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Abstract

The purpose of this study was to quantify the effect of interpolated tones upon a pitch standard held within auditory working memory
through measurement of the difference limen (just noticeable difference) for frequency and the usefulness of ‘‘Where’’ cues to ameliorate
the interference produced by these intervening stimuli. To this end, we measured the degree to which tones, containing identical and dis-
parate localization cues, presented within the retention interval altered differential sensitivity for frequency via the method of constant
stimuli. The difference limen for frequency nearly tripled when tones were presented within the retention interval and sound localization
cues produced a significant partial release from interference within the short-term pitch store. Interference produced by ‘‘Where’’ cues
ranged from 4.0 to 5.2 Hz. These findings indicate that there is a possible integrative use of the ‘‘What’’ and ‘‘Where’’ pathways in form-
ing and maintaining pitch information within the pitch array within auditory working memory.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It has long been known that the small difference in fre-
quency that can just be detected (i.e., the difference limen)
for pitch slowly increases as the temporal gap between a
standard and comparison tone increases (Harris, 1952;
Koester, 1945). In the late 1960s and early 1970s, a series
of pitch memory experiments examined the role of interfer-
ence upon pitch perception (Bull and Cuddy, 1972; Deu-
tsch, 1970a,b, 1972a; Elliot, 1970; Massaro, 1970;
Wickelgren, 1966, 1969). The independent studies con-
ducted by Deutsch and Massaro focused on the extent to
which intervening (interpolated) sounds placed within a
temporal retention interval lasting several seconds (e.g.,

�5 s) disrupts the ability of listeners to identify whether
two target sounds (i.e., a standard and a comparison tone)
were the same or different. The results of these investiga-
tions revealed that intervening tones produced the greatest
disruption of pitch memory for tonal targets whereas inter-
polated speech or noise stimuli had little effect. In addition,
Deutsch (1970a, 1972a,b) observed that the degree of inter-
ference was dependant upon the relationship of the inter-
vening frequencies with those of the standard and
comparison. Later studies (Deutsch, 1974a; Deutsch and
Feroe, 1975; Semal and Demany, 1991, 1993) have
expanded upon these earlier findings regarding the close
relationship between the pitch of the interpolated tones
to that of the stored standard and the magnitude of mem-
ory disruption. In addition, Pechmann and Mohr (1992)
have found that extensive musical training can reduce the
deleterious effects of intervening interference upon reten-
tion of pitch within working memory (see also Berti
et al., 2006). Based on results such as these, researchers
have concluded that the interactions were occurring within
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a short-term store specially allocated for pitch memory
(e.g., Berti et al., 2006; Deutsch, 1972a, 1999; Pechmann
and Mohr, 1992; Semal and Demany, 1991, 1993).

Results from further investigations elucidate that basic
aspects of auditory stimuli (e.g., pitch) are processed to
some degree via separate cortical networks (Alain et al.,
2001; Arnott et al., 2005; Clément et al., 1999; Deutsch,
1999; Maeder et al., 2001; Vuontela et al., 2003). These net-
works include those involved in the function of working
memory (Anourova et al., 1999; Arnott et al., 2005; Mart-
inkauppi et al., 2000; Vuontela et al., 2003). Those pro-
cesses involved in short-term recall and comparison of
auditory percepts within working memory are linked pri-
marily to the frontal (Baddeley, 1986, 1992) and prefrontal
(Braver et al., 1997; Carlson et al., 1998; Casey et al., 1995;
Martinkauppi et al., 2000) areas of the cortex that engage
systems linked with central executive function and control
of attention. Conversely, the retention of information
within working memory primarily takes place in the supe-
rior temporal gyrus and parietal cortex (Arnott et al., 2005;
Cowan et al., 2005). However, the amount of retained
information that is available at any one time is dependant
upon attention-based processes controlled in the frontal
and prefrontal areas within the cortex (Cowan et al.,
2005) and this plays a role in one’s ability to keep a highly
accurate representation of a percept alive within working
memory in the presence of interference (Engle et al.,
1999). These storage and processing components of the
working memory architecture are further subdivided such
that basic attributes of auditory perception are segregated
broadly into categories of ‘‘What’’ and ‘‘Where’’ (e.g.,
Alain et al., 2001; Arnott et al., 2005; Deutsch and Roll,
1976; Rauschecker and Tian, 2000) with the ‘‘What’’ cate-
gory being subdivided further into memory modules for
specific auditory attributes such as duration and loudness
(Deutsch, 1999). This differentiation of auditory coding
mechanisms, in conjunction with the attention-based pro-
cesses, may permit a listener to retain more accurate infor-
mation about the pitch of a target sound within auditory
working memory (AWM) when the ‘‘Where’’ cues of later
occurring interferers differ from that of the standard stored
within short-term memory.

Release (disinhibition) of interference within AWM for
pitch need not solely rely upon ‘‘Where’’ cues (e.g., Berti
et al., 2006; Deutsch, 1970b, 1972b, 1975; Deutsch and
Feroe, 1975; Pechmann and Mohr, 1992), but, nonetheless,
localization information has proved sufficient to produce
the phenomena (Deutsch, 1978a; Kallman et al., 1987).
That is, improvements in the ability to retain a reasonably
accurate rendition of a target pitch in the memory store
has been shown to be related to the interferer-to-standard
pitch relationship (e.g., Deutsch and Feroe, 1975), musical
training (e.g., Berti et al., 2006; Pechmann and Mohr,
1992), as well as to dichotic presentation of the target and
interfering tones (Deutsch, 1978a; Kallman et al., 1987).
Deutsch (1978a) found that subjects produced fewer errors
for the identification of a semitone difference between the

standard and comparison stimuli when the tests tones and
intervening interference tones were presented to opposite
ears. The decrease in detection errors in the dichotic test
tone/interfering tone conditions was small (roughly 3–5%)
but statistically significant.

However, this improvement is tempered somewhat when
the ear (ipsilateral or contralateral with respect to the ear
receiving the test tones) presented with the interpolated
tones changes randomly from trial to trial (Kallman
et al., 1987). Furthermore, there is evidence that binaural
differences in stimulus attributes does not always lead to
an increase in pitch perception performance (e.g., Deutsch,
1974b, 1988).

Deutsch performed a series of experiments investigating
what she termed the octave illusion in which sequential
dichotic presentations of tonal sequences produced an
inaccurate perception (Deutsch, 1974b, 1978b, 1980,
1988, 2004; Deutsch and Roll, 1976). In the original report
of the illusion (Deutsch, 1974b), she found that when high
and low tones separated by an octave were alternately pre-
sented to separate ears (e.g., high tone to the right ear and
low tone to the left ear for 0.25 s, followed by the opposite
presentation for the next 0.25 s, with the sequence repeat-
ing over a span of 1.5 s) a majority of listeners reported
hearing ‘‘a single tone oscillating from ear to ear, whose
pitch also oscillated from one octave to the other in syn-
chrony with the localization shift’’ (p. 307) and none of lis-
teners perceived the correct sequence of events. The
lateralization shift followed the location of the higher fre-
quency tone (Deutsch, 1980; Deutsch and Roll, 1976) pro-
vided that the intensity of the lower frequency stimulus did
not surpass that of the higher frequency signal by 12 dB or
more (Deutsch, 1980, 1988). The perceived pitch of the
tone was determined by the frequency presented to the
dominate ear at a given point in time (Deutsch, 1980; Deu-
tsch and Roll, 1976). The illusion holds up well for alterna-
tion rates between approximately 0.05 and 0.5 s with
subjects obtaining correct percepts (no illusion) over 80%
of the time when the switching rate was 2.0 s (Zwicker,
1984), as cited in Deutsch (2004). Deutsch (1975), as cited
in Deutsch (2004) and Deutsch and Roll (1976) proposed a
model in which the illusion arises from separate ‘‘What’’
and ‘‘Where’’ cue processes. Thus, from the results of the
octave illusion and dichotic interferer test tone studies
(e.g., Deutsch, 1978a), it appears that dichotic cues can
be beneficial or deleterious to accurate perception depen-
dant upon the characteristics of the cues.

To our knowledge only one study on memory for pitch
has addressed the effect that interference has upon the
resolving power of the auditory system for pitch. That is,
most of the earlier research in this area (e.g., Deutsch,
1970a,b, 1972a, 1978a,b; Massaro, 1970) demonstrated that
the ability of listeners to correctly identify a fixed frequency
difference (e.g., a semitone difference) was diminished by the
presence of interferers, but this work did not address the
effect of such intervening sounds upon a person’s absolute
sensitivity for changes in frequency. Elliot (1970), however,
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found that the presence of a single interpolated tone placed
in close temporal proximity to either a standard tone or a
comparison tone roughly doubled the difference limen
(DL) with the effect being slightly more pronounced when
the intervening tone was place close to the standard. That
is, the smallest frequency difference that could just be
detected needed to be approximately twice as large on aver-
age (e.g., 6 Hz vs. 3 Hz) when the interpolated tone was
present and needed to be slightly larger (e.g., 7 Hz vs.
5 Hz) when the intervening tone was placed closer to the
standard to be retained. The findings reported by Elliot
(1970) show that the degree of disruption produced by inter-
polated tones upon a pitch standard stored within AWM
can be quantified through a frequency discrimination task.

The frequency discrimination results reported by Elliot
(1970) for the conditions containing intervening interferers,
however, are limited by two main factors. First, her mea-
sures only made use of one interpolated tone within the
retention interval whereas most other pitch memory exper-
iments using interferers have employed 4–8 intervening
stimuli (e.g., Berti et al., 2006; Deutsch, 1970a,b, 1972a,
1978a,b; Kallman et al., 1987; Massaro, 1970; Pechmann
and Mohr, 1992; Semal and Demany, 1993). The amount
of interference produced by interpolated tones has been
shown to increase as the number of stimuli within the reten-
tion span increases (Deutsch, 1970, as cited in Deutsch,
1999; Wickelgren, 1966, 1969). Second, the temporal separa-
tion between the standard and interpolated tone or the inter-
polated tone and the comparison tone of 50 ms in Elliot’s
study was not sufficient to control for the effects of forward
masking. Furthermore, while it is known that ‘‘Where’’ cues
can lessen the effects of interference for pitch memory (e.g.,
Deutsch, 1978a; Kallman et al., 1987) this release from inter-
ference has not been quantified in terms of the resolving
power (i.e., measurement of the DL) of the auditory system.

In this light, the objective of our study was to differenti-
ate the effects of acoustic interferers upon the capacity to
resolve frequency differences by judging whether a later
occurring comparison tone was higher or lower in fre-
quency than the standard maintained within AWM. The
hypotheses of this study are as follows: (1) The introduc-
tion of four interpolated tones within the retention interval
during a delayed comparison task will disrupt the accuracy
of a standard stored within AWM producing an increase in
the DL over that measured when no intervening stimuli are
present; (2) the introduction of ‘‘where’’ cues via interaural
intensity or phase differences within the interpolated tones
will produced a release from interference resulting in a
lower DL than that measured in the presence of interferers
that are devoid of these spatial indicators.

2. Materials and methods

2.1. Subjects

Eight subjects from the Ohio University student, faculty,
and staff population participated in the study. All subjects

had prior experience in psychoacoustic experiments. They
were recruited by personal request and received no com-
pensation for their participation. All subjects had pure-
tone, air-conducted thresholds of less than 15 dB HL at
the octave frequencies from 250 to 8000 Hz. The subjects
were not selected based upon any previous musical train-
ing, although subjects S2 and S4 had 6–7 years of musical
instruction prior to their entering college and subjects S1,
S5, and S6 had limited (<1 year) musical training. Subjects
S3, S7, and S8 had no prior musical training. Only subjects
S2 and S4 reported that they still played a musical instru-
ment and both reported that they play their instruments
on a sporadic basis. All subjects provided informed consent
in accordance with the approval of the study by the Insti-
tutional Review Board at Ohio University.

2.2. Stimulus characteristics and presentation

All stimuli were generated and output via System 3
hardware (Tucker Davis Technologies, Alachua, FL) con-
trolled by a Pentium 4 computer (Dell, Round Rock, TX)
running Matlab (The Mathworks, Natick, MA) and
RPVD (Tucker Davis Technologies) software. The signals
were verified electrically via a dynamic signal analyzer
(Stanford Research Systems, Sunnyvale, CA) as well as a
digital storage oscilloscope (Tektronix, Richardson, TX)
and acoustically using a sound level meter and 2cc acoustic
coupler (Brüel and Kjær, Naerum, Denmark). The signals
were presented binaurally through ER-2 insert earphones
(Etymotic Research, Elk Grove Village, IL) to subjects
seated with a double walled, sound attenuating booth
(Industrial Acoustics Corporation, Bronx, NY).

Stimuli were sinusoids with durations of 200 ms, includ-
ing 20 ms cosine-squared onset and offset ramps generated
at a sampling rate of 24,414 Hz and low pass filtered at
12,000 Hz. The offset of the standard tone (first sinusoid
presented on a given trial) was separated from the onset
of the comparison tone (last sinusoid presented on a given
trail) by 4800 ms. The standard tone frequency was roved
randomly over a range of 80 Hz centered at 435 Hz
(range = 395–475 Hz) and presented at a level of 60 dB
SPL. The frequency of the comparison tone was deter-
mined randomly for each trial from a set of 11 frequency
differences set relative to that of the standard. The fre-
quency of the comparison was selected from a 100 Hz
range (0 Hz, ±10 Hz, ±20 Hz, ±30 Hz, ±40 Hz, and
±50 Hz) for runs containing intervening stimuli and from
a 40 Hz range (0 Hz, ±4 Hz, ±8 Hz, ±12 Hz, ±16 Hz,
and ±20 Hz) for the no interference condition (hereafter
referred to as NoINT). The frequency range of the compar-
ison for the no interference condition was different from
that of the conditions containing interference so as to
obtain several points of performance throughout the psy-
chometric function that were not limited by floor and ceil-
ing effects. For example, if the range of the no interference
condition were identical to that used in the interference
conditions, subjects likely would produce only one data

66 D.T. Ries, J.J. DiGiovanni / Hearing Research 230 (2007) 64–72



Aut
ho

r's
   

pe
rs

on
al

   
co

py

point, in this case at ±10 Hz, between chance performance
and near perfect performance and thereby limiting the
accuracy of the sigmoid curves fit to the data. Therefore,
the spacing of the frequency differences, determined from
pilot data, was different between the conditions containing
interpolated tones and the NoINT condition. This is not a
concern for later analysis as the measure of interest is the
frequency difference that is detectable 75% of the time for
each condition and not a comparison of performance at
identical frequency separations between the standard and
the comparison. The runs containing intervening stimuli
included four additional tones while the control runs were
comprised of only the standard and comparison stimuli.

When intervening stimuli were present, the onset of the
first began 1000 ms after the offset of the standard tone
with 300 ms interstimulus intervals placed between the four
intervening tones and a 2100 ms interval placed between
the offset of the last intervening tone and the onset of the
comparison tone (see Fig. 1). The intervening stimuli con-
sisted of four separate sinusoids covering a frequency range
of 183–691 Hz that correspond to notes of an equal tem-
pered scale using international pitch whereby 435 Hz is
the note A (Deutsch and Feroe, 1975). The frequency of
each intervening stimulus was never to equal that of either
the standard or comparison tone. This set of parameters
defined the interpolated tones (hereafter referred to the
INT condition) used to measure the effect of introducing
intervening stimuli within the retention interval upon the
DL for the target tones. All of the interfering tones in the
study were equated for loudness except as noted in the level
difference conditions below.

Two separate methods were used to produce four addi-
tional conditions in which the interferers differed in inten-
sity or starting phase from that of the standard/
comparison pair. In each of these additional interference
conditions, the characteristics of the target tones were unal-
tered from the previous two conditions and were perceived
at the mid-line of the head. Two of these four additional
conditions were produced by adjusting the amplitude of
the interpolated tones. In one of these conditions (hereafter
referred to as ILD for interaural level difference), the level
of the interpolated tones presented to the left ear were

reduced by 12 dB relative to the right ear producing a per-
ception that the intervening stimuli were present only in the
right ear. The amplitude of the right ear stimulus was iden-
tical to those used in the INT condition. In the other level
difference condition (hereafter referred to as D12dB), the
level of the interpolated tones was reduced by 12 dB in
both ears relative to the level of these the same stimuli
in the INT condition. In addition, two conditions in
which the starting phase of the interferers differed from
that of the target tones were presented. In one of these con-
ditions (hereafter referred to as IPD180), an interaural
phase difference was introduced in which the starting phase
of the interpolated tones presented to the right ear was 180�
out of phase with that presented to the left ear (the left ear
starting phase was 0�) producing an more diffuse percept
for the location of intervening tones compared to that of
the unaltered target stimuli. The other phase difference
condition (hereafter referred to as IPD90) introduced start-
ing phase differences that produced a consistent 90� lateral-
ization of the interferers to the right calculated based on
the equations provided by Kuhn (1977). The ILD,
IPD180, and IPD90 cues where employed to evaluate
whether dichotic (i.e., ‘‘Where’’) cues introduced to the
interpolated tones presented to each ear produce a release
for interference as has been reported in earlier investigation
(Deutsch, 1978a,b; Kallman et al., 1987) which simply pre-
sented the target tones and the interpolated tones to oppo-
site ears. The D12dB condition was presented to determine
whether any improvements that may be obtained in the
ILD condition were due to a ‘‘Where’’ cue or a simple
intensity difference between the target tones and the inter-
polated tones.

2.3. Procedure

Measures of subject performance were obtained using
the method of constant stimuli combined with a variation
of the timing skeleton used by Deutsch (e.g., 1970a,
1970b, 1972a). In this procedure, the standard sound
remains constant while the comparison signal is variable
in value. The value of the comparison for any given trial
was selected randomly from a predetermined range (see
stimulus characteristics and presentation above). The sub-
ject was required to select whether the comparison was
higher or lower in pitch than the standard by touching
the area on a touch screen monitor marked ‘‘H’’ for higher
or ‘‘L’’ for lower. Higher and lower frequency signals were
employed to control for the response bias that likely would
occur if the response choices were same or different. That
is, in our implementation of the procedure, if the response
format was simply same or different the subject would be
right 100% of the time on the difference intervals simply
by selecting different on every trial. The higher and lower
response format lowers the limits of the upper performance
level to 50% correct should the subject select the identical
response (i.e., always selects higher or always selects lower)
on every trial.

0 1000 2000 3000 4000 5000

ComparisonInterference

Time (ms)

Standard
A           B C D

Fig. 1. Timing skeleton employed in the study depicting the temporal
configuration of the standard, comparison, and the four (A, B, C, and D)
intervening interference stimuli. The interfering stimuli did not appear in
the NoINT condition, but were presented in all other conditions. The level
(amplitude) or starting phase of the interferers differed in some conditions
as described in the text.
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Each run in an experiment included 10 presentations of
each frequency difference with 20 presentations being col-
lected for the no difference condition. This allowed for an
equal number of trials to be collected for a given absolute
frequency difference (e.g., 20 responses each for 0, 10, 20,
30, 40, and 50 Hz separations in frequency). The zero fre-
quency difference condition was used to estimate response
bias for each listener. As described above, eleven different
comparison values were employed (5 above the value of
the comparison, 5 below the value of the comparison,
and one of equal value). Thus, each run involves 120 trials
(10 presentations · 10 different comparisons plus 20 pre-
sentations for the 0 Hz frequency difference) and each par-
ticipant completed three runs for both the control and
interference conditions, resulting in 60 judgments per par-
ticipant for each absolute frequency difference. Each run
took approximately 35–45 min to complete, including
breaks, which were offered after every 20 responses. Each
participant received practice runs using the control condi-
tion until such time as they felt comfortable with the task
and the response format prior to beginning formal collec-
tion of the data. The order of the runs was randomized
across conditions.

3. Results

3.1. Intervening stimuli impair a listener’s ability to

discriminate differences in pitch

Sigmoid functions were fit to the data of each subject
anchoring the lower end of the function to chance perfor-
mance (i.e., 50%). That is, 50% correct performance was
inserted as the value in the zero frequency difference con-
dition as the scores determined for this point represented
response bias and not true performance since the percent
correct values in this condition were calculated by arbi-
trarily assigning a ‘‘higher’’ response as correct and a
lower response as incorrect. Table 1 lists the response bias
per condition for each listener (bias results presented
below). The difference limen (DL) for pitch (i.e., fre-

quency) was taken as the point on the resulting function
that corresponded to 75% correct identification. The
DLs across subjects were analyzed by way of a repeated
measures analysis of variance (ANOVA) with the six con-
ditions serving as factors (independent variables). The
Geisser-Greenhouse Adjustment was applied to correct
for violation of sphericity. Overall, there is a significant
difference for condition (F(5,35) = 9.80, p < 0.05) and as
such post hoc comparisons between the NoINT condition
and those containing interpolated tones were evaluated
using Fisher’s LSD multiple comparison test (Ryan,
1959). As can be seen from the results depicted in
Fig. 2, the ability to discriminate a difference in pitch
between the standard and comparison stimuli was dimin-
ished (DL increased) significantly (Fischer LSD, p < 0.05)
in all conditions containing interfering tones (i.e., condi-
tions INT, ILD, D12dB, IPD180, and IPD90). That is,
a greater change in frequency (y-axis) was required for
the subjects to discriminate a difference in frequency cor-
rectly 75% of the time for any of the conditions (x-axis)
containing interference. The average increase in the DL
for pitch was 8.6 Hz across all conditions containing
interfering tones with the average DL in the INT condi-
tion (no level or phase cues) being almost triple (2.98
times) that observed in the NoINT condition. It should
be noted that some listeners (e.g., S1) were more affected
by the intervening tones across most conditions than were
others (e.g., S4). These results indicate that sounds occur-
ring within the retention interval interfere with the ability
of listeners to maintain an accurate auditory object within
AWM for the standard stimulus.

3.2. Interaural level and phase differences produce a partial

release from memory interference

Further examination of the results in Fig. 2 reveal that
the DL for pitch decreases (i.e., improves) in the presence
of intervening sounds when the intervening sounds can be
perceptually segregated from the standard and comparison
stimuli by means of ILDs (ILD condition) or IPDs

Table 1
Percentage of higher responses when the target tones were of identical frequency from each subject for each condition as an indicator of response bias

Subject Condition

NoINT INT ILD D12dB IPD180 IPD90 Subject average

S1 50.0 45.0 65.0 35.0 46.7 58.3 50.0
S2 45.0 50.0 60.0 56.7 45.0 43.3 50.0
S3 50.0 48.3 35.0 43.3 51.7 48.3 46.1
S4 45.0 55.0 62.5 25.0 65.0 60.0 52.1
S5 86.7 48.3 28.3 38.3 40.0 48.3 48.3
S6 50.0 46.7 36.7 35.0 53.3 30.0 42.0
S7 78.3 65.0 78.3 61.7 53.3 83.3 70.0
S8 70.0 71.7 60.0 75.0 71.7 83.3 72.0

Condition average 59.4 53.8 53.2 46.3 53.3 56.9 53.8

Average bias for responding higher for each condition across subjects is provided in the bottom row and average bias for each subject across condition is
provided in the rightmost column. The overall average bias across all conditions and all subjects is provided by the entry in the lower, right-hand corner.
Chance performance (i.e., no bias) for the task was 50%.
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(IPD180 and IPD90 conditions). The size of the effect var-
ied from subject to subject, but the average improvement in
DL across subjects was similar (4.0–5.2 Hz) for these con-
ditions (i.e., ILD, IPD180, and IPD90) relative to the INT
condition. A smaller average improvement in the DL of
3.0 Hz was obtained when comparing the D12dB and
INT conditions.

A closer examination of the individual data reveals that
all subjects exhibited an increase in their DL from the
NoINT to the INT condition. Six of 8 subjects in
the ILD, IPD 180, and IPD 90 conditions and 5 of 8 in
the D12dB condition exhibited lower DLs when compared
to the INT condition. In addition, when comparing perfor-
mance in the INT condition to the conditions containing
dichotic phase or level information for the interpolated
tones (i.e., the ILD, IPD180, and IPD90 conditions), S6
performed opposite of the average trend except in the
IPD 180 condition, S7 exhibited little change in his/her
DL across all conditions containing intervening tones,
and S2 had no improvement in his/her DL in the ILD con-
dition, but exhibits lower DLs in the two dichotic phase
conditions (i.e., IPD180 and IPD90). Finally, subjects S4

and S7 had only minor (<1.8 Hz) decrease in their DL
for the D12dB conditions whereas subjects S2 and S5
had increases in their DL in this same condition of 3.8
and 4.3 Hz, respectively.

As the overall F-statistic with Geisser-Greenhouse
Adjustment was significant (see Section 3.1), post hoc pair-
wise comparisons were evaluated using Fisher’s LSD multi-
ple comparison test (Ryan, 1959). The results of the post
hoc analyses indicate that (1) the DLs obtained across all
subjects for the ILD and IPD interference conditions
(IPD180 and IPD90) were significantly smaller than those
measured in the INT condition (Fisher LSD, p < 0.05);
(2) the DLs measured across all subjects in the D12dB
interference condition were significantly larger than those
obtained for the ILD, IPD90, and IPD conditions (Fisher
LSD, p < 0.05), but were not significantly different from
the INT condition (Fisher LSD, p > 0.05). These results
indicate that location cues produced by interaural (dich-
otic) level or phase differences between ears reduce the
effect of intervening interference within AWM significantly,
but that a simple diotic difference (i.e., interpolated tone
amplitude 12 dB below the standard/comparison pair level,
binaurally) between the standard/comparison pair and the
intervening stimuli is not sufficient to facilitate this effect.

Table 1 shows the percentage of the time that a subject
responded higher when the target tones had identical fre-
quencies per subject and condition. As can be seen in this
table, there was little overall bias across conditions with
only 53.8% (see rightmost cell of the bottom row) of the
overall response being higher when the target tones were
of identical frequency. Across subjects the average percent
of higher responses was near 50.0% (chance performance
on this task) for each condition (see condition average
row on the table) and ranged from 46.3% in the D12dB
condition to 59.4% in the NoINT condition.

Furthermore, 6 of the 8 subjects (i.e., S1–S6) responded
within 8.0% of chance performance across conditions (see
subject average column on the table). Subjects (S7 and
S8), however, were clearly biased towards responded
higher overall. In addition, Subject S5 had the greatest
change in bias across conditions ranging from 28.3% in
the ILD condition to 86.7% in the NoINT condition. The
D12dB condition was the only instance in which the major-
ity (5 out of 8) subjects were biased towards responding
lower. In this case, 4 of the 5 subjects responding lower
in this condition exhibited a bias of greater than 11%
(range 11.7–25%) toward responding lower. In contrast, 5
of 8 subjects in the ILD and IPD180 conditions were biased
towards responding higher. In all three cases (majority low
response bias in D12dB condition, majority higher
response bias in the ILD and IPD180 conditions), the
effects was essentially negated by the minority responses
biased in the opposite direction. It is interesting to note
that the only condition in which large individual response
biases in one direction (high or low) are not counterbal-
anced by other individual biases in the opposite direction
is in the NoINT condition.
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Fig. 2. Difference limen for frequency (y-axis) for each interference
condition (x-axis). The box plot for each condition illustrates the median
(line labeled as 50%), the 25th and 75th percentiles for the data (lower and
top edges of the box, respectively), and the mean of the data across
subjects for each condition (open square). The end points of the whiskers
extending from each box demarcate the 1st and 99th percentiles of the
data for each condition. Individual data points per condition are
represented by the square symbols just to the left of the corresponding
box and whiskers plot. The number within each square indicates which
participant produced a given data point within each condition (e.g., S1’s
results for each condition are represented by the boxes containing the
number 1). The condition abbreviations are as follows: NoINT, no
intervening stimuli within the retention interval; INT, intervening stimuli
contain no diotic or dichotic phase or level cues to set them apart from the
target tones; ILD, the left ear intensity of the intervening stimuli in the left
ear is 12 dB less than that of the right ear and the right ear intervening
stimuli are equal in loudness to the target tones; D12dB, the intensity of
the intervening stimuli in both ears is approximately 12 dB less than the
target tones; IPD180, the starting phase of the intervening stimuli was 0�
in the right ear and 180� in the left ear; IPD90, the starting phases of the
intervening stimuli produced a perceived 90� lateralization to the right.
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The response bias results were analyzed by two separate
repeated-measures ANOVAs, one with condition as the fac-
tor and the other with subject as the factor. The later anal-
ysis was conducted due to the clearly different bias exhibited
by subjects S7 and S8. The results of the condition bias anal-
yses indicate that response bias did not differ significantly
across conditions (F(5,35) = 1.15, p = 0.35). The results of
the subject bias analysis with a Geisser-Greenhouse correc-
tion, however, indicate that there was a significant differ-
ence in response bias across subjects (F(7,35) = 5.35,
p < 0.05). As the overall F-statistic was significant, post
hoc analyses were completed using Fisher’s LSD multiple
comparison test. The pairwise comparisons indicate that
subjects S7 and S8 tended to respond higher significantly
(Fischer LSD, p < 0.05) more often than the other six sub-
jects. Overall, the results presented above indicate that dif-
ferences in the DLs measured are a result of differences in
the ability of subjects to resist the deleterious effect of the
interpolated tones and that the method used controlled well
the effects of response bias upon performance.

4. Discussion

The results obtained when comparing the no interfer-
ence conditions to those containing interpolated tones sup-
port the notion that the intervening stimuli placed within
the retention interval produce a significant degradation of
a pitch standard held within memory. The extent of this
degradation can be estimated through measurement of
DLs for frequency. The DLs from the no interference con-
dition in the present experiment are comparable to those
reported by Harris (1952) in his study on the decline of fre-
quency discrimination over time and roughly double
(approximately 6 Hz vs. 3 Hz) that reported by Elliot
(1970). In addition, the DL in the interference condition
without ‘‘Where’’ cues (INT condition) is approximately
three times as large (approximately 18 Hz vs. 6 Hz) as that
reported by Elliot (1970). The difference in the DLs mea-
sured in the presence of interpolated tones between our
study and Elliot’s is most likely due to the differing number
of intervening tones employed in the two investigations as
the degree of disruption of the standard within working
memory increases concurrent with increases in the number
of tonal stimuli placed within the retention interval (Deu-
tsch, 1970, as cited in Deutsch, 1999). The present study
employed four interferers while Elliot’s used one and there-
fore we would expect the DL in the current investigation to
be greater. Therefore, Elliot’s finding that the DL doubles
in the presence of a single interpolated tone and the present
finding that this same measure triples when presented four
intervening stimuli is in accordance with the finding of
Deutsch (1970, as cited in Deutsch, 1999).

In contrast, the reason for the disparity in the DLs in the
no interference conditions between the two studies is less
clear. The most plausible explanation would be differences
in the methods employed. While both investigations
required subjects to respond ‘‘high’’ or ‘‘low’’ after each

trial, Elliot produced her functions based upon the percent
of ‘‘higher’’ responses while the present study used the per-
cent of correct responses at each absolute frequency differ-
ence to produce the functions. As a result, the functions in
the present study can span from chance performance at
50% correct to perfect performance (100% correct) whereas
Elliot’s functions could span from 0% to 100% correct pro-
ducing a difference in the curves fit to the data in each study
leading to different estimates of the DL. This would likely
have an effect upon the curves fit to the data for the inter-
polated tone conditions as well, providing an additional
reason for the differences encountered in the interpolated
tone condition between the two studies.

Furthermore, the procedure used in the present study
was designed to help control for the effects of response bias
upon the results. For a given condition in the present study,
some listeners would tend to responds ‘‘higher’’ if unsure
whereas others would tend to respond ‘‘lower’’ if unsure
as evidenced by their performance in the trials containing
no frequency difference (see Table 1). Elliots’s results
clearly were affected by response bias as evidenced by the
disparate number of points above and the 50% point on
the representative results depicted in her study (1970), how-
ever, it is unclear the extent to which this effected her mea-
surement of the DL for pitch. The overall response bias in
the present study was small and did not differ appreciably
across condition. Interestingly, Massaro (1970) reported a
significant difference in bias across conditions, but the dif-
ferences between the methods and measures employed
make a comparison between his investigation and the pres-
ent results tenuous at best. Regardless, the outcomes of the
present study follow the general trend of those reported
earlier by Elliot (1970).

Moreover, the present findings show that perceived spa-
tial separation between the target tones and the interpo-
lated sinusoids provides a partial release from
interference within AWM. Disinhibition of interference
within pitch memory through presentation of the interpo-
lated tones in one ear and delivery of target tones to the
other have been demonstrated previously (Deutsch,
1978a; Kallman et al., 1987). The present study, however,
produced ‘‘Where’’ cues by providing dichotic phase or
level cues while still presenting the interpolated tone to
both ears in order to provide a closer simulation of real-
world localization information. The results show that there
is a small, yet significant improvement in the DL of
approximately 4–5 Hz when interaural level or phase cues
are present. The finding that the D12dB condition failed
to produce to significant reduction in the DL is in accor-
dance with those of Semal and Demany (1993) who
reported that intensity differences amongst the interpolated
tones has hardly any impact upon the extent of degrada-
tion of a pitch standard held within working memory.
Overall, the outcomes across conditions confirm those
reported by Deutsch (1978a) as well as Kallman and Col-
leagues (1987), expanding upon these earlier findings to
encompass ‘‘Where’’ cues produced through binaural
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presentation of phase and level differences between ears. In
addition, while these earlier studies of pitch memory
involving spatial separation of the target tones and interpo-
lated stimuli measured the effects of interference by means
of percent correct (Kallman et al., converted these mea-
sures to d 0 values), the present outcomes quantify the
extent of degradation of the pitch standard through mea-
surement of the DL. In any case, it is clear that perceived
differences in the location of the intervening tones relative
to the targets lessens the interaction of the interpolated
tones with the information about the standard that is
actively retained within the pitch store (Deutsch, 1978a).

These results support a hypothesis wherein the auditory
system uses the binaural differences provided in the inter-
vening stimuli to disassociate the interpolated tones from
the standard and comparison sounds through perceived
spatial separation. Active retention of a specific percept
within a designated short-term memory store (e.g., pitch
storage module) is thought to be under the purview of
the attention-based processes of working memory (e.g.,
Cowan et al., 2005; Demany et al., 2004; Deutsch, 1978a,
1999; Engle et al., 1999). It has been theorized that percepts
for specific auditory traits (e.g., pitch, loudness, duration)
are stored in semiautonomous parallel arrays whose infor-
mation is recombined upon retrieval (Deutsch, 1999) and
using spatial separation across sequential tones to disasso-
ciate one tonal percept from another (Deutsch, 1978a,b;
Kallman et al., 1987). These data fit Deutsch’s (1972a)
three-dimensional theory of pitch memory, which includes
time, pitch, and strength of response, if a fourth dimension
of spatial location were included. The information regard-
ing sound source location would be processed simulta-
neously and in effect further strengthen those percepts
being of similar pitch that originated from like locations
by summation of pitch strength across time and space. Fur-
thermore, the linking of pitch and location information
would be greatest when the location of the target tones
and interpolated stimuli are predictable, as suggested by
the results of Kallman and Colleagues (1987), presumably
by reducing the demand for attention-based resources.
That is, the ‘‘Where’’ information acts to set place markers
within the scene held in AWM (Darwin and Hukin, 1999)
thereby freeing limited attention-based resources for the
task of pitch preservation. Furthermore, the ability of
AWM to link across arrays before retrieval is limited (Deu-
tsch, 1999) and therefore the contribution to the strength of
the pitch store is tempered, especially when interpolated
information of similar type (e.g., tones) comes from ran-
dom spatial locations (see Kallman et al., 1987).

Spatial location, however, is not the only way in which
the pitch store can be strengthened. Pechmann and Mohr
(1992) as well as Berti and Colleagues (2006) found that
trained musicians are more resistant to the interference
from interpolated tones than are non-musicians or those
with more limited musical training. These results indicate
that the pitch store in these listeners is shielded from inter-
ference through enhanced segregation of the pitch store

from the other arrays within AWM. Two of the subjects
in the present experiment (S2 and S4) had musical training
that exceeded 6 years whereas the remaining subjects all
had less than one year on musical training. Comparing
the individual results of subjects S2 (7 years musical train-
ing) and S4 (6 years musical training), it is readily evident
that these two subjects have the lowest DLs when no inter-
ference is present, but that this trend only holds for S4
when interference is present. Subject S2 had higher than
average DLs on the ILD and D12dB conditions relative
to the INT condition and near average performance on
the IPD90 and IPD180 conditions. In addition, the subjects
with limited (<1 year) musical training do not perform
remarkably better than those without any musical training.
It remains unclear from the present data that any prior
musical training influenced the results in the conditions
containing interpolated tones in this study.

Overall, the present study provides further evidence that
AWM for pitch for two target sounds separated in time is
affected negatively when interpolated tones are placed with
the retention interval. This was evidenced by an almost
threefold increase in the DL for frequency when interferers
with the same perceived spatial location as the target tones
were present. In addition, spatial separation of the interpo-
lated tones from the target stimuli via introduction of dif-
ferences in interaural level or phase lead to a small, but
significant, decrease in the DL for frequency when com-
pared to a condition containing intervening sounds that
were perceived as coming from the same location. It
appears that AWM can make limited use of predictable
‘‘Where’’ cues (e.g., sounds emanate from consistent loca-
tions across trials within a run) to aid in shielding a stan-
dard held actively within the pitch store from some of the
otherwise deleterious interference produced by interpolated
tones. Current investigations are underway to assess fur-
ther aspects of pitch memory using the DL as a way to
quantify the extent of deterioration of the standard within
the pitch memory array as well as to study similar effects in
other arrays (e.g., loudness, duration) within AWM.
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