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Auditory discrimination of tone-pulse onsets

JACEK SMURZYNSKI and ADRIANUS J. M. HOUTSMA
Institute for Perception Research, Eindhoven, The Netherlands

Two experiments are reported in which difference limens (DLs) were measured for onset times
of a 1000-Hz tone pulse. An adaptive two-alternative forced-choice procedure and (mostly) well
trained subjects were used. In the first experiment, DLs were measured for the rise time of linear
onset ramps at rise-time values between 10 and 60 msec. The DLs follow Weber's law up to a
rise time of about 50 msec, and do not support the notion that rise times are perceived in a cate
gorical manner. In the second experiment, DLs were obtained for linear, exponential, and raised
cosine onset envelopes at rise-time values between 10 and 40 msec. When energy differences in
the critical band around 1000 Hz are computed for just-discriminable onsets, values between 0.7 dB
(10-msec rise time) and 0.3 dB (40-sec rise time) are found. These equivalent intensity DLs show
the same "near miss to Weber's law" behavior as do intensity DLs for pure tones.

Recognition of a musical instrument by its sound is
based on quasi-stationary attributes such as tone spectrum,
as well as on transient attributes such as tone attack and
decay. It has been shown (Berger, 1964; Clark, Luce,
Abrams, Schlossberg, & Rome, 1964; Saldanha & Corso,
1964) that subjects' abilities to identify musical instru
ments correctly by their sound decreases significantly
when sounds are presented without attack.

Further insight into the perceptual role of a tone attack
was obtained through studies of differential sensitivity for
a tone's onset time. A central question in these studies
was whether a tone's rise (onset, attack) time forms a per
ceptual continuum in which, for instance, Weber's law
would hold, or whether the physical onset-time continuum
maps perceptually into a small number of subjective
categories, resulting in so-called categorical perception.
Especially during the last few years, there has been a
renewed interest in categorical perception for nonspeech
signals. Rosen and Howell (1981) determined that cate
gorical discrimination functions could not be obtained for
music-like stimuli spaced with equal intervals of the rise
time, as had been reported by Cutting and Rosner (1974).
Their subject's responses appeared rather to follow We
ber's law; that is, difference limens (DLs) for rise time
increased proportionally with increasing rise-time dura
tions. These findings were confirmed by Kewley-Port and
Pisoni (1984).

Smurzyriski (1985) investigated subjects' abilities to
identify stimuli solely on the basis of rise time. He found
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that subjects trained in auditory perception, when
presented with 300-Hz sawtooth-wave bursts with six
different rise times between 10 and 60 msec, generated
typical confusion matrices with responses clustered around
the main diagonal, rather than two sharply defined
response categories ("pluck" and "bow"), as Cutting and
Rosner (1974) had found. Further analysis of these iden
tification data revealed that average received (or mutual)
information (Garner & Hake, 1951) in that experiment
amounted to 1.3 bits. This is significantly more than the
prediction of a categorical perception model that divides
the 10- to 6O-msec rise-time range into two perceptual
categories, thereby limiting information transfer to 1 bit.
Moreover, if Smurzynski's identification data are inter
preted with a Thurstonian decision model (Braida &
Durlach, 1972; Durlach & Braida, 1969), an average sen
sitivity d' of 2.9 is found between stimuli of successive
rise times (i.e., 10 vs. 20 msec, 20 vs. 30 msec, etc.).

One of the criteria of categorical perception states that
discrimination is constrained by identification. Accord
ing to Kewley-Port and Pisoni (1984), the Weber frac
tion for rise time T for 3OQ-Hz sawtooth stimuli, mea
sured with an adaptive discrimination procedure and
expressed as t!T/T, is around 0.8 for T = 10 msec, 0.4
for T = 20 msec, and 0.2 for rise times in the 30- to 60
msec range. These results imply a sensitivity d' of about
1.0 for stimulus pairs that were quite comparable to the
ones used in Smurzyriski's (1985) identification experi
ment, which, however, yielded a much larger average d',
This is not inconsistent only with the above-mentioned
notion that discrimination is bounded by identification.
It is equally inconsistent with the intuitive idea that sim
ple discrimination of two stimuli should be easier than
absolute identification of six stimuli because of the
added memory noise involved in most absolute identifi
cation tasks. An explanation of this apparent discrepancy
may be found in the fact that Smurzyriski worked with
highly trained subjects, whereas Kewley-Port and Pisoni
used mostly untrained subjects. This difference under-
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Figure 1. Results of Experiment 1. The mean differential
thresholds of rise time versus rise time for the 4 subjects.

or the second in a pair was 0.5. There was a 500-msec silent period
between stimuli, and after each pair there was a 5-sec response in
terval before presentation of the next pair. The initial step size of
Imsec was halved after the first five reversals. The DL was esti
mated from the midrun average of 10 reversals with the step of
0.5 msec. Typically, 40 to 60 pairs occurred within each test. Seven
DL estimates were collected for each base stimulus (starting with
T = 10 msec) from each subject. The subjects were run individu
ally in approximately 45-min sessions.

Subjects. Four subjects participated in the experiment. Three of
them were graduate students in the Sound Engineering Department
at the Warsaw Academy of Music. They were aware of the pur
pose of the test and were paid for their participation. All of them
had passed a special course on so-called "timbre solfeggio"
(4towski, 1985). The first author was the fourth subject.

Results and Discussion
The mean DL results of the 4 subjects are plotted in

Figure 1 for each basic rise-time value. Results for all
subjects are very consistent in the 10- to 30-msec range,
with almost constant DL values between 1 and 1.8 msec.
For T = 40 msec, differential thresholds increased quite
rapidly, especially for Subject L.K. At T = 60 msec, DLs
fell again, except for Subject J.S.

The subjects' reports suggested that two different cues
were used for discrimination of short and long rise times.
For sharp onsets (Tshorter than 30 to 40 msec) subjects
typically listened for the relative amplitude of a thump
at the beginning of a stimulus, reflecting spectral splatter
of energy. For longer onset times different cues were
used, related directly to some percept of time. This cue
change probably caused the increase ofDLs for Tvalues
above 30 msec.

If Weber's law were applicable to rise-time discrimi
nation, the i1T function should closely approximate a

6040 50

(M S)

G-- LK

[J-- T R

s- J S

10 20 30

RISE TIME

»r>;

(f)r'-

:2
'-----'"

0'"
-l
0
::r:: lIJ

(f)

w
ct:~

::r::
f-
-lr<)

«
f- N
Z
W
ct:
W
LL
LL
- 0
0 0

scores the need to perform both discrimination and iden
tification experiments under comparable laboratory con
ditions and with the same (trained) subjects.

Other experiments on differential thresholds for rise
time were performed by Van Heuven and Van den
Broecke (1979) for lOOO-Hz pure-tone and white-noise
bursts, and by Van den Broecke and Van Heuven (1983)
for sawtooth, triangle, sine-wave, and white-noise bursts.
They used the method of adjustment. Some of their results
were in agreement with Weber's law. In other cases,
rather constant absolute values of DLs for rise time were
obtained. None of their data, however, showed a signifi
cant discontinuity in the DL function, as is expected with
categorical perception.

In the present study, two experiments were conducted
that were designed to improve our understanding of au
ditory discrimination of the rise time of pure-tone bursts.
Experiment 1 was a replication of the Kewley-Port and
Pisoni (1984) experiment, except that highly experienced
subjects took part and only pure tones were used. The
experiment was executed at the Warsaw Academy of
Music. Experiment 2, performed at the Institute for Per
ception Research in Eindhoven, was based on subjects'
reports of different discrimination cues being used in
different regions of the rise-time continuum. At long rise
times one seemed to perceive rise-time intervals as such,
whereas at short rise times (shorter than 30 to 40 msec)
one perceived the relative amplitude of a "thump" at the
beginning of the sound. The possible role of cues based
on energy splatter for short onset times was investigated
by using three different types of onset functions. The
specific question was whether onset discrimination varies
with the onset function itself, or whether it depends sim
ply on the resulting amount of energy spread during the
onset, regardless of the shape of the onset function.

EXPERIMENT 1

Method
Stimuli. Stimuli consisted of lOOO-Hz pure-tone bursts with a

linear rise (attack) starting on a positive zero crossing, a steady
state portion, and a 4O-msec linear decay. The overall length of
the stimuli was 256 msec. Thus, the length of the steady state
covaried with the duration of the onset ramp. Six stimuli with rise
times of 10, 20, 30, 40, 50, and 60 msec were used as base stimuli
to measure DLs. Rise time is defined as the time needed for the
amplitude of the signal to reach its full steady-state level.

Amplitude envelopes of stimuli wer~ generated digitally on an
Olivetti M-20 microcomputer and stored in memory. They were
output under computer control at a sample rate of 5 kHz, using a
IO-bitmultiplying digital-to-analog (D/A) converter, which multi
plied the envelope by a lOOO-Hz sine wave (Hewlett Packard 3312
functiongenerator). Stimuli were presentedbinaurally through TDH
39 headphones at 70 dB SPL in a quiet testing room.

Procedure. Using an adaptive two-interval (two down, one up)
forced-choice procedure without feedback, the subjects were asked
to indicate which item of each pair of stimuli hadthe "more gradual
onset." For each run of the tracking procedure, a single base stimu
lus was selected. The rise time difference of the initial pair was
chosen to be about four times the DL estimated by a pilot experi
ment. The probability of presenting the base stimulus as the first
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(1)

(2)

straight line. The averages of the means for our 4 sub
jects were calculated, and a linear regression was per
formed in the range 10 ~ T ~ 50 msec, where a corre
lation of r=0.95 was obtained. These results are displayed
in Figure 2 (filled circles), together with three compara
ble sets of data found in the literature. The first set is from
a study by Van Heuven and Van den Broecke (1979), in
which the DL in onset time of a l000-Hz tone with a
steady-state portion of 200 msec and a decay of 50 msec
was measured by the method of adjustment for onset times
between 10 and 80 msec (open circles). These data also
seem to support Weber's law, with a (linear-fit) correla
tion of r=0.93. The second set of data (open squares) is
from a later study by the same authors (Vanden Broecke
& Van Heuven, 1983), in which they measured onset
DLs, also by adjustment, for sound bursts of variable
waveform and temporal structure. The results shown here
are for a l000-Hz sine wave with a steady-state plus de
cay portion of 230 msec. Again, up to about 50-msec rise
time, the data support Weber's law, with a linear corre
lation of r=O.97, but with a DL size of about 5 msec more
than they had found in their previous study. For longer
rise times, they obtained almost constant DLs of about
15 msec. The third set of data (open triangles) is taken
from a study by Kewley-Port and Pisoni (1984), who used
3OO-Hz sawtooth waves of l-sec total duration, with the
onset ramp followed immediately by a linear decay. Us
ing a discrimination procedure similar to ours, they found
that DLs in the range 10 ~ T ~ 80 msec, averaged over
4 subjects, supported Weber's law to the extent that a

linear-fit correlation coefficient of0.88 was obtained. On
the whole, we may therefore conclude that onset discrimi
nation for sinusoidal tones seems to be governed by We
ber's law, and that there is no evidence of discontinuities
that would reflect any form of categorical perception. For
well-trained subjects, the Weber fraction t::.T/T is about
6% to 8% for rise times between 10 and 60 msec, but
for untrained subjects, this Weber fraction may be up to
three times as large.

The hypothesis that energy splatter may be a signifi
cant perceptual cue in the discrimination of short attacks
was investigated in Experiment 2, which is discussed next.

EXPERIMENT 2

Method
In this experiment, stimuli again consisted of lOOO-Hz pure-tone

bursts, with a variable attack, a steady-state portion, and a 4O-msec
decay, such that the overall stimulus duration was 256 msec. For
the attack, three onset functions were used in separate blocks of
tests: (1) a linear attack, according to the formula

t

A = k T'
where A is the envelope amplitude, T is the rise time, and k is a
constant; (2) an exponential attack, with

10
A = k 9' (1 - lO- tlT ) ,

where the multiplication by 1% serves to terminate the amplitude
at t= Twith the same amplitude as the linear ramp; and (3) a raised
cosine attack, with the rise-time function

Figure 2. Differential thresboIds of me time versus rise time. Filled
circles: the averages of the means for the 4 subjects of Experiment 1.
Open circles: data from Van Heuven and Van den Broecke (1979).
Squares: data from Van den Broecke and Van Heuven (1983). Tri
angles: data from Kewley-Port and Pisoni (1984).

Results and Discussion
The mean DLs and corresponding standard deviations

of the 3 subjects are plotted in Figure 3 for the linear,
in Figure 4 for the exponential, and in Figure 5 for the
raised-cosine onsets as a function of onset time. The

Four stimuli with rise times of 10, 20, 30, and 40 msec were the
base stimuli around which OLs were measured. The stimuli were
synthesized digitally, using a Philips P857 minicomputer and a 12
bit 01A converter, at a lO-kHz sampling frequency. They were
presented binaurally through TDH-49 headphones with circumaural
cushions at 80 dB SPL in an lAC double-wall chamber. An adap
tive two-interval forced-ehoice task with feedback was used. There
was a 3-sec response time limit, and feedback was provided im
mediately after each response. All other parameters of the test were
the same as in Experiment I.

Five OL estimates were collected for each base stimulus and each
subject. The subjects were run individually in approximately 30
min sessions. For each base stimulus, the subjects were tested with
linear onset functions and, after having completed five adaptive runs,
tested with the exponential and raised-eosine ones.

Three subjects, 2 males and 1 female, participated in the experi
ment. These included both authors. The third subject was a stu
dent of musicology who had no previous experience with system
atic listening experiments. Shewas trained fOT 4 h to becomefamiliar
with the procedure and with the percept of rise time.

(3)
k t

A = '2 (1 - cos Tp).
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Figure 3. Results of Experiment 2 for linear onset, showingmean
differential rise-time thresholds as a function of rise time for the
3 subjects. Vertical bars represent standard deviations. Values of
r are correlation coefficients for linear regressions.

DLs for the three onset functions, except at T = 30 msec
between the linear and raised-cosine onsets for both sub
jects [F(1 ,24) = 9.7, p < .005, for J.S., and F(1,24) =
8.3, p < .01, for A.H.].

For both subjects and all three onset functions, linear
regression fits of the !1T versus T functions were made.
Correlation coefficients between 0.88 and 0.99 were ob
tained. Because the general shape of empirical discrimi
nation functions suggested nonlinear fits in some cases,
tests for linear, quadratic, and cubic trends were per
formed (Winer, 1971). For Subject A.H., F-ratios of
linear trend did not exceed the critical value [F.99(2,16)
= 6.36] with any of the three onsets, so the data did not
imply significant deviations from linearity. For Sub
ject J .S., the smallest correlation coefficient with a linear
fit (r=0.88) was obtained for the exponential onset. In
this case, 79% of the variation in the rise-time DL was
accounted for by a linear regression equation and 9% by
a quadratic trend [F(1,16) = 1O.65,p < .005]. A quad
ratic trend was also reported by Van Heuven and Vanden
Broecke (1980). The data of Subject J.S. for the linear
and raised-cosine onsets did not show significant devia
tions from linear trend.

GENERAL DISCUSSION
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According to the theory of categorical perception, there
should be a rapid change of differential threshold along
a rise-time continuum: large DLs for stimuli belonging
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Figure 4. Results of Experiment 2 for exponential onset, show
ing mean differential rise-time thresholds as a function of rise time
for the 3 subjects. Verticalbars represent standard cIeviatiom. Values
of r are correlation coefficients for linear regressions.

results of Subject J.S. for the linear onset are almost iden
tical to his DLs obtained in Experiment 1. This confirms
that the small differences between methods of stimulus
generation and presentation in the two experiments were
not significant.

A global inspection of the results presented in Figures
3,4, and 5 shows that much larger DLs, and also much
larger standard deviations, were obtained from the inex
perienced subject H. W. than from the trained subjects
A.H. and J.S. For a linear onset, however, the DLs of
H.W. are quite comparable to the data of Van Heuven
and Vanden Broecke (1979) for T values between 10 and
30 msec, as can be seen from Figures 2 and 3. H.W.'s
threshold at a rise time of 40 msec is also comparable to
that of Subject L.K., as can be seen in Figure 1. The DLs
of Subject A.H. for a linear attack are in good agreement
with the results of Experiment 1. At 10 msec his perfor
mance was better, but for T = 30 msec, it was slightly
worse than that of the other subjects.

Because the spread of H.W.'s results is so large, a
statistical analysis was performed only on the data of Sub
jects J.S. and A.H. Differential thresholds for each base
stimulus were subjected to an analysis of variance of 2
(subjects) X 3 (onset ramps). Significant individual differ
ences [F(I,24) = 16.6, p < .001] were found only for
T = 40 msec. The influence of onset ramps was not sig
nificant. Interaction effects (subjects x ramps) occurred
at T = 10 msec [F(2,24) = 5.4, p < .025] and at T =
30 msec [F(2,24) = 9.9, p < .001]. Inspection of in
dividual results yielded nonsignificantdifferences between
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Figure 6. Energy spectra for two linear onset ramps: solid line
for T = 10 msec; dashed line for T + tJ.T = 11 msec. Energy is ex
pressed in dB re energy at 1000 Hz for T = 10 msee.

hypothesis can be tested by investigating whether there
is a stable relationship, taken over the three different on
set functions, between amounts of energy splatter away
from the signal frequency on the one hand, and discrimi
nation performance on the other. To this end, the Fou
rier transforms 3'(w) were calculated for each onset func
tion of Equations 1, 2, and 3. Next, using the modulation
theorem (Papoulis, 1962), energy spectra E:(w), accord
ing to the equation

1
E:(w) = "4 I §(w+wo) - §(W-WO)2, (4)

were obtained for all three onset functions and all rise
time values used in Experiment 2, with Wo set equal to
2ooo1f. Most of the energy is concentrated at the fre
quency of the sinusoid (on-frequency energy), namely at
1000 Hz, but some energy falls above and below that fre
quency (off-frequency energy). The total energy of the
onset is proportional to its rise time, but off-frequency
energy decreases as rise time increases. An example of
two energy spectra, one for a linear onset portion of T
= 10 msec, the other for an onset with T + AT =
11 msec, is shown in Figure 6.

Our hypothesis is that subjects judge rise-time differ
ences as intensity differences in the critical band around
the signal frequency. According to the multiband
excitation-pattern model of Florentine and Buus (1981),
intensity discrimination is based on a weighted sum ofob
servations in all critical bands. Therefore, the energy in
critical bands for all three onset functions and all the
different rise-time values was calculated. The percentage
of total energy in the ninth critical band, corresponding
to a frequency band from 920 to 1080 Hz (Zwicker &
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FJgUre S. Results of Experiment 2 for raised-cosine onset, show
ing mean differential rise-time tbresholds as a function of rise time
for tile 3 subjects. Vertical bars represent standard deviatiomi. Values
of r are correlation coefficients for linear regressions.

to the same category, and small ones for those from differ
ent categories. No support for categorical perception can
be found in the discrimination data reported here. In
almost all cases, functions of AT versus T can be predicted
by linear trend, implying that Weber's law holds for rise
time discrimination.

In the few cases in which Weber's law does not seem
to hold, for instance with the results of Experiment 1
measured above 40 msec, it is much more reasonable to
assume that a subjective cue change has taken place along
the onset-time continuum, rather than categorical percep
tion. The shape of the DL curves is always such that, with
increasing T, the DL grows at an accelerated rate beyond
some point, but declines again when T is increased fur
ther. Such behavior is expected if one perceptual cue
gradually disappears with increasing T before a second,
different cue has become audible. On the other hand, the
shape of the curves shown in Figure 1 are exactly oppo
site what one would expect if categorical perception had
taken place. Our finding that rise time discrimination is
most difficult at intermediate values of T, somewhere
around 40 or 50 msec, is consistent with results obtained
by Rosen and Howell (1983), who used 300-Hz sinusoi
dal bursts and were their own (presumably well-trained)
subjects.

Our subjects, as well as those from an earlier study by
Rosen and Howell (1981), reported that, for short rise
times, they could judge differences between onset slopes
by the strength of a thump at the beginning of the stimu
lus. This may indicate that a perceptual correlate of energy
splatter served as the dominant discrimination cue. This
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Figure 7. Percent of total energy in the seventh, eighth, and ninth critical bands versus rise
time. Circles: linear onset. Triangles: exponential onset. Squares: raised-cosine onset.

Feldtkeller, 1967), increases with rise time, while the rela
tive amount of energy in other critical bands decreases.
This is illustrated in Figure 7 for T = 10, 20, 30, and
40 msec in the seventh, eighth, and ninth critical bands
for all three onset functions used in Experiment 2.

The empirical results of Experiment 2 were transformed
in the following manner. The energy in the ninth critical
band was calculated for each base stimulus with rise time
T, yielding the value EST, and for each stimulus with rise
time T + !i.T, yielding the value E; , where !i.T is the
empirically obtained DL for a particular subject. Then
the energy ratio, Ev/Em was converted into decibels by
computing

The results of this computation are shown in Table 1. One
sees the empirically determined differential thresholds for
rise time and the corresponding values of!i.L for all 3 sub
jects, all three onset functions, and all four basic onset
time values used in the experiment. The table shows that
!i.Ls for Subjects A.H. and J.S. are within a range of
0.15 dB for all three onset functions with the same total
rise time. Deviations are larger for Subject H.W., but the
results for all onset functions at T = 20 and T = 30 msec
are quite consistent.

Similar !i.L calculations were made for the 7th, 8th, 10th
and 11th critical bands. For each value of T and !i.T, these
!i.Ls were found to be much smaller than their counter
parts in the 9th critical band.

!i.Ls for each subject were next averaged over onset
ramps and plotted against T. This is shown in Figure 8.
The procedure mentioned above was also used to calcu
late !i.Ls from the subject-averaged results of Experi
ment 1, which are shown in Figure 8 as well. All these
results together exhibit the same general trend and ap
pear quite consistent with one another. The absolute size

of the M.s, between 0.3 and 0.7 dB, agree quite well with
intensity DLs measured with l000-Hz tones and well
trained subjects (Jesteadt, Wier, & Green, 1977;
Rabinowitz, Lim, Braida, & Durlach, 1976).

Our experimental results, transformed into equivalent
!i.L values in the principal critical band, can also be com-
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Open triangles: results of Subject A.H. from Experiment 2. Remain
ing data are intensity difference limens for pure tones versus dura
tion of tone pulses obtained by Henning (1970; crosses) and by 1i1oren
tine (1986; filled squares).
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Table 1
Onset-Time and Equivalent-Intensity DLs of Experiment 2

Subject A.H. Subject J.S. Subject H.W.

T Lin Ex R-C Lin Ex R-C Lin Ex R-C

10 AT 0.8 0.9 0.9 1.0 1.2 0.8 4.4 5.8 2.7
AL 0.50 0.52 0.63 0.54 0.55 0.53 2.0 2.04 1.37

20 AT 1.7 1.9 1.7 1.3 1.7 1.4 5.3 4.7 4.7
AL 0.33 0.46 0.36 0.33 0.37 0.34 1.14 0.97 0.97

30 AT 2.6 2.4 1.7 1.7 1.9 2.7 6.2 8.6 6.0
AL 0.35 0.33 0.29 0.29 0.30 0.38 0.90 1.14 0.83

40 AT 2.7 2.9 2.6 3.2 4.4 3.7 4.9 16.0 5.7
AL 0.28 0.33 0.27 0.33 0.48 0.40 0.53 1.49 0.61

Note-Values of ATare differential thresholds (in milliseconds) obtained by SubjectsA.H.,
J.S., and H.W. for T = 10,20,30, and 40 msec and linear (Lin), exponential (Ex), and
raised-eosine (R-C) onset functions. Values of AL(in decibels) were calculated according
to the procedure described in the text.

pared with directly measured intensity DLs for pure tones
of short duration. Such experimental data have been
reported by Henning (1970) and Florentine (1986), and
are also plotted in Figure 8. Both studies included mea
surements made for 1000-Hz pure tones presented at
85 dB SPL. Henning's and Florentine's data are in good
agreement with each other up to a stimulus duration of
50 msec. M values calculated for our subject H. W. also
appear consistent with their data in the range 20 =::; T =::;
40 msec. Our other subjects, in Experiment 1 as well as
in Experiment 2, yielded much smaller Ms. The general
trend, however, is similar. M decreases quite rapidly
when T increases from 10 to 20 msec, then decreases
much less rapidly or remains rather constant for Tvalues
between 20 and 40 msec. This is equivalent to the so
called near miss to Weber's law reported in the literature
for intensity discrimination of pure tones (Jesteadt et al.,
1977).

There are several possible reasons for the differences
between our results, shown in Figure 8, and those of Hen
ning (1970) and Florentine (1986). First, two highly ex
perienced subjects participated in our experiment. Their
sensitivity to slight changes in all aspects of stimuli could
have lowered their Ms. Second, our model assumed that
only sound power in the critical band around the signal
frequency is integrated for the exact duration of the sig
nal onset. From Figures 6 and 7, one can see that varia
tion in onset time not only changes the energy in the main
critical band, but also, to some extent, in adjacent bands.
Our well-trained subjects could have used such off
frequency cues, which have been well documented in the
literature (Leshowitz & Wightman, 1971), but were ig
nored in our model.

There are also several reasons why integration in our
model was limited to the onset portion of the signal. Sub
jects, by their own account, seemed to focus their atten
tion on the signal attack and appeared to ignore the re
mainder of the signal when performing the discrimination
task. None of the data in the literature, including the
present data, give any reason to believe that the duration
of the steady-state signal portion is in any way critical

for the outcome of discrimination or absolute identifica
tion experiments. Furthermore, if the energy in the main
critical band were computed over the duration of the en
tire signal, the resulting Ms would become unrealistically
small, and differences between them and other data, as
shown in Figure 8, would end up still larger.

Finally, one might wonder how, in terms of our model,
the system knows when to stop integrating the on
frequency power. How does it know when the onset is
over and the steady state begins? In principle, of course,
this information can be obtained from the off-frequency
filters, for instance, by waiting until their outputs fall be
Iowa certain threshold level. In reality, however, the sys
tem may not be able to always clock the onset time inter
val perfectly. Especially at very short onset times
(10 msec), our data suggest that, indeed, integration may
have extended somewhat into the steady-state part of the
signal. As a result, the actual Ms at T = 10 msec would
be smaller than the ones we computed and showed in Ta
ble 1 and in Figure 8, bringing them somewhat more in
line with the Ms computed for other values of T. On the
other hand, the larger Ms found for smaller Tvalues may
also reflect the near miss to Weber's law which is gener
ally found with discrimination of 100Q-Hz pure tones, in
cluding in Henning's (1970) and Florentine's (1986)
studies. Until further work is done, we have to remain
speculative on this point.
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