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Abstract

The �asymmetric sampling in time� (AST) hypothesis developed here provides a framework for understanding a

range of psychophysical and neuropsychological data on speech perception in the context of a revised cortical func-

tional anatomic model. The AST model is motivated by observations from psychophysics and cognitive neuroscience

that speak to the fractionation of auditory processing, in general, and speech perception, in particular. Building on the

observations (1) that the speech signal contains more than one time scale relevant to auditory cognition (e.g. time scales

commensurate with processing formant transitions versus scales commensurate with syllabicity and intonation con-

tours), and (2) that speech perception is mediated by both left and right auditory cortices, AST suggests a time-based

perspective that maintains anatomic symmetry while permitting functional asymmetry. AST proposes that the input

speech signal has a neural representation that is bilaterally symmetric at an early representational level. Beyond the

initial representation, however, the signal is elaborated asymmetrically in the time domain: left auditory areas pref-

erentially extract information from short (�20–40 ms) temporal integration windows. The right hemisphere homo-

logues preferentially extract information from long (�150–250 ms) integration windows. It is suggested that temporal

integration is reflected as oscillatory neuronal activity in different frequency bands (gamma, theta).
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1. Introduction

Building on an observation about the psycho-

physics of speech as well as recent data on the

cortical basis of speech perception, I develop a

hypothesis about the processing of auditory and

speech information in the time domain that aims

to unify a range of behavioral and neurophysio-
logical data on speech sound processing and its

neuronal instantiation. Specifically, this work aims

to link the following four observations.

(1) Speech signals contain information on differ-

ent time scales. For example, rapid spectral

changes such as the formant transitions associ-

ated with place-of-articulation information
may occur on time scales on the order of 20–

40 ms. In contrast, syllabicity and prosodic
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phenomena occur on a time scale of 100–200

ms or longer (Rosen, 1992). Similarly, conso-

nants and vowels, which we associate with dif-

ferent time-scales, have been shown to be
treated differently by the perceptual system

(Liberman et al., 1967; Pisoni, 1973).

(2) Psychophysical and physiological research

suggests that information unfolding over time

is �chunked�. In particular, temporal integra-

tion windows provide the logistical framework

to organize temporally developing informa-

tion (Yost et al., 1993; P€ooppel, 1997; Warren,
1999). The temporal windows for which there

exists a body of psychophysical evidence

(across methods and sensory systems) have

durations on the order of 25–40 ms and 150–

250 ms.

(3) Recent work on the cortical processing of

speech is converging on the position that

speech perception is mediated bilaterally in su-
perior temporal cortex (Hickok and Poeppel,

2000; Norris and Wise, 2000). While most lan-

guage functions are lateralized to the domi-

nant (typically left) hemisphere, the analysis

of the speech signal is performed bilaterally.

(4) Experimental psychology as well imaging data

suggest that left hemisphere mechanisms are

more suited for the execution of experimental
tasks that require high-temporal resolution,

e.g. tasks in which rapidly changing (30–40

ms) acoustic transients must be identified

(Nicholls, 1996; Johnsrude et al., 1997; Belin

et al., 1998).

The hypothesis that is developed to link these

observations, asymmetric sampling in time (AST),
is a proposal about how auditory cortex makes

use of temporal integration windows in the anal-

ysis of speech. AST holds that the input speech

signal has a neural representation that is bilaterally

symmetric at the primary cortical representational

level. Beyond the initial representation, however,

the signal is elaborated asymmetrically in the time

domain: left non-primary auditory areas prefer-
entially extract information from short 20–50 ms

temporal integration windows. The right hemi-

sphere homologues preferentially extract informa-

tion from long 150–250 ms integration windows.

One way to characterize AST is to say that the

sampling rate of non-primary auditory areas dif-

fers, with left hemisphere areas sampling the

spectro-temporal cortical representations built in
core auditory cortex at higher frequencies (�40
Hz; gamma band) and right hemisphere areas at

lower frequencies (4–10 Hz; theta and alpha

bands). The AST proposal tries to bring into reg-

ister two ideas that are in conflict: on the one hand,

speech is typically argued to be left lateralized; on

the other hand, the neural systems underlying

speech perception are bilaterally distributed. AST
provides a plausible mechanism that accounts for

this lateralization. Moreover, the AST proposal

provides a basis for why other perceptual features

lateralize differentially. For example, AST ac-

counts naturally for the often-observed rightward

lateralization in music perception and phrasal-

level prosody. The hypothesis is developed in more

detail in the next sections, and experimental evi-
dence in favor of this position is subsequently

discussed.

2. Premise 1: the functional anatomy of speech

sound processing suggests bilateral processing

The neural basis of speech perception has been

predominantly studied from the perspective of

neuropsychological deficit-lesion data. The ca-

nonical view––implicit in most textbooks on neu-
roscience, neurology, or neuropsychology––is that

speech perception is a left-hemisphere process. The

development of the functional recording tech-

niques (PET, fMRI, MEG, high-density EEG)

has changed the empirical research base consider-

ably. The various techniques employed in research

on the cognitive neuroscience of speech, coupled

with the increased sensitivity to speech research
and theory, are converging to yield a more theo-

retically motivated, computationally tractable, and

biologically realistic model of the cortical basis of

speech.

The functional-neuroanatomic model that

emerges based on recent hemodynamic, electro-

physiological, and neuropsychological data has

the following properties: (1) The primary cortical
substrate in which sound-based representations of
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speech are constructed is the bilateral superior

temporal cortex (Hickok and Poeppel, 2000;

Hickok and Poeppel, in press). (2) These areas

must be built such that the differentiation between
different levels of representation and analysis,

specifically acoustics, phonetics, and phonology, is

maintained (Phillips, 2001; Poeppel, 2001). (3)

Sound-based representations interface in task-de-

pendent ways with other systems. An acoustic–

phonetic–articulatory �coordinate transformation�
occurs in a dorsal pathway (Buchsbaum et al.,

2001) that links auditory representations to motor
representations in superior temporal/parietal ar-

eas. A second, �ventral� pathway interfaces speech-
derived representations with lexical semantic

representations (Scott et al., 2000; Hickok and

Poeppel, 2000; Binder et al., 2000). (4) Anterior

cortical regions play a central role in specific per-

ceptual speech segmentation tasks (Burton, 2001;

Zatorre et al., 1992).
An increasing body of data suggests that cor-

tical fields in the right temporal lobe along the

superior temporal gyrus and superior temporal

sulcus (in addition to primary auditory projection

areas) play a critical role in the analysis of the

speech signal (Buchman et al., 1986; Belin et al.,

2000; Binder et al., 2000; Burton et al., 2000;

Hickok and Poeppel, 2000; Norris and Wise, 2000;
Poeppel et al., submitted for publication). It is now

uncontroversial that an integrated model of the

anatomy and physiology of speech perception

must account for the involvement of both left and

right temporal areas.

It is important to bear in mind that the exten-

sive lateralization that is characteristic of language

processing is also well established. The data are
consistent with the position that language pro-

cessing beyond the analysis of the input signal is

lateralized. In other words, the computations that

constitute the speech perceptual interface are me-

diated bilaterally, but the �central� computational
system that we associate with phonological, mor-

phological, syntactic, and semantic computation is

(for the most part) lateralized to the dominant
hemisphere.

The bilateral model of speech perception brings

up an obvious question: if both hemispheres, spe-

cifically both posterior superior temporal gyri,

play critical roles in the analysis of speech signals,

do both areas execute the same processes or do

they compute different aspects of the acoustic

speech signal? The AST view proposed here argues
that the crucial hemispheric difference derives from

the manner in which auditory signals in general are

quantized in the time domain. This perspective

allows one to maintain the anatomically bilateral

nature of processing while making it possible to

have functional asymmetry.

3. Premise 2: left hemisphere mechanisms are good

at processing rapidly changing signals

In the enormous and often confusing (and

confused) literature on cerebral asymmetry, nu-

merous hypotheses have been articulated to ac-

count for the demonstrable lateralization of

function seen across many experimental tasks. In

the case of language processing, the deficit-lesion

data from aphasia have convincingly established a

critical role for the left hemisphere, particularly for
the left temporal and frontal lobes. For lower level

perceptual functions, cortical lateralization has

been more ambiguous. However, there has been

some convergence, specifically with regard to

temporally demanding tasks: auditory and visual

psychophysical tasks the execution of which re-

quires a high-temporal resolution typically impli-

cate the left hemisphere. For example, experiments
probing the detection or discrimination of tem-

poral order, temporal sequencing, gap detection,

and masking have, on balance, implicated the left

hemisphere (for review see Nicholls, 1996).

In the domain of speech perception, the possible

relation between the analysis of the speech signal

and temporal processing has led to some contro-

versy. On my reading there are two issues. The
more controversial one concerns the possible re-

lation between temporal processing and speech

perception, in general, and phonetics and pho-

nology, in particular. Some researchers, for ex-

ample Tallal and colleagues (Tallal et al., 1993),

have argued that a temporal processing deficit will

be causally related to a deficit in phonological

processing and tasks requiring phonological in-
formation (including tasks that identify specific
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language impairment and dyslexia). This argument

is presumably based on the conjecture that there is

a tight relation between timing and speech and

that many phonetic elements incorporate rapid
temporal changes. This issue is being currently

debated in the literature. Insofar as one is com-

mitted to distinct levels of representation that can

have a separate neuronal instantiation (Phillips,

2001), the relation need not be as causally tight––

i.e. different deficits can arise from problems with

distinct levels of representation. A less contentious

aspect of this work concerns claims about the
lateralized processing of signals that contain rapid

changes in their spectrum, such as CV syllables.

Notwithstanding the controversies surrounding

these issues, recent brain imaging evidence sup-

ports the basic notion that there is a leftward bias

in the analysis of rapid spectral changes (Fiez et al.,

1995; Johnsrude et al., 1997; Belin et al., 1998).

Insofar as the association between the left
hemisphere and �rapid temporal processing� is

correct, it is necessary to account for a variety of

facts that are problematic on this view, for exam-

ple: why does the imaging literature on speech

perception consistently implicate both hemispheres

(Hickok and Poeppel, 2000; Norris and Wise,

2000)? And why do neuropsychological data,

particularly data from pure word deafness, impli-
cate both hemispheres (Poeppel, 2001)? Also, how

are slow spectral changes and small frequency

changes analyzed? The AST model attempts to

capture some of these conflicting observations in a

unified manner by suggesting that there may in-

deed be a bias in left hemisphere mechanisms for

rapidly changing spectral information but (i) there

is a stronger bilateral contribution to speech per-
ception than previously assumed and (ii) there is a

slight bias for slowly changing spectral informa-

tion in right hemisphere mechanisms.

4. Premise 3: multiple time scales are relevant in

speech signals

It is uncontroversial that the information con-

tained in speech signals occurs on multiple time

scales. Rosen (1992) provides a clear overview of
some of the acoustic and linguistic aspects of the

temporal information in speech signals. He shows

how the temporal envelope, periodicity, and

spectral fine structure are differentially weighted in

the encoding of segmental and suprasegmental
linguistic contrasts. There are two scales relevant

to the present proposal: the short-duration time

constant relevant for encoding formant transitions

in stop consonants, approximately 20–40 ms; and

the medium-duration time constant relevant for

encoding syllables (or morae), approximately 150–

300 ms. The importance of these time constants for

extracting information from speech signals is clear.
Whereas the role of the rapid formant transitions

in the context of place-of-articulation differences

has been appreciated for a long time (Liberman

et al., 1967), much recent work has emphasized the

importance of syllables. For example, Greenberg

has recently argued for the critical importance of

syllables in speech recognition (e.g. Greenberg,

1998), and Mehler and colleagues (e.g. Mehler,
1981) as well as Eimas (1999) have shown the

primacy of syllables in speech acquisition. That

there exist demonstrable distinctions between syl-

labic and segmental processing (and vowel and

consonant processing) has been documented.

Pisoni (1973), for instance, has shown that short-

term memory for vowels is different than short-

term memory for consonants in a way that leads to
appreciable processing differences.

5. Premise 4: temporal integration windows provide

the logistical framework for quantizing temporally

evolving information

Both physics and intuition suggest that time is

most straightforwardly thought about as a con-

tinuous variable, and accordingly, we typically

conceptualize time as an arrow. The central ner-
vous system, on the other hand, appears to �chunk�
time. Both psychophysical and electrophysio-

logical evidence suggest that perceptual informa-

tion is analyzed in temporally delimited windows

(N€aa€aat€aanen, 1992; Theunissen and Miller, 1995).

The importance of the concept of a temporal in-

tegration window is that it suggests the discon-

tinuous (or quantized) processing of information
in the time domain. Recent perspectives on the
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concept of temporal windows, temporal process-

ing, and temporal integration are provided, for

example, by Viemeister and Plack (1993), Hirsh

and Watson (1996), P€ooppel (1997) and Warren
(1999).

Importantly for our purposes, neurophysiolog-

ical data support the idea of �temporal windows� or
�sampling�. Theunissen and Miller (1995) outline

temporal coding in nervous systems and provide

physiological definitions of integration windows.

Two windows appear to receive support from a

neurophysiological perspective, a window associ-
ated with a short sampling period (25 ms, corre-

sponding to a cycle of 40 Hz) and a window

associated with a longer sampling period (200 ms,

or 5 Hz). A variety of electrophysiological re-

cordings have documented processing at these

rates in the form of oscillatory brain activity. The

short integration window concept is supported by

the data on 40 Hz oscillations in perception. Llinas
and colleagues (Joliot et al., 1994) and Singer and

colleagues (Singer, 1993) have made arguments for

40 Hz oscillations and synchronization, respec-

tively, as time-based mechanisms to coordinate

information. Moreover, high-frequency (e.g.

gamma) activity has been documented non-inva-

sively in the auditory and visual systems. Overall,

these data are interpreted as suggesting that
gamma band activity correlates with binding. The

AST model builds on the observation that there is

ongoing gamma band activity, which is argued to

reflect the �sampling rate�. Temporary increases in

gamma power occur when the ongoing activity is

enhanced during the processing of some stimulus.

From the AST perspective, these two aspects of

gamma band activity are related but independent.
Based on several recent EEG and MEG studies,

N€aa€aat€aanen and colleagues (e.g. N€aa€aat€aanen, 1992;

Yabe et al., 1997) have argued for long (200 ms/5

Hz) temporal integration windows in audition. It

is worth remembering that they arrive at this es-

timate based on tasks using non-speech signals in

the context of a mismatch paradigm. One of the

most prominent approaches to temporal window-
ing, derived from psychophysical research, is the

�multiple looks� model proposed by Viemeister and
Wakefield (1991). Roughly, this model assumes a

single window of analysis, but allows one to look

at multiple windows, or not. In some sense, this

model pushes the ability to analyze chunks of

different durations downstream by allowing the

listener to look at one or many windows in a
subsequent analysis stage. In contrast to one short

window, there is also evidence for longer windows

(e.g. Saberi and Perrott, 1999), as well as the no-

tion of an adaptive analysis window (Nusbaum

and Henly, 1992). Saberi and Perrott (1999)

showed that speech can remain intelligible when

the signal waveform is temporally inverted. Re-

versal of 50 ms chunks in a continuous signal was
associated with perfect intelligibility, reversals of

over 100 ms were intelligible at above 50%. These

data suggest that temporal chunks related to the

low-frequency modulation spectrum (3–8 Hz) are

processed independently of signal direction. An

argument related to the present AST proposal is

made by Nusbaum and Henly (1992). They pro-

pose an adaptive window of analysis, based on the
observation that there is no elementary window

that always takes precedence. Rather, in some

situations a smaller window is appropriate to the

computation, in others a larger one is better suited.

In summary, the notion of temporal integration is

motivated by a range of auditory research, both

psychophysical and neurophysiological, and both

short-duration (�25 ms), and long-duration (�200
ms) windows have received empirical and theo-

retical support.

6. The AST hypothesis and its characteristics

The AST hypothesis posits that both hemi-

spheres have neuronal populations with time

constants of 25 and 200 ms. However, left non-

primary auditory areas preferentially extract

information from short (20–50 ms) temporal in-
tegration windows. The right hemisphere homo-

logues extract information from long (150–250 ms)

integration windows. One major conceptual rea-

son to invoke multiple integration windows is that

this meets the compelling need to have one�s cake
and eat it too. On the one hand, human listeners

can resolve the rapid (say on the order of 25 ms)

frequency changes typical of the formant-transi-
tions relevant to place-of-articulation distinctions.
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This necessitates a reasonably high temporal re-

solving power, at least on the order of 20–40 ms.

On the other hand, listeners are able to distinguish

among very small frequency changes (say on the
order of 5–10 Hz), for example in the context of

prosodic information, music perception, and other

auditory tasks. This necessitates a high-frequency

resolution. If we assume a frequency resolving

power of 5 Hz, a 200 ms window of analysis is

required. By contrast, an analysis window of 25 ms

allows a resolution of at best 40 Hz. This is oc-

casionally discussed as the �integration/resolution
paradox� (e.g. Viemeister and Plack, 1993).

The AST model assumes that initially there is a

�symmetric� representation of spectro-temporal

receptive fields in (core) auditory cortex. Although

there may be some anatomical asymmetry, per-

haps related to size differences between left and

right superior temporal cortices (Geschwind and

Levitsky, 1968), there is no (obvious) functional
asymmetry at the level of core auditory cortex. The

input signal (heavily preprocessed in the ascending

auditory pathway) is analyzed in a sophisticated

manner––for example a multiscale cortical de-

composition may be performed (Shamma, 2001)––

but no lateral asymmetry is introduced. What

follows, however, is a �temporally asymmetric�
elaboration of this cortical representation in
non-primary areas, say belt or perhaps parabelt

auditory cortex. In particular, the proportion of

neuronal ensembles with a temporal integration

constant of �25 ms is somewhat larger in left non-

primary areas; in contrast, the proportion of

neuronal ensembles with a temporal integration

constant of �200 ms is somewhat larger in right

non-primary areas. Both left and right cortical
fields contain ensembles with multiple associated

scales. However, the slight asymmetry in propor-

tion or preference is suggested to lead to a clear

functional asymmetry.

One important aspect of the AST proposal is

that it postulates a link between the concept of

temporal integration windows and neuronal oscil-

lations. Specifically, I hypothesize that the ongoing
windowing operation will be reflected in oscillatory

neuronal activity in the relevant frequency band,

namely �40 or �5 Hz. More generally, assuming

short integration windows between say 20 and 50

ms (even if there is partial overlap between se-

quential windows), I predict associated gamma

band activity. Similarly, the �clock-speed� associ-
ated with �200 ms integration windows will be on
the order of 5 Hz, or in the electrophysiological

theta band. Concretely, the AST model thus pre-

dicts that one should be able to measure slight

differences in the gamma and theta spectral ranges

between the left and right auditory areas.

Is the AST hypothesis different in any prin-

cipled way from proposals about functional

segregation in other perceptual domains? A com-
putational decomposition into subtasks is the

typical approach, so in that sense AST appears to

be rather unremarkable. Functional segregation

into different cortical areas is a strategy that is the

standard across sensory systems. The most dra-

matic example is perhaps the finding that the pri-

mate visual cortex has more than 30 areas

dedicated to analyzing different attributes of the
visual scene. It is perhaps useful to point out in this

context that one problem with any computational

segregation proposal is that it raises the question

of how to reintegrate the information into a co-

herent whole. In the literature on visual percep-

tion, this has led to a large body of research on the

�binding� problem: how is it that we experience

visual scenes as intact, coherent wholes in spite of
the fact that the neurophysiological encoding of

visual objects is segregated and distributed in

space and time? There is a growing literature on

this binding problem (for recent reviews, see spe-

cial issue of Neuron 24 (1), 1999, on the binding

problem; also see Engel and Singer, 2001), and

insofar as the AST view introduces a similar

problem, it is not new in a principled sense.
A second feature of the AST model is that it

exemplifies multi-resolution analysis. This, too, is

a standard signal processing strategy that applies

in other sensory domains. To remain with the vi-

sual system analogy, one of the differences between

cortical areas V4 (associated with processing color

as well as visual form attributes) and MT/V5 (as-

sociated with processing motion) is that the neu-
rons in these areas have tonic versus phasic

response properties, respectively. Cells in these two

areas that have overlapping receptive fields (i.e.

they are �looking at� the same input array of visual
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data) are sensitive to different perceptual attri-

butes. One specific way this selectivity is achieved

is by using different time constants: many neurons

in area V4 fire for as long as 200 ms whereas
neurons in MT/V5 tend to be phasic and their

firing duration is thus brief (Schiller and Logo-

thetis, 1990).

Recent work by Zatorre (1997) as well as by

Ivry and colleagues (Ivry and Lebby, 1998; Ivry

and Robertson, 1998) covers similar phenomena,

attempting to account for the lateralization of

early perceptual phenomena in speech and vision.
In the ‘‘double-filtering-by-frequency’’ (DFF)

model by Ivry and Robertson (1998) each (audi-

tory or visual) stimulus is initially characterized by

its spectral content. In a perceptual task, the at-

tentional system delimits the relevant spectral

range (filter 1). For example, if a signal contains a

200 Hz and a 2000 Hz frequency component and

the task demands a judgment on high frequencies,
the attentional system limits processing to the 2000

Hz spectral range. Subsequently, the spectral rep-

resentation becomes asymmetrically elaborated in

the two hemispheres. The spectral point defined by

the attentional system acts as a frequency center

point around which the information is filtered.

High-pass information (in our example 2000 Hz

and higher) is passed to left hemisphere areas, low-
pass information to the right areas (filter 2). The

model does not posit absolute frequency ranges

that are distributed to the two hemispheres but

predicts that higher versus lower frequency por-

tions of a stimulus are relative to the attentionally

defined spectral point. The AST hypothesis differs

from DFF in several ways, most crucially in that

the AST model does not assume that there is an
initial �attentional capture� stage in which the rel-

evant parts of the signal are identified. The present

model assumes that integration windows of dif-

ferent sizes are simply a part of the architecture of

the processing system independently of the atten-

tional system.

7. Empirical support and challenges for AST

The model makes a range of predictions, par-
ticularly predictions about how certain tasks lat-

eralize. (1) Because speech signals contain fast and

slow spectral components, there should always be

bilateral activation in brain imaging experiments

that use natural speech perception tasks. When
investigating speech perception per se, lateraliza-

tion should be associated with the execution of

experimental tasks. This prediction is strongly

supported (see Hickok and Poeppel, 2000; Norris

and Wise, 2000; Hickok and Poeppel, in press for

extensive discussion) and is really a post-diction in

that this observation in part motivated the devel-

opment of the hypothesis. (2) Both linguistic and
affective prosody (at the level of intonation con-

tour) should be associated with right hemisphere

mechanisms. Data from affective prosody support

this prediction (Ross et al., 1997). Experiments on

lexical prosody are more problematic. Gandour

et al. (2000) have shown that at least some aspects

of prosody are clearly driven by left mechanisms.

Also, B€oocker et al. (1999) show that in a metrical
stress task there is no rightward lateralization. I

interpret these findings to mean that lexical stress

tasks are not executed the same way as intonation

contour tasks. (3) The analysis of rapid formant

transitions should be left lateralized. Slower tran-

sitions should be associated with bilateral or

rightward processing. This is supported by data

from the dichotic listening literature (e.g. Liber-
man et al., 1967) and some brain imaging work

(Fiez et al., 1995; Belin et al., 1998). (4) Phonetic

phenomena occurring at the level of syllables

should be more driven by right hemisphere

mechanisms. This prediction is difficult to examine

in that syllables by definition contain their pho-

nemic constituents, and the experiments require

selective processing of syllables versus their con-
stituent phonemes. However, there does exist some

support for the prediction: a recent dichotic lis-

tening study using German materials by Meins-

chaefer et al. (1999) showed that there was a

rightward lateralization when the task demanded a

focus on syllabicity rather than the phonemic

structure of a given syllable. (5) Music perception

should lateralize to the right for most musical at-
tributes (including pitch). Work by Zatorre and

colleagues supports this proposal (e.g. Zatorre

et al., 1994). (6) Rapid FM sweeps (e.g. 40 ms)

should lateralize to the left, slow (e.g. 300 ms)
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sweeps should drive the right temporal lobe. A

PET study by Belin et al. (1998) showed that there

is in fact a difference between rapid and slow

changes. Similarly, a recent PET study by Poeppel
et al. (submitted for publication) showed that slow

FM sweeps strongly drive right posterior temporal

cortex (STG and STS).

Some of the predictions are clearly borne out

(e.g. 1, 3, 5), others are controversial (e.g. 2). One

specific and unusual prediction, the connection

between temporal integration windows and oscil-

latory activity, has been recently tested. If tem-
poral integration windows are physiologically

reflected as oscillatory brain activity, then the

shorter time windows associated with the left

hemisphere should yield oscillations in the gamma

band that have more power in the left. In a whole-

head MEG study (Poeppel et al., 2000) we tested

this hypothesis using presentation of auditory

stimuli of varying spectral complexity: ripples
(dynamic broadband stimuli). High-frequency re-

sponses were robustly different for left and right

regions, with gamma activity (25–60 Hz) being

more pronounced in left temporal cortex.

Other recent evidence that supports the AST

proposal derives from a variety of cognitive neu-

roscience techniques, both electromagnetic and

hemodynamic. For example, a recent MEG study
by Shtyrov et al. (2000) assessed possible response

differences in auditory cortex between rapidly

changing and slowly changing speech sounds and

non-speech controls. They observed, using a mag-

netic MMNparadigm, that signals with slow acous-

tic transitions are more robustly processed in right

auditory cortex; speech signals containing rapid

acoustic transitions were associated with a leftward
lateralization; and there was an overall bilaterality

to the response. Consistent with these observations,

an earlier MEG study by Poeppel et al. (1996)

showed that passive listening to CV syllables was

associated with bilaterally symmetric responses

from auditory cortex; however, when subjects were

asked to make judgments on the signals (e.g.

grouping /b/ with /d/ versus /p/ with /t/ in a VOT/
place task), a marked leftward lateralization was

induced in the response from auditory cortex.

Some of the most persuasive work on func-

tional segregation and lateralization in auditory

cognition comes from the work of Robert Zatorre

and colleagues. For example, in the seminal PET

study by Zatorre et al. (1992), the same conso-

nant–vowel–consonant stimulus set was associated
with a strong leftward (frontal) lateralization when

subjects made judgments requiring place-of-artic-

ulation analysis and a marked rightward lateral-

ization when subjects judged pitch differences

among the stimuli. In research on musical cogni-

tion, Zatorre has shown a reliable association

between melodic analysis and rightward lateral-

ization, both using imaging and neuropsychologi-
cal techniques (Zatorre et al., 1994; Zatorre, 1997).

Similar to the AST perspective, Zatorre has dis-

cussed the hemispheric differences observed in his

work using the metaphor of spectrograms that

emphasize different attributes of the same signal.

Left hemisphere mechanisms can be conceptual-

ized as generating (from an initial representation)

a high-temporal resolution spectrogram (in which
each glottal pulse is visible), right hemisphere

mechanisms generate a high-frequency resolution

(narrow band) spectrogram in which each har-

monic is emphasized.

8. Discussion

Speech perception is construed here as the

process of extracting information from an acoustic

signal and constructing the appropriate represen-
tations that can interface with the mental lexicon

and the linguistic computational system (Blum-

stein, 1995; Chomsky, 1995). There are several

proposals in the cognitive neuroscience literature

on functional segregation and lateralization of

auditory cognition and speech. Ivry and Robert-

son (1998) have argued for a DFF model, Zatorre

(1997) has argued for the view that the left hemi-
sphere is optimized for temporal processing and

the right hemisphere for spectral processing. All

the models attempt to account for data on segre-

gation and lateralization, such as the fact that the

analysis of formant transitions is associated with

left temporal mechanisms while the analysis of

intonation contour is associated with right tem-

poral mechanisms.
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The AST proposal has the advantage that it

provides an explicit, neurophysiologically groun-

ded explanation of a variety of facts about the

lateralization of speech perception and other au-
ditory perceptual tasks. Moreover, the AST model

connects in a plausible way to the local versus

global distinction: there are multiple representa-

tions of a given signal on different scales (cf.

wavelets). ERP and PET studies of the local/global

distinction show a left-hemisphere preference for

local feature processing and a right-hemisphere

preference for global configuration processing
(Heinze et al., 1998; Proverbio et al., 1998). If RH

integration windows act like a lower-resolution

(low-pass) filter, these data would be consistent

with the AST conceptualization.

Crucially, AST speaks to the �granularity� of
perceptual representations, because the size of the

processing window imposes logistical or adminis-

trative constraints. In particular, it places neuro-
physiological bounds on the size of perceptual

representations. The model suggests that there

exist basic perceptual representations that corre-

spond to the different temporal windows (in other

words, segments are equally basic as the envelope

of syllables, on this view). Whether or not this is a

desirable epistemological consequence is unclear.

In any case, there would be no derivational rela-
tion (in perception) between syllables and their

constituents. There must be, on this view, more

than one �basic processing unit�.
Speech perception is hard for a brain, and very

hard for a computer. The various proposals that

segregate auditory processing into different win-

dows may be one further way to make small, in-

cremental progress in this domain. The
observation that automatic speech recognition

based on the (slow) modulation spectrum is pos-

sible, coupled with the positive results from doing

automatic recognition segment-by-segment, sug-

gests that ASR approaches might look as well to

multiple windows, like it is proposed here for hu-

man listeners.

The fact that independent work in different labs
is converging on a rather similar perspective is

good news, as well. The differences between the

proposals on lateralization are clear. It is worth

keeping in mind, though that the similarities out-

weigh the differences. For example, the distinction

between Zatorre�s position and the AST view is

subtle. Zatorre suggests that the left is better suited

for temporal processing, the right for spectral
processing. The AST model derives the same

conclusion by suggesting that this processing dif-

ference is a consequence of the way that the same

representations are analyzed in the time domain.

Initially, processing is roughly the same in left and

right but the temporal and spectral asymmetry is

generated by small differences in neuronal inte-

gration constants.
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