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a b s t r a c t

In order for statistical information to aid in complex developmental processes such as lan-
guage acquisition, learning from higher-order statistics (e.g. across successive syllables in a
speech stream to support segmentation) must be possible while perceptual abilities (e.g.
speech categorization) are still developing. The current study examines how perceptual
organization interacts with statistical learning. Adult participants were presented with
multiple exemplars from novel, complex sound categories designed to reflect some of
the spectral complexity and variability of speech. These categories were organized into
sequential pairs and presented such that higher-order statistics, defined based on sound
categories, could support stream segmentation. Perceptual similarity judgments and
multi-dimensional scaling revealed that participants only perceived three perceptual clus-
ters of sounds and thus did not distinguish the four experimenter-defined categories, cre-
ating a tension between lower level perceptual organization and higher-order statistical
information. We examined whether the resulting pattern of learning is more consistent
with statistical learning being ‘‘bottom-up,’’ constrained by the lower levels of organiza-
tion, or ‘‘top-down,’’ such that higher-order statistical information of the stimulus stream
takes priority over perceptual organization and perhaps influences perceptual organiza-
tion. We consistently find evidence that learning is constrained by perceptual organization.
Moreover, participants generalize their learning to novel sounds that occupy a similar per-
ceptual space, suggesting that statistical learning occurs based on regions of or clusters in
perceptual space. Overall, these results reveal a constraint on learning of sound sequences
such that statistical information is determined based on lower level organization. These
findings have important implications for the role of statistical learning in language
acquisition.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Starting in infancy, and continuing into adulthood, hu-
mans are highly sensitive to statistical regularities in their
environment. From these regularities, it is possible to learn

a large amount about the structure of the world without
explicit feedback or innate knowledge. In a little over a
decade, statistical learning has been implicated in the pro-
cessing and acquisition of a variety of perceptual and cog-
nitive skills, including knowledge of causal structure and
human action (Baldwin, Anderrson, Saffran, & Meyer,
2008; Oakes & Cohen, 1990, 1995; Sobel, Tenenbaum, &
Gopnik, 2004), visual processing (Brady & Oliva, 2008;
Fiser & Aslin, 2002; Kirkham, Slemmer, & Johnson,
2002; Yuille & Kersten, 2006), and, the focus of this paper,
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language learning (Goldwater, Griffiths, & Johnson, 2009;
Saffran, Aslin, & Newport, 1996).

It is common practice for the learning tasks and models
that populate this literature to investigate learning from
statistical information at a single level of description. Stud-
ies either investigate statistical learning available at a rel-
atively low level of the sensory signal (e.g. acquiring the
internal structure of categories through distributional sta-
tistics) or characterize relationships at higher levels of
description (e.g. segmenting streams of categorizable
units, such as syllables, into higher-order structures, such
as words). As a consequence, most of the existing statistical
learning literature implicitly assumes that statistical
information at lower levels is resolved prior to learning of
statistics at higher levels of description. However, develop-
mental trajectories suggest that this assumption is not
always borne out and that there may be substantial inter-
actions between statistical information at multiple levels
of description. These interactions have important implica-
tions for our understanding of the specific mechanisms
that support learning and development at each level.

In the current paper, we examine how statistical learn-
ing proceeds when information at lower and higher levels
of description must be resolved simultaneously, a situation
we argue is more akin to the natural task faced by language
learners. The lower level learning challenge we investigate
is the acquisition of auditory categories. Spoken language
learners face the problem of having to categorize acousti-
cally variable vocal utterances into functionally equivalent
items (e.g. phonetic categories). The higher level learning
challenge we chose to investigate is the acquisition of tran-
sitional probabilities defined across auditory categories
that contain multiple acoustically-varying exemplars. To
this end, we used a set of auditory categories (Wade & Holt,
2005), each containing acoustically-varying non-speech
exemplars that are novel to adult listeners. Participants
heard familiarization streams characterized by transitional
probabilities defined across these experimenter-defined cat-
egories. We then probed the nature of statistical learning
resulting from this exposure. We contrast two broad theo-
retical possibilities:

(1) statistical learning is primarily ‘‘top-down’’ – that is,
statistics at higher levels can be optimally learned
(see Section 3), regardless of how lower level infor-
mation is processed;

(2) statistical learning is primarily ‘‘bottom-up’’ – that
is, the processing of lower level information deter-
mines the statistics of higher levels regardless of
whether those statistics are optimal at higher levels.

1.1. Statistical learning across levels of description in language

Statistical information has the potential to aid language
learning at many different levels of description, including
speech sound categorization, word segmentation and lexi-
cal development, and syntactic processing (for reviews, see
Romberg & Saffran, 2010; Saffran & Thiessen, 2007). Most
of the research identified by the term ‘‘statistical learning’’
has focused on the use of transitional probabilities to
accomplish word segmentation and lexical development.

To illustrate, take the phrase ‘‘pretty baby’’ (Saffran et al.,
1996) which would typically be produced as a continuous
utterance /prI’tibeI’bi/. In this phrase, as well as the ambi-
ent language, transitional probabilities—the probability
that one will encounter Y given X—and other statistical
regularities (e.g. co-occurrence frequency) are higher for
syllables that cohere to form a word (e.g. ‘‘pre’’ and ‘‘ty’’)
than syllables that cross word boundaries (e.g. ‘‘ty’’ and
‘‘ba’’). Not only can infants use transitional probabilities
to segment words from a speech stream (Aslin, Saffran, &
Newport, 1998; Saffran et al., 1996), but they are also more
likely to use syllables linked by high transitional probabil-
ity as lexical labels (Graf-Estes, Evans, Alibali, & Saffran,
2007). Thus, learning from statistical regularities likely
contributes to lexical development, characterized in part
by the vocabulary explosion beginning around 14-months
(Newman, Ratner, Jusczyk, Jusczyk, & Dow, 2006; Romberg
& Saffran, 2010; Saffran & Thiessen, 2007).

However, the experiments that populate this literature
and the corresponding models typically ignore a key chal-
lenge infants face in dealing with natural speech input:
transitional probabilities are necessarily accumulated over
many different utterances of the same phrase (e.g. ‘‘pretty
baby’’ or /prI’tibeI’bi/), and it is well known that, even
within the productions of a single speaker, there exists a
large amount of acoustic variability across the multiple
utterances of any given linguistic unit (Liberman, Cooper,
Shankweiler, & Studdert-Kennedy, 1967; Peterson & Bar-
ney, 1952).1 As such, the utterance ‘‘pretty baby’’ can be de-
scribed as a sequence of unique exemplars drawn from the
functional categories that specify the words at a more ab-
stract, linguistic level of description.

Most statistical learning studies eliminate the percep-
tual variability across successive experiences by employing
a corpus of acoustically identical repetitions of sounds (e.g.
Saffran et al., 1996). Thus, this work includes the assump-
tion that acoustic variation is already resolved, likely
through the process of speech categorization—a phenome-
non in which variable utterances within the same func-
tional speech categories are treated equivalently—before
transitional probabilities across the speech categories are
learned.

Although literate adults can easily transcribe words and
phrases as strings of symbols reflecting these functional
categories, it is not at all clear that these are the perceptual
abilities that infants bring to language learning (e.g. that
might enable them to treat the /i/ at the end of ‘‘pretty’’
as an instance of the same category as the /i/ at the end
of ‘‘baby,’’ or even as the end of ‘‘pretty’’ spoken by a differ-
ent speaker). This issue is complicated by broader ques-
tions in the field of whether phonemes are the
appropriate ‘‘unit’’ of speech processing. In the case of most
speech sounds, there is a lack of sufficient acoustic cues
available to reliably categorize and discriminate phonemes
(Lotto, 2000; Peterson & Barney, 1952; Shankweiller,

1 While this paper focuses on acoustic variability, there are many other
sources of information that vary across utterances including contextual and
visual information and interaction with a caregiver. All of these factors have
been shown to modify cognitive processing in infancy and thus variation of
these factors will alter the informational content of each utterance.
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