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Evaluation of an imputed pitch velocity model
of the auditory tau effect
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This article extends an imputed pitch velocity model of the auditory kappa effect proposed by Henry and
McAuley (2009a) to the auditory tau effect. Two experiments were conducted using an AXB design in which
listeners judged the relative pitch of a middle target tone (X) in ascending and descending three-tone sequences.
In Experiment 1, sequences were isochronous, establishing constant fast, medium, and slow velocity conditions.
No systematic distortions in perceived target pitch were observed, and thresholds were similar across velocity
conditions. Experiment 2 introduced to-be-ignored variations in target timing. Variations in target timing that
deviated from constant velocity conditions introduced systematic distortions in perceived target pitch, indicative
of a robust auditory tau effect. Consistent with an auditory motion hypothesis, the magnitude of the tau effect
was larger at faster velocities. In addition, the tau effect was generally stronger for descending sequences than for
ascending sequences. Combined with previous work on the auditory kappa effect, the imputed velocity model
and associated auditory motion hypothesis provide a unified quantitative account of both auditory tau and kappa
effects. In broader terms, these findings add support to the view that pitch and time relations in auditory patterns

are fundamentally interdependent.

Lawful movement trajectories of objects in the world
allow a perceiver to anticipate where an object will be
when (Gibson, 1966; Shepard, 1984). Deviation of ob-
jects from their expected trajectory often results in errors
in perception (Abbe, 1936; Abe, 1935; Benussi, 1913;
Cohen, Hansel, & Sylvester, 1953, 1954; Geldreich,
1934). The kappa effect refers to errors in perceived
stimulus timing that are attributable to deviations from
expected stimulus spacing (Cohen, Hansel, & Sylves-
ter, 1953, 1955; Huang & B. Jones, 1982; B. Jones &
Huang, 1982; MacKenzie, 2007; Matsuda & Matsuda,
1979, 1981; Price-Williams, 1954; Sarrazin, Giraudo,
Pailhous, & Bootsma, 2004); stimuli that are unexpect-
edly close together in space tend to be perceived as
close together in time. Conversely, the tau effect refers
to errors in perceived stimulus spacing that are attribut-
able to deviations from expected stimulus timing (Be-
nussi, 1913; Bill & Teft, 1969; Christensen & Huang,
1979; Cohen, Christensen, & Ono, 1974; Cohen et al.,
1954; Geldreich, 1934; Helson & King, 1931; Huang &
B. Jones, 1982; B. Jones & Huang, 1982); stimuli that
are unexpectedly close together in time tend to be per-
ceived as close together in space.

The canonical task used to investigate the visual kappa
and tau effects involves an AXB design; the spatial and
temporal positions of the first and third (bounding) stim-
uli (A and B) of a series of three stimuli are fixed, whereas
the spacing and timing of the middle target stimulus (X)
vary relative to the spatial and temporal bisection points
of the bounding stimuli (see Figure 1). Thus, the three-
element sequence marks out two spatial intervals (s1, s2)
and two temporal intervals (t1, t2), with the spatial and
temporal bisection points corresponding to s1 = s2 and
tl = t2, respectively.

In kappa studies in which the effects of stimulus spac-
ing on perceived stimulus timing are considered, observ-
ers typically judge whether the middle target element is
closer in time to either the first (A) or the third (B) bound-
ing element by making a binary short—long versus long—
short decision about the temporal pattern of the three-
element sequence or by explicitly adjusting the timing of
the target element so that it subjectively bisects the time
interval marked by the bounding elements. Under these
conditions, observers tend to make systematic errors such
that when sl < s2, the pattern of durations is perceived
as short-long (t1 < t2), even when the pattern of dura-
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Figure 1. The canonical kappa and tau tasks. Participants ex-
perience three-element sequences; the first element (A) and the
third element (B), indicated by closed circles, have fixed positions
in space and time, whereas the spatial and temporal positions of
the target element (X; open circles) are varied from trial to trial,
relative to the spatial and temporal bisection points of the initial
and final (bounding) elements (s1 = s2 and t1 = t2, respectively;
dotted lines). (A) For the canonical kappa task, participants judge
the patterning of the two temporal intervals delineated by each
three-element sequence, responding short—long or long—short.
(B) For the canonical tau task, participants judge the pattern-
ing of the two spatial intervals delineated by each three-element
sequence, responding closer to A or closer to B.

tions is objectively long—short (t1 > t2). Similarly, when
sl > s2, observers tend to perceive the pattern of dura-
tions as long—short (t1 > t2) (Abbe, 1936; Abe, 1935;
Cohen et al., 1953).

Conversely, in tau studies in which the effects of stimu-
lus timing on perceived stimulus spacing are considered,

observers typically judge whether the middle target el-
ement is closer in space to either the first or the third
bounding element by making a binary closer to A versus
closer to B decision or by explicitly adjusting the spac-
ing of the target element so that it subjectively bisects the
distance marked by the bounding elements. Under these
conditions, observers tend to make systematic errors such
that, when t1 < t2, the target is perceived as closer to A
(sl < s2), even when the target is objectively closer to B
(s1 > s2). Similarly, when t1 > t2, observers tend to per-
ceive that the target is closer to B (s1 > s2) (Benussi,
1913; Bill & Teft, 1969, 1972; Geldreich, 1934; Huang &
B. Jones, 1982; B. Jones & Huang, 1982).

In the present article, we consider an auditory version
of the tau effect involving tone sequences and variations
in frequency spacing of the tones, rather than their separa-
tion in physical space. This work parallels a recent study
on the auditory kappa effect (Henry & McAuley, 2009a).
The motivation for conceptualizing frequency and the per-
ceptual correlate, pitch, as a spatial dimension comes from
a number of sources (Crowder & Neath, 1995; Douglas
& Bilkey, 2007; Handel, 1988; Kubovy, 1981). First, in
music, notes are typically thought of as having a pitch that
varies in tone height; that is, musical notes can be high
or low. This is visually apparent by the way that many
cultures represent musical notes on a stave. Second, there
is an analogy at the neural level between the topographic
organization of the response of the retina to light and the
tonotopic organization of the response of the basilar mem-
brane to sound (Crowder & Neath, 1995). Third, there is
evidence that mental representations for musical pitch
overlap to some degree with mental representations of
physical space (Douglas & Bilkey, 2007; Rusconi, Kwan,
Giordano, Umilta, & Butterworth, 2006).

The remainder of the introduction consists of a review
of research on the visual and auditory kappa and tau ef-
fects, followed by an overview of the present study.

Visual Kappa and Tau Effects: Theory and Data
The dominant explanation for the kappa and tau effects
is based on an imputed velocity hypothesis (Collyer, 1977;
B. Jones & Huang, 1982). This hypothesis proposes that
properties of moving objects are applied by the perceiver
to displays made up of successive transient sequence ele-
ments, even though the displays are not explicitly moving
per se. Because perceivers have a wealth of experience with
moving objects in the environment that show coherent trans-
formations in space and time constrained by physical laws,
they tend to naturally apply these laws to artificial stimulus
displays (Shepard, 1984). In the context of the canonical
kappa and tau tasks, observers are hypothesized to gener-
ate expectancies about the where and when of the middle
target sequence element by interpolating the space—time
trajectory implied by the fixed spatiotemporal positions
of the initial (A) and final (B) bounding elements. For the
kappa effect, when the middle target element (X) violates
the constant velocity assumption along the space dimen-
sion, perceptual adjustments along the time dimension are
required in order to maintain the sense of constant velocity
across the display. Conversely, for the tau effect, when the
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middle target element (X) violates the constant velocity as-
sumption along the time dimension, perceptual adjustments
along the space dimension are required in order to maintain
a constant velocity. From this perspective, the critical inde-
pendent variable with respect to the kappa and tau effects
is velocity (As/At), rather than absolute temporal or spatial
separation of the sequence elements.

To provide a formal quantitative account of kappa and
tau effects in the visual domain, B. Jones and Huang
(1982; Huang & B. Jones, 1982; see also Anderson, 1974)
developed an imputed velocity model. In the kappa ver-
sion of this model, judgments about the relative timing of
sequence elements are considered to be a weighted com-
bination of the objective timing of the target element and
an expectation about target timing given constant velocity
and target spacing. The model is formalized as follows:

P(B) =fwt + (1 — w)E(®®)]. (1)

In Equation 1, P(B) refers to the probability that individu-
als will judge the target tone to be closer in time to the final
element, B, corresponding to a long—short response. The
variable 7 refers to the objective timing of the middle target
element relative to the first bounding element (denoted t1
in Figure 1); £(#) then represents the expected value of t1.
The expected timing, E(f), is determined by dividing As
(the distance corresponding to sl in Figure 1) by imputed
velocity, V: E(f) = As/V; this equation follows from alge-
braic manipulation of the equation for velocity, V' = As/At.
The function fis a sigmoid function that maps the perceived
target timing to a probability of a response. The weight pa-
rameter, w € [0, 1], specifies the relative contribution of #
and E(f) to participants’ judgments about element timing.
When w = 1, the objective timing of the target is the sole
contributor to perceived timing of the target, and there is no
kappa effect. However, when w < 1, the perceived target
timing is based partially on the expected target timing de-
rived from imputed velocity, and a kappa effect is observed.
Smaller estimated values of w correspond to larger kappa
effects. In sum, in the imputed velocity model of the kappa
effect, perceived target timing in the canonical kappa task
is based on a combination of objective timing and expected
timing; the expected timing of the target is derived from
imputed velocity and objective stimulus spacing.

In the tau version of the imputed velocity model, judg-
ments about the relative spacing of sequence elements are
considered to be a weighted combination of the objective
spacing of the target element and an expectation about
the distance traveled to the target location given constant
velocity and fravel time (Huang & B. Jones, 1982). The
model is formalized as follows:

P(B) = f[ws + (1 — w)E(s)]. 2)

In Equation 2, P(B) refers to the probability that individuals
will judge the target tone to be closer in space to the final
element, B. The variable s refers to the objective spacing
of the middle target element, relative to the first bounding
element (denoted sl in Figure 1); E(s) then represents the
expected value of s1. The expected spacing, E(s), is deter-
mined by multiplying the travel time of the target, At (de-
noted t1 in Figure 1), by imputed velocity, V: E(s) = At *V;

this equation follows from algebraic manipulation of the
equation for velocity, V' = As/At. The function f similarly
maps the perceived target spacing to a probability of a re-
sponse. The weight parameter, w € [0, 1], specifies the rel-
ative contribution of s and E(s) to participants’ judgments
about element spacing. When w = 1, the objective spacing
of'the target is the sole contributor to perceived spatial loca-
tion of the target, and there is no tau effect. However, when
w < 1, the perceived spatial location of the target stimulus
is based partially on the expected target location derived
from imputed velocity, and a tau effect is observed. Smaller
estimated values of w correspond to larger tau effects. In
sum, in the imputed velocity model of the tau effect, the
perceived target spacing in the canonical tau task is based
on a combination of objective spacing and expected spac-
ing; the expected spacing of the target is derived from im-
puted velocity and objective stimulus timing.

Data on the effects of velocity on the magnitude of the
kappa and tau effects are mixed. Huang and B. Jones (1982;
see also B. Jones & Huang, 1982) provided initial support
for the imputed velocity model and reported that velocity
had opposite effects on the magnitude of kappa and tau (as
indexed by w). Huang and B. Jones varied the velocity of
eight-element sequences and had participants judge either
the temporal extent (kappa version) or the spatial extent
(tau version) of the final interval. For the kappa version,
the participants placed the final interval into one of five
duration categories, whereas for the tau version, the par-
ticipants placed the interval into one of five distance cat-
egories; the participants were trained on all duration and
distance categories prior to testing. Velocity varied from
a relatively fast value of 8°/160 msec to a relatively slow
value of 8°1,500 msec (where distance was given in de-
grees of visual angle subtended by the display). For kappa,
relatively large w values (weak kappa effects) were re-
ported at relatively slow velocities, whereas smaller w val-
ues, associated with stronger kappa effects, were reported
as velocity increased. Conversely, for tau, relatively small w
values (strong tau effects) were reported at relatively slow
velocities, whereas larger w values, associated with weaker
tau effects, were reported as velocity increased. The find-
ing for tau, in particular, differs from that in Bill and Teft
(1972), who, using an AXB design and the canonical task,
observed stronger visual tau effects at faster velocities.

To explain the opposite effect of velocity on the mag-
nitude of the kappa and tau effects, Huang and B. Jones
(1982) proposed that when there is uncertainty about the
magnitude of the to-be-attended dimension (as when the
task becomes more difficult), the observer may be forced
to base his/her judgment on the to-be-ignored dimension.
In this respect, Huang and B. Jones proposed that tempo-
ral judgments become more difficult at faster presentation
rates; thus, observers should be forced to rely on element
spacing as a cue at relatively fast velocities, and there
should be a larger kappa effect. Conversely, under the as-
sumption that memory for spatial location of visual targets
deteriorates over time and, thus, is worse at slower presen-
tation rates, observers should be forced to rely on element
timing as a cue to spatial location at relatively slow veloci-
ties, and there should thus be a larger tau effect.
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Auditory Kappa and Tau Effects:
Theory and Data

Studies examining kappa and tau effects in the auditory
domain have, for the most part, varied the timing and pitch
spacing of sequences of sounds (Cohen et al., 1954; Crowder
&Neath, 1995; Henry & McAuley, 2009a; MacKenzie, 2007;
Shigeno, 1986, 1993; Yoblick & Salvendy, 1970), rather than
the separation of the sounds in physical space (see Grondin
& Plourde [2007] and Sarrazin, Giraudo, & Pittenger [2007]
for two exceptions). As in the visual domain, canonical audi-
tory kappa and tau tasks involve an AXB design; a series of
three tones is presented, and the pitch and timing of the first
and third (bounding) tones (A and B) are fixed, whereas the
pitch and timing of the middle target tone (X) vary, relative
to the pitch and temporal bisection points of the bounding
stimuli. Thus, the three-tone sequence marks out two pitch
intervals (p1, p2) and two temporal intervals (t1, t2), with
the pitch and temporal bisection points corresponding to
pl =p2andtl = t2, respectively.

Analogous to visual kappa, observers in auditory kappa
tasks typically judge whether the target tone is closer in
time to either the first bounding element (A) or the third
bounding element (B) by making a binary short—long ver-
sus long—short decision about the temporal pattern of the
three-tone sequence or by explicitly adjusting the timing
of the target element so that it subjectively bisects the time
interval marked by the bounding elements. In this case,
observers tend to make systematic errors such that, when
pl <p2, the pattern of durations is perceived as short—long
(t1 < t2), even when the objective pattern of durations is
long—short (t1 > t2). Similarly, when pl > p2, observ-
ers tend to perceive the pattern of durations as long—short
(t1 > t2) (Cohen et al., 1954; Shigeno, 1986, 1993). Con-
versely, for auditory tau, observers typically judge whether
the target element is closer in pitch to either the first or the
third bounding element by making a binary closer to A ver-
sus closer to B decision or by explicitly adjusting the pitch
of the target element so that it subjectively bisects the pitch
distance marked by the bounding elements. In this case,
observers tend to make systematic errors such that, when
tl < 12, the target is perceived as closer to A (pl < p2),
even when the target is objectively closer to B (p2 > pl).
Similarly, when t1 > t2, observers tend to perceive that
the target is closer to B (p1 > p2) (Christensen & Huang,
1979; Cohen et al., 1974; Shigeno, 1986, 1993).

Henry and McAuley (2009a) showed that the same prin-
ciples used to develop an imputed velocity model of the
visual kappa and tau effects can also be used to develop
a model of the auditory kappa and tau effects. In the case
of variations in pitch spacing, velocity can be measured
as change in pitch per change in unit time, V, = Ap/At,
where Ap is expressed in semitones (STs; a musical inter-
val corresponding to the frequency ratio Af/f = 1.059).
Thus, the model of the auditory kappa effect is given by

P(B) =fwt + (1 — w)E()]. 3)

The perceived timing of the target tone is assumed to be
based on a weighted combination of the objective timing of
the target, #, and the expected timing, £(?), derived from im-

puted pitch velocity and target pitch, £(7) = Ap/V,,. For au-
ditory tau, the perceived pitch of the target tone is assumed
to be based on a weighted combination of the pitch of the
target, p, and the expected pitch, E(p), derived from im-
puted pitch velocity, ¥, and the temporal interval between
the onset of the first bounding tone (A) and the onset of the
target tone, £(p) = At = V,,. For the model of the tau effect,
the equation relating objective target pitch and expected
pitch to a closer to B response proportion is given by

P(B) = f[wp + (1 — w)E(p)]. “4)

Analogous to visual tau, the weight parameter, w, esti-
mates the relative contributions of p and E( p) to perceived
target pitch, with f'given by a sigmoid function and smaller
values of w associated with larger tau effects.

To test an imputed pitch velocity model, Henry and
McAuley (2009a) examined the effect of velocity on the
magnitude of the auditory kappa effect. Using the canoni-
cal task, fast (8 ST/728 msec), medium (8 ST/1,000 msec),
and slow (8 ST/1,600 msec) velocities were tested for both
ascending and descending tone sequences. Overall, the
auditory version of the imputed velocity model proposed
by the authors provided good quantitative fits to partici-
pants’ judgments about target timing. With respect to ve-
locity, the auditory kappa effect was found to be stron-
gest for velocities that fell at the upper (fast) end of the
tested range (8 ST/728 msec) and weakest for the slowest
(8 ST/1,600 msec) tested velocity for both ascending and
descending sequences; average values of w obtained from
model fits ranging from .86 in the fast velocity condition
to .97 in the slow velocity condition.

This result is notably consistent with an auditory motion
hypothesis (M. R. Jones, 1976; M. R. Jones & Yee, 1993;
MacKenzie, 2007), which proposes that interactions be-
tween perceived pitch and time in kappa and tau tasks are
the result of an interpolation of a pitch—time trajectory im-
plying constant velocity that occurs within a range of pitch
velocities that promote attention to motion-like properties
of auditory sequences. Critically, as pitch velocity increases
within this range, attention to motion-like properties is ex-
pected to increase and produce larger kappa and tau effects.
This result is also consistent with the view proposed by
Huang and B. Jones (1982) that, at faster presentation rates,
judgments about target timing should become increasingly
difficult and, thus, resemble more closely the pitch spacing
of the sequence, resulting in stronger kappa effects. These
two hypotheses make different predictions, however, for
the auditory tau effect. The auditory motion hypothesis
predicts that increasing pitch velocity should increase the
magnitude of the auditory tau effect, as is found for audi-
tory kappa. However, the hypothesis of Huang and B. Jones
predicts that velocity will have the opposite effect on audi-
tory tau. That is, increasing pitch velocity should weaken,
rather than strengthen, the auditory tau effect. Some initial
support for an auditory motion interpretation of the audi-
tory tau effect has come from Cohen et al. (1954), who used
the method of adjustment, and Shigeno (1993), who used
the canonical tau task and an AXB design and observed
that the auditory tau effect is larger when the pitch distance
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spanned by the bounding tones is increased, while holding
presentation rate constant.

The present study further distinguishes these two hy-
potheses by examining the effect of pitch velocity on the
magnitude of the auditory tau effect by varying the tem-
poral separation of the bounding tones, while holding the
pitch separation of the bounding tones constant, in both
ascending and descending sequences, using an AXB para-
digm (Shigeno, 1986, 1993).

Overview

The goals of the present study were twofold: (1) to
evaluate an imputed pitch velocity model of the auditory
tau effect and (2) to examine the contribution of velocity
to the magnitude of the effect in order to provide a further
test of an auditory motion hypothesis. Two experiments
were conducted using an AXB design and the canonical
auditory tau task. Participants in both experiments listened
to either three-tone ascending or descending sequences
and indicated whether the middle target tone was closer
in pitch to the first tone (closer to A) or to the third tone
(closer to B), ignoring any variations in target timing. The
separation of the bounding elements was fixed at 16 ST,
yielding a bisection point of 8 ST for the middle target
tone. The time interval between bounding tone onsets took
on values of 7 = 728, 1,000, and 1,600 msec, yielding
three velocity conditions: fast (16 ST/728 msec), medium
(16 ST/1,000 msec), and slow (16 ST/1,600 msec). Ve-
locity conditions were equally spaced in units of ST/sec
on the basis of evidence suggesting that magnitude esti-
mates of velocity increase linearly as a function of ST/sec
(Henry & McAuley, 2009b). Because previous research
on auditory tau has revealed relatively weaker effects, as
compared with auditory kappa (Cohen et al., 1954; Shi-
geno, 1993), the pitch separation (in semitones) between
bounding tones for the three velocity conditions was larger
than the separation used in previous research on auditory
kappa (Henry & McAuley, 2009a).

Experiment 1 was a baseline study that examined partic-
ipants’ ability to detect deviations in the pitch of the middle
target tone from the 8-ST bisection point of sequences
that were always isochronous, thus instantiating a constant
velocity. Experiment 2 examined the same three velocity
conditions but included variable target timing, thus intro-
ducing deviations from constant velocity. If the results of
Henry and McAuley (2009a) for the auditory kappa effect
generalize to the auditory tau effect in a manner consistent
with an auditory motion hypothesis, the magnitude of the
auditory tau effect should be largest at the fastest tested
velocity (16 ST/728 msec) and smallest at the slowest
tested velocity (16 ST/1,600 msec) for both ascending and
descending sequence conditions. However, if the auditory
tau effect is attributable to a deterioration of the memory
of space (pitch) at relatively slow presentation rates and,
thus, a stronger reliance on sequence timing as a cue to lo-
cation, the magnitude of the tau effect should be largest at
the slowest tested velocity (16 ST/1,600 msec) and small-
est at the fastest tested velocity (16 ST/728 msec) for both
ascending and descending sequence conditions.

EXPERIMENT 1

Method
Design. Experiment 1 implemented a 2 (direction: ascending, de-
scending) X 3 (velocity: fast, medium, slow) X 8 (target pitch level)
mixed factorial design. Velocity and direction were varied between
subjects, whereas target pitch level was varied within subjects.
Participants. Forty-six Bowling Green State University under-
graduates between the ages of 18 and 45 years (25 of them female)
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Figure 2. Task diagram for Experiment 1 (isochronous timing)
for (A) ascending sequences and (B) descending sequences. The
pitch separation of the bounding tones was 16 semitones (STs),
yielding fast (16 ST/728 msec), medium (16 ST/1,000 msec),
and slow (16 ST/1,600 msec) velocity conditions; the position
of the target tone (open circles) in pitch space was varied from
trial to trial and took on values that were =75, =150, =225, or
+300 cents, relative to the 8-ST bisection point of the bounding
tones. In Experiment 1, target tone timing was held constant such
that all sequences had isochronous timing.
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participated in return for a cash payment of $5 or course credit. All
the participants self-reported normal hearing and had a range of for-
mal musical training (M = 4.38 years, SD = 4.25). The participants
heard either ascending or descending sequences and were randomly
assigned to the fast (16 ST/528 msec; npse = 7, Bpesc = 8), medium
(16 ST/800 msec; npq. = 7, Bpese = 8), or slow (16 ST/1,400 msec;
Nase = 7, Npese = 9) velocity condition.

Stimuli and equipment. The stimuli were three-tone sequences
consisting of 100-msec pure tones that ascended or descended in
pitch (see Figure 2). For ascending sequences, the fundamental fre-
quencies of the first and third tones were always 329.6 and 830.6 Hz
(the musical notes E,4 and As-flat, respectively); for descending se-
quences, the fundamental frequencies of the first and third tones were
always 830.6 Hz (As-flat) and 329.6 Hz (E,). This produced a 16-ST
separation between the first and third (bounding) tones. In the fast,
medium, and slow velocity conditions, the temporal interval between
onsets of the bounding tones was 7 = 728, 1,000, and 1,600 msec, re-
spectively. Sequence timing was always isochronous, with the middle
target tone onset always occurring at the temporal bisection point:
T/2 = 364, 500, or 800 msec, depending on velocity condition. There
were eight possible frequency values for the target tone: 440 Hz (A,),
459.5 Hz (A4 + 75), 479.8 Hz (By-flat + 50), 501.1 Hz (B, + 25),
546.4 Hz (Cs + 75), 570.6 Hz (Cs-sharp + 50), 595.9 Hz (D5 + 25),
622.3 Hz (Es-flat). These values corresponded to deviations of +75,
+150, £225, and =300 cents relative to the 8-ST bisection point of
each sequence, where 100 cents = 1 ST.

The stimuli were generated using Audacity, Version 1.2.6, for
Microsoft Windows; stimulus presentation and response collec-
tion were controlled by E-Prime 1.2 software (Psychology Software
Tools, Inc.). Tone sequences were presented at a comfortable listen-
ing level (=70 dB) through Sennheiser HD 280 Pro headphones.
Responses were made by pressing one of two horizontally aligned
buttons on a response box; closer to A responses were made by
pressing the left button, and closer to B responses were made by
pressing the right button.

Procedure. The participants were instructed that for each three-
tone sequence, the middle tone would be closer in pitch to either
the first or the third tone, referred to as 4 and B, respectively. The
participants were asked to respond closer to A when they thought
the target tone was closer in pitch to the first tone and to respond
closer to B when they thought the target tone was closer in pitch to
the third tone. The participants first completed a short (eight-trial)
familiarization block with feedback, followed by five test blocks
without feedback; familiarization trials consisted of either ascending
or descending sequences (depending on sequence condition), with
deviations in target pitch level that were =600 or =700 cents. Test
blocks consisted of 40 trials. Within a test block, the pitch of the
middle target tone varied from trial to trial; the participants heard
each of the eight target pitch levels five times within a block (with 25
total judgments about each target pitch level across the five blocks).
The entire experiment lasted approximately 30 min.

Data analysis. Proportions of closer to B responses for ascend-
ing sequences and descending sequences were determined for each
participant for each of the eight target pitch levels, averaged over
the five test blocks. Pitch discrimination thresholds (just notice-
able differences [JNDs]) and points of subjective equality (PSEs)
were then estimated from the resulting psychometric curves for each
participant by first transforming response proportions to z scores
and then using linear regression (see Macmillan & Creelman, 1991,
pp- 219-220). Using this method, JND estimates half the distance
between the 25th and 75th percentiles of the cumulative response
function and PSE estimates the median of the curve, corresponding
to the pitch value (in cents) of the target tone judged closer to B 50%
of the time (the subjective pitch bisection point). PSE was converted
to a directional constant error (CE), where negative CE values indi-
cated underestimation of the 8-ST bisection point and positive CE
values indicated overestimation of the 8-ST bisection point. All CE
and JND values are reported in cents.
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Figure 3. Experiment 1: Aggregate psychometric curves with
standard error bars for the fast (16 ST/728 msec), medium
(16 ST/1,000 msec), and slow (16 ST/1,600 msec) velocity condi-
tions for ascending (A) and descending (B) sequences.

Results and Discussion

Figure 3 shows the aggregate psychophysical curves
with standard error bars for the fast, medium, and slow
velocity conditions for ascending sequences (panel A) and
descending sequences (panel B).! A 3 (velocity) X 2 (di-
rection) between-subjects ANOVA on CE scores revealed
no effect of velocity [F(2,40) = 0.60, p = .56] but a mar-
ginally significant effect of direction [F(1,40) = 3.53,
p = .07, n3 = .08]. Mean CE scores were slightly higher
for descending sequences (M = 49.9 = 12.5 cents) than
for ascending sequences (M = 15.2 = 13.6 cents). Single-
sample ¢ tests revealed that CEs for descending sequences,
but not for ascending sequences, were significantly greater
than zero [#(24) = 3.68, p < .01]. There was no interac-
tion between velocity and direction [F(2,40) = 0.05, p =
.95]. On average, JNDs for pitch were 155.5 = 14.2 cents
and did not vary as a function of velocity [F(2,40) =
0.82, p = .45] or direction [F(1,40) = 0.10, p = .75]. The
velocity X direction interaction also was not significant
[F(2,40) = 1.23, p = .30].



Overall, Experiment 1 shows that for isochronous se-
quences, the subjective pitch bisection point does not vary
as a function of velocity and differs only slightly from the
objective 8-ST value. Larger deviations were found for de-
scending sequences than for ascending sequences, where
the 8-ST bisection point was generally overestimated in
all three velocity conditions by approximately the same
amount. Hubbard (1995, Experiments 1, 3, and 4) reported
a similar asymmetry such that forward displacement of a
target tone along a descending trajectory was larger than
forward displacement along an ascending trajectory. Pitch
discrimination thresholds for Experiment 1 were some-
what larger than those observed for same—different pitch
discrimination tasks involving two-tone sequences (e.g.,
Johnsrude, Penhune, & Zatorre, 2000) but were similar in
magnitude to those in studies using an AXB design (Shi-
geno, 1986). For ascending three-tone sequences, Shi-
geno (1986) obtained an average JND of approximately
160 cents, which is comparable to the average 155-cent
value reported here.

A second experiment examined the same three velocity
conditions for ascending and descending sequence condi-
tions but, additionally, varied the timing of the target tone
from trial to trial in order to examine the effect of pitch
velocity on the magnitude of the auditory tau effect.

EXPERIMENT 2

Method

Design. Experiment 2 implemented a 2 (direction: ascending,
descending) X 3 (velocity: fast, medium, slow) X 8 (target pitch
level) X 5 (target time level) mixed factorial design. Velocity and direc-
tion were varied between subjects, whereas target pitch level and target
time level were varied within subjects. For ascending and descending
conditions, the three pitch velocity conditions (16 ST/728 msec [fast],
16 ST/1,000 msec [medium], 16 ST/1,600 msec [slow]) and eight
target pitch levels (=75, =150, =225, or =300 cents, relative to the
8-ST bisection point) from Experiment 1 were crossed with five target
time levels (—66%, —33%, 0%, 33%, or 66%, relative to the temporal
bisection point (7/2) of the bounding tone onsets).

Participants. One hundred five Bowling Green State University
undergraduates between the ages of 18 and 35 years (59 of them fe-
male) participated in return for course credit.2 All the participants
self-reported normal hearing and had a range of formal musical train-
ing (M = 3.09 years, SD = 3.39). The participants were randomly
assigned to the fast (16 ST/728 msec; npg. = 17, fipese = 17), medium
(16 ST/1,000 msec; npq = 14, npes. = 18), orslow (16 ST/1,600 msec;
Nase = 20, npege = 19) velocity condition.

Stimuli and equipment. The stimuli and equipment were the
same as those in Experiment 1, with the exception that the temporal
position of the middle target tone took on values of —66%, —33%,
0%, +33%, and +66%, relative to the temporal bisection point of
the sequence (7/2 = 364, 500, or 800 msec); see Figure 4.

Procedure. The procedure for Experiment 2 was similar to that
in Experiment 1. The participants first completed a short (eight-
trial) familiarization block with feedback, followed by a series of test
blocks without feedback; familiarization trials consisted of either
ascending or descending sequences, with deviations in target pitch
level that were £600 or =700 cents. Following familiarization, the
participants were informed that for each three-tone sequence, the
temporal position of the middle target tone would vary from trial to
trial. Critically, the participants were instructed to ignore variations
in timing and judge only the pitch of the target tone. There were
10 test blocks with 40 trials per block. Within a test block, the par-

AUDITORY TAU 1405
A
16 ST —+ ! e
1
1
1
A
[ ! r
VS e
5 e
v
e e A e =5 5 e ity
~ -66% -33%  ——-130cens 1330 +66%
——-225cents | =
r ——-300cents /)
N\ 1 N\
1
1
1
1
1
+ O :
| i |
I I I
T/2 T
Time
B
o5t @ :
1
1
1
A
(A ! r
o o N
£ S
[9)
i I P st vy e i
-66% -33% ——-150cents +33% +66%
——-225cents | =
r ——-300cents/ \
N | N
1
1
1
1
1
T | (5]
| i |

T/2 T
Time

Figure 4. Task diagram for Experiment 2 (variable timing)
for ascending (A) and descending (B) sequences. The pitch sepa-
ration of the bounding tones was 16 semitones (STs), yielding
fast (16 ST/728 msec), medium (16 ST/1,000 msec), and slow
(16 ST/1,600 msec) velocity conditions; the position of the target
tone (open circles) in pitch space was varied from trial to trial and
took on values that were =75, £150, =225, or =300 cents, relative
to the pitch bisection point of the bounding tones (8 ST). In Ex-
periment 2, target tone timing was variable and took on values of
—66%, —33%, 0%, +33%, and +66%, relative to the temporal
bisection point of the bounding tones (772).

ticipants heard each of the 8 target pitch level and 5 target time level
combinations once, yielding 10 responses for each of the 40 com-
binations over the course of the experiment. The entire experiment
lasted approximately 60 min.

Results and Discussion

To evaluate the effect of pitch velocity and sequence
direction on the magnitude of the auditory tau effect, a
3 (velocity) X 2 (direction) X 5 (target time level) mixed



1406 HENRY, MCAULEY, AND ZALEHA

A Ascending Sequences
800
-=- Fast (16 ST/728 msec)
600 1 —o— Medium (16 ST/1,000 msec)

e

-e Slow (16 ST/1,600 msec)
400

200

Constant Error (Cents)
o
”:0

-200
-400
-600 +
-800
-66 -33 0 33 66
Target Time Level (%)
B Descending Sequences
800 1
600
5
c 400 -
)
= 200 A
o
5 0
& -200
@
S -400 { -=- Fast(16ST/728 msec)
) —o— Medium (16 ST/1,000 msec)
—600 {1 -e Slow (16 ST/1,600 msec)
-800 -

-66 -33 0 33 66

Target Time Level (%)

Figure 5. Experiment 2: Mean constant error in cents (with
standard error bars) as a function of target time level for the fast,
medium, and slow velocity conditions for ascending (A) and de-
scending (B) sequences.

measures ANOVA was conducted on CE scores. Spheric-
ity was violated for target time level (p < .001), so all
main effects and interactions involving target time level
are reported with degrees of freedom adjusted according
to a Greenhouse—Geisser correction. CE data for ascend-
ing and descending sequences are summarized in Fig-
ure 5. The ANOVA revealed a main effect of target time
level [F(1.77, 175.45) = 40.01, p <.001, n3 = .29] and,
critically, a significant target time level X velocity inter-

action [F(3.54, 175.45) = 8.08, p < .001, 3 = .14]. The
effect of target time level was indicative of an auditory tau
effect; judgments about the pitch of the target tone were
systematically distorted in the direction of deviations in
target timing. When the target tone occurred earlier than
the temporal bisection point (t1 < t2), CE scores were
generally negative, indicating that the listeners were more
likely to respond that the target tone was closer in pitch to
the first tone (A) than to the third tone (B). Conversely,
when the target tone occurred after the temporal bisection
point (t1 > t2), CE scores were generally positive, indicat-
ing that the participants were more likely to respond that
the target tone was closer in pitch to the third tone (B) than
to the first tone (A). The interaction between target time
level and velocity revealed greater distortions in perceived
target pitch at faster velocities, supporting the auditory
motion hypothesis.

The main effect of direction was also significant
[F(1,99) = 9.08, p < .01, 3 = .08]; mean CEs (+SEM)
for ascending and descending sequences were —35.7
(*=20.7) and 50.8 (£19.9) cents, respectively. As in Ex-
periment 1, individual single-sample ¢ tests revealed that
mean CE for descending sequences, but not for ascend-
ing sequences, was greater than zero [#(53) = 3.46, p <
.01]. The three-way target tone time X velocity X direction
interaction was significant [F(3.54, 175.45) = 2.65, p <
.05, % = .05]. This interaction was driven by a weakened
effect of velocity on the magnitude of the auditory tau ef-
fect for descending sequences, as compared with ascend-
ing sequences. The target tone time X velocity interaction
was significant for ascending sequences [F(1.74, 83.66) =
6.82,p <.001,73 = .22], but not for descending sequences
[F(3.49,89.09) = 1.69, p = .17, 3% = .06]. The main effect
of'velocity [F(2,99) = 1.07, p = .35], the velocity X direc-
tion interaction [F(2,99) = 0.07, p = .93], and the target
time level X velocity interaction [F(1.77, 175.45) = 0.70,
p = .50] failed to reach significance.

Next, the proposed imputed pitch velocity model was
fit to each participant’s response proportions in order to
use estimates of w to more formally quantify the degree
to which participants’ judgments were based on expected
pitch for each of the three velocity conditions. Recall
that smaller values of w correspond to larger tau effects.
Model fits minimized the root mean square error of ap-
proximation (RMSE_A) between the observed and the
predicted response proportions at each of the eight target
pitch levels (£75, £150, =225, or =300 cents) for each
of the five target time levels (—66%, —33%, 0%, +33%,

Table 1
Values of w (=SEM) Estimated Using the Imputed Velocity Model for the Fast, Medium,
and Slow Velocity Conditions, Ascending and Descending Sequences, for Experiment 2

Velocity Condition

Fast Medium Slow
(16 ST/728 msec) (16 ST/1,000 msec) (16 ST/1,600 msec)
Direction JND SEM JND SEM JND SEM
Ascending 72 .031 .86 .034 93 .029
Descending .76 .031 .76 .030 .83 .029

Note—ST, semitone; JND, just noticeable difference.
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Table 2
Estimated Just Noticeable Differences (JNDs; =SEMs) Reported in Cents
for Each of Five Pitch Levels of the Target Tone for the Fast, Medium,
and Slow Velocity Conditions in Experiment 2

Velocity Condition

Target Fast Medium Slow
Time (16 ST/728 msec) (16 ST/1,000 msec) (16 ST/1,600 msec)
Level IND SEM JND SEM JND SEM
—66% 340 47 191 49 256 44
—33% 251 27 207 28 197 26
0% 217 17 186 17 157 16
+33% 218 45 182 18 170 16
+66% 434 49 229 47 187 42

Note—ST, semitone

and +66%), using a single value of w for each participant.
Mean w estimates with standard error values are reported
in Table 1 for ascending and descending sequences for the
fast, medium, and slow velocity conditions. In general, the
imputed velocity model provided reasonable quantitative
fits to participant data (mean RMSE_A = 0.16 = 0.04);
these fits were slightly worse, however, than those previ-
ously observed for the auditory kappa effect (Henry &
McAuley, 2009a); see the Appendix for details of model
fits and for comparison with auditory kappa.

A 3 (velocity) X 2 (direction) between-subjects
ANOVA on w values revealed a main effect of velocity
[F(2,99) = 10.61, p < .001, »Z = .18], a main effect of
direction [F(1,99) = 4.47, p < .05, n3 = .04], and a sig-
nificant velocity X direction interaction [F(2,99) = 3.74,
p < .05, n3 = .07]. Consistent with the CE data and an
auditory motion hypothesis, the magnitude of the auditory
tau effect increased with increasing velocity (fast, M =
.70 = .03; medium, M = .73 = .03; slow, M = .86 = .03)
and was somewhat larger for descending sequences (M =
.78 = .02) than for ascending sequences (M = .83 =
.02). For the velocity effect, pairwise comparisons using
Tukey’s HSD indicated reliable differences between the
fast and slow velocity conditions (p < .001) and between
the medium and slow velocity conditions (p < .05); the
difference between the fast and medium velocity condi-
tions failed to reach significance (p = .14). When the
interaction between velocity and direction was taken into
account, the larger tau effect for descending sequences, as
compared with ascending sequences, was found to be reli-
able for the medium velocity condition [#(30) = 2.37,p <
.05] and slow velocity condition [#(37) = 3.56, p < .01],
but not for the fast velocity condition [#(32) = —0.77,p =
.45]. The correlation between number of years of musical
training and w was not significant for either ascending se-
quences [r(49) = —.05, p = .71] or descending sequences
[7(52) = .01,p = .97].

With respect to discrimination thresholds, pitch JINDs
were found to be inflated in Experiment 2 (M = 228.3 =
11.6 cents), relative to Experiment 1 (M = 155.5 =
14.2 cents). A 3 (velocity) X 2 (direction) X 5 (target
time level) mixed measures ANOVA was conducted on
JNDs. These data are summarized in Table 2. As was
found with the analysis of CE scores, sphericity was vio-
lated for target time level (p < .001), so the main effect of

target time level and interactions with this variable were
reported with degrees of freedom adjusted according to
a Greenhouse—Geisser correction. The ANOVA revealed
a main effect of velocity [F(2,99) = 7.60, p < .01, #} =
.13], a main effect of target time level [F(2.45, 242.29) =
6.40, p < .001, 77]% = .06], and a significant velocity X
target time level interaction [F(4.90, 242.29) = 2.89,p <
.01, n3 = .06]. No other main effects or interactions were
significant (all ps > .1).

On average, pitch JNDs were somewhat higher in the
fast velocity condition (M = 292.1 £ 20.3 cents) than in
the medium velocity condition (M = 199.3 = 21.0 cents)
or the slow velocity condition (M = 193.5 = 18.9 cents).
Pairwise comparisons using Tukey’s HSD revealed a reli-
able difference between JNDs for the fast and medium
(p < .01) and fast and slow (p < .01) conditions, but
no difference between medium and slow conditions (p =
.97). The effect of target time level revealed that judg-
ments about target pitch were best when the target tone
occurred at the temporal bisection point (7/2), which cor-
responded to isochronous timing; thresholds increased as
a function of the temporal distance of the target tone from
the bisection point. A trend analysis confirmed that the
overall quadratic trend was significant [F(1,99) = 16.64,
p < .001, n3 = .14]. This quadratic pattern of JNDs as a
function of target timing has been termed an expectancy
profile (Barnes & M. R. Jones, 2000; McAuley & M. R.
Jones, 2003). Separate trend analyses for the three veloc-
ity conditions indicated that the quadratic trend was sig-
nificant for the fast velocity condition [F(1,33) = 19.73,
p < .001, »Z = .37], but not for the medium [F(1,31) =
0.97, p = .33] or slow [F(1,38) = 2.15, p = .13] velocity
conditions.

In sum, the participants in Experiment 2 showed sys-
tematic distortions in perceived pitch as a function of to-
be-ignored variations in target timing, indicative of a ro-
bust auditory tau effect. Both CE data and estimates of w
obtained from fits of the imputed velocity model support
the auditory motion hypothesis; the largest tau effect was
observed in the fast velocity condition (16 ST/728 msec),
the smallest tau effect was observed in the slow veloc-
ity condition (16 ST/1,600 msec), and an intermediate
effect was observed in the medium pitch velocity condi-
tion (16 ST/1,000 msec). Overall, the mediating effect
of velocity on the magnitude of the tau effect was some-
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what larger for ascending sequences than for descend-
ing sequences. Analysis of w estimates further revealed,
however, that the tau effect was generally larger for de-
scending than for ascending sequences, but only for the
medium and slow velocities. The magnitude of the tau
effect was not correlated with years of musical training.
IJND data revealed that the participants were somewhat
less sensitive overall to target pitch deviations in the fast
velocity condition, as compared with the medium and
slow velocity conditions. Finally, the participants tended
to be better able to discriminate the direction of devia-
tions of the target’s pitch from the pitch bisection point
when the target tone occurred at the expected location in
time (isochronous sequence timing)—specifically, at the
fastest velocity.

GENERAL DISCUSSION

The present study extends an imputed pitch velocity
model of the auditory kappa effect proposed by Henry and
McAuley (2009a) to the auditory tau effect. Two experi-
ments were conducted involving an AXB design in which
listeners judged the relative pitch of a target tone embed-
ded in ascending and descending three-tone sequences.
In Experiment 1, we examined isochronous sequences
that established constant fast (16 ST/728 msec), medium
(16 ST/1,000 msec), and slow (16 ST/1,600 msec) veloc-
ity conditions. In Experiment 2, we tested the same three
velocity conditions but introduced to-be-ignored varia-
tions in the timing of the middle target tone.

Four main findings obtained. First, constant velocity
conditions in Experiment 1 revealed no tau effect and
pitch discrimination thresholds similar to those found in
previous studies involving AXB designs (Shigeno, 1986).
Second, to-be-ignored variations in target timing in Ex-
periment 2 revealed a robust auditory tau effect that was
mediated by velocity. The magnitude of the auditory tau
effect was largest for the fast (16 ST/728 msec) velocity,
smallest for the slow (16 ST/1,600 msec) velocity, and
intermediate for the medium (16 ST/1,000 msec) velocity
for both ascending and descending sequences. Fits of the
proposed imputed pitch velocity model revealed a simi-
lar pattern, with values of w decreasing with increasing
pitch velocity; thus, both the pattern of response propor-
tions and model-based estimates converge to indicate a
greater reliance of pitch judgments on target time level
at faster velocities. Third, pitch discrimination thresholds
in Experiment 2 tended to be lower when the target tone
occurred at the temporal bisection point (corresponding
to isochronous timing) than when the timing of the target
tone deviated from isochrony. Finally, the magnitude of
the auditory tau effect tended to be larger for descending
sequences than for ascending sequences.

Overall, the results of this study provide support for
the proposed imputed velocity model of the auditory tau
effect and the associated auditory motion hypothesis. The
results, in contrast, do not support the uncertainty hy-
pothesis proposed by Huang and B. Jones (1982), which
predicts that increasing velocity should have the opposite

effects on the magnitude of tau and kappa; specifically,
for tau, the uncertainty hypothesis predicts that values of
w should increase, rather than decrease, with increasing
velocity.

Lower pitch discrimination thresholds with isochronous
timing, as compared with nonisochronous timing, is consis-
tent with previous work by M. R. Jones and colleagues on
dynamic attending theory and their view that the observed
quadratic pattern reflects enhanced performance for both
temporal and nontemporal stimulus characteristics when
events are rhythmically expected, as compared with when
they are unexpected. From the perspective of dynamic at-
tending theory, quadratic performance profiles of the type
observed in the present study are an indication of the de-
gree of synchrony between an internal attentional rhythm
and the temporal patterning of stimulus events (Barnes &
M. R. Jones, 2000; M. R. Jones, Moynihan, MacKenzie,
& Puente, 2002; Large & M. R. Jones, 1999; McAuley &
M. R. Jones, 2003).

The larger auditory tau effect for descending sequences,
as compared with ascending sequences, is consistent
with research by Henry and McAuley (2009a) on audi-
tory kappa and by Hubbard and colleagues on auditory
representational momentum (e.g., Hubbard, 1995). For
Hubbard’s task, listeners indicated whether the final two
tones of an ascending or descending four-tone sequence
were the same or different. Memory for the final tone was
displaced in the direction of implied motion, as indicated
by increased proportions of same responses when the final
tone was higher or lower than the penultimate tone, for as-
cending and descending sequences, respectively. Hubbard
reported greater auditory representational momentum
for descending sequences than for ascending sequences.
Henry and McAuley (2009a) observed a similar effect of
direction with respect to the auditory kappa effect; the
magnitude of the kappa effect was larger for descend-
ing sequences than for ascending sequences for the slow
velocity condition. They proposed that if listeners apply
an auditory gravity heuristic to tone sequences, descend-
ing sequences should be heard as accelerating and, thus,
will have faster average velocities than their ascending
counterparts. Moreover, if the auditory motion hypothesis
operates only within a limited range and the slow velocity
sequences are at the slow end of the range, descending se-
quences may accelerate, so that they are pushed back into
the auditory motion range, thus increasing the magnitude
of the auditory kappa effect in this condition. Similarly, if,
in the present experiment, the descending sequences ac-
celerated in the mind of the listener, the magnitude of the
tau effect should be increased, relative to that observed for
ascending sequences. More research is needed to better
understand the observed direction differences and limits
on the range of velocities that produce a sense of auditory
motion.

There is some evidence to suggest that individuals with
absolute pitch, as well as musically sophisticated listeners,
perceive pitch categorically (Burns & Ward, 1978; Ward,
1982) and so may not be expected to show a tau or kappa
effect. The present study, as well as Henry and McAuley
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(2009a), did not show any evidence to support this hy-
pothesis. In the two studies, musical training was not cor-
related with the magnitude of either the tau or the kappa,
respectively. However, Shigeno (1993) has provided some
additional insight about this issue. Shigeno (1993) dem-
onstrated a tau effect for individuals with absolute pitch
in a canonical tau task implementing an AXB paradigm in
which, as in the present study, sequences were nonmusical
(i.e., the sequences did not establish a strong sense of to-
nality, and the pitch values of the target tone did not all
correspond to musical notes). However, when Shigeno
(1993) considered more musical contexts in which bound-
ing tones spanned exactly one octave and all pitch values
of'the target tone corresponded to musical notes, individu-
als with absolute pitch did not show an auditory tau effect.
Thus, in the context of the present study, it is possible
that a musical training effect would have been found if
sequences that were more musical had been used.

One potential avenue for future research concerns
whether pitch and time cues contribute equally to the ef-
fect of velocity on the magnitude of the auditory tau and
kappa effects. With respect to kappa, Henry and McAu-
ley (2009a) demonstrated an effect of velocity on the
magnitude of kappa by varying the temporal separation
between bounding tones, while holding the pitch separa-
tion constant. Similarly, MacKenzie (2007) demonstrated
the same effect of velocity on the magnitude of kappa by
varying the pitch distance between bounding tones, while
holding the temporal separation constant. With respect
to tau, the present study demonstrated an effect of veloc-
ity on the magnitude of the tau by varying the temporal
separation between the bounding tones, while holding the
pitch separation constant. Previous work by Cohen et al.
(1954) and Shigeno (1993) suggests that pitch manipula-
tions of velocity have a similar effect of velocity on the
magnitude of the auditory tau effect. Thus, for both audi-
tory kappa and tau, there is converging evidence that both
pitch and time cues contribute to the velocity effect; how-
ever, the relative contribution of each cue to the magnitude
of the velocity effect remains an open question. At least
for discrete sequences, there is some support for the view
that the temporal separation of the bounding tones will be
more effective than the pitch separation in directing listen-
ers’ attention to motion-like properties of tone sequences
(Henry & McAuley, 2009b).

Alternative Explanations of the
Kappa and Tau Effects

One potential alternative explanation for the auditory
tau and kappa effects that needs to be carefully consid-
ered is a response competition hypothesis (Eriksen, 1995;
Stroop, 1935). According to this account, tau and kappa
effects might arise from simultaneous activation of “com-
peting” responses associated with incongruent pitch—time
characteristics of a stimulus. For example, in the context
of the canonical auditory tau task, a target tone closer in
time to the first tone (A) but closer in pitch to the third
tone (B) constitutes an incongruent pairing of stimulus
characteristics and, from a response competition perspec-

tive, should activate competing responses. Moreover,
when incongruent pitch—time pairings are interleaved
with trials with congruent pitch—time characteristics (as is
the case in the tau task), overall proportions of judgments
about the value of the to-be-judged stimulus dimension
are predicted to be biased in the direction of the value
of the to-be-ignored stimulus dimension (i.e., judgments
should show a tau effect).

A response competition account of the tau effect makes
several testable predictions. First, response times (RTs)
for correct responses to incongruent pitch—time pairs
should be lengthened, relative to correct responses to
congruent pairs. Second, the probability of making an
incorrect response to an incongruent stimulus pairing
should increase following a correct response to a congru-
ent stimulus pairing on the preceding trial when the value
of the to-be-ignored stimulus dimension on both trials
matches. Finally, modifying the proportions of congruent
and incongruent trials should affect the magnitude of the
auditory tau effect. Specifically, increasing the relative
proportion of congruent pitch—time pairings should in-
crease the magnitude of the tau effect, whereas increasing
the relative proportion of incongruent pitch—time pairings
should decrease the magnitude of the tau effect.

Although testing the latter two hypotheses is beyond
the scope of the present study, RT data from Experiment 2
were analyzed to evaluate the first prediction—namely,
that RTs for correct responses to congruent trials should
be shorter than RTs for correct responses to incongruent
trials. For this analysis, a difference score was calculated
by subtracting RTs on correct congruent trials from RTs
on correct incongruent trials. According to a response
competition account, RT difference should be negatively
correlated with w, and this correlation should be largest at
the fastest velocity. Consistent with a response competi-
tion account, the overall correlation between RT differ-
ence and w was significant [r(103) = —.39, p <.001], but
the strength of the relationship did not vary with velocity
in the expected manner; when separated by velocity, the
only reliable correlation between RT difference and w was
found in the medium velocity condition [r(30) = —.46,
p < .01]. Finally, an ANOVA on w scores was rerun using
RT difference as a covariate. Notably, for this analysis the
effect of velocity on w remained significant [F(2,98) =
7.87, p <.001, »3 = .14], indicating that RT differences
between congruent and incongruent trials at best provide
a partial account of the effect of velocity on the magnitude
of the tau effect.

Another potential explanation of the tau effect is based
on stimulus—response (SR) compatibility. Ishihara, Keller,
Rossetti, and Prinz (2008) reported an SR compatibility
effect for responses to targets occurring either early or late,
relative to a beat instantiated by a preceding periodic click
train. Left-side responses were faster and more accurate
to early targets, and right-side responses were faster and
more accurate to late targets; no compatibility effect was
observed when response buttons were aligned vertically.
In the present study, the tau effect was characterized by a
tendency to make a left-sided response (closer to A) when
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the timing of the target was early, relative to the temporal
bisection point, and to make a right-sided response (closer
to B) when the timing of the target was late, relative to the
temporal bisection point. Thus, SR compatibility has the
potential to explain aspects of the general tau phenome-
non but does not explain the observed effect of velocity
on the magnitude of tau. Moreover, SR compatibility for
time does not provide a plausible explanation of the kappa
effect; however, see Rusconi et al. (2006) for a potential
pitch-based SR compatibility approach to the kappa effect.

Broader Implications

Overall, the results of the present study contribute to
a broader theoretical debate in the literature about the
relative independence of the processing of pitch- and
time-based relations. Strong advocates of a perceptual in-
dependence view have argued for both functional and ana-
tomical modularity of pitch and time processing (Peretz,
2006; Peretz & Coltheart, 2003). Supporting this view are
pitch/time dissociations in individuals with acquired amu-
sia (Ayotte, Peretz, Rousseau, Bard, & Bojanowski, 2000;
Di Pietro, Laganaro, Leemann, & Schnider, 2004; Grif-
fiths et al., 1997; Johnsrude et al., 2000; Liégeois-Cheval,
Peretz, Babai, Laguitton, & Chauvel, 1998; Tramo, Shah,
& Braida, 2002; Wilson, Pressing, & Wales, 2002; Za-
torre, 1988) and congenital amusia (Foxton, Dean, Gee,
Peretz, & Griffiths, 2004; Hyde & Peretz, 2004).

There have been increasing challenges to a strict inde-
pendence view, however. Recently, Foxton, Nandy, and
Griffiths (2006) reported that when rhythmic sequences
take on dynamic pitch—time trajectories, rhythm percep-
tion performance by individuals with congenital amusia
deteriorates; normal hearing listeners did not show the
same performance decrement when pitch variations were
introduced. Converging evidence for the interdependence
of pitch and time has been provided for normal-hearing
listeners in both nonmusical contexts (Freyd, Kelly, &
DeKay, 1990; Hubbard, 1995; Johnston & M. R. Jones,
2006) and musical contexts (Ellis & M. R. Jones, 2009;
Lebrun-Guillaud & Tillmann, 2007).

In nonmusical contexts, in which pitch manipulations
do not conform to musical notes or establish a sense of
tonality, research on auditory representational momentum
reveals that listeners’ memory for the final location of a
target tone is distorted in the direction of implied motion of
an auditory sequence (Freyd et al., 1990; Hubbard, 1995;
Johnston & M. R. Jones, 2006). Moreover, Johnston and
Jones (see also Freyd & Finke, 1984) demonstrated that
when irregularities are introduced into the trajectories of
auditory patterns, representational momentum is abol-
ished, indicating that forward displacement is dependent
on expectations derived from regularities in pitch—time
relationships; deviations of pitch—time events from the es-
tablished trajectory reduce the ability of the perceiver to
capitalize on motion-like relations in order to make predic-
tions. Similarly consistent with an auditory motion hypoth-
esis, Hubbard (1995) demonstrated that the magnitude of
forward displacement increases with increasing velocity.

In musical contexts, in which sequences establish a
sense of tonality and pitch manipulations correspond to

musical notes, Lebrun-Guillaud and Tillmann (2007) have
demonstrated that listeners’ ability to detect deviations
from isochrony is influenced by the tonal function of the
target tone with respect to the tonality that is established
by a preceding chord progression. Temporal change de-
tection was better for the most stable tonic tone than for
the unstable leading tone, or the more stable mediant and
dominant tones. Taken together, the set of studies de-
scribed above supports the interactive nature of pitch and
time in both nonmusical and musical contexts.

The present study contributes to this debate by adding
to support for pitch—time interdependence in nonmusi-
cal contexts. Specifically, the demonstration that velocity
modulates both auditory tau and kappa (Henry & McAuley,
2009a) provides converging support for the auditory motion
hypothesis. According to this view, processing of pitch- and
time-based relations in auditory patterns is fundamentally
interdependent within a restricted range of pitch velocities;
within this range, attention is guided by stimulus structure
according to motion-like properties of stimuli (M. R. Jones,
1976; M. R. Jones & Yee, 1993; MacKenzie, 2007).

Conclusions

In conclusion, the results of the present study provide
support for an imputed pitch velocity model of the auditory
tau effect and the associated auditory motion hypothesis
(M. R. Jones, 1976; M. R. Jones & Yee, 1993; MacKenzie,
2007; MacKenzie & M. R. Jones, 2005). Combined with
research on the auditory kappa effect (Henry & McAuley,
2009a), the imputed pitch velocity model provides a uni-
fied quantitative account of both auditory tau and kappa
effects; moreover, with the exception of the visual tau re-
sults of Huang and B. Jones (1982), the pattern of findings
in the auditory domain is generally consistent with what
has been reported for visual kappa and tau (Bill & Teft,
1972; B. Jones & Huang, 1982). Converging findings for
the effect of velocity on the magnitude of the auditory tau
and kappa effects provide further support for an auditory
motion hypothesis. In broader terms, this research adds
to the growing body of evidence supporting the interde-
pendence of pitch and time relations in auditory pattern
perception.
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NOTES

1. Because proportions of closer to B responses are plotted on the
y-axis, the final bounding tone (B) is relatively high for ascending se-
quences and low for descending sequences. Thus, psychometric curves
are flipped for descending sequences, relative to ascending sequences.
Proportion of closer to B responses increases for positive target pitch lev-
els for ascending sequences, whereas proportion of closer to B responses
decreases for positive target pitch levels for descending sequences.

2. Initially, 130 participants (74 of them female) completed Experi-
ment 2 and were randomly assigned to the fast (n = 47), medium (n =
44), or slow (n = 39) pitch velocity condition. However, 13 participants
in the fast velocity condition (n = 8, ascending; n = 5, descending)
and 12 in the medium velocity condition (» = 6, ascending; n = 6,
descending) were dropped from the final sample because of failure to
follow instructions or inattention to task. Specific exclusion criteria were
(1) negative INDs (suggesting that participants reversed the instructions)
or (2) nonsignificant correlation between target tone pitch level and pro-
portions of closer to B responses. The relative high level of attrition ob-
served is likely due to the fact that a number of participants for this study
were recruited from undergraduate classes during the final weeks of the
semester, where we have previously observed that the attention level of
participants receiving extra credit can be poor.
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APPENDIX
Imputed Velocity Model

The imputed pitch velocity model was fit to individual participant data from Experiment 2. Predicted propor-
tions of closer to B responses, P(B), were given by

P(B) = fTwp + (1 = wE(p)], (AD)

where p was the objective pitch of the target tone in semitones, E( p) was the expected pitch of the target based
on the imputed velocity of the sequence, and the parameter w determined the relative contribution of p and E( p).
The values for E(p) were derived from imputed velocity, V; = 16 ST/T, and the time level, 7, in milliseconds, of
the target tone as follows: E(p) = V; * t. The function f'was used to map the perceived target pitch, p*, where
p*¥=wp + (1 — w)E(p), into a closer to B response proportion. Closer to B response proportions were gener-
ated for each of the eight target pitch levels (£75, =150, =225, and =300 cents) at each of the five target time
levels (—66%, —33%, 0%, +33%, and +66%), using

_ 1
T e 0

with two parameters: a gain parameter, y, and a bias parameter, 6. In this equation, p* = wp + (1 — w)E(p) and
denotes perceived target pitch. The value of the bias term, 6, was set to zero for all model fits. The value of the
gain, y, inversely related to a discrimination threshold, was allowed to vary between participants in order to cap-
ture differences in overall discrimination ability, independently of w. Model fits were obtained for each participant
by minimizing the root-mean squared error of approximation (RMSE_A) between the model’s generated response
proportions and the actual response proportions, allowing w and y to vary. Overall, the model provided reasonable
fits to all the velocity conditions in Experiment 2 (RMSE_A = 0.16), although slightly worse than observed for
fits of the model to the auditory kappa effect (RMSE_A = 0.12) in Henry and McAuley (2009a). Model fits to
the aggregate response proportions (collapsed over participants) provided a better fit (average RMSE_A = 0.06)
and the same pattern of results; aggregate ws for the fast (16 ST/728 msec), medium (16 ST/1,000 msec), and slow
(16 ST/1,600 msec) velocity conditions were .72, .82, and .95, respectively, for ascending sequences and .76, .77,
and .82, respectively, for descending sequences. As was expected, the gain, y estimates (=SEM) were negatively
correlated with JNDs [#(103) = —.57, p < .001]. Average values of y for the fast (16 ST/728 msec), medium
(16 ST/1,000 msec), and slow (16 ST/1,600 msec) velocity conditions were 0.75 (£0.07), 0.92 (£0.09), and 0.78
(%0.006), respectively, for ascending sequences and 0.76 (£0.08), 0.96 (£0.07), and 1.11 (£0.07), respectively,
for descending sequences. Aggregate y estimates for the fast (16 ST/728 msec), medium (16 ST/1,000 msec), and
slow (16 ST/1,600 msec) velocity conditions were 0.67, 0.90, and 0.69, respectively, for ascending sequences and
0.70, 0.86, and 0.96, respectively, for descending sequences.
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