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Abstract Perceptual hysteresis can be defined as the endur-
ing influence of the recent past on current perception. Here,
hysteresis was investigated in a basic auditory task: pitch
comparisons between successive tones. On each trial, listeners
were presented with pairs of tones and asked to report the
direction of subjective pitch shift, as either “up” or “down.”
All tones were complexes known as Shepard tones (Shepard,
1964), which comprise several frequency components at oc-
tave multiples of a base frequency. The results showed that
perceptual judgments were determined both by stimulus-
related factors (the interval ratio between the base fre-
quencies within a pair) and by recent context (the inter-
vals in the two previous trials). When tones were present-
ed in ordered sequences, for which the frequency interval
between tones was varied in a progressive manner, strong
hysteresis was found. In particular, ambiguous stimuli that
led to equal probabilities of “up” and “down” responses
within a randomized context were almost fully determined
within an ordered context. Moreover, hysteresis did not
act on the direction of the reported pitch shift, but rather
on the perceptual representation of each tone. Thus, hys-
teresis could be observed within sequences in which lis-
teners varied between “up” and “down” responses, en-
abling us to largely rule out confounds related to response
bias. The strength of the perceptual hysteresis observed
suggests that the ongoing context may have a substantial

influence on fundamental aspects of auditory perception,
such as how we perceive the changes in pitch between
successive sounds.
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Sometimes, presenting the same physical stimulus twice re-
sults in different perceptual outcomes. This is obviously true
around threshold, but this can also occur above threshold, in
the perception of stimuli that have more than one plausible
perceptual interpretation. Such ambiguous stimuli have been
extensively used in the study of visual multistability, where
prolonged exposure leads to spontaneous alternations of per-
ception in the mind of the observer (see Leopold &
Logothetis, 1999, for a review). The perception of ambiguous
visual stimuli has also been shown to be prone to context
effects (Hock, Kelso, & Schöner, 1993; Kanai & Verstraten,
2005; Leopold, Wilke, Maier, & Logothetis, 2002; Maloney,
Dal Martello, Sahm, & Spillmann, 2005; Noest, van Ee, Nijs,
& van Wezel, 2007). In all of these studies, the perception of
an ambiguous stimulus was strongly modulated by the recent
history of stimulation and/or perception. This occurs because
ambiguity serves to highlight general-purpose contextual pro-
cesses: If nothing in the stimulus favors one interpretation
over others, then the context may become the decisive factor.
Ambiguous stimuli may thus be a useful experimental tool to
characterize contextual processing, without the competing
influence of stimulus-related cues.

To date, auditory science has made less use of experimental
paradigms relying on ambiguous stimuli than vision science.
That being said, instances of auditory multistability do exist,
most notably related to auditory scene analysis (see Schwartz,
Grimault, Hupé, Moore, & Pressnitzer, 2012, for a review).
Context effects in ambiguous auditory stimuli have also been
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reported (Holt, 2005, 2006; Huang & Holt, 2012; Laing, Liu,
Lotto, & Holt, 2012; Snyder, Carter, Hannon, & Alain, 2009;
Snyder, Carter, Lee, Hannon, & Alain, 2008). The aforemen-
tioned studies used tasks related to presumably high-level
constructs, such as perceptual organization (Snyder et al.,
2009; Snyder et al., 2008) or speech phoneme classification
(Holt, 2005, 2006; Huang & Holt, 2012; Laing et al., 2012).
Here, we aimed to use ambiguous stimuli to investigate the
influence of context on a more basic auditory task—namely,
comparing the pitch of two successive tones.

The ambiguous stimuli consisted of Shepard tones
(Shepard, 1964). A Shepard tone contains several frequency
components, all with an octave relation to a single base
frequency, Fb. All adjacent components (Fb, 2Fb, 4Fb, etc.)
have the same ratio, and are thus evenly spaced on a log-
frequency scale (Fig. 1). When two Shepard tones are pre-
sented in succession, listeners tend to report a pitch shift that
corresponds to the shortest distance between the components,
on the log-frequency scale (Shepard, 1964; see Fig. 1A).
Importantly for our purposes, an interval of a half-octave
(the musical “tritone,” or six semitones; see Fig. 1B) produces
equal distances for upward and downward frequency shifts. In
accordance with this physical ambiguity, subjective judg-
ments are split between “up” and “down” reports (Shepard,
1964). A number of studies have shown that individual lis-
teners can display stable, and sometimes very large, idiosyn-
cratic biases in their perceptions of such stimuli, depending
both on the listener’s linguistic background and on stimulus
properties such as the pitch class of the notes forming the
interval (Deutsch, 1987, 2013; Deutsch, Moore, & Dolson,
1986; Ragozzine & Deutsch, 1994).

In addition to the study of long-term idiosyncratic biases,
researchers have also attempted to probe the effect of imme-
diate context in the perception of Shepard tone pairs. Repp
(1997, Exp. 3) observed that presenting a single Shepard tone
before an ambiguous Shepard test tone-pair could influence
the reported pitch shift for the test pair. Listeners appeared to
minimize the pitch range of the reported shifts. For instance, if
listeners reported a “down” shift between the context and the
first tone of the test pair, the shift within the test pair was more
likely to be perceived as an “up” shift. In a subsequent study,
Dawe, Platt, and Welsh (1998) attempted to induce adaptation
of “up” and “down” shifts by presenting sequences of Shepard
tone pairs with a dominant interpretation (e.g., “up”) and
measuring the pitch shift for an ambiguous test pair (which
should then be biased toward “down,” by contrast). They
reported a weak and unreliable effect, where either contrastive
or assimilative biases were observed depending on the pitch
class of the ambiguous test pair. Repp and Thompson (2010)
revisited context effects by using nonambiguous tones as their
context stimuli. They found no robust effect of context, and
concluded that the perception of Shepard tone pairs was
largely invariant to context.

One experiment with a different paradigm led to a sizeable
context effect. Giangrande, Tuller, and Kelso (2003) measured
hysteresis in the perception of Shepard tones. Sequences of
tone pairs were presented, and listeners reported the direction
of the subjective pitch shifts. The Fb of the first tone in each
pair, the standard tone, was fixed across trials, while the Fb of
the second tone, the comparison tone, was varied. In some
experimental conditions, the interval between the standard and
comparison was regularly increased between successive trials,
in steps of one semitone, starting from a nonambiguous inter-
val. In other conditions, it was regularly decreased.
Giangrande et al. observed that the initial responses in the
sequences were maintained in the parameter range usually
associated with perceptual ambiguity, resulting in sizeable
hysteresis in the pattern of responses.

However, some methodological details complicate the in-
terpretation of the findings of Giangrande et al. (2003). As was
emphasized by Hock et al. (1993), hysteresis in response
patterns may be either perceptual or due to response bias.
When conditions give rise to ambiguity, and hence to uncer-
tainty, one possible strategy is for observers to maintain their
previous response. In the experiment of Giangrande et al., no
measures were taken to dissociate this strategy from hysteresis
in perception. Moreover, even if their findings did reflect
perceptual hysteresis, the origins of the effect are unclear. It
may have been due to a tendency to hear pitch shifts in the
same direction on consecutive trials (“up,” “up,” etc.), or
alternatively, it could have been a bias in the perceptual
representation of each tone (“standard lower,” “standard
lower,” etc.).
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Fig. 1 Schematic spectrograms of two Shepard tone pairs, with frequen-
cy on a logarithmic scale over time. Grayscale represents amplitude. (A)
Three-semitone interval, for which the dominant percept is “up.” (B) Six-
semitone interval, for which the direction of shift is ambiguous
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In the following experiment, we revisited the hysteresis
paradigm of Giangrande et al. (2003), introducing a simple
methodological modification: We randomized the order of
presentation of the standard and comparison tones within
trials. As we will explain, this removed the possibility of
response hysteresis, while dissociating effects on pitch shift
from those on pitch representation.

Method

Stimuli

Shepard tones were composed of nine octave-related sinusoi-
dal components with a Gaussian spectral envelope. The spec-
tral envelope was linear on the amplitude scale and logarith-
mic on the frequency scale. It was fixed for all sounds,
centered at 1046.6 Hz, with a standard deviation of one log2
unit. This corresponds to lower and upper half-amplitude
cutoff points at 463 and 2367 Hz, respectively. Each trial
contained two tones, a standard and comparison. Four base
frequency conditions were used for the standard, so that the
Fbs were equally spaced within the octave from 65.41 to
130.82 Hz. Comparison tones were obtained by shifting each
Fb in one-semitone (st) steps, to obtain all 11 possible com-
parison tones (the 12th would be identical to the standard).
The duration of each tone was 125 ms, including 5-ms raised-
cosine onset and offset ramps. The intertone silent interval
within a pair was 125ms, and the presentation level was 65 dB
SPL (A-weighted).

Procedure

On each trial a tone pair was presented, and listeners reported
whether the first or second tone was higher in pitch. Unbe-
knownst to the listener, experimental blocks were organized
into sequences of ten trials. The Fb of the standard was fixed
for the duration of a sequence of trials but was
counterbalanced randomly across sequences. The sequence
types, which will from now on be termed “conditions,” are
illustrated in Fig. 2. In the fixed condition, tone pairs with an
interval of 6 st were presented. In the random condition,
intervals from 1 to 11 st were presented in random order. In
the increasing condition, intervals from 1 to 11 st were pre-
sented in an ordered manner, with 1-st increases between
successive trials. In the decreasing condition, intervals from
11 to 1 st were presented in an ordered manner, with 1-st
decreases between successive trials. Importantly, in all condi-
tions, the presentation order of the standard and comparison
tones within each pair was random. Finally, in all conditions,
one interval was omitted at random (counterbalanced across
sequences within a condition), so that ten trials were presented
per sequence. Responses were self-paced, with a delay of

250 ms between a response and the next trial. The order of
conditions within a block was randomized, and no indication
was given that a sequence had started or ended. No feedback
was provided.

Each interval was repeated 40 times in the random and
ordered conditions, and 440 times in the fixed condition,
resulting in 1,760 trials in total (44 sequences apiece for the
fixed, random, and each of the ordered conditions). The exper-
iment was divided into eight blocks of 220 trials.

Screening test

Before taking part in the experiment, listeners were tested on
their ability to report pitch shifts in pairs of unambiguous
Shepard tones and pure tones, since some variability was
expected on this task (Semal & Demany, 2006; Shepard,
1964). In one condition, Shepard tones with random Fb in a
one-octave range above 65.41 Hz were used. In another
condition, pure tones with a random frequency in a one-
octave range above 1046.6 Hz were used, corresponding to
the region of high spectral amplitude in the main experiment.
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Fig. 2 Schematics of the experimental conditions. For each sequence
type, the first three trials (out of ten) are illustrated. Due to the cyclic
nature of the stimulus across the frequency axis, spectrograms are re-
stricted to one octave. In all conditions, sequences of Shepard tone pairs
were presented in which the interval between the standard tone (black)
and comparison tone (gray) was manipulated: Fixed, the interval was
fixed at 6 semitones (st); Random, intervals were presented in random
order; Increasing, the interval was increased in 1-st steps; Decreasing, the
interval was decreased in 1-st steps. The presentation order of the standard
and the comparison tones within a pair was random
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Intervals of 1, 2, and 3 st were presented in random order, with
ten repeats per interval and stimulus type. Participants with
80% ormore correct for the 1-st condition, in both the Shepard
and pure-tone conditions, were recruited for the main
experiment.

Participants

Fourteen self-reported normal-hearing listeners with a mean
age of 25.43 years (SE = 0.40) participated in the experiment.
Four of the participants were excluded because they did not
pass the screening test. Seven out of the remaining ten partic-
ipants had not previously taken part in experiments involving
Shepard tones, and three had taken part in an unreported pilot.
The experiment was conducted according to the guidelines of
the Declaration of Helsinki.

Apparatus

Listeners were tested individually in a double-walled sound-
insulated booth (Industrial Acoustics Company). The stimuli
were delivered diotically through an RME Fireface 800 sound
card, at 16-bit resolution and a 44.1-kHz sample rate, through
Sennheiser HD 250 Linear II headphones. Sound level was
calibrated with a Brüel & Kjær (2250) sound level meter and a
Brüel & Kjær ear simulator (4153).

Data analysis

When appropriate, psychometric functions were fitted to the
raw data. Weibull functions were used to model “percentage
choice”, and fits were obtained using the psignifit toolbox for
MATLAB (see http://bootstrap-software.org/psignifit/), which
implements the maximum-likelihood method described by
Wichmann and Hill (2001). The upper bound (1 – λ) and
lower bound (γ) of the Weibull function were included as
parameters. These were constrained to lie between 0 and .05,
and an initial value of .01 was used. The goodness-of-fit test
suggested byWichmann and Hill was also applied. From each
fitted functions, 999Monte Carlo data sets were generated and
then used to estimate the expected distribution of a deviance
statistic for that function (Wichmann & Hill, 2001). A case
was rejected if the cumulative probability estimate of the
deviance exceeded .99.

Results

Fixed condition

In the fixed condition, the interval between the pair of tones on
a trial was fixed at 6 st, but the order of the standard and
comparison within a trial was random. We first computed the

proportion of “up” responses (2nd tone higher) provided by
listeners for a sequence, noted as P(Up). Figure 3A displays
the histogram of P(Up) values compiled for all listeners and
sequences of the fixed condition. Responses were randomly
distributed around .5, indicating that listeners gave as many
“up” as “down” responses.

Next, we recoded the “up” and “down” responses into
“standard higher” and “standard lower” responses. The pro-
portion of “standard higher” responses, noted as P(SH), was
computed for each sequence. Figure 3B displays the histo-
gram of P(SH) values compiled for all listeners and se-
quences. A clear bimodal distribution is observed, with most
sequences being associated with a P(SH) close to either 0 or 1.
Therefore, in the vast majority of cases, the perception of the
standard relative to the comparison was maintained through-
out the sequence, irrespective of the standard and comparison
tones’ presentation order.

Another illustration of the same finding is provided in
Figs. 3C and D. First, we computed the number of times that
the responses switched from up to down, or the reverse.
Figure 3C displays the histogram of the number of switches
per sequence, compiled for all listeners and sequences. A
random distribution was observed, centered around five
switches per sequence. Then we recoded the responses and
computed the number of times per sequence that the report
switched from standard higher to standard lower, or the
reverse. Figure 3D displays the histogram of the numbers
of switches per sequence, compiled for all listeners and
sequences of the fixed condition. Within sequences of ten
trials, switches were a rare occurrence.

A lack of switches may indicate that some listeners always
responded “standard lower” or “standard higher” when pre-
sented with certain stimuli, perhaps due to idiosyncratic
biases. Moreover, such idiosyncratic biases may depend on
the base frequencies of the tones (i.e., their pitch class; see,
e.g., Deutsch, 2013). Thus, we computed the overall bias in
reporting one of the stimuli as higher, per listener and per
frequency condition. Figure 4 shows the result of this analysis.
As expected (Deutsch, 1987, 2013), a broad range of idiosyn-
cratic biases was found. Some listeners were strongly biased
to always hear some stimuli as higher (values close to 0 or 1 in
Fig. 4), but there were also several instances without any clear
idiosyncratic bias. For such cases, listeners maintained a
“standard higher” or “standard lower” response within a se-
quence (Figs. 3B and D), but varied this response across
sequences (Fig. 4).

In summary, perception was highly stable within a se-
quence when it was measured in terms of “standard higher”
or “standard lower” (Figs. 3B and D), but followed a random
pattern when measured as “up” and “down” responses
(Figs. 3A and C). This strongly suggests that the distribution
in Fig. 3A simply reflected the random ordering of the stan-
dard and comparison tones within a trial. Thus, from now on,
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data will be described in terms of the proportion of “standard
higher” responses, P(SH).

Random, increasing, and decreasing conditions

The average P(SH) was computed for each interval, per lis-
tener and per condition (ten listeners and three conditions).
The P(SH) curves as a function of interval were fitted with
Weibull psychometric functions (Wichmann & Hill, 2001; see
the Method section). A goodness-of-fit test (see the Method
section) established a lack of fit for five out of the 30 cases.
Visual inspection revealed that all of the rejected cases (and
only the rejected cases) displayed a nonmonotonicity at the
extremes of the P(SH) curves, corresponding to small inter-
vals between the tones. This reflects lesser accuracy for some
listeners in judging small intervals, even though the intervals
are nonambiguous. Such an observation is fully consistent
with the original report of Shepard (1964). These cases were
excluded from the analyses requiring curve fitting. However,
note that Fig. 6 below presents the unfitted data without
exclusions. From the remaining cases, the interval for which
the Shepard tone pairs were at their most ambiguous was
computed from the fitted function. This corresponds to the

�Fig. 3 Results for the fixed condition. (A) Proportions of “up” responses,
P(Up), computed for each sequence and compiled across listeners. (B)
Proportions of “standard higher” responses, P(SH), computed for each
sequence and compiled across listeners. (C) Numbers of switches
between “up” and “down” responses, computed for each sequence and
compiled across listeners. (D) Numbers of switches between “standard
lower” and “standard higher” responses, computed for each sequence and
compiled across listeners
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Fig. 4 Idiosyncratic biases in the fixed condition. The data from the fixed
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estimated interval for which P(SH) = .5—that is, the point of
subjective indifference, noted as the PSI.

These results are presented in Fig. 5. In the random condi-
tion (Fig. 5A, middle curve), intervals between 1 and 11 st
were presented in random order. Listeners reported more often
the smaller of the two possible frequency shifts between the
components of Shepard tones. When the interval was small,
listeners reported that the standard tone was lower; when it
was large, the standard was reported as higher. For more
ambiguous intervals, either response occurred.

In the ordered sequences, the interval between standard and
comparison was increased from 1 to 11 st (increasing; see
Fig. 5A, rightward-facing arrow) or decreased from 11 to 1 st
(decreasing; leftward-facing arrow in Fig. 5A). The responses
to the starting intervals of all sequences (1 st for increasing and
11 st for decreasing) were strongly biased, in that listeners
reported the smaller of the two possible shifts, just as in the
random condition. This initial bias persisted for subsequent
percepts. Notably, the initial bias almost completely deter-
mined perception for the fully ambiguous interval at 6 st.
The bias persisted even for intervals that favored the opposite
percept in the random condition.

To further quantify the influence of context on the same
stimulus, we examined the unfitted P(SH) at the 6-st interval,
with all listeners’ data included. This revealed a large differ-
ence between the increasing and decreasing conditions: The
mean P(SH) was .03 (SE = .01) in the increasing condition,
but .95 (SE = .02) in the decreasing condition.

Finally, we quantified hysteresis using an independent-
groups analysis of variance (ANOVA) on the PSI (Fig. 5B),
with condition (random, increasing, or decreasing) as the
independent variable. The PSI was used for the ANOVA
because individual P(SH) values would not be independent
from each other in the case of hysteresis. The independent-
groups analysis was necessary to take into account exclusions.
The main effect of condition on PSI was highly significant,
with a large effect size [F(2, 22) = 157.97, p < .001, η2 = .93].

Omissions

In all sequences, one interval was omitted at random (balanced
across sequences and conditions). If hysteresis was due to a
response strategy whereby listeners waited a certain number
of trials before switching from “standard lower” to “standard
higher,” or vice versa, a shift of the psychometric curve should
be observed, depending on which interval was omitted.

Figure 6 illustrates the effect of omissions. The P(SH) was
computed for each listener, but this time splitting the data in
two: that is, into sequences in which an interval below 6 st was
omitted, and sequences in which an interval greater than 6 st
was omitted. Sequences in which the interval at 6 st was
omitted were excluded from the analysis.

It is clear from Fig. 6 that omissions had no sizeable effect.
Nevertheless, we quantified the effect of the omission on the
PSI. We split the data on the basis of the condition (increasing
or decreasing) and where the omission occurred (before or
after 6 st) and computed the PSI for each case. Thirteen out of
the 40 cases (ten listeners, two conditions, and two omissions)
were excluded due to a lack of fit. This is about double the
number of rejected cases in the main analysis, consistent with
the fact that we split the data in two. Again, exclusions
corresponded to nonmonotonicity in the P(SH) curves.

An independent-groups ANOVA was performed with
omission (before or after 6 st) and condition (increasing or
decreasing) as independent variables. As predicted, we found
a significant main effect of condition [F(1, 23) = 496.28, p <
.001], no significant main effect of omission [F(1, 23) = 0.39,
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Fig. 5 Results for the random, increasing, and decreasing conditions. (A)
P(SH) as a function of the interval between the standard and comparison
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(B) Points of subjective indifference (PSIs) for the random (R), increasing
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p = .54], and no significant interaction between condition and
omission [F(1, 23) = 0.62, p = .44]. This indicates that the
psychometric functions remained stable, irrespective of omit-
ted interval. The PSI was not reached after a fixed number of
responses, but rather at a specific interval.

Molecular analysis of the random condition

The random condition can be viewed as a baseline for the
ordered conditions. However, it can also be used to assess
whether previous trials tended to influence current responses,
since each trial was preceded by a random interval.

We assessed across-trial effects using a molecular analysis
(Dittrich & Oberfeld, 2009). A binary logistic regression was
performed on each individual data set, in order to predict the
response on the current trial. Two models were investigated.
Model 1 included the interval on the current trial and the
percept (standard lower or higher) on the four most recent
trials as predictors. Model 2 included the interval on the
current trial and the intervals (in semitones) on the four most
recent trials as predictors. Separate regression analyses were
conducted for each participant. Each model was assessed for
each participant using the Hosmer–Lemeshow goodness-of-
fit test (Dittrich & Oberfeld, 2009). Briefly, observations were
divided into ten evenly sized bins on the basis of their prob-
ability, predicted from the regression model. The hypothesis
that the observed number of events in each group was differ-
ent from the expected number of events was tested with a chi-
square test. Significant differences (p < .05) were taken as a
poor fit of the model to the data. Model 1 led to a lack of fit for
two out of ten participants, whereas Model 2 produced ac-
ceptable fits in all cases. Thus, Model 2 was selected.

The weights from the regression model, normalized so that
their sum equals one, are provided in Table 1. Positive weights
were observed for all predictors. Their statistical reliability
was estimated using one-sample Bonferroni-corrected t tests.
Significance was accepted at a p value of .05/5. The outcomes
of these tests are also listed in Table 1. Weights were signif-
icantly different from zero for the interval of the current trial
(I) and the two most recent intervals (Intervals-1 and Interval-
2), becoming nonsignificant for the third most recent interval
(Interval-3).

Note that, in this analysis, the weights obtained for the
current interval and those for the previous intervals are not
necessarily comparable. The interval on the current trial is
likely to influence the response in a monotonic way, mirroring
the results of the random condition (Fig. 5A). However, there
is no strong reason to assume that this would be the case for
past intervals: The smallest or largest past intervals might not
be those inducing the most potent biases. In any case, the
comparison between past and present weights is not crucial,
since the main aim of the analysis was to assess a potential
influence of previous trials on the current response. The
outcome of this aspect of the analysis is clear: The response
on the current trial was influenced by the two most recent
trials, with decreasing effectiveness for more distant trials.

Discussion

A new method to measure auditory hysteresis in pitch judg-
ment has been reported. This method aimed to address the
pitfalls identified in previous investigations, in order to isolate
perceptual hysteresis from responses bias (Hock et al., 1993).
Shepard tone pairs were used, with a simple parametric ma-
nipulation to control the degree of ambiguity in each trial: the
interval between the standard and comparison tone. This
manipulation was obfuscated by the complex structure of the
experimental blocks: random order between the standard and
comparison on each trial; four randomly interleaved condi-
tions; and omissions within sequences. In particular, due to the
random ordering of the standard and comparison, listeners
were forced to vary between “up” and “down” responses even
for less ambiguous trials. Importantly, this resulted in a pattern

1 2 3 4 5 6 7 8 9 10 11
0

0.2

0.4

0.6

0.8

1

Interval (st)

P
(S

H
)
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shown as a function of interval for the increasing (rightward-pointing
arrow) and decreasing (leftward-pointing arrow) conditions, for se-
quences in which an interval below 6 st was excluded (dotted lines) and
sequences in which an interval above 6 st was excluded (solid lines)

Table 1 t tests for predictors in a molecular regression analysis

Predictor Mean (SE) t (df = 9)

Interval 65 (.03) 17.74*

Interval-1 14 (.01) 9.96*

Interval-2 08 (.01) 5.12*

Interval-3 07 (.02) 3.00

Interval-4 03 (.02) 1.36

* p < 0.01
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of result that cannot be attributed to hysteresis in the pattern of
keypresses. If listeners reached a region of uncertainty when
the stimulus entered the ambiguous range, a strategy that
consisted of relying on the previous keypresses would have
resulted in no recorded hysteresis, unlike in previous investi-
gations. Another type of bias, common to most hysteresis
experiments, could still be considered. If listeners were able
to detect the reoccurrence of the standard tone in a sequence of
trials, and if they chose to assign a label to the standard
according to their response in the first trial, then a decisional
bias might occur whereby the chosen label would be main-
tained throughout the ambiguous region. This interpretation
cannot be ruled out for the fixed and ordered sequences.
However, it cannot account for hysteresis in the random
sequences, since the molecular analysis showed a consistent
influence of the two most recent trials on current responses,
even though the label of the standard would have changed
randomly from trial to trial.

In summary, strong hysteresis was observed in spite of the
variable response patterns in all experimental conditions,
ruling out response biases related to keypresses. Randomiza-
tion of the physical parameter of interest in one condition cast
doubts on an interpretation based on decisional biases. We
thus suggest that the hysteresis was perceptual in nature, a
conclusion consistent with all of the observed data. Our results
were also consistent with the reports of Giangrande et al.
(2003), in the sense that context effects were assimilative. A
given percept was maintained in the face of ambiguity, and
even of conflicting sensory evidence.

In addition to removing potential confounds, we extended
the findings of Giangrande et al. (2003) on several counts.
First, the hysteresis observed here was stronger, perhaps be-
cause of differences in the stimulus parameters (spectral
shape, duration of each tone, intertone interval, and random-
ization of the standard tone frequency) or due to our pool of
listeners. It is notable that our pool of listeners did contain
individuals with strong idiosyncratic biases for some of the
stimuli (see results for the fixed condition in Fig. 4; cf.
Deutsch, 2013). Nevertheless, even for those individuals,
hysteresis fully dominated over the idiosyncratic biases. Sec-
ond, and perhaps more interestingly, our method specified
what the context actually modulated. Hysteresis was not re-
lated to the perception of upward versus downward shifts. Our
analysis of the fixed condition showed that the direction of
shift heard on one trial did not have an effect on the direction
heard on the next trial; rather, the pitch of the standard relative
to the comparison was biased. Such a bias was observed
irrespective of the standard–comparison or comparison–stan-
dard pattern presented to the listener, and hence of the “up” or
“down” reported percept. This finding explains the lack of
context effect observed in some other studies using Shepard
tones. Dawe et al. (1998) and Repp and Thompson (2010)
attempted to bias the direction of pitch shift, either by adapting

one direction (Dawe et al., 1998) or by presenting unambig-
uous pitch shifts before an ambiguous shift (Repp &
Thompson, 2010). Third, we quantified the influence of past
trials on the current percept using a molecular analysis. These
results show that the bias was not simply passed on from trial
to trial, but that perception depends on sensory history from
several recent trials. The underlying effect therefore consti-
tutes a memory-like phenomenon, which accumulates over
time and is not entirely eliminated by intervening stimuli with
opposing biases.

The root cause of the hysteresis effect remains unclear. In
an experiment in which the direction of pitch shift was mea-
sured in pairs of pure tones around threshold, Raviv, Ahissar,
and Loewenstein (2012) observed an influence of previous
trials on current judgments. They accounted for the effect with
a regression-to-the-mean explanation (Hollingworth, 1910),
whereby the frequency representation of the current tone was
attracted to the running average of the frequency representa-
tions of previous tones. Qualitatively, this may be consistent
with the present observations: Past intervals may have
“attracted” the interval presented on the current trial, if each
frequency component of the comparison tone regressed to-
ward the running mean of the closest component in previous
trials. This would induce assimilative hysteresis. A different
account could involve auditory streaming (Moore & Gockel,
2012): Because of frequency proximity, it is plausible that
some form of perceptual binding was established between
neighboring tone components during the early trials of a
hysteresis sequence. Such a binding could have persisted
throughout the ambiguous parts of the sequence, because of
the gradual nature of the shift in frequency, hence causing
hysteresis. Both hypotheses remain to be further specified,
however, and tested experimentally.

The remarkably large hysteresis effect observed here sug-
gests that adaptive processes may play an important role in the
ongoing perception of sound, even above threshold. The
method presented here could provide a useful tool for inves-
tigating the neurophysiological bases of such processes, since
it enables the experimenter to induce large pitch changes in the
perception of the same stimulus.
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