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On measuring the frequency-difference
limen for short tones

W. M. HARTMANN, BRAD RAKERD, and THOMAS N. PACKARD
Michigan State University, East Lansing, Michigan

The standard deviation of the distribution of matching frequencies in a two-interval pitch-
matching experiment and the width of the psychometric function in a two-interval frequency-
discrimination experiment both provide measures of the frequency-difference limen (DL). We com-
pared DLs as measured by these two methods for tones of short duration, using all nine pairings
of durations 12, 25, and 50 msec, at nominal frequencies of 200, 342, 584, and 1000 Hz. We found
that the two experiments gave qualitatively different results. In frequency discrimination, the
DL decreased as the duration of either the standard or the comparison tone increased, as expected
from statistical decision theory in one dimension. In pitch matching, the DL was smallest whenever
the standard and comparison tones had equal durations. To explain this dichotomy, we suggest
that, for tones of short duration, a pitch-matching experiment permits a multidimensional com-
parison of two tones, but that a frequency-discrimination experiment forces a comparison along

a single perceptual dimension.

Frequency-difference limens for human listeners have
been measured by the method of pulsed-sine frequency
discrimination (e.g., Harris, 1952) and by the method of
adjustment, or pitch matching (e.g., Liang & Chistovich,
1961). In the first method, the listener makes a forced
choice, usually as to which of two tones has the higher
pitch, and the frequency difference between the tones for
which performance meets some criterion, for example,
75% correct, serves as the measure of the frequency-dif-
ference limen (DL). In the second method, the listener
hears a target tone of given frequency and then adjusts
the frequency of a second tone to match the pitch of the
target. The standard deviation of the frequencies adjusted
by the listener serves as a measure of the frequency DL.
Of particular methodological interest are Cardozo’s (1965)
and Wier, Jesteadt, & Green’s (1976) studies, in which
these two methods were compared. In both studies, the
frequency DLs measured by the frequency-discrimination
method were found to be larger than those measured with
the pitch-matching method, usually by a factor of about
two.

The present study compared the frequency-discrimina-
tion method with the pitch-matching method for deter-
mining frequency DLs for the interesting case of tones
of short duration, in which the DLs can be rather large.
In previous work on the frequency DL of short tones,
often discussed in terms of the uncertainty of the pitch
sensation, the two tones to be compared have had the same
duration and the same amplitude envelope (e.g., Liang
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& Chistovich, 1961; Majernik & Kaluzny, 1979; Moore,
1973; Rajcan, 1972; Ronken, 1970). In the present study,
considerable emphasis was placed on the case in which
the tones to be compared had different durations. We sus-
pected that differences in strategies used by listeners in
the discrimination task vis-a-vis the matching task might
be revealed in cases in which the durations of the two tones
were different. Furthermore, one-dimensional statistical
decision theory, as applied to frequency discrimination
by Sekey (1963) and Siebert (1968), makes a clear predic-
tion about the relationship between the DL for tones of
unequal duration and the DL for tones of equal duration.
By comparing DLs for equal and unequal tone durations
we would be able to test this prediction.

PITCH-MATCHING EXPERIMENT

Method
Subjects
Four subjects participated in this ¢xperiment. All of them had
normal hearing according to self-report. Two of the subjects (A and
L) had had recent extensive experience in matching the pitches of
short tones. Two of the subjects (B and T) were coauthors.

Procedure

The subject’s task was to adjust the frequency of a matching tone
80 as to make its pitch agree with that of a target tone. The target
and matching tones of each trial alternated indefinitely until the sub-
ject was satisfied with his match. There was a 500-msec delay be-
tween target and matching tones and a 750-msec delay between repe-
titions. Four target-tone frequencies were used: 200, 342, 584, and
1000 Hz.

An experimental run comprised 12 matching trials. Within a run,
the duration of the matching tone was fixed at 12, 25, or 50 msec.
The duration of the target tone was initially set to one of these values,
chosen at random and maintained there while the target-tone fre-
quencies cycled through the four fixed values; in order of increas-
ing frequency, from trial to trial. A second target-tone duration was
then selected randomly and the cycle of target-tone frequencies began
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anew. Subjects A, B, and L typically required 30 (+5) presenta-
tions before making a decision; Subject T required 20 (+5). Thus,
an experimental run required approximately 6 to 9 min to complete;
this was followed by a rest period of 5 min prior to the next run.
The subjects usually completed 10 runs in a testing session. The
matching-tone duration was varied randomly across runs, and test-
ing continued until each subject had completed 10 runs at each of
12, 25, and 50 msec.

Stimuli

The stimuli were sine tones from a computer-controlied oscilla-
tor (Wavetek VCG 116). These tones were presented diotically,
via headphones (Yamaha YH 1000), to the subject, who was seated
in a sound-treated room. The frequency of the matching tone was
controlled by the subject by means of a 10-turn potentiometer with
a featureless knob, 2 in. in diameter. The control was linear, and
the limits of the matching frequency were set at 100 and 1200 Hz.
The frequencies were read to an accuracy of 0.01 Hz by a trig-
gered clock connected to the computer that ran the experiment. All
tones had abrupt onsets and offsets, both uncorrelated with the sig-
nal phase; all tones had an intensity of 70 dB SPL.

Results

Pitch Shifts for Tones of Different Durations

In general, the average matching frequency did not
equal the corresponding target frequency because of pitch
changes with duration (Doughty & Garner, 1948; Eckdahl
& Stevens, cited in Stevens & Davis, 1938). Such pitch
shifts are not of primary interest in this work, but we ex-
amined them as a by-product. Of interest were the matches
to a 25-msec target tone made by a subject using a 12-msec
matching tone as compared with his matches to a 12-msec
target tone using a 25-msec matching tone, and similarly
for the other two pairings of unequal tone durations. There
were 45 such cases.’

We expected to observe a simple duration dependence:
If a target tone of duration T1 was matched on the high
side by a matching tone of duration T2 (T1#T2), then
a target tone of duration T2 should have been matched
on the low side by a matching tone of duration T1. Such
a simple duration dependence was observed in 32 of the
45 cases. These cases are indicated by the symbols S and
L in Table 1.

We also observed some presentation-order effects in
which the second (matching) tone consistently had a higher
or lower pitch than the first (target) tone, regardless of
the tone durations.? Such effects were observed in 9 of
the 45 cases, and they are indicated in Table 1 by the sym-
bols 1and 2. In 4 cases, the matches with unequal dura-
tions suggested a presentation-order effect, but the sign
of the shift did not agree with the signs for equal dura-
tions. Such cases were termed *‘inconsistent,”’ and are
indicated in Table 1 by the symbol I.

The preponderance of the data reveals the simple du-
ration dependence, and within that subset of the data there
is considerable reproducibility, as can be seen from Ta-
ble 1. There, the symbol S means that when the short and
long duration tones were judged to be equal in pitch, the
frequency of the short tone was higher. It is reasonable

Table 1
Types of Pitch Shifts in the Pitch-Matching Experiment
Durations
Frequency  12/25 msec  12/50 msec  25/50 misec
Subject (Hz) 25/12 msec  50/12 msec  50/25 msec
T 200 S S L
342 S S L
584 S S 2
1000 S I 2
B 200 2 I L
342 2 2 L
584 2 2 2
1000 L L L
L 200 S S 1
342 1 L L
584 S 1 L
1000 S S S
A 2m %* * *
342 S S L
584 S S L
1000 S S L

Note — The symbols indicate which tone had the higher frequency ‘when
two tones, of unequal duration, were judged to be equal in pitch. S=
shorter tone higher frequency regardless of order, L=longer tone higher
frequency regardless of order, 1=first tone higher frequency regard-
less of duration, 2=second tone higher frequency regardless of dura-
tion, I=inconsistent matches.

to assume that had the frequencies of the two tones been
the same, then the pitch of the short tone would have been
perceived as lower than the pitch of the long tone. There-
fore, the interpretation for pitch shifts of the symbol S
is that the shorter tone has the lower pitch.

For the shortest durations (12-25 and 12-50 msec), the
data strongly suggest that a shorter tone has a lower pitch.
For the longer durations of 25-50 msec, it appears that
a longer tone has a lower pitch.

For those cases in which a consistent presentation-order
effect was seen, the second tone was almost always tuned
to a higher frequency than the first (symbol 2 in Table 1),
suggesting that had the frequencies of the tones been the
same, then subjects would have perceived a descending
cadence.

Pitch-Matching Variability
The variability in pitch matching provides a measure

~of the frequency DL and is of primary interest in this

study. The standard deviations (SDs) of the matching fre-
quencies for the four subjects, four target frequencies,
and six duration pairings are shown in Table 2. Values
in the table are given in cents.® Each value in the table
for the equal-duration cases is based upon 10 matches.
Each value in the table for the unequal-duration cases was
computed by combining long-short and short-long con-
ditions and is therefore based upon two sets of 10 matches.
For unequal durations, the SD was computed as a simple
average of the SDs for the long-short condition and the
short-long condition. Such an average gives a smaller es-



timate of the variability than would be given by the square
root of the average variance. Nonetheless, as the table
shows, the variability for unequal-duration cases tends to
be considerably larger than that for equal-duration cases.

The application of one-dimensional statistical decision
theory to a frequency discrimination task by Sekey (1963)
and by Siebert (1968) makes a prediction which relates
the DLs measured with different durations. A priori, it
seems reasonable to test that prediction in the case of a
pitch-matching experiment as well. If DLs determined by
the matching and by the discrimination procedures are
related by a scale factor (Cardozo, 1965, and Wier et al.,
1976, suggest a factor of about 2), then the prediction from
decision theory should apply to the matching experiment.

The prediction is simple to describe. If S11 is the SD
of the matches when the tones that are compared both have
duration T1, if S22 is the SD when both tones have dura-
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tion T2, and if S12 is the SD when one tone has duration
T1 and the other has duration T2, then decision theory
in one dimension predicts that

S12? = (S112+822%)/2. {1

Our test of this prediction was as follows: For each value
of T1 and T2 (T1 # T2), we computed an expected value
of the SD S12 from Equation 1, based upon the observed
values of S11 and S22. This is plotted on the horizontal
axis in Figure 1. On the vertical axis is plotted the ob-
served value of S12. If the prediction is correct, then the
points on the graph should fall along the 45° line. The
figure clearly shows that the prediction fails. The observed
values of the SD for unequal durations are greater than
predicted by the one-dimensional decision theory.

Table 2
Standard Deviations of Pitch Matches Made
in the Pitch-Matching Experiment

Frequency Equal Durations Unequal Durations
12/25 12/50 25/50
Subject (Hz) 12/12. 25/25 50/50 25/12 50/12 50/25
T 200 27 12 5 33 52 20
342 28 7 4 25 21 6
584 14 9 2 14 26 4
1000 7 3 2 18 14 2
B 200 37 13 16 81 119 32
342 32 16 8 48 87 14
584 10 3 5 14 47 11
1000 19 5 4 19 27 9
L 200 41 37 15 41 45 45
342 18 7 5 28 23 8
584 7 3 2 7 12 4
1000 5 5 3 6 7 3
A 200 *kk qokk sokok dokk *kk dokk
342 19 8 4 14 12 9
584 5 2 3 7 7 3
1000 5 2 1 5 5 2

Note—Values are in cents.
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Figure 1. Pitch-matching experiment: Observed value of the stan-
dard deviation in matching frequencies for tones of unequal dura-
tion plotted against the expected value of the standard deviation
based upon the standard deviations for tones of equal durations.
The expectation is derived from statistical decision theory (see text).
The 12-25-msec pair is represented by the octagonal symbols, the
12-50-msec pair by the triangles, and the 25-50-msec pair by the
XS.

FREQUENCY-DISCRIMINATION
EXPERIMENT

Method
Subjects
The subjects of this experiment were the same ones who partici-
pated in the pitch-matching experiment.

Stimuli

The stimuli were identical to those of the pitch-matching experi-
ment, except that onsets occurred at signal zero crossings. The tones
were generated digitally at a sample rate of 4000 Hz, converted
by a 12-bit DAC, and low-pass filtered (—115 dB/octave) at
1900 Hz. The listening conditions were the same as for the pitch-
matching experiment.

Procedure

The goal of this experiment was to produce a psychometric func-
tion giving the percentage of responses for which one tone was
Jjudged higher in pitch than another tone as a function of the fre-
quency difference between the tones. The two tones were either
of equal or unequal duration; in the latter case, it was always the
frequency of the longer tone that varied. Unlike the pitch-matching
experiment, in which the order of the different durations was fixed
for a given run, the order of the different durations varied randomly
from trial to trial in the frequency-discrimination experiment.

We wished to construct the psychometric function using a two-
interval forced-choice (2IFC) method of constant stimuli; however,
because of the pitch shifts associated with different tone durations,
there was no ‘‘correct’”” response in the unequal-duration cases.
Therefore, we needed a procedure for establishing a reasonable
range for a constant-stimuli test. Our approach was to conduct a
two-part experiment, employing first a staircase procedure to es-
tablish a range and then a constant-stimuli procedure to explore that





















