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Auditory categories with separable decision boundaries are
learned faster with full feedback than with minimal feedback (L)
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During visual category learning, full feedback (e.g., “Wrong, that was a category 4.”), relative to min-
imal feedback (e.g., “Wrong.”), enhances performance when the relevant dimensions are separable.
This pattern is reversed with inseparable dimensions. Here, the interaction between trial-by-trial feed-
back and separability of dimensions in the auditory domain is examined. Participants were trained to
categorize auditory stimuli along separable or inseparable dimensions. One group received full feed-
back, while the other group received minimal feedback. In the separable-dimensions condition, the
full-feedback group achieved higher accuracy than did the minimal-feedback group. In the
inseparable-dimensions condition, performance was equivalent across the feedback groups. These
results altogether suggest that trial-by-trial feedback affects auditory category learning performance

differentially for separable and inseparable categories. © 2016 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4961163]
[EAS]

I. INTRODUCTION

Successful auditory categorization depends on the abil-
ity to form optimal boundaries across a perceptual space
(Holt and Lotto, 2006). The boundaries can be either deci-
sionally separable or inseparable. When the boundaries are
decisionally separable [Fig. 1(a)], decisions along one
dimension are independent from the values of another
dimension (Garner, 1974). For example, loudness judgment
of a pure tone stimulus is largely unaffected by the pitch of
the tone, and vice versa (Grau and Nelson, 1988). In
contrast, when the boundaries are decisionally inseparable
[Fig. 1(a)], decisions along one dimension critically depend
on the values of another dimension (Garner, 1974), as is
the case for many speech sounds (Macmillan et al., 1999;
Hillenbrand et al., 1995).

Currently, it is unclear how separability of optimal deci-
sion boundaries affects learning of auditory categories via
trial-by-trial feedback. Research in vision suggests that an
unfamiliar category structure is initially approximated using
separable boundaries, which are often verbalizable (Ashby
and Maddox, 2011). Learners are more likely to persist using
separable boundaries when the feedback provides the correct
category [e.g., “Wrong, that was a category 4.”; “full
feedback”; Fig. 1(b)], which facilitates explicit testing of the
hypothesized decision boundaries, relative to when the feed-
back only indicates the accuracy of the response [e.g.,
“Wrong.”; “minimal feedback™; Fig. 1(b); Maddox et al.,
2008]. Conversely, learners are more likely to switch to
using inseparable boundaries when minimal feedback, rather
than full feedback, is presented (Maddox et al., 2008).
Hence, categories based on separable boundaries are learned
faster with full feedback, while those based on inseparable
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boundaries are learned faster with minimal feedback
(Maddox et al., 2008). Since capturing the switch in strategy
use is not a trivial task in a behavioral paradigm, manipula-
tion of the feedback type (full vs minimal), combined with
different category structures (separable vs inseparable),
serves as a useful tool in characterizing the dynamics of
auditory category learning.

There is some evidence that suggests that the initial
bias for the separable boundaries is present during auditory
category learning as well. When participants learn
Mandarin Chinese lexical tone categories, where the opti-
mal decision boundaries are posited to be inseparable
(Chandrasekaran et al., 2010; Maddox and Chandrasekaran,
2014; Chandrasekaran et al., 2014a), adult learners initially
attempt to identify the tone categories using separable
boundaries but gradually transition to using inseparable
boundaries (Maddox and Chandrasekaran, 2014;
Chandrasekaran et al., 2014a). Minimal feedback, relative
to full feedback, leads to faster learning (Chandrasekaran
et al., 2014b). However, naturalistic categories, such as
phonetic categories, can have multiple relevant perceptual
dimensions (Lisker, 1986). For this reason, separability of
the decision boundaries cannot be determined with cer-
tainty. Furthermore, in studies using naturalistic stimuli, the
lack of a control category structure with known separable
dimensions limits the extent to which feedback effects can
be attributed to perceptual separability.

In the current study, we examined the extent to which
separability of the optimal decision boundaries relates to
feedback-driven auditory category learning. More specifi-
cally, we compared learning performance of separable and
inseparable categories across full and minimal feedback to
test the extent to which learners are initially biased towards
using separable boundaries. Participants (N=22) were
trained on auditory categories based on two experimenter-
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FIG. 1. (a) The optimal decision boundaries (dotted lines) separating a given set of categories (A and B) can be separable (left), meaning that they are reduc-
ible to a set of decisional criteria along the relevant dimensions (c1 and c2; i.e., a set of intercepts for each axis). In contrast, the optimal decision boundaries
can also be inseparable (right), meaning that they are not reducible to a set of intercepts for each axis. (b) Categories can be learned in a supervised manner,

using trial-by-trial corrective feedback. “Minimal” feedback indicates the accuracy of the response, but provides no other information. “Full” feedback, in
addition to the accuracy of the response, also indicates what the correct response would have been.

constrained dimensions that are known to be important in at The University of Texas at Austin approved the recruit-
audition: spectral modulation frequency and temporal modu- ment, consent, testing, and payment procedures.

lation frequency (Singh and Theunissen, 2003). Across sepa-

rate days, participants were presented with a category

structure based on separable boundaries or inseparable B. Stimuli

boundaries. One group of participants (N=11) exclusively )
received full feedback, while the other group (N=11) All .sounds were genel:rated. by applying .spectrotem.po.ral
modulation to a white noise stimulus (duration = 1 s; digital

sampling rate =44.1kHz; low-pass filtered at 1.6kHz).
Spectral modulation frequency ranged from 0.1 to 2 cyc/oct.
Temporal modulation frequency ranged from 4 to 12Hz
[Fig. 2(a)]. These modulation frequency ranges were based
on the receptive field properties of the human auditory cortex
(Schonwiesner and Zatorre, 2009). The amplitude of modula-
tion depth was 30dB. All sounds were RMS amplitude nor-
malized to 82 dB. In order to create a category structure that
can be optimally categorized using separable boundaries, 600
Il. METHODS coordinates were first generated in an abstract two-
dimensional space, with the minimum value of 0 and the max-
imum value of 1. Four bivariate normal distributions of 150

Young adult (18 to 35yr of age; mean age =22.8yr, coordinates were centered on (0.33, 0.33), (0.33, 0.75), (0.75,
SD =4.6yr) native speakers of American English (N =22; 0.33), and (0.75, 0.75), with a standard deviation of 0.1.
13 females) with no self-reported hearing deficits (screened Values along each dimension were logarithmically mapped

received only minimal feedback. We hypothesized that
results from visual category learning and speech category
learning would be generalizable to the non-speech auditory
category learning. As such, it was predicted that the full
feedback group would outperform the minimal feedback
group for the separable boundaries, but that the minimal
feedback group would outperform the full feedback group
for the inseparable boundaries.

A. Participants

audiological thresholds <25dB hearing level across 1, 2, onto spectral and temporal modulation frequencies. Thereby,
and 4 kHz) were recruited from the University of Texas at the optimal decision boundaries corresponded to a set of crite-
Austin community. Participants received monetary compen- ria defined by the spectral modulation frequency of 0.45 cyc/

sation for their participation. The Institutional Review Board oct and the temporal modulation frequency of 6.93 Hz. The
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FIG. 2. (a) Spectrograms of example stimuli varying in spectral modulation frequency (0.1 and 1 cyc/oct) and temporal modulation frequency (4 and 8 Hz).
(b) Two category structures were created based on the acoustic dimensions of temporal modulation frequency and spectral modulation frequency. The
“separable” structure could be categorized using one decisional criterion on the spectral modulation dimension and another on the temporal modulation dimen-
sion. The “inseparable” structure was created by rotating the separable structure by 45° clockwise. (c) For the separable structure, categorization accuracy was
higher for full feedback (black symbols and lines) relative to minimal feedback (gray symbols and lines). For the inseparable structure, categorization accuracy
was equivalent across the feedback groups.
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inseparable category structure was created by rotating the sep-
arable category structure by 45° clockwise [Fig. 2(b)].

C. Training procedures

Participants were placed in a sound attenuated booth,
seated in front of a computer, and equipped with a pair of cir-
cumaural headphones. They were instructed to listen to each
sound and categorize it into one of four categories using num-
ber keys 1, 2, 3, and 4 on a keyboard. Following a response,
feedback was presented immediately. Each stimulus was pre-
sented once, resulting in 600 trials. The stimulus presentation
order was randomized. In the full feedback group, feedback
was provided in the form of, e.g., “Right, that was a category
4, or “Wrong, that was a category 4.” In the minimal feed-
back group, feedback was presented as: “Right,” or “Wrong.”

D. Study design

Type of feedback was randomly varied in a between-
subjects design, with a full feedback group (N=11; 7
females; mean age =22.1yr, SD=3.5yr) or the minimal
feedback group (N=11; 6 females, mean age=23.5yr,
SD=5.6yr). Type of category structure (separable versus
inseparable) was varied in a within-subjects design, on sepa-
rate days (gap range: 24—168 h), in a counter-balanced order.

E. Analysis

Separate analyses were performed for the separable and
inseparable category structures. Logistic mixed effects
modeling was performed with trial-by-trial accuracy as the
dependent variable (Bates et al., 2013). Feedback type (mini-
mal versus full) was set as the fixed effect, with the minimal
feedback serving as the reference level for comparison.
Therefore, two simple effects were estimated by the analysis.
First, the feedback effect modeled the difference in log odds
between the full feedback group and the minimal feedback
group. A positive estimate for the feedback effect would sug-
gest higher categorization accuracy for the full feedback
group relative to the minimal feedback group, and vice
versa. Second, the intercept modeled the log odds of a cor-
rect response for each participant receiving minimal feed-
back in each structure in a given trial. The null hypothesis
would posit a zero estimate for the intercept, which corre-
sponds to 50% categorization accuracy. Because the chance
level in this task was 25%, we did not consider the intercept
to be meaningful, but nevertheless it is reported for the sake
of comprehensiveness, as all simple effects are estimated in
reference to the intercept. The model was corrected for by-
participant random intercepts and by-trial random slopes for
each participant.

lll. RESULTS

In the separable category structure, participants in the
minimal feedback group correctly identified 47% (SD =9%)
of the stimuli, while the full feedback group correctly identi-
fied 57% [SD =6%; Fig. 2(c), left]. Mixed effects analysis
showed that the feedback effect was significant (b=0.49,
SE=0.14, z=3.43, p=0.00061), suggesting that the
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categorization accuracy was higher for the full feedback
group than that for the minimal feedback group. The inter-
cept was significant (b=-0.37, SE=0.12, z=-3.10,
p=0.0020"). In the inseparable category structure, the par-
ticipants in the minimal feedback group correctly identified
54% (SD =9%) of the stimuli, while the full feedback group
correctly identified 58% [SD = 6%; Fig. 2(c), right]. Mixed
effects analysis showed that the feedback effect was not sig-
nificant (b=0.23, SE=0.15, z=1.49, p=0.14), suggesting
that the categorization accuracy was equivalent across the
full and minimal feedback groups. The intercept was not sig-
nificant (b =—0.05, SE=0.12, z=—0.38, p=0.71). In sum-
mary, the results for the separable category structure
(full > minimal) followed our prediction (full >minimal).
The results for the inseparable category structure (minimal-
= full) did not follow our prediction (minimal > full).

IV. DISCUSSION

The current study examined the extent to which the sep-
arability of the optimal decision boundaries interacts with
manipulation of corrective feedback to affect non-speech
auditory category learning. When the optimal decision
boundaries were separable, full feedback, relative to minimal
feedback, was associated with higher categorization accu-
racy. When the boundaries were inseparable, minimal and
full feedback were associated with equivalent categorization
accuracy.

Improved category learning performance for separable
boundaries with full, relative to minimal, feedback has been
previously demonstrated in the visual domain (Maddox
et al., 2008). Separable boundaries can be easily verbalized
as a set of decision criteria along the relevant dimensions. It
has been suggested that the corrective information in full
feedback (“Wrong, that was a category 4.”) helps the learner
evaluate alternative hypotheses that could have led to a cor-
rect response (Ashby and Maddox, 2011). In the auditory
domain, the presence of feedback has been shown to enhance
speech category learning in two investigations, but full and
minimal feedback conditions could not be compared, as
there were only two possible categories (Goudbeek et al.,
2008; McCandliss et al., 2002). Full and minimal feedback
conditions have been compared in speech category learning
with four categories, but generalizability was limited, as the
relevant dimensions had not been constrained by the experi-
menters (Chandrasekaran et al., 2014b). The current study is
the first to suggest that non-speech auditory categories with
separable optimal decision boundaries can be learned faster
with full, relative to minimal, feedback.

Unexpectedly, learning performance did not differ in
terms of full or minimal feedback for inseparable bound-
aries. This finding was inconsistent with the prediction that
full, relative to minimal, feedback would be associated with
lower learning performance. In the visual domain, it has
been suggested that full feedback discourages learners from
switching to using inseparable boundaries, rather than sepa-
rable boundaries, to approximate the category structure
(Maddox et al., 2008). The disruptive effect of full feedback
has been replicated in speech category learning, where the
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optimal decision boundaries are posited to be inseparable
(Chandrasekaran et al., 2014a; Chandrasekaran et al.,
2014b; Maddox and Chandrasekaran, 2014). One possible
explanation for the equivalent performance between full and
minimal feedback conditions in the auditory domain is that
the learners were less likely to be initially biased towards
using separable boundaries, when learning less easily verbal-
izable non-speech auditory categories than with speech audi-
tory categories.

This article presents evidence that separability of deci-
sion boundaries interacts with the content of corrective feed-
back during non-speech auditory category learning. What
remains unclear is the extent to which equivalent perfor-
mance across feedback groups during inseparable category
learning in audition is attributable to the lack of initial bias
towards separable boundaries. This issue warrants further
exploration using different sets of auditory stimuli with vary-
ing degrees of learning difficulty.

ACKNOWLEDGMENTS

Research reported in this letter was supported by the
National Institute On Deafness and Other Communication
Disorders of the National Institutes of Health under Award
No. RO1DC013315 834 (B.C.).

'A separate computational modeling analysis was conducted to test the
extent to which participants relied on a single dimension to categorize the
separable stimuli. Sixty five percent of the model fits were multidimen-
sional, suggesting that, despite the low accuracies, the participants were
utilizing both dimensions.
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