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Forward-masked intensity-difference limens (DLs) for pure-tone standards presented at low,
medium, and high levels were obtained for a wide range of masker-standard level differences. At a
standard level of 25 dB SPL, the masker had a significant effect on intensity resolution, and the data
showed a mid-difference hump: The DL elevation was greater at intermediate than at large
masker-standard level differences. These results support the hypothesis that the effect of a forward
masker on intensity resolution is modulated by the similarity between the masker and the standard.
For a given masker-standard level difference, the effect of the masker on the DL was larger for a
55-dB SPL than for the 25-dB SPL standard, providing new support for a midlevel hump. To
examine whether the masker-induced DL elevations are related to masker-induced loudness changes
[R. P. Carlyon and H. A. Beveridge, J. Acoust. Soc. Am. 93, 2886-2895 (1993)], the effect of the
masker on target loudness was measured for the same listeners. Loudness enhancement followed a
mid-difference hump pattern at both the low and the intermediate target level. The correlation
between loudness changes and DL elevations was significant, but several aspects of the data are

incompatible with the predicted one-on-one relation between the two effects.
© 2008 Acoustical Society of America. [DOI: 10.1121/1.2837284]
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I. INTRODUCTION

Nonsimultaneous maskers can strongly affect intensity
resolution and produce a rather complex pattern of effects
(for a review see Plack and Carlyon, 1995). One of the most
prominent findings is the midlevel hump in intensity dis-
crimination (Zeng et al., 1991): An intense forward masker
(e.g., 90 dB SPL) causes a large elevation in the intensity-
difference limen (DL) for a midlevel standard (60 dB SPL),
relative to the DL in quiet. The 90-dB SPL masker has only
a small effect on the DLs for standards presented at low
levels (30 dB SPL) or high levels (90 dB SPL), however.

Three explanations have been proposed for the effects of
a nonsimultaneous masker on intensity resolution: the
recovery-rate model (Zeng et al., 1991), the referential en-
coding hypothesis (Plack and Viemeister, 1992b; Carlyon
and Beveridge, 1993; Plack et al., 1995), and the loudness
enhancement hypothesis (Carlyon and Beveridge, 1993). The
former two models attribute the midlevel hump to differ-
ences in intensity processing at low and high compared to
intermediate standard levels, and the research discussed in
this paper is concerned with an alternative or complementary
explanation.

According to the recovery-rate model (Zeng er al.,
1991), the elevation of the DL at midlevels is a consequence
of adaptation of the small population of low spontaneous-
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rate (SR) auditors nerve neurons, which recover slower than
the high-SR population (Relkin and Doucet, 1991). It is as-
sumed that in quiet there is a smooth transition between the
operating ranges of the two populations, but that 100 ms
after the presentation of an intense forward masker, the
high-SR fibers have already recovered, while the threshold of
the low-SR fibers is still elevated. The resulting midlevel
“coding gap” leads to impairment in intensity resolution at
intermediate standard levels. Unfortunately, this model based
on peripheral mechanisms is incompatible with the DL eleva-
tions caused by contralaterally presented forward maskers
(Plack er al., 1995; Zeng and Shannon, 1995; Schlauch er al.,
1999), and backward maskers (Plack and Viemeister, 1992b;
Plack er al., 1995).

The referential encoding hypothesis (Plack and Viemeis-
ter, 1992b; Carlyon and Beveridge, 1993; Plack et al., 1995)
assumes that the masker interpolated between the two target
tones in a two-interval (2I) intensity-discrimination task de-
grades the memory trace (Durlach and Braida, 1969) for the
target tone presented in the first observation interval (see also
Mori and Ward, 1992). Consequently, the listener uses the
“context-coding mode” (Durlach and Braida, 1969), in which
a temporally stable representation of target intensity is based
on a comparison with internal or external references. Refer-
ential encoding is assumed to work efficiently at low stan-
dard levels, where the internal coding reference detection
threshold is available (Carlyon and Beveridge, 1993). At
high standard levels, the discomfort level or the level of the
intense forward masker may be used as a reference (Braida et
al., 1984; Carlyon and Beveridge, 1993). At intermediate
standard levels, however, the perceptual distance to these
references is large, and discrimination performance will thus
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be inferior (Braida et al., 1984). Therefore, the referential
encoding hypothesis can account for the midlevel hump
caused by both forward and backward maskers. It can also
explain the reduction in the DLs at midlevels found if a
notched noise is presented simultaneously with the standard
(Plack and Viemeister, 1992a) by assuming that the noise is
used as a within-interval coding reference.

At this point however, it is necessary to discuss a meth-
odological problem in previous experiments studying the
midlevel hump. Generally, a fixed-level, intense masker was
combined with various standard levels. Thus, the masker-
standard level difference and the standard level were corre-
lated. For a low-level standard, the level difference was al-
ways larger than for a medium-level standard. Therefore, the
different DL elevations caused by an intense forward masker
at different standard levels could in principle be due to the
variation in the masker-standard level difference rather than
to the variation in standard level. The effect of a forward
masker on intensity resolution has been shown to depend on
the perceptual similarity between masker and standard (cf.
Schlauch et al., 1997, 1999). An alternative explanation for
the midlevel hump could thus be that for, e.g., a 30-dB SPL
standard combined with a 90-dB SPL masker, the perceptual
distance between the masker loudness and the standard loud-
ness is so large that the masker has only a small effect on
intensity resolution, while a 60-dB SPL standard and the
same masker are sufficiently similar in loudness for the
masker to have a significant effect.

The third explanation proposed for the midlevel hump,
the loudness enhancement hypothesis (Carlyon and Bever-
idge, 1993), provides a basis for explaining the influence of
the masker-standard similarity. The model assumes that the
effect of a forward masker on intensity resolution is related
to the effect of the masker on the loudness of the target tones.
This idea was based on the observation that loudness en-
hancement, that is, an increase in the loudness of a proximal
target caused by a forward or backward masker (e.g., Galam-
bos et al., 1972; Zwislocki and Sokolich, 1974; Elmasian et
al., 1980; Oberfeld, 2007), and the masker-induced DL el-
evation depend in a similar manner on various stimulus pa-
rameters. For instance, both loudness enhancement and the
DL elevation caused by an intense forward masker are most
pronounced at intermediate standard levels (Zeng, 1994;
Plack, 1996a), and the two phenomena show a similar de-
pendence on the inter-stimulus interval (ISI) between the
masker and the target (Zwislocki and Sokolich, 1974; Zeng
and Turner, 1992), on the relation between masker frequency
and target frequency (Zwislocki and Sokolich, 1974; Zeng
and Turner, 1992), and on the laterality of the masker relative
to the target (Elmasian et al., 1980; Plack et al., 1995). Car-
lyon and Beveridge (1993) suggested that a forward masker
impairs intensity resolution because loudness enhancement
introduces variability in the loudness of the target tones. Data
by Zeng (1994) supported their hypothesis. He presented a
90-dB SPL forward masker and reported loudness enhance-
ment, loudness variability (estimated in an adaptive match-
ing procedure; cf. Jesteadt, 1980; Schlauch and Wier, 1987),
and intensity DLs for the same listeners. The effect of the
masker on all of the three measures was maximal at interme-
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diate levels (midlevel hump). Plack (1996a) reported that
with a 90-dB SPL forward or backward masker, loudness
enhancement and loudness variabilitywere significantly cor-
related for three of the four listeners (Spearman rank corre-
lation coefficient r,=0.5-0.76).

Oberfeld (2007) proposed an explanation for loudness
enhancement which is based on an idea by Elmasian er al.
(1980), who suggested that the loudness representations of
the masker and the target are merged automatically. Applied
to the three-tone matching task used in most experiments (cf.
the lower row of Fig. 1), it follows that the initial value of
the target loudness is no longer available at the presentation
of the comparison, but that the listener will instead compare
a weighted average of the masker loudness and the target
loudness with the loudness of the comparison. This explains
why the loudness of the target always seems to be shifted
toward masker loudness (Zwislocki and Sokolich, 1974; El-
masian ef al., 1980). The mergence hypothesis alone cannot
account for the midlevel hump in loudness enhancement
(Zeng, 1994; Plack, 1996a) because with the masker level
fixed at, e.g., 90 dB SPL, loudness enhancement should in-
crease with decreasing target level if a simple weighted av-
erage between masker loudness and target loudness was used
in the loudness match. This limitation can be overcome,
Oberfeld (2007) suggested, by assuming that the effect of the
masker depends on the perceptual similarity between masker
and target, that is, that the masker loudness will receive a
smaller weight in the computation of the weighted average if
the masker and the target differ strongly in, e.g., spectral
content, duration, or loudness. An influence of similarity on
the operation of a memory system would not be surprising
because effects of the target-distractor similarity are one of
the best-established findings in cognitive psychology, for ex-
ample in experiments studying visual search (e.g., Duncan
and Humphreys, 1989), or recognition memory (e.g., Badde-
ley, 1966). The most prominent evidence for a similarity ef-
fect in intensity discrimination is the observation of Schlauch
et al. (1997, 1999) that adding a 4.133-kHz component to a
1-kHz forward masker strongly reduced the size of the
midlevel hump for a 1-kHz standard. Closely related is the
reduction in the midlevel DLs if a 10-ms standard was com-
bined with a 250-ms rather than with a 10-ms forward
masker (Schlauch et al., 1997).

The similarity hypothesis (i.e., loudness enhancement
hypothesis extended by the assumption that a reduction in
the masker-standard similarity reduces the effect of the
masker) predicts that that the effect of a forward masker on
intensity resolution is modulated by the similarity between
the masker and the standard. To test this prediction, intensity
DLs were obtained in Experiment 1 at low, intermediate, and
high standard levels (25, 55, and 85 dB SPL) with a wide
range of masker-standard level differences (=30 to 60 dB),
avoiding the confound between standard level and the
masker-standard level difference. According to the similarity
hypothesis, it is conceivable that the perceptual distance be-
tween the loudness of an 85-dB SPL masker and the loud-
ness of a 25-dB SPL standard is too large for the masker to
have a strong effect on intensity resolution. In contrast, a
55-dB SPL masker and the 25-dB SPL standard should be
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sufficiently similar in loudness for the masker to cause a
significant effect. Therefore, a significant elevation of the
DLs for a low level standard was expected at intermediate
masker-standard level differences, resulting in a mid-
difference hump pattern.

In Experiment 2, the effect of the forward masker on
target loudness was measured for the same listeners and the
same conditions as in Experiment 1, to test for the correla-
tion between masker-induced loudness changes and DL el-
evations predicted by the loudness enhancement hypothesis.

Il. EXPERIMENT 1: INTENSITY-DIFFERENCE LIMENS
AS A FUNCTION OF THE MASKER-STANDARD
LEVEL DIFFERENCE

Intensity DLs were measured for standards presented at
25, 55, and 85 dB SPL, as a function of the level difference
between the masker and the standard (Ly—Lg). A two-
interval, two-alternative forced-choice (21, 2AFC), adaptive
procedure was used. Ly,—Lg was varied between —30 and
+60 dB in 15-dB steps. The lowest masker level was 10 dB
SPL. To keep stimulus levels within safe limits, the highest
masker level was 100 dB SPL and the maximum sound pres-
sure level was restricted to 105 dB SPL. DLs in quiet were
also obtained.

Unfortunately, due to a programming error, listener AL
did not receive the 10-dB SPL masker/25-dB SPL standard
and the 25-dB SPL masker / 55-dB SPL standard combina-
tion, while listener BS did not receive the 70-dB SPL masker
combined with the 85-dB SPL standard.

A. Method

Six volunteers participated in the experiment (three fe-
male, three male; age 20-32 years). One of them (DO) was
the author, the remaining participants were paid an hourly
wage. For the ear tested, all had hearing levels better than
11 dB HL in the frequency range between 125 and 8000 Hz,
with one exception (listener AL:HL=17.6 dB at 8 kHz). All
listeners except BS received stimulation to their right ear.
For listener BS, the left ear was used because in the right ear,
the HL was 19.6 dB at 8000 Hz, while the HLs in the left ear
were better than 6.6 dB at all frequencies tested. The listen-
ers were fully informed about the course of the experiment.
All except the author were naive with respect to the hypoth-
eses under test.

The standard and the masker were 1-kHz pure tones
with a steady-state duration of 20 ms, gated on and off with
5-ms cos® ramps. As the upper row in Fig. 1 shows, there
were two observation intervals. In one of the intervals (se-
lected with an equal a priori probability), a level increment
was added to the standard. The interval between the offset of
the first target tone and the onset of the second target tone
was 650 ms. In the forward masking conditions, a masker
was presented in both intervals. The silent interval between
masker offset and standard onset was 100 ms. The target
tones were marked by visual signals.

The stimuli were generated digitally and played back via
an M-Audio Delta 44 PCI audio-card (sampling rate
44.1 kHz, 24-bit resolution). One channel was used for the
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FIG. 1. Upper row: Trial configuration used in the 2I, 2AFC intensity dis-
crimination task in Experiment 1. In each of the two observation intervals, a
forward masker M and the standard S were presented. All stimuli were
30-ms, 1-kHz tone bursts. The silent interval between masker and standard
was 100 ms. The level increment / was presented in interval 1 or interval 2
with an identical a priori probability. Listeners responded whether the in-
crement (i.e., the louder target tone) had occurred in the first or in the second
interval. The level of the increment was adjusted by an adaptive procedure
with a two-down, one-up rule. Lower row: Trial configuration used in the
loudness matching procedure in Experiment 2. Listeners responded whether
the target (7) or the comparison (C) had been louder. The level of the target
was fixed. The level of the comparison was adjusted by an interleaved-
staircase, adaptive procedure (Jesteadt, 1980).

masker, a separate channel for the standard/standard-plus-
increment. The increment was produced digitally. The
masker and the standard/standard-plus-increment were fed
into two separate channels of a custom-made programmable
attenuator, summed in an inverting summing amplifier, am-
plified by a headphone amplifier, and fed into one channel of
Sennheiser HDA 200 headphones calibrated according to
IEC 318 (1970). The experiment was conducted in a single-
walled sound-insulated chamber. Listeners were tested indi-
vidually.

A 2I, 2AFC, adaptive procedure with a two-down,
one-up tracking rule (Levitt, 1971) was used to measure in-
tensity DLs corresponding to 70.7% correct. The listeners
selected the interval containing the louder target tone. After
two consecutive correct responses, the increment was re-
duced. After each incorrect response, the increment was in-
creased. Up to the fourth reversal, the step size was 5 dB.
For the remaining eight reversals, the step size was 2 dB.
The difference limen ALp; was computed as the arithmetic
mean of 10 log;o(1+AI/]) at the final eight reversals. A track
was discarded if the standard deviation was greater than
5 dB. At least three runs were obtained for each data point.
Time permitting, additional tracks were run if the standard
deviation of the DLs measured in the first three runs ex-
ceeded 5 dB, so that each data point is based on three to nine
runs. Visual false/correct feedback was provided after each
trial. The experiment was self-paced.
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FIG. 2. Experiment 1. Individual intensity-difference limens [ALp; =10 log,o(1+ Al /ID)] for 1-kHz, 30-ms tones as a function of the masker-standard level
difference L,,—Lg, and standard level Lg. Panels represent listeners. Open symbols: in quiet. Closed symbols: in forward masking. Squares: 25-dB SPL
standard. Triangles: 55-dB SPL standard. Circles: 85-dB SPL standard. Filled gray square: Two-tone masker presented to listener BS in the 85-dB SPL
masker/25-dB SPL standard condition. Lines are shifted by 2 dB on the x axis. Error bars show plus and minus one standard error of the mean (SEM) for the

three or more measurements obtained for each data point.

The listeners were instructed to ignore the maskers. In
each block, only one masker-standard level combination was
presented. The conditions occurred in pseudorandom order,
with the exception that blocks presenting the 100-dB SPL
masker were always run at the end of a session.

Listeners received at least 2 h of practice. If necessary,
further practice was allowed until performance stabilized. A
testing session lasted approximately 1 h with one or two
short breaks.

B. Detection thresholds

Detection thresholds were obtained for 30-ms (including
5-ms cos® ramps), 1-kHz tones in quiet and under forward
masking. A 21, 2AFC, adaptive procedure (two-down, one-up
rule; Levitt, 1971) was used. In one interval (selected ran-
domly), the signal was presented, while no tone was pre-
sented in the other interval. In the forward masking condi-
tions, a masker was presented in both intervals. The silent
interval between masker offset and signal onset was 100 ms.
Masker levels were 25, 55, 85, and 100 dB SPL, except for
listener BS, who did not receive the 100-dB SPL masker.

Initially, the signal level was 20 dB SPL. Step size was
5 dB until the fourth reversal, and 2 dB for the remaining
eight reversals. Visual trial-by-trial feedback was provided.
The threshold level was computed as the arithmetic mean of
the signal levels at the last eight reversals. For each condi-
tion, at least three measurements were obtained. If the stan-
dard deviation was larger than 5 dB within a track, the track
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was rerun. Time permitting, additional tracks were obtained
if the standard deviation of the three threshold estimates ex-
ceeded 5 dB.

Thresholds in quiet ranged between 4.5 and 9.2 dB SPL
[M=17.0 dB SPL standard deviation (SD) = 1.8 dB]. Thresh-
olds in forward masking were virtually identical to the
threshold in quiet for listener BS and elevated by only about
2.5 dB for DO. This finding is compatible with results by
Zeng et al. (1991). For the remaining listeners, the masker
caused an elevation of the detection thresholds that tended to
increase with the masker level. The maximum individual el-
evation of 9.5 dB is comparable to data by Carlyon and Bev-
eridge (1993). Mean thresholds (with SDs in parentheses)
with the 25-, 55-, and 85-dB SPL masker were 7.9 dB SPL
(1.7 dB), 9.9 dB SPL (2.9 dB), and 11.2 dB SPL (4.3 dB),
respectively. Five listeners were tested with a 100-dB SPL
masker, mean threshold in this condition was 12.9 dB SPL
(SD=2.2 dB).

C. Results and discussion

Individual results from the intensity discrimination ex-
periment are displayed in Fig. 2, where ALy is plotted on a
logarithmic axis because this measure is compressive at
small values. At the 25-dB SPL standard level (squares in
Fig. 2), ALp; was largest at intermediate masker-standard
level differences of 15-45 dB for listeners AL, AS, SD, and
YS, resulting in a mid-difference hump compatible with the
predictions of the similarity hypothesis. The remaining two
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FIG. 3. Experiment 1. Mean intensity-difference limens for five of the six listeners, as a function of the masker-standard level difference L,,—Lg, and standard
level L. The data from listener BS, whose forward-masked DLs for the 25-dB SPL standard strongly deviated from the DLs of the remaining listeners, were
excluded. Panels represent standard levels. Open symbols: in quiet. Closed symbols: in forward masking. Error bars show =1 SEM of the individual values.
For the two data points with missing values (see the text), the labels show the number of listeners contributing to the respective data point.

listeners deviated from this pattern. For listener DO (the au-
thor), the DL showed a rather small monotonic increase with
the masker-standard level difference. For listener BS, the DL
increased dramatically with L;,—LS. His data are in some
aspects similar to the pattern Schlauch ef al. (1997) reported
for one subject in their study, for whom the DLs were even
larger (up to 50 dB) for low-level standards combined with a
90-dB SPL masker. Schlauch et al. hypothesized that the
listener integrated the intensities of the masker and the stan-
dard, presumably due to the perceptual similarity between
the two tones. Large DLs for a low-level standard combined
with an intense masker were also reported by Zeng et al.
(1991; listener RB), Carlyon and Beveridge (1993; listener
LW), and Schlauch er al. (1999; listener 2). Schlauch er al.
(1997) reported that adding a 4.133-kHz component to the
masker greatly reduced the DLs in the critical conditions,
presumably because the additional component served as a
cue helping the listener to differentiate between the masker
and the standard. To examine whether the large DLs pro-
duced by BS could also be attributed to the perceptual simi-
larity between the masker and the standard, he was tested
with a two-tone masker in the 85-dB SPL masker/25-dB SPL
standard condition. The two-tone masker consisted of a 1-
and a 4.133-kHz tone burst sharing the same temporal enve-
lope. The sound pressure level of the two components was
identical so that the overall level was 3 dB higher than the
level of the 1-kHz tone. As the gray square in Fig. 2 shows,
the two-tone masker resulted in a substantially lower DL
than the 1-kHz masker, although the DL was still 10 dB
higher than in quiet. Because the data for listener BS devi-
ated strongly from the DLs for the other listeners, his data
were excluded from all following analyses.

Mean data for all listeners except BS are displayed in
Fig. 3. On average, maskers 15 or 30 dB higher in level than
the 25-dB SPL standard caused the largest DLs. Repeated-
measures analyses of variance (ANOVAs) were conducted
using a maximum-likelihood approach (SAS PROC MIXED;
Littell er al., 1996) because there were two missing data
points due to a programming error. The Satterthwaite method
was used for computing the denominator degrees of freedom
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for approximate F tests of fixed effects. The “heterogeneous
compound symmetry” (CSH) was selected to model the co-
variance structure. An ANOVA for the data obtained at the
25-dB SPL standard level showed a significant effect of L,
—LJF(6,7.45)=9.71,p=0.0034],  providing  evidence
against the recovery-rate model, which predicts the forward
masker to have no effect at low standard levels. Paired-
samples f-tests indicated that the DL in forward masking was
significantly larger than the DL in quiet at the +15-dB
masker-standard level difference [#(4)=5.51, p=0.003, one-
tailed], and marginally significantly elevated at L, —Lg
=30 dB [#(4)=1.96, p=0.06, one-tailed]. At the two highest
masker-standard level differences, there was no significant
DL elevation. Additional evidence for the expected non-
monotonic relation between the DL elevation and the
masker-standard level difference was provided by a post-hoc
contrast which showed that the DLs obtained at the two in-
termediate level differences (15 and 30 dB) were marginally
significantly higher than the DLs at the two largest level
differences (45 and 60 dB) [F(1,12.8)=3.64, p=0.079, two-
tailed].

For the 55-dB SPL standard (triangles in Fig. 2), the
DLs at the largest masker-standard level difference (45 dB)
were smaller than at the 30-dB level difference for two lis-
teners (SD and YS), resulting in a mid-difference hump. The
remaining listeners produced no mid-difference hump at this
standard level. It remains unclear whether for them the maxi-
mum masker-standard level difference of 45 dB was not
large enough for the DL to decrease again. Zeng and Turner
(1992) also reported a monotonic increase of the DLs for a
midlevel standard as the masker-standard level difference
was increased from 0 to 50 dB. In the mean data (center
panel in Fig. 3), the DL showed no further increase, but also
no decrease, as Ly,—Lg was increased from 30 to 45 dB. A
one-factorial ANOVA conducted for the data at the 55-dB
SPL standard level indicated a significant effect of L,
—Ls[F(6,6.76)=7.16,p=0.011].  Paired-samples  r-tests
showed that all maskers higher in level than the standard had
caused a significant DL elevation [p <0.05 (one-tailed)].
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On average, the effects of the forward maskers higher in
level than the standard were more pronounced at the inter-
mediate than at the low standard level. The DL elevations
(i.e., the DL in forward masking minus the DL in quiet) were
analyzed via an ANOVA with the within-subjects factors Lg
(25, 55 dB SPL) and Ly,—Lg (15, 30, and 45 dB). The sig-
nificant effect of Lg [F(1,12.7)=26.59,p=0.001] confirmed
the observation of larger DL elevations at the intermediate
standard level. The LgX (L)—Lg) interaction was also sig-
nificant [F(2,12.8)=7.65,p=0.007]. These results indicate
that forward masking has the strongest effect at intermediate
standard levels, even if the masker-standard level difference
is not correlated with the standard level as in previous ex-
periments.

Except for listener SD, the 100-dB SPL masker caused
an elevation in the DL for the 85-dB SPL standard (circles in
Fig. 2). An ANOVA conducted at this standard level indi-
cated a significant effect of Ly—Lg[F(4,4.13)=7.23,p
=0.038]. The DL obtained with the 100-dB SPL masker was
significantly larger than the DL in quiet [#(4)=5.15, p
=0.004, one-tailed]. This effect is not compatible with the
recovery-rate model, as a 100-dB SPL masker cannot be ex-
pected to shift the threshold of the low-SR fibers to values
even near 85 dB SPL. In terms of the referential encoding
hypothesis, it seems likely that the DL elevation at the 15-dB
level difference should be smaller for an 85-dB SPL standard
than for a 55-dB SPL standard, as the distance to the internal
reference discomfort level is smaller at high intensities.
However, the DL elevation was virtually identical at the two
standard levels (Lg=85 dB SPL: M=3.74 dB, SD=1.62 dB;
L¢=55dB SPL: M=3.62dB, SD=2.41dB; #(4)=0.109,
n.s.).

For masker levels lower than or equal to the standard
level, the DLs were generally close to those in quiet. For
three listeners, the 10-dB SPL masker even caused a reduc-
tion in the DL for the 25-dB SPL standard. A potential ex-
planation for this finding is a cueing effect (Moore and Glas-
berg, 1982).

For comparison with previous studies where a fixed-
level, intense masker was used and only the level of the
standard was varied, consider the data obtained with the
85-dB SPL masker (data points at L,,—Lg=60, 30, and 0 dB
in the left, center, and right panel of Fig. 3, respectively). The
DL elevation at the intermediate standard level was approxi-
mately 9 dB, which is comparable to the value of about
13 dB reported by Plack et al. (1995).

To summarize the results, the significant DL elevations
observed for 25 and 85-dB SPL standards are incompatible
with the recovery rate model.

The mid-difference hump observed at the low standard
level is directly compatible with the similarity hypothesis. In
terms of the referential encoding hypothesis, the effects of
the masker-standard level difference are somewhat difficult
to predict as the masker can be assumed to have two effects.
First, the amount of trace degradation caused by the masker
could be a function of the masker level, although the model
contains no explicit assumptions concerning this parameter.
It seems reasonable, however, to assume that for example a
60-dB SPL masker should have a stronger detrimental effect
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on the trace of a 30-dB SPL standard than on the trace of a
90-dB SPL standard. Second, the masker could serve as a
within-interval coding reference (Plack, 1996b). Taken to-
gether, there should be virtually no trace degradation at
masker levels well below standard level. If the masker level
is increased to values above the standard level, the trace
degradation increases and the system has to rely increasingly
on context coding. At the same time, the effectiveness of the
masker as a coding reference is reduced according to the
perceptual anchor model (Braida er al., 1984). A slightly dif-
ferent prediction can be derived from data by Plack (1996b,
1998), who suggested that the level of the standard is com-
pared to the level of the decaying “temporal excitation pat-
tern” of the masker at the time of occurrence of the standard,
so that the optimum level of the masker for referential en-
coding purposes would be somewhat higher than the stan-
dard level. Both variants suggest a maximal effect of the
masker at larger masker-standard level differences, but simi-
larity effects are not in principle incompatible with the ref-
erential encoding hypothesis. For example, as a reviewer
noted, if the masker is grouped into a separate perceptual
stream by pairing it with a higher tone (Schlauch et al.,
1997), it might cause less trace degradation. Consequently,
the assumption that a perceptual difference between masker
and standard results in less memory trace interference could
be integrated into the referential encoding hypothesis, so that
the mid-difference hump could be accounted for.

The data also indicate that there is a midlevel hump not
only in the sense that with a fixed-level, intense forward
masker the largest DL elevation occurs at medium standard
levels, but also in the sense that for a given masker-standard
level difference, the effect of the masker on the DL is larger
for a medium-level than for a low-level standard. Thus, the
masker-standard level difference does not completely deter-
mine the effect of the masker. This finding is compatible with
the referential encoding hypothesis. On the other hand, at a
15-dB level difference between masker and standard, the DL
elevation was not larger for the 55- than for the 85-dB SPL
standard, contrary to the predictions of the latter model. It
seems possible to integrate the influence of the standard level
into the similarity hypothesis by assuming that the effect is
due to the compressive behavior of the cochlea that is more
pronounced at intermediate than at low levels (for a recent
review see Oxenham and Bacon, 2003), and which results in
a steeper slope of the loudness function at low levels (e.g.,
Hellman and Zwislocki, 1964; Yates, 1990). Therefore, it
could be argued that the masker-standard level difference at
which the difference between the loudness of the masker and
the loudness of the target becomes large enough for the ef-
fect of the masker to decrease again is smaller at low than at
intermediate standard levels. In this line of reasoning, prob-
ably the maximum masker-standard level difference of
45 dB presented at L,=55 dB SPL was not large enough for
the DL to decrease again, which would explain the absence
of a mid-difference hump at this standard level for most lis-
teners.
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lll. EXPERIMENT 2: LOUDNESS MATCHES AS A
FUNCTION OF THE MASKER-TARGET LEVEL
DIFFERENCE

A. Rationale

The data from Experiment 1 were in large part compat-
ible with the explanation for loudness enhancement proposed
by Oberfeld (2007) combined with the loudness enhance-
ment hypothesis (Carlyon and Beveridge, 1993). If this
model is valid, then the masker-target level difference should
have a similar effect on target loudness as on the intensity
DL: The loudness change caused by the masker should be
maximal at intermediate level differences, resulting in a mid-
difference hump. Results compatible with the predicted pat-
tern were previously reported by Oberfeld (2007). Addition-
ally, there should be a correlation between the masker-
induced loudness change and the masker-induced DL
elevation. Experiment 2 was designed to test these hypoth-
eses. A loudness matching task was used to measure the ef-
fect of the forward masker on the loudness of a proximal
target, for the same listeners as in Experiment 1. The tempo-
ral configuration of a trial is displayed in the lower row of
Fig. 1. Except for the omission of the masker in the second
interval, the temporal structure was the same as in Experi-
ment 1 (upper row in Fig. 1), and the same stimuli and
masker-target level combinations were presented.

Note that recent data by Scharf et al. (2002), Arieh and
Marks (2003), and Oberfeld (2007) suggest that a masker has
two effects on a target following it by less than about
400 ms. First, the masker causes a shift in the target loudness
toward the masker loudness. At the same time, if the masker
level is higher than the target level, the masker causes a
reduction in target loudness (loudness recalibration; Marks,
1994). If the comparison is presented at the same frequency
as the masker, the masker also induces loudness recalibration
in the comparison if the comparison level is lower than the
masker level (Scharf et al., 2002; Oberfeld, 2007). Accord-
ing to this two-process model (Arieh and Marks (2003);
Oberfeld, 2007), the effect of the masker on the loudness
level of the target in a three-tone matching procedure with all
tones sharing the same frequency is an estimate of the effect
of the process causing loudness enhancement or loudness
decrement, because the effect of the process resulting in
loudness recalibration is assumed to be constant for at least
several seconds following the presentation of the masker
(Arieh and Marks, 2003; Oberfeld, 2007), so that its effect
on the target loudness and its effect on the comparison loud-
ness cancel.

B. Method

The same listeners as in Experiment 1 took part, except
for listener AS, who chose not to participate due to lack of
time. For listener BS, the 25-dB SPL target combined with
the 85-dB SPL masker again presented a problem. The lis-
tener requested comparison levels exceeding the maximum
level difference between comparison and target the test
equipment could deliver (45 dB), unlike the remaining lis-
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teners, for whom loudness enhancement was rather small in
this situation. As BS could not be tested in all conditions, his
data were excluded from the analyses.

The same stimuli and apparatus as in Experiment 1 were
used. Due to a programming error, the 10-dB SPL masker/
25-dB SPL target combination was not presented to listener
SD. As can be seen in the lower row of Fig. 1, the target was
followed by a comparison after a silent interval of 650 ms.
The level of the target was fixed. The level of the comparison
was adjusted by an adaptive procedure. In forward-masked
trials, the silent interval between masker offset and target
onset was 100 ms. Listeners responded whether the target or
the comparison had been louder. They were instructed to
ignore the masker. No feedback was provided.

A 2I, 2AFC, interleaved-staircase procedure (Jesteadt,
1980) was used. Each block comprised two randomly inter-
leaved tracks. The upper track converged on the comparison
level corresponding to the 70.7% Comparison louder point
on the psychometric function. If the listener indicated on two
consecutive trials that he or she had perceived the compari-
son as being louder than the target, the level of the compari-
son was reduced. After each response indicating that the tar-
get had been perceived as being louder, the level of the
comparison was increased. In the lower track, a one-down,
two-up rule was used to track the 29.3% Comparison louder
point on the psychometric function. The upper track and the
lower track started with a comparison level 11 dB above or
below the target level, respectively. The step size was 5 dB
until the fourth reversal, and 2 dB for the remaining eight
reversals. If in one of the tracks 12 reversals had already
occurred before the other track had also reached 12 reversals,
trials from the former track were still presented with an a
priori probability of 0.2.

For each block, the arithmetic mean of the level differ-
ences between comparison and target (Lo—Ly) at all but the
first four reversals was computed separately for the upper
and for the lower track, with the restriction that for each
track an even number of reversals entered the computation
(e.g., if 13 reversals had occurred in one of the tracks, rever-
sal 13 was excluded). The arithmetic mean of these two val-
ues was taken as the loudness match, corresponding to the
comparison level at the point of subjective equality (PSE)
minus the target level. A run was discarded if the standard
deviation of L-—L; at the counting reversals was greater
than 5 dB in either the upper or the lower track. Three runs
were obtained in each condition. Time permitting, additional
runs were presented if the standard deviation of the loudness
matches exceeded 5 dB.

Only one masker-target level combination was presented
in each block. Listeners received the conditions in pseudo-
random order with the exception that the 100-dB SPL masker
was always presented at the end of a session.

C. Results and discussion

Individual loudness matches are displayed in Fig. 4 in
terms of the level difference L-—L; required to make the
comparison sound equally loud as the target. Positive values
of L-—Ly correspond to loudness enhancement of the target,
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FIG. 4. Experiment 2. Individual loudness matches (comparison level L at
the PSE minus target level L;) as a function of the masker-target level
difference (Ly,—L;) and target level. Same format as Fig. 2.

negative values to loudness decrement. At a target level of
25 dB SPL (squares in Fig. 4), loudness enhancement was a
nonmonotonic function of the masker-target level difference
for all listeners, consistent with the predicted mid-difference
hump. The maximum change in loudness level relative to the
match in quiet was found at values of L,,—L; between 15
and 45 dB, with individual maxima of 6.2—13.4 dB. The
10-dB SPL masker caused loudness decrement. Mean results
are shown in the left panel of Fig. 5. On average, loudness
enhancement was maximal at intermediate masker-target
level differences. A one-factorial repeated-measures ANOVA
using a univariate approach with a Huynh—Feldt correction
for the degrees of freedom was conducted for the data ob-
tained at the 25-dB SPL target level because PROC MIXED
did not converge in this case. The level difference of —15 dB
was excluded because of one missing value. There was a
marginally significant effect of Ly—L; [F(5,15)=2.92,p
=0.051]. Post-hoc paired-samples z-tests indicated a signifi-
cant difference between the loudness match under forward
masking and the baseline match (i.e., the match in quiet) at

L.=25dB SPL

L,=55dB SPL

Ly—Lr=30 dB [#(3)=6.06, p=0.015 (two-tailed)], and mar-
ginally significant differences at the —15- and the +15-dB
masker-target level difference [#(3)=3.17, p=0.087 (two-
tailed), and #(3)=3.02, p=0.057 (two-tailed), respectively].
The observation of substantial loudness enhancement for a
25-dB SPL target (on average 6.7 dB relative to the baseline
match at a Ly,—Lg=30 dB) indicates that the absence of
loudness enhancement at low target levels reported in previ-
ous studies presenting only an intense masker (Zeng, 1994,
Plack, 1996a) cannot be attributed to the low target level, but
rather to the large masker-target loudness difference. At the
two largest values of Ly,—Ly, the loudness matches did not
differ significantly from the baseline match (p>0.15). The
effect of the masker on the loudness match was significantly
smaller at the largest masker-target level difference (60 dB)
than at the intermediate difference of 30 dB [#(3)=4.67, p
=0.019 (two-tailed)]. This pattern of results is compatible
with the mid-difference hump predicted by the similarity hy-
pothesis.

Mid-difference humps were also present at the 55-dB
SPL target level for all listeners except SD (triangles in Fig.
4). At masker-target level differences between 15 and 30 dB,
the maximum amounts of enhancement were observed,
which showed considerable interindividual variation and
ranged between 1.8 and 21.9 dB relative to the match in
quiet. An ANOVA conducted at the 55-dB SPL target level
showed a significant effect of Ly,—L; [F(6,18)=4.61,p
=0.005]. On average (center panel in Fig. 5), loudness en-
hancement was stronger at a masker-target level difference of
30 rather than 45 dB, but this difference was not significant
[#(3)=0.79]. The average loudness changes induced by the
masker (i.e., the match under masking minus the baseline
match) were larger at the 55 than at the 25-dB SPL target
level (Fig. 5). Yet, in an Ly (25,55 dB SPL) X Ly,—L; (=15
to 45 dB) ANOVA, neither the effect of L, [F(1,7.21)
=0.03,p=0.86], nor the L;X (Ly,—Ly) interaction was sig-
nificant [F(4,6.46)=0.72,p=0.61].

At the 85-dB SPL target level (circles in Fig. 4), loud-
ness decrement was observed at masker-target level differ-
ences of —30 and —15 dB, except for listener SD. The
100-dB SPL masker caused loudness enhancement. An
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FIG. 5. Experiment 2. Mean loudness matches (comparison level at the PSE minus target level) as a function of the masker-target level difference (L,,

—L;) and target level. Same format as Fig. 3.
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ANOVA showed that the effect of L;,—L; was significant at
this target level [F(4,4.14)=9.28,p=0.024]. The match ob-
tained with the 100-dB SPL masker was marginally signifi-
cantly higher than the baseline match [#(3)=2.98,p=0.059].

For a level difference of 0 dB (L,;=L;), the mergence
hypothesis (Elmasian et al., 1980) predicts no loudness
change relative to the condition in quiet. Compatible with
this hypothesis, paired-samples #-tests showed that at none of
the three target levels did the loudness match at Ly,=L; dif-
fer significantly from the match in quiet (p>0.4).

Note that the data obtained with the 85-dB SPL masker
followed a midlevel hump pattern (right panel of Fig. 5),
compatible with the results by Zeng (1994) and Plack
(1996a).

IV. GENERAL DISCUSSION

A. Relation between loudness enhancement and
intensity DLs

The loudness enhancement hypothesis (Carlyon and
Beveridge, 1993) predicts loudness enhancement and the DL
elevation caused by the forward masker to be correlated.
Two previous studies reported evidence for such a relation
(Zeng, 1994; Plack, 1996a), but only for the case of an in-
tense masker, and consequently only for conditions produc-
ing loudness enhancement. What can be expected for the
case of maskers lower in level than the target, in which loud-
ness decrement is observed? The most parsimonious assump-
tion would be that any change in the target loudness induced
by the masker, regardless whether enhancement or reduction,
increases the variability of the intensity representation. The
data from Experiment 1 do not support this hypothesis, how-
ever, as only small DL elevations or in some cases even DL
reductions were observed if the masker level was lower than
the target level. In an experiment by Zeng and Turner (1992),
DLs for standards presented at a level between 40 and 60 dB
SPL were also unaffected by maskers lower in level than the
standard.

Correlational analyses were used to test the prediction of
the loudness enhancement hypothesis. In a first step, the par-
simonious assumption that both loudness enhancement and
loudness decrement should increase the loudness variability
was adopted. Consequently, correlations between the DL el-
evation and the absolute value of the masker-induced change
in loudness were computed. For each for the four listeners
who had participated in both experiments, and each masker-
target level combination, the average DL elevation (i.e.,
ALp; in forward masking minus ALp; in quiet; Experiment
1) and the average masker-induced change in loudness level
(i.e., L at the PSE in the presence of the masker minus L at
the PSE in quiet; Experiment 2) was computed. The Pearson
product-moment correlation coefficient for the relation be-
tween the DL elevation and the absolute value of the loud-
ness change was significantly greater than zero [r=0.312, n
=62, p=0.014 (two-tailed)], compatible with the loudness
enhancement hypothesis. Note that the proportion of vari-
ance accounted for by the linear regression was small (R?
=0.097).
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FIG. 6. Scatter plot of the individual masker-induced change in the loudness
level of the target measured in Experiment 2 (horizontal axis) and the
masker-induced change in ALp; measured in Experiment 1 (vertical axis).
Each data point represents one listener and one masker-target level combi-
nation. Symbols denote listeners.

In a second step, the conditions associated with loudness
decrement (i.e., Ly, <L;) were excluded. The correlation be-
tween the DL elevation and the original rather than the ab-
solute value of the masker-induced loudness change was
computed, it was only marginally significant [r=0.294, n
=44, p=0.053 (two-tailed)]. The data are displayed in Fig. 6,
where it can be seen that loudness decrement was associated
with small DL elevations, while the DLs tended to increase
with the amount of loudness enhancement.

A potential explanation for the correlations being
smaller than in the experiment by Plack (1996a) would be
that in the latter study the masker level was fixed at 90 dB
SPL. In fact, for the data obtained with the 85-dB SPL
masker in Experiments 1 and 2 of the present study, the
correlation between the DL elevation and the masker-
induced loudness change was r=0.636 (n=12, p=0.026).

If one compares the individual patterns of ALp; and
loudness enhancement (Figs. 2 and 4), several instances are
obvious that speak against a simple one-on-one relation be-
tween loudness enhancement and intensity resolution. To
give an example, the loudness matches produced by listeners
AL and DO at the 55-dB SPL target level show a pronounced
mid-difference hump, while their DLs increased monotoni-
cally with the masker-standard level difference in this condi-
tion.

As noted earlier, a masker higher in level than the target
can be assumed to cause not only loudness enhancement, but
also loudness recalibration (Arieh and Marks (2003); Ober-
feld, 2007). Could loudness recalibration rather than loud-
ness enhancement be the mechanism resulting in impairment
in intensity resolution? As loudness recalibration is not ob-
served for masker levels lower than the target level, this
would explain the absence of a DL elevation in these condi-
tions. Above that, Mapes-Riordan and Yost (1999) reported
only 4 dB of loudness recalibration for a 40-dB SPL, 500-Hz
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target combined with an 80-dB SPL masker, but about 11 dB
for the target presented at 60 or 70 dB SPL. In other words,
a midlevel hump pattern was observed. Oberfeld (2007) also
reported that the amount of loudness recalibration caused by
a 90-dB SPL forward masker was slightly stronger for a 60-
than for a 30-dB SPL target, but the difference was only
about 2 dB, and the data were from two different experi-
ments involving different listeners. Evidence against a rela-
tion between loudness recalibration and the DL elevation
comes from the observation that the reduction in the loud-
ness of a 30-dB SPL tone increases monotonically with the
level of the masker (Oberfeld, 2007), showing no evidence
for a mid-difference hump. Still, it would be interesting to
measure not only loudness enhancement, but also loudness
recalibration in future experiments aimed at examining the
relation between masker-induced loudness changes and DL
elevations.

B. Implications for models of forward-masked
intensity discrimination

In Experiment 1, intensity DLs at different standard lev-
els were for the first time obtained for a wide range of
masker-standard level differences, avoiding the confound be-
tween the latter difference and the standard level present in
previous studies. Three important findings emerged. First,
significant DL elevations were observed at low and high
standard levels if there was an intermediate level difference
between masker and standard. Second, a mid-difference
hump was found at the 25-dB SPL standard level where the
maximal DL elevations occurred at intermediate masker-
standard level differences. Third, the data confirmed that
there is a midlevel hump because for a given masker-
standard level difference, the effect of the masker on the DL
was larger for a medium-level than for a low-level standard.
The data are incompatible with the recovery-rate model
(Zeng et al., 1991).

The loudness enhancement hypothesis by Carlyon and
Beveridge (1993) extended by the assumption that a reduc-
tion in the masker-standard similarity reduces the effect of
the masker (Oberfeld, 2007) can account for the masker-
induced DL elevations at low and high standard levels as
well as for the mid-difference hump. The fact that the latter
was not observed for all listeners weakens the case for per-
ceptual similarity playing a dominant role, but as discussed
in Sec. I, several previous experiments also found pro-
nounced intersubject differences for high-level maskers com-
bined with low-level standards. It is tempting to assume that
this finding is related to the “central” nature of the effect of
the forward masker assumed by both the referential encoding
hypothesis and the similarity hypothesis. Studies on informa-
tional masking (which clearly represents a central/cognitive
rather than a peripheral effect) also reported a large amount
of interindividual variability (for a recent discussion see
Durlach et al., 2005). The evidence for a mid-difference
hump was more uniform in Experiment 2, where the loud-
ness change caused by the forward masker was a nonmono-
tonic function of the masker-target level difference for all
listeners at the 25-dB SPL target level, and for all but one
listener at the 55-dB SPL target level.
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The effect of the standard level (midlevel hump) in the
intensity discrimination experiment is compatible with the
referential encoding hypothesis, which could also account
for the mid-difference hump if the assumption is made that a
perceptual difference between masker and standard results in
less memory trace interference.

To summarize, the data do not provide a basis for de-
finitively deciding between the similarity hypothesis and the
referential encoding hypothesis. Therefore, some general re-
marks concerning the two alternative explanations are in or-
der.

A unique feature of the similarity hypothesis is that it
addresses the relation between the effects of a nonsimulta-
neous masker on loudness and intensity resolution. In line
with the predictions, there was a significant correlation be-
tween the masker-induced loudness changes (Experiment 2)
and the DL elevations (Experiment 1). At the same time, due
to several discrepancies between the two effects, the pre-
dicted one-on-one relation between loudness enhancement
and intensity resolution received only partial support. It
should also be noted [as Plack (1996a) pointed out] that even
if there had been a perfect correlation between loudness en-
hancement and the DL elevation, it would still remain to find
an explanation of why a masker-induced loudness change
should increase the variability of the loudness representa-
tions used for example in an intensity discrimination task.

The referential encoding hypothesis is very flexible and
thus can account for a broad range of findings as, for ex-
ample, the effects a tone interpolated between the masker
and the target (cf. Plack, 1996b). Plack (1996a) noted that
the latter results are difficult to explain in terms of the loud-
ness enhancement hypothesis. On the other hand, the flex-
ibility of the referential encoding hypothesis comes at the
cost of many degrees of freedom. For example, to predict the
effect of varying the masker-standard level difference, it
would be necessary to specify at least qualitatively a func-
tional relation not only between the level difference and the
amount of trace degradation, but also between the level dif-
ference and the effectiveness of the masker as a within-
interval coding reference. Another issue is that if the effect of
a forward masker was due to the use of the context coding
mode, a midlevel hump should be observed in quiet in a
one-interval (absolute identification) paradigm, where listen-
ers are also assumed to use context coding (Durlach and
Braida, 1969). If a wide range of different stimulus levels is
presented within a block (“roving level”), it is known that
intensity resolution is superior at the edges of the intensity
range (cf. Berliner et al., 1977). However, in one-interval
experiments presenting only a small range of intensities, just
as in forward-masked intensity discrimination experiments,
Braida and Durlach (1972, Experiment 5) found no evidence
for a midlevel hump, while in the study by McGill and Gold-
berg (1968), the DLs for standards presented at 5—15 dB SL
were somewhat smaller than in the region 25—35 dB SL. The
individual DL differences ranged between only 0.5 and
2.5 dB, however, and were thus considerably smaller than
the midlevel DL elevations of up to 13 dB found under for-
ward masking (Plack er al., 1995; Schlauch et al., 1997).
Now it could be argued that the maskers create a roving-level
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situation even if the standard level is fixed. Within a block, a
listener encounters, e.g., a 60-dB SPL standard, rather similar
standard-plus-increment levels, but also a 90-dB SPL
masker, corresponding to a level range of 30 dB. It remains
unclear, however, why in this situation the listeners should
not be able to use the lower edge of the intensity range (i.e.,
the intensity of the standard) as an efficient coding reference
(Braida et al., 1984), but should have to rely on the detection
threshold or the discomfort level.

To conclude, as far as intensity resolution is concerned,
the significant masker-induced DL elevations at all standard
levels as well as the observed mid-difference hump support
the similarity hypothesis, but can also be accounted for by
the referential encoding hypothesis.
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