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Studies that measure frequency discrimination often use 2, 3, or 4 tones per trial. This paper shows
an investigation of a two-alternative forced choice (2AFC) task in which each tone of a series is
judged relative to the previous tone (“sliding 2AFC”). Potential advantages are a greater yield
(number of responses per unit time), and a more uniform history of stimulation for the study of con-
text effects, or to relate time-varying performance to cortical activity. The new task was evaluated
relative to a classic 2-tone-per-trial 2AFC task with similar stimulus parameters. For each task, con-
ditions with different stimulus parameters were compared. The main results were as follows: (1)
thresholds did not differ significantly between tasks when similar parameters were used. (2)
Thresholds did differ between conditions for the new task, showing a deleterious effect of inserting
relatively large steps in the frequency sequence. (3) Thresholds also differed between conditions
for the classic task, showing an advantage for a fixed frequency standard. There was no indication
that results were more variable with either task, and no reason was found not to use the new sliding
2AFC task in lieu of the classic 2-tone-per-trial 2AFC task. © 2017 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4992030]
[JIL]

I. INTRODUCTION

Pitch is a prominent quality of sound important for music
and speech, the object of keen interest since antiquity (de
Cheveigné, 2005; Plack, 2010; McDermott and Oxenham,
2008; Oxenham, 2012). Pitch discrimination has been
explored in many studies, to characterize perceptual and sen-
sory limits (Moore, 1973; Bernstein and Oxenham, 2003;
Demany et al., 2009; Oxenham et al., 2011; Micheyl et al.,
2012; Micheyl et al., 2010a) in the psychophysical tradition,
to explore effects of context or memory (Matthews and
Stewart, 2008; Ries and DiGiovanni, 2009; Nahum et al.,
2010; Raviv et al., 2012; Mathias et al., 2010; Micheyl et al.,
2010b), to characterize interindividual differences (Semal and
Demany, 2006; Mathias et al., 2010) and to relate them to
factors such as musicianship (Kishon-Rabin ez al., 2001;
Nikjeh et al., 2008; Peretz et al., 2002; Micheyl et al., 2006;
Tervaniemi et al., 2005; Bianchi et al., 2016), intellectual
abilities or impairment (Acton and Schroeder, 2001; Parsons
et al., 2009), effects of training and plasticity (Demany and
Semal, 2002; Carcagno and Plack, 2011b; Micheyl et al.,
2006; Goldsworthy and Shannon, 2014; Carcagno and Plack,
2011a), or electrophysiological responses (Nikjeh et al.,
2008; Barker et al., 2011; Carcagno and Plack, 2011a;
Petacchi et al., 2011; Clinard et al., 2010; Tervaniemi et al.,
2005). A common observation is large interindividual
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differences, with thresholds ranging from about 0.2% for
trained subjects and musicians to greater than 10% for naive
subjects. Marked training effects are also reported.

Discrimination thresholds can be measured using vari-
ous methods. Adaptive procedures are usually preferred over
constant stimuli as they ensure a dense sampling of the psy-
chometric curve in the region of the threshold. That region is
hard to situate prior to the experiment because of interindi-
vidual differences and training effects. In one common pro-
cedure (two-interval two-answer forced choice, 2I-2AFC)
two tones are presented on each trial with slightly different
frequencies, and the subject is required to answer which one
has a higher pitch. In a variant of this procedure, the tones
have either the same or a different frequency, and the subject
is required to judge whether the pitch of the two tones is the
same or different. The frequency difference is varied adap-
tively to converge on the threshold (usually corresponding to
70.7% or 79% correct). Other studies have used 3 tones
(Bernstein and Oxenham, 2003; Kishon-Rabin et al., 2001;
Nikjeh et al., 2008; Bianchi et al., 2016) or 4 tones (Semal
and Demany, 2006; Mathias er al., 2010; Amitay et al.,
2006) per trial.

In this paper, we investigate a one-tone-per-trial “sliding
2AFC” paradigm in which the subject is presented with a
sequence of tones and asked, after each tone, to judge
whether its pitch is higher or lower than that of the preceding
tone. A first motivation is to improve the yield (number of
useful judgments per unit time) relative to classic paradigms,
so as to reduce experimental time or increase statistical
power for threshold estimates. This is particularly useful in
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experiments that require a large number of trials (e.g.,
Demany and Semal, 2002). A second motivation is to facili-
tate the study of the effect of prior context on pitch judg-
ments. It is well known that trial-to-trial roving of the
frequency of the first tone of each pair in tasks involving 2
tones per trial increases thresholds (Bull and Cuddy, 1972;
Ahissar et al., 2006; Matthews and Stewart, 2008), reflecting
a more general sensitivity of pitch judgments to the history
of prior tone frequencies (Ruusuvirta, 2000; Raviv et al.,
2012). Studying such effects should be easier with a continu-
ous paradigm, in which all tones play the same role, and all
are followed by a judgment, than in 2-, 3-, or 4-interval tasks
in which successive tones play different roles.

The primary aim of the present study is to check whether
the new procedure introduces any unexpected artifacts, such
as increased bias or variability. For this we run both proce-
dures with comparable parameters on the same subjects, in
interleaved blocks to control for effects of time and practice
on performance. A desirable outcome, relative to our goals,
would be a lack of difference between the thresholds mea-
sured with the new and classic procedures, however a lack of
effect is hard to demonstrate statistically (Kriegeskorte et al.,
2009). For that reason, we also included conditions for which
we do expect different thresholds, to establish whether the
experiment is sufficiently sensitive to reveal the hypothesized
artifacts, should they exist. Thus, we ran five different condi-
tions, three with a classic two-interval 2AFC procedure, and
two with the new sliding 2AFC procedure.

Il. METHODS

The principal aim of these experiments is to validate a
continuous procedure to measure pitch discrimination per-
formance, and compare it to a standard procedure using 2
tones per trial. In order to achieve this goal, five conditions
were presented, distributed over 3 sessions.

A. Subjects

Fifteen subjects took part in the experiments, 10 women
and 5 men aged from 21 to 27 years. Seven of them were
musicians. Subjects who had played an instrument for at
least 5 years and still had a regular practice were qualified as
musicians. All musician subjects were members or former
members of a music school or conservatory. One non-
musician woman was excluded from the analysis because of
her abnormally poor performance on the tasks.

Participants had no history of audiological or neurologi-
cal disorders, and reported normal hearing which was con-
firmed by an audiogram in the frequency band used in the
experiments. The procedures were approved by the CERES
ethics committee (IRB 20131100001072), the participants
were informed of the procedures and a written consent was
obtained from each of them. All subjects performed all three
sessions.

B. Stimuli

Stimuli consisted of 100 ms pure tones with 10 ms raised
cosine onset and offset ramps. For the sliding one-tone-per-trial
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procedure (conditions O1 and O2) a response was requested
after each tone. For the two-tone procedure (conditions T1,
T2, T3), a response was requested after each pair of tones pre-
sented with a 500 ms stimulus onset asynchrony. In both pro-
cedures, the response triggered the onset of a new tone
starting the next trial after a 500 ms interval. In the one-tone
procedure, the frequency varied from one tone to the next
with random direction, starting from fy = 1000 Hz. An unbi-
ased random walk can produce extreme frequency values; to
avoid this situation the probability of an up transition (0.5 at
1000 Hz) decreased linearly in frequency by a factor 0.0003/
Hz, so that frequency remained near 1000 Hz. In this region,
up and down transitions were approximately equiprobable
(see Sec. III). In both procedures, the magnitude of the fre-
quency step between the tones to be compared was determined
according to a weighted one-down algorithm to track the 75%
correct point on the psychometric function (Kaernbach, 1991).
After every wrong answer the relative frequency difference
|Af /f| was multiplied by 2, after every correct answer it was
divided by 2!/3. For each experimental block the step size was
initially set to 10% and adapted with a single adaptive track
(for rapid convergence) until the first wrong answer after at
least 12 trials, after which the procedure switched to 4 inter-
leaved independent tracks (Leek ef al., 1991). The size of step
J was adjusted based on the response to trial j — 4. The inter-
leaved tracks were used to reduce serial correlation between
successive frequency step sizes, for the purpose of analysis in
a future study.

Stimuli were synthesized at a sampling rate of 44.1 kHz
and outputted via a Meridian Explorer2 sound card with
16 bit resolution. Sounds were delivered diotically through
Beyerdynamic DT 770 pro 250 ohm headphones, at a listen-
ing level of 70 dB sound pressure level. Listeners were tested
individually in a double-walled sound attenuating booth.
Instructions were provided verbally, and displayed again on
a graphic interface. Subjects used the keyboard to answer,
and received visual feedback (green for correct vs red for
incorrect) after each response.

C. Procedures and conditions

For the sliding one-tone procedure (conditions O1, 02),
the subject had to report after each tone whether it was
higher or lower than the previous tone (upper right panel of
Fig. 1). In condition O1 the tone-to-tone frequency step size
was determined by the adaptive procedure. In condition O2
one step out of two was determined by the adaptive proce-
dure and the other was set to 6% (one semitone). The
response after that step was not taken into account for the
adaptive procedure.

For the two-tone-per-trial procedure (conditions T1, T2,
T3) the subject had to report after each tone pair whether the
second tone was higher or lower than the first. The within-
pair step size was determined by the adaptive procedure, but
conditions T1, T2, and T3 differed in how the between-pair
step size was determined. In condition T1 it was determined
by the random procedure, leading to a similar stimulus
sequence pattern as in O1. In condition T2 the between-pair
step size was zero (the first tone of a pair had the same
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frequency as the second tone of the preceding pair). In con-
dition T3 the frequency of the first tone was always 1kHz
(fixed standard; lower right panel of Fig. 1).

Conditions O1 and T1 share very similar tone sequences,
and are expected to yield the same thresholds in the absence
of an artifact specific to the one- or two-tone procedure.
Condition O2 is expected to yield larger thresholds than O1
because small near-threshold steps are interspersed with rela-
tively large steps (6%, a semitone). Condition T2 is expected
to yield smaller thresholds than T1 because the first tone of
a pair is, in effect, repeated twice. Condition T3 is also
expected to yield smaller thresholds than other conditions
because the first tone of each pair (standard) is the same.

The experiment was carried out in three 1-hour sessions
(including instructions and training) happening on different
days. Two conditions were presented in each session, inter-
leaved into six blocks to control for effects of time and prac-
tice (for example, due to learning or fatigue).

In each block, the subject performed one condition. In
the first session, the subjects performed the main conditions
Ol and T1, in the second session they performed conditions
T2 and T3, and in the third and last session, they performed
conditions O1 and O2. 120 trials were presented per block,
except for condition O2 where 240 trials were presented per
block (responses to 6% steps were ignored in the analysis).
Each session started with two short training blocks (60 trials
each, 120 for O2), one for each condition in that session.
This was to familiarize the subjects with the procedures and
ensure that they understood what feature of the sound they
had to listen to.

D. Analysis

A psychometric function of the form
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FIG. 1. (Color online) (Top left)
Illustration of the sliding one-tone-per-
trial procedure. Subjects had to give an
answer (pitch went up or down) after
each tone. (Bottom left) Two-tone-per-
— trial procedure. Subjects had to give an
e answer after each pair of tones. (Top
right) Two conditions that used the
one-tone procedure. For Ol all inter-
vals were determined by the adaptive
procedure, for O2 one interval out of
two was set to =1 semitone. (Bottom
right) Three conditions that used the
two-tone procedure. For T1 all inter-
vals (within and between pairs) were
determined by the adaptive procedure
(as in O1). For T2 the first tone of each
pair had the same frequency as the sec-
ond tone of the preceding pair. For T3
the first tone of each pair was 1 kHz.

where P is the probability of a correct answer and
x =log (|Af/f]), was fit to the data by adjusting the two
parameters s and xp, using a least-squares error method. Af
refers to the difference between the frequencies of the two
tones to be compared, and f is (arbitrarily) the lowest of
these two frequencies. Figure 2 (top) shows response data of
an experimental run together with the fit. The histograms in
Fig. 2 (bottom) indicate the distribution of values sampled
by the adaptive procedure.

lll. RESULTS

Fourteen paid subjects performed three sessions of six
blocks each. In each session, two conditions were inter-
leaved for a total of 360 responses per condition (720 for

100 ¢
3
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o
o
X 50
Threshold
c
3 50 [ Correct
o [ Incorrect
E 0 —
— 0.0001 0.001 0.01 0.1
Af/f

FIG. 2. (Color online) (Top) Psychometric function fit (line) to experimental
data (circles) for a typical experimental run. The threshold is defined as the
abscissa at 75% correct on the psychometric function. (Bottom) Histogram
of values of relative frequency differences Af/f sampled by the adaptive
procedure. Colors distinguish trials for which the response was correct
(green) or incorrect (red).
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condition O2 of which 360 were retained for analysis).
Condition O1 was presented twice over two sessions.

Individual results are shown in Fig. 3. The thresholds in
condition Ol are presented separately for session 1 (Ola)
and session 3 (O1b). The range of threshold values is consis-
tent with the literature (Micheyl et al., 2006), although one
study reported considerably larger values (Raviv et al.,
2012). The lowest thresholds found here (~0.2%) are com-
parable to those reported for trained subjects in classic
papers on pitch discrimination (Moore, 1973; Micheyl et al.,
2006; Demany and Semal, 2002).

A repeated measure analysis of variance with factors repe-
tition, conditions and groups demonstrated significant main
effects of condition [Greenhouse-Geisser correction F(2.43,
29.21) =33.7, p < 0.001] and group [F(1,12)=28.35,p
= 0.014], but no main effect of repetition [F(2,24) = 2.08, p
= 0.15]. Interactions between repetition and condition [F(10,
120) = 0.85, p = 0.58] and between condition and musician-
ship [F (5,60) = 1.78, p = 0.13] were not significant. The
interaction between repetition and musicianship was margin-
ally significant [F(2,24) = 3.63, p = 0.042], reflecting a
slight tendency for performance to improve over sessions for
non-musicians (Fig. 3). The three-way interaction was not sig-
nificant. As effects involving repetition were either non-
significant or small, data were merged over blocks to produce
one threshold per condition and per subject. Group-mean
thresholds per condition are shown in Fig. 4, error bars indicat-
ing standard error of the mean.

Focusing on pairwise comparisons, of main interest to
our study we found no threshold difference between Ola and
T1 (session 1), even in the absence of Bonferroni correction
for multiple comparisons (p > 0.05, sign test). The lack of a
significant effect carries little weight in itself, as it could
result for example from a lack of power (Kriegeskorte et al.,
2009). In this respect, it is of interest that other differences
between conditions were found to be significant and of con-
siderable magnitude.

After Bonferroni correction for 6 comparisons, the differ-
ence between conditions O1b and O2 in session 3 was signifi-
cant (p = 0.011, corrected), thresholds for O2 being larger
than for Olb, suggesting a deleterious effect of inserting a
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02 O1b
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FIG. 3. (Color online) Individual frequency discrimination thresholds for
each condition and each block. Thresholds of musicians are plotted as thick
lines, those of non-musicians as thin lines. Each participant is associated
with a color (online version). Within each condition (horizontal axis),
thresholds obtained in the 3 blocks are plotted in chronological order.
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FIG. 4. Frequency discrimination thresholds geometrically averaged over
subjects and blocks for each condition. Error-bars represent standard error
of the mean. Stars indicate significant differences as assessed by sign tests
with Bonferroni correction (c = 6) for multiple comparisons (* for p < 0.05,

##* for p < 0.001), “n.s.” indicates the difference is not significant even
before Bonferroni correction.

relatively large frequency step (6%) prior to an interval to be
judged. There was a significant threshold difference between
T1 and T3 (p < 0.001, corrected), thresholds for T3 being
lower than for T1, indicating better performance when the
first tone of all pairs was set to the same frequency (fixed
standard) rather than roving. Thresholds were also lower for
T3 than T2 (p = 0.011, corrected). The difference between
T1 and T2 was significant before Bonferroni correction
(p = 0.013) but not after correction. We found no significant
difference between Ola and Olb (p > 0.05, uncorrected),
again failing to demonstrate a change of performance over
time. There were no differences in psychometric function
slopes between any conditions.

To summarize, we found no major difference between
procedures (sliding one-tone-per-trial and classic two-tone-
per-trial), whereas for both procedures we found significant
effects of manipulating the prior context (O1 vs O2, T1 vs
T3 and T2 vs T3). There was no evidence of greater variabil-
ity (over trials or subjects) or learning effects for one proce-
dure relative to the other.

IV. DISCUSSION

The primary aim of this study was to compare a one-tone-
per-trial sliding 2AFC discrimination threshold measurement
procedure to a standard two-tone-per-trial 2AFC procedure.
We found that both procedures were sensitive to relatively sub-
tle manipulations of stimulus context, but yielded equivalent
thresholds when applied to comparable stimulus conditions.
Subjects reported no difficulty with either task and, overall, we
found no indication of a problem specific to the new procedure
relative to the old. Nonetheless, the lowest thresholds were
found with the two-tone-per trial procedure with fixed refer-
ence (T3).

A secondary aim of this study was to compare condi-
tions that differ in the pattern of prior context, using the
same subjects and controlling for within-session and
between-session serial effects so as to maximize sensitivity
to potentially small effects. A common observation in the
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literature is that thresholds are larger if the frequency of the
first tone of each pair is roved rather than constant (fixed
standard) (Bull and Cuddy, 1972; Ahissar et al., 2006;
Matthews and Stewart, 2008). In our study, every condition
involved some form of “roving” with the exception of T3.
That condition yielded the lowest thresholds, consistent with
prior studies. Those studies considered roving over wide fre-
quency ranges, our study extends their conclusions to a rov-
ing range on the order of a few times the discrimination
threshold. Thresholds in our study increased with the ampli-
tude of roving (quantified as the average interval from one
“standard” to the next), the highest being found for ~6%
(02) and the lowest for 0% (T3).

The deleterious effect of roving has been interpreted as
reflecting an inability to form a reliable perceptual anchor
(Berliner and Durlach, 1973), or greater requirements placed
on working memory (Zhang et al., 2016), or more general
informational masking or “confusion” effects (Mathias et al.,
2010). Those accounts invoke properties of the stimulus set as
a whole; an alternative is that the internal representation of
the standard on any trial is influenced by the immediately pre-
ceding tone or tones. In a companion study, we found that
context effects were well predicted by a linear model includ-
ing (in its simplest form) a term proportional to the frequency
of the immediately preceding tone. As the influence of an
irrelevant stimulus feature on decisions must lead to subopti-
mal performance, a stronger influence in the case of roving
might indeed lead to a higher threshold.

Subjects did not report any particular difficulty with
either procedure. Subjectively, the sliding 2AFC procedure
is straightforward and refreshingly brisk, as each stimulus
event calls for a response. The task is analogous to percep-
tion of music, where each tone of a melody anchors both the
intervals that precede and follow it. Thresholds did not differ
from a standard 2-tone-per-trial 2AFC procedure with simi-
lar stimuli. This is a useful outcome, as the sliding procedure
is considerably more efficient in terms of number of judg-
ments per unit time. The greater density of judgments allows
fluctuations in performance (for example, related to learning,
fatigue or brain state changes) to be followed with finer tem-
poral resolution. All tones play the same role (each tone
serves both as a test tone relative to the previous tone, and as
a reference relative to the following tone) which is useful
when studying the effects of the extended tonal history pre-
ceding each judgment. As described the procedure required
subjects to give up-vs-down judgments, but it could presum-
ably be adapted as a same-different task, for example to cater
to listeners who have difficulties identifying the direction of
pitch changes (Semal and Demany, 2006; Mathias et al.,
2010). The sliding 2AFC procedure may also be of use to
measure discrimination thresholds for other stimulus features
such as intensity.
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