fact was tentatively explained by the
effect of the perception of interval size. In fact, how
ever, no experimental results on thresholds for the
perception of beats for intervals consisting of two
complex tones have been reported. Therefore, we
designed Experiment 2 to determine the sensitivity to
beats for both our mistuned fifths and major thirds.
This was done for a large number of beat frequen
cies, including those presented in the first experi
ment. Comparison of these beat thresholds (BTs)
with the DTs should, it was thought, provide an in
direct measure of the contribution to the DTs of the
perception of differences in interval size.

EXPERIMENT 1

Method

StlmaU
The stimuli were the same as those in Experiment 1.

Appuatal
The apparatus was identical to that of Experiment 1.

SubJecta
Four musically trained subjects were tested over three sessions,

each session on a different day. The subjects had not participated
in Experiment 1 and were naive concerning the purposes of the
experiment. Three participants were students from the Institute of
Musicology at Utrecht, and the fourth was a student at the Univer
sity of Amsterdam. All subjects were paid for their services.

Experimental Deslln
The independent variables were: (1) musical interval (fifth and

major third); (2) beat frequency of the first pair of just-nonce
inciding harmonics (.5, I, 2, 4, 6, 8, 12, 16, 24, and 32 Hz);
(3) attenuation of tone 1 or tone 2. For every stimulus combina
tion there were four replicas.

Procedure
On each trial, the subjects were presented with a sequence of

mistuned intervals. Each interval had a duration of 1,000 msec.
Between the intervals, there was a silent period of 600 msec. At the
beginning of a trial, AL was 0 dB. For every successive interval, AL
was increased in steps of 2 dB. During such a descending series, the
subjects were instructed to press a key as soon as they no longer
perceived any beats. After this response, AL was decreased in equal
steps of 2 dB. In such an ascending series, subjects had to press a
second key as soon as they perceived beats again. Within a trial,
there were four descending and four ascending series. At the end
of a descending series, AL was increased by a random amount of
2-10 dB. At the end of an ascending series, AL was decreased by a
similar variable amount. At the end of every trial, BT was com
puted by taking the mean of the eight values of AL at the times that
subjects had pressed the keys. A trial was repeated immediately, if
the standard deviation of the eight values of AL was greater than
6 dB. Within a run, both the musical interval and the tone with the
variable level were held constant. The presentation order of the
different beat frequencies was randomized. Presentation orders of
the different runs were balanced according to Latin squares. Each
session started with some training series. At the beginning of a run,
new waveforms of tones 1 and 2 were determined. The fundamen
tal frequency f. was held constant at 400 Hz, whereas f. de
pended on interval and beat frequency (see Equation IS). The mis
tuned intervals were always stretched.

Results

Again, BTs are presented in terms of level differ
ence AL. BTs for the fifths are given in Figure lOa as
a function of beat frequency, with attenuation of
tone 2 (L1 > L1) and tone 1 (L1 < L1) , respectively. In
Figure lOb, BTs for the major thirds are given in a
similar way. In both figures, the corresponding DTs
from Experiment 1 are given as a reference. BTs were
subjected to an ANOVA [4 (subjects) x 2 (fifth and
major third) x 2 (attenuation of tone 1 or tone 2) x 10
(beat frequencies), all repeated measures]. The effect
of subjects, tested against within-cell variance was
significant [F(3,480) = 37.8, p < .00001]; BTs for
fifths and major thirds were not significantly differ
ent (p > .72); attenuation of tone 1 resulted in lower
thresholds than did attenuation of tone 2 [F(1,3) =
43.5, p < .006]; and BTs were affected by beat fre
quency [F(9,27) =7.19, p < .001]. A Newman-Keuls
paired-comparison test revealed that, in general,
thresholds for beat frequencies of .5, I, and 2 Hz are
higher than thresholds for 12 and 16 Hz (a = .05). In
view of the specific purposes of this experiment,
however, it is more interesting to relate the BTs to the
DTs from Experiment 1. .

In a comparison of thresholds from Experiments 1
and 2, it was found that the effect of beat frequency
for the major thirds was about the same for both BTs
and DTs (see Figure lOb). For the fifths, the DTs
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respectively. (b) Beat thresholds from Experiment 2 and dIscriminatIon thresholds from Experiment 1 for the major
thirds, plotted as a functIon of beat frequency with attenuatIon of tone 2 (L, > 1..)and attenuation of tone 1 (L, <
1..),respectively.

were lower than the BTs (see Figure lOa). In the
L1 > L2 conditions, the dependence on beat fre
quency was similar for both types of thresholds. In
the L1 < L2 conditions, however, the patterns devi
ated for beat frequencies higher than 16 Hz. To test
the significance of this deviation, these thresholds
were subjected to an ANOVA with threshold type as
a between-subjects variable and beat frequency as a
within-subjects variable. Only the levels of beat fre
quency that were presented in both experiments were
tested. The interaction between threshold type and
beat frequency was significant [F(6,36)=3.81, p <
.005]

Discussion

The main purpose of Experiment 2 was to ascer
tain to what extent DTs were due to beats rather than
to the perception of differences in interval size. If the
perception of differences in interval size contributes
to the DTs, DTs and BTs should interact with beat
frequency. Deviations between DTs and BTs are ex
pected only for the higher beat frequencies, since the
differences in interval width for low beat frequencies
are too small to be detected. For the fifth, the inter-

action pattern in the L1 < L2 condition strongly sug
gests that the perception of interval width contributes
to DT. For a beat frequency of 32 Hz, DT decreases,
whereas BT increases. These interaction effects were
not found for either the fifths in the L1 > L2 condi
tions or the major thirds in the L1 > L, and L1 < L2

conditions. Moreover, although the BTs in the latter
conditions were higher for the lowest beat frequen
cies, sensitivity to beats in complex tone intervals
does not have a clear maximum such as the one
found with superimposed sinusoids.

In Experiment 1, a mean deviation of 34 cents
from the pure major third is apparently not large
enough for the second mechanism to contribute to
the DT. On the other hand, one may ask why the DT
did not decrease for the fifth in the L1 > L2 condi
tion. For judgments of interval width to be possible,
the levels of both tone 1 and tone 2 should be above
masking threshold. It seems plausible to attribute the
discrepancy between the L1 < L2 and L1 > L2 condi
tions to the fact that tone 1 is a more effective masker
of tone 2 than viceversa.

We had not expected to find that BTs for the fifths
would be consistently higher than the DTs, whereas
such differences could not be found for the major
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thirds. We can only speculate about the reason. It is
possible that the subjects in Experiment 2 were rather
conservative in their decisions whether they perceived
beats or not. If this was not the case, the data sug
gest that apart from beats, mistuned intervals near
threshold do bear more information distinguishing
them from pure intervals than do beats alone. One
additional source of information could have been
small differences in timbre. The fact that DTs for
major thirds were not consistently lower than their
corresponding BTs may have been due to differences
between the experimental procedures by means of
which thresholds were determined. Recall that DTs
were investigated by means of the method of con
stant stimuli, in which fifths and major thirds were
randomized within blocks, whereas BTs were deter
mined by employing an adaptive Bekesy up-down
method. It is possible that the differences between
DTs for fifths and major thirds should not be at
tributed only to level differences between the just
noncoinciding harmonics and to differences in rela
tive interval size by which pure intervals were mis
tuned, as was done above. The fact that pure major
thirds sound rather rough, compared with the smooth
sounding pure fifths, may have caused more con
fusion in discrimination between the pure and mis
tuned major thirds than would have been the case if
interval type had been held constant within blocks.

EXPERIMENT 3

Three important questions remain unanswered:
(1) Are the differences between BTs and DTs due to
differences between the employed experimental pro
cedures? (2) Can these differences be attributed to
the fact that DTs and BTs were determined for dif
ferent groups of subjects? (3) What do thresholds for
the identification of stretched and compressed inter
vals look like?

In order to obtain more direct evidence for the
relevance of both the perception of beats and the per
ception of interval width, we designed a new experi
ment. In Experiment 3, not only DTs and BTs, but
also thresholds for identification of the direction of
mistuning (ITs) were determined for the same group
of subjects in similar experimental conditions.

Method

StimaU
The stimuli were the same as those in Experiment 1. The over

all level of tones 1 and 2, however, was 80 dB SPL. Rise and decay
times of the tone bursts were 30 and 20 msec, respectively. In con
trast to Experiment 1, attenuation of either the low tone or the
high tone started from the base condition, as depicted in the left
hand panels of Figures 4a and 4b. During the experimental runs,
the levels of both tone I and tone 2 were corrected (see Equa
tion 16) to remain at the same overall level of 80 dB SPL.

Appantus
The apparatus was identical to that in Experiment 1.

Subjects
Six music students from the Conservatory of Utrecht were tested

over six sessions, each session on a different day. All of them had
high marks for ear training. The subjects had not participated in
Experiment 1 or Experiment 2. They were paid for their services.

Experimental Design
Thresholds for the Identification of the direction of mlstunlng.

The variables were: (1) musical interval (fifth and major third);
(2) level difference t.L between the tones (0 and 20 dB); (3) devia
tion of the mistuned intervals from perfect intervals (± 2.5, ± 5,
±7.5, ±IO, ±I5, ±20, ±25, ±30, ±35, ±40, ±45, ±50, ±60,
± 70, and ± 80 cents); and (4) attenuation of tone 1 or tone 2.
Variables I, 2, and 4 resulted in six combinations, because attenu
ation of tone 1 or tone 2 is relevant only in the t.L = 20 dB con
dition. For each of these conditions, the 30 different amounts of
mistuning were presented 20 times.

At the end of the experiment it turned out that DTs were lower
than 20 dB in most conditions. Since this experiment was designed
mainly to relate the three different thresholds to each other, we
decided to determine additional ITs in the following conditions:
(1) fifth. L, < L., at, =33 dB, (2) fifth, L, > L., t.L =25 dB, and
(3) major third, L, < L., t.L = 25 dB. In these conditions, devia
tions of the mistuned intervals from perfect were ± 10, ± 20, ± 30,
± 40, ± 50, ± 60, ± 70, and ± 80 cents. Again, the 16 different
degrees of mistuning were presented 20 times.

Beat thresholds and discrimination thresholds. The indepen
dent variables were: (1) musical interval (fifth and major third),
(2) beat frequency of the first pair of just-noncoinciding har
monics (I, 5, 15, and 25 Hz), and (3) attenuation of tone 1 or
tone 2. For all stimulus combinations, thresholds were determined
twice. The dependent variable was t.L.

Determination of Thresholds for Identification of the
Direction of m1stuning

The percentage of compressed responses (n = 20) for the 30 (or
16) different values of mistuning were converted to z scores. The
parameters a and b of the linear regression function z = b +ax were
determined, where x equals the deviation of the mistuned interval
from perfect in cents. From the linear function, thresholds meet
ing any desired criterion can be derived (z/a). Moreover, the point
of subjective purity, X= -b/a, that is, the amount of mistuning
that results in 50010 stretched and 500J0 compressed responses, can
be computed as well.

Procedure
Genenl. The order in which thresholds for the different aspects

were determined was balanced: one (3 x 3) Latin square for the
first determination of BTs and DTs and for presentation of half of
the trials in the identification task, another (3 x 3) Latin square for
the second determination and the remaining trials in the identifica
tion task. Two subjects were assigned to each different presenta
tion order. The duration of the tone bursts was 1,000 msec.

Identification thresholds for the direction of mlstuning. Each
trial consisted of a mistuned interval, which was presented twice.
The silent interval between these identical stimuli was 1.3 sec. By
means of a response box, the subject indicated whether the inter
val was compressed or stretched, relative to the pure interval. It
should be noted (1) that the pure interval was presented only once,
at the very beginning of a series of 300 trials, and (2) that no feed
back was given. If, at each trial, both the pure and the mistuned
interval had been presented, perception of pitch shifts rather than
interval width would have been studied. In this experiment, sub
jects had to imagine a pure interval themselves. Information about
the size of this subjective reference interval would have been lost if
feedback had been given. Thresholds determined in the conditions
described above can be conveniently compared with the DTs, since
in the discrimination conditions, the reference was not explicitly
given either, but had to be identified by the subjects themselves.

The next trial was presented 1.7 sec after the response to the
preceding trial. Within a series, the stimuli were presented in a
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Results and Discussion

in which W equals 1,200 log, (q/p), and T equals the amount of
mistuning relative to W. In the same vein, f, was calculated by

Identification
For each subject, thresholds at which the direction

of mistuning was consistently identified in 750/0 of

the cases (.67fa) were determined for nine different
conditions. For the same conditions, points of sub
jective purity were also derived. It turned out that the
data from one particular subject were very different
from those of all the other five subjects. This sub
ject, having a mean IT of 11 cents and a mean point
of subjective purity of - 35 cents, was therefore
dropped from further analysis.

For the remaining five subjects, mean thresholds
and mean points of subjective purity are plotted in
panels a and b of Figure II, for each condition sepa
rately. The standard deviation, On-I, around these
mean values is indicated by bars. Mean ITs for the
fifth and the major third are not significantly differ
ent and range from about 20 to 30 cents. These find
ings are more in line with adjustment thresholds for
musical intervals than with ITs, as found by Stumpf
and Meyer. It is plausible to attribute the discrepancy
between Stumpf and Meyer's data and our results to
differences in stimulus complexity. For both the fifth
and the major third, t tests revealed that a 20-dB at
tenuation of the higher tone (L1 > L1) resulted in sig
nificantly higher thresholds than a 20-dB attenuation
of the lower tone (L1 < L1 ; p < .05). Moreover, for
the fifth, the 2S-dB attenuation in the L1 > L1 condi
tion yielded a higher threshold than the 20- and
33-dB attenuation in the L1 < L1 condition (p < .05).
These results may be explained by masking effects.

For both the fifth and the major third, and for all
different values of ~L, the mean points of subjective
purity are very close to zero. In other words, mean
subjective purity is not significantly different from
physical purity.

Discrimination
DTs were subjected to an ANOVA [5 (subjects) x 2

(fifth or major third) X 2 (L1 < L1 or L1 > L1) X 4
(beat frequency), all repeated measures]. The effect
of subjects, tested against within-cell variance, is sig
nificant [F(4,80) = 4.8, p < .005]. DTs for the fifth
are about 6 dB lower than for the major third [F(1,4)
= 137.0, p < .001]. Attenuation of tone 1 results in
lower DTs than attenuation of tone 2 [F(1,4) = 38.2,
p < .005]. This effect, however, is most prominent
for the fifth [F(1,4)=27.S, p < .01]. DTs are highest
for the lowest beat frequency [F(3, 12)= 4.9, p <
.02]. There is a tendency for the effect of beat fre
quency to depend both on the kind of musical interval
[F(3,12)=3.3, p < .05] and on the L1 >~ or L1 < L1

conditions [F(3,12) = 3.1, p < .06]. The interaction
patterns can be inspected in Figure 12, in which DTs
for the fifth and major third are plotted as a function
of the mean deviation from perfect, with attenuation
of tone 2 (L1 > L1) and attenuation of tone 1 [L1 <
L1) , respectively. With respect to the effect of beat
frequency for the major third, tests for trend (Winer,
1970) revealed that only the cubic trend is significant
[F(1,12) = 11.5, p < .01].

(17)

(18)

random order. (In a pilot experiment, a double staircase method
had been employed: two intermingled series, one for stretched and
one for compressed intervals. Since we felt that in this paradigm
undesirable cues could be used, the method of constant stimuli was
chosen in our main experiment.) Presentation order of the dif
ferent series, in which both the level of aL and the musical inter
val were held constant, was randomized. For values of aL >
20 dB, the number of trials within a series was reduced to 160.
These series were presented to the same group of subjects in a ran
dom order after the main plot, as described in the general pro
cedure, had been finished. Fundamental frequencies were varied
from trial to trial in such a way that the central frequency of the
mistuned interval was equal to 370 Hz ±25, ±75, ± 125, ± 175,
or ± 225 cents, in a random order. The f. of the interval equaled

A session comprised five or six series. The subjects were not
trained.

Beat thresholds. The procedure was similar to that in Experi
ment 2. The silent period between the intervals, however, was
I sec. The fundamental frequency f. was computed by means of
Equation 13, with fe always at 370 Hz. The fundamental frequency
f, was computed by means of Equation 15. The mistuned intervals
were always stretched.

Discrimination thresholds. The task for the subject was to dis
criminate between pure and mistuned musical intervals in a 2-AFC
paradigm. The mistuned interval was presented first in half of the
trials and second in the other half of the trials. Between the inter
vals was a silent period of 1.5 sec. By means of a response box, the
subject indicated whether the first or the second interval was mis
tuned. Feedback was given by a red light above the correct button.
One subject was visually handicapped; after each correct response,
she received feedback by means of a soft tone with a fundamental
frequency of 784 Hz and a duration of 250 msec, The next trial
w~s presented 1.7 sec after the response to the preceding trial. DTs
were determined by means of an adaptive procedure, in which aL
was increased by 2 dB after three correct responses and decreased
by the same amount after an incorrect response. Each reversal of
the direction of change in aL over successive trials was counted as
a turnaround. There were six turnarounds. In the first run, how
ever, aL, being 0 dB at the very first trial, was increased by 3 dB
after each correct response. The effective DT was taken as the
mean value of aL on the trials that resulted in the last four turn
arounds. This value estimates the value of aL required to produce
79.4070 correct responses in a nonadaptive 2-AFC procedure
(Levitt, 1971). A series comprised four blocks, one for each beat
frequency. Presentation order of the different blocks was random
ized. Presentation order of musical interval and attenuation of
tone I or tone 2, which were held constant within a series, was
balanced. At the beginning of a series, new waveforms of tones I
and 2, with different +0 values, were determined. Fundamental
frequencies of the pure and mistuned intervals were computed in
the same way as in Experiment I. The central frequency, fe• of the
pure interval, however, was equal to 370 Hz ±25, ±75, ±125,
± 175, or ± 225 cents, in a random order. The direction of mis
tuning (signs in Equations 14 and 15) was randomized. Subjects
received two short training series in the first session.
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Beats
BTs are plotted in Figure 12 in the same way as the

DTs. An ANOVA with a design similar to that used
for the DTs, was carried out. There are substantial
differences between subjects [F(4,80) = 31.3, p <
.[OO1סס. There is a weak tendency for the thresholds
for the fifth to be lower than those for the major third
[F(1,4)=5.6, p < .08]; the main effect of .beat fre
quency is far from significant (p > .22). Sensitivity to
beats is higher in the L1 < L2 condition than in the
L1 > L2 condition [F(1 ,4) = 10.5, p < .03]. Com
bined for the fifth and major third, sensitivity to
beats decreases at the highest beat frequency only in
the L1 < L2 condition [F(3,12)= 4.7, p < .02].

Comparison of Discrimination
and Beat Thresholds

DTs and BTs were subjected to an ANOVA [5
(subjects) x 2 (DT or BT) x 2 (fifth or major third)
x 2 (L1 < L2 or L1 > L2) x 4 (beat frequency), all re
peated measures]. BTs are significantly higher than
DTs only for the fifth [F(1,4) = 17.5, p < .01]. Com
bined for the fifth and major third, the differences
between the DT and BT increase at the highest beat
frequency only in the L1 < L2 condition [F(3,12) =
4.5, p < .02]. The patterns of DTs and BTs, as pre-

sented in Figure 12, can be compared with the cor
responding patterns from Figure 10. In fact, the ef
fects for the fifth in the L1 > L2 and L1 < L2 condi
tions, and for the major third in the L1 > L2 condi
tion, were confirmed. For the major third in the
L1 < L2 condition, however, the significant deviation
of DT and BT at the greatest mistuning (t=2.33,
p < .05) suggests that the perception of interval
width, which was claimed to playa part at the high
beat frequencies in the L1 < L2 condition of the fifth
(see Figure lOa), has contributed to DT as well.

One may wonder how much weight should be at
tributed to the fact that the mean BTs are higher than
the corresponding DTs. The criterion on which deci
sions for the presence or absence of beats are based
had to be chosen by our subjects themselves. The fact
that 34.5010 of the variance in BTs from Experiment 3
was explained by the main effect of subjects, whereas
this percentage was only 4.7 for the DT shows that
this criterion was strongly dependent on the subject.
Moreover, correlation coefficients between DTs and
BTs per se are low. On the other hand, during the
experiment, the criteria for every subject remained
relatively stable, since within-cell variance for BTs
and DTs were about the same: 36% and 40%, re
spectively. Therefore, it is more appropriate to com-
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Figure 11. Beat thresholds and discrimination thresholds, plotted as a function of the mean
deviation from perfect with attenuation of tone 1 (L, > 1..) and attenuation of tone 1 (L, <
1..), respectively. Also presented are Identification thresholds from Figure 11, but now for a
performance criterion of 79.4070, with the deviation from perfect as the dependent. Thresh
olds are given for the L. >I.. and L, <I.. conditions and for the different AL values, sepa·
rately. The different thresholds for the fifth and the major third are given In panels a and b,
respectively.

pare the patterns of the thresholds and, as we shall
see below, define changes in threshold levels relative
to thresholds from comparable conditions.

Discrimination, Beat, and Identification
Thresholds Together .

For the data from Experiment 3, the plausibility of
the idea that both sensitivity to beats and the per
ception of interval width may have contributed to the
DT can be supported more directly because ITs are
available. Therefore, ITs from Figure II, but now,
like the DTs, for a performance criterion of 79.4070,
are replotted in Figure 12. The specific interaction
patterns between BTs, ITs, and DTs can be tenta
tively described by the following rule. The DT
depends on BT and IT in a compensatory manner.
For example, if the BT at the highest beat frequency
is relatively high, but the IT is low, the DT remains
low (fifth and major third, L1 < L2) . If the IT is high,

but the BT is relatively low, the DT remains low
(fifth and major third, L1 > L2) . A consequence of
this rule is that if both the BT and the IT are high, the
DT has to be high as well. We realize that the pat
terns shown in Figure 12 are no more than suggestive.
A stronger relation between DT and IT can be dem
onstrated if we correlate the individual decrements
of the DT for a beat frequency of 25 Hz, relative to
the mean of the corresponding DTs for beat frequen
cies of 1,5, and 15Hz, with the individual ITs for the
corresponding AL =20 db conditions. The correla
tion coefficients are given in the first column of
Table 1. Especially for the fifth, where the mean
amount of mistuning at a beat frequency of 25 Hz is
22 cents higher than it is for the major third, the r
values of -.83 and-.73 are high. If we correlate the
relative decrease of the DT with a similar decrease of
the sensitivity to beats, high correlations are found
for the L1 > L2 conditions (see second column of
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Table 1
Prediction of the Relative Decrease of the Discrimination
Threshold (XI) From Identification Threshold (X,) and
Relative Decrease of the Beat Threshold (X3) by Means

of the Multiple Linear Regression Equation
X~ =miX, +m 2X 3

Condition rI' r13 r1.,3 m l m,

Fifth L. < L, -.83 .25 .93 -.91 .42
L I > L, -.73 .86 .94 -.42 .67

Major Third L I < L, -.19 .37 .45 .51 .81
L I > L, -.56 .85 .85 -.11 .79

Note-All scores were normalized. For both the discrimination
and beat thresholds, the relativedecrease is defined as the differ
ence between the thresholds at a beat frequency of 25 Hz and
the mean of the corresponding thresholds at beat frequencies
of I, 5, and 15 Hz. For all conditions, identification thresholds
were taken from the corresponding t;L = 20 dB conditions.
The different correlation coefficients and regression weights are
given separately for the fifths and major thirds in both the
L I < L, and L I > L, conditions.

Table 1). As shown in the third column in Table 1,
the relative decrease of the DT can be predicted even
better, if both the IT and the relative decrease. of the
BT are considered simultaneously. For each condi
tion, the relative contribution of the perception of
interval size and sensitivity to beats to the decrease
of the DT at the highest beat frequency can be
determined. For the fifth in the L1 < L2 condition,
the explained variance increases by 170/0 if sensi
tivity to beats is also taken into account. In the
L1 > L2 conditions, however, the explained variance
increases by 35% for the fifth and by 41% for the
major third. Only for the major third in the L1 < L2
condition is neither the IT nor the increased sensi
tivity to beats a very effective predictor of the rela
tive decrease of the DT. For the remaining condi
tions, however, the compensatory character, in
which the DT depends on the IT and BT, is sug
gested by the values of the regression weights, which
are given in columns 4 and 5 of Table 1. For each
condition, prediction is optimized by giving either
identification (m.) or beats (m2) the highest weight.

GENERAL CONCLUSIONS

Combining the results from Experiments 1 and 3,
we may conclude that DTs (1) are higher for major
thirds than for fifths, (2) are highest for the lowest
beat frequencies, and (3) decrease with increasing
tone duration. In addition, (4) the effect of tone
duration is highest at low beat frequencies.

From Experiment 3, we may conclude that (5) ITs
are about the same for fifths and major thirds, devi
ations from perfect at threshold ranging from 20 to
30 cents, and (6) mean subjective purity is not sig
nificantly different from physical purity.

Combining the results from Experiments 2 and 3,
we may conclude that (7) sensitivity to beats for mis
tuned fifths and major thirds is about the same and
(8) beat frequency affects sensitivity to beats in only
some conditions.

If we are willing to relate the patterns, rather than
the absolute values of the different thresholds, we
may conclude that (9) discrimination is mainly deter
mined by sensitivity to beats. Detailed analysis, how
ever, indicates that (10) the perception of interval size
has been a relevant aspect in discrimination, espe
cially for the fifths in the L1 < L2condition.

In the introduction, we proposed that knowledge
of our sensitivity to mistuning might provide at least
one criterion for the evaluation of different tuning
systems. In this context, the first conclusion may be
related to the fact that in the tuning system that is ap
plied most frequently, that is, the equal tempera
ment, fifths are mistuned only slightly (2 cents),
taking the considerable mistuning of the major thirds
(14 cents) into the bargain. Moreover, the decreased
sensitivity to mistuning of the major third for beat
frequencies around, say, 15 Hz, as found in Experi
ments 1 and 3, suggests once more how to optimize
the purity of the fifth and major third. From con
clusions 3 and 4, it can be predicted that the tolerance
of mistuned intervals is higher in passages with short
tones than with sustained tones, provided the mis
tuning is not too large. Evidently, tolerance of
mistuned intervals, presented within a musical con
text, will depend on both the sensitivity to mistuning,
as has been determined here for isolated intervals,
and the musical context itself. The fifth conclusion
squares with the general experience that Pythagorean
thirds and, especially, the wolf from regular mean
tone temperament are easily identified.

REFERENCE NOTE

l , Rakowski, A. Tuning of isolated musical intervals. Paper
presented at the 9lst Meeting of the Acoustical Society of Amer
ica, Washington, D.C., 1976.
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