SRC TR 86-31

The Auditory Processing of Speech
by

S.A. Shamma



The Auditory Processing of Speech

Shihab A. Shamma

Abstract

The processing of speech in the mammalian auditory periphery is discussed
in terms of the spatio-temporal nature of the distribution of the cochlear re-
sponse and the novel encoding schemes this permits. Algorithms to detect
specific morphological features of the response patterns are also considered for
the extraction of stimulus spectral parameters.
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abstract

The processing of speech in the mammallan auditory
periphery Is discussed in terms of the spatio-temporal
nature of the distribution of the cochlear response and the
novel encoding schemes thls permlits. Algorithms to
detect specific morphologleal features of the response pat-
terns are also conslidered for the extraction of stimulus
spectral parameters.

The remarkable abllitles of the human auditory sys-
tem to detect, separate, and recognize speech and environ-
mental sounds has been the subject of extensive physlolog-
lcal and psychological research for several decades. The
results of this research have strongly influenced develop-
ments in varlous flelds ranging from auditory prostheses
to the encodlng, analysls, and automatic recognition of
speech. In recent years, improved experimental technlques
have precipitated majlor advances In our understanding of
sound processing In the auditory periphery. Most impor-
tant among these 1s the Introduction of nerve-fiber popu-
tatlon recordings which made possible the reconstruction
of both the temporal and spatial distribution of activity
on the auditory-nerve in response to acoustic stimuil
{1, 2]. Sachs et al, utilized such data to demonstrate the
existence of a highly accurate temporal structure that is
capable of providing a faithful and robust representation
of speech spectra over a wide dynamlc range and under
relatively low slgnal-to-nolse condtttons {3, 4]. Thelr work
has since motlvated further research into the varlous algo-
rithms that the central nervous system (CNS) mlight
employ to detect and extract these and other response
features, and the possible neural structures that underly
them {5, 8].

In pursult of these goals, we have constructed and
analyzed the spatlo-temporal response patterns of cat’s
audltory-nerve to syntheslzed speech sounds {4, 5]. These
patterns are formed by spatlally organizing the temporal
response waveforms (or PST histograms) of the audltory-
nerve-fibers according to their characteristic frequency
(CF) [4]. The resulting display highlights the Interplay of
temporal and spatlal cues across the flber array and sug-
gest novel ways of viewing cochlear processing and encod-
ing of complex sounds %7, 5. The avallablilty of such
experimental data, however, Is at present llmited by
technleal constralnts and the masslve amount of process-
ing required to handle them. Thus, In order to analyze
new speech tokens, and to factittate the necessary manipu-
latlon of stimulus and/or processing conditlons and
parameters, we have developed detailed blophysical and
computational models of the auditory periphery and used
them to generate spatlo-temporal response patterns to
natural and synthesized speech stimull. Varlous CNS
schemes for the estlmation of stlmulus spectral parameters

are then Investigated based on these patterns.

The Cochlear Model :

Computational algorithms for the cochlear processing
of speech are developed that are based on detatled blophy-
sical formulations of lnear basllar membrane mechanics
and nonlinear halr cell transduction characteristics [8$
Basllar membrane analysis Is based on detalled 3-
hydroelastic meodels that are quite efficlent to compute
8, 9]. These models are used to generate the transfer
unctions at points along the cochlear length, which are
then employed directly in all subsequent processing of
speech sounds. The output {(membrane displacement) at
each polnt s transduced Into halr cell intracellular poten-
tlals through two stages representing the velocity fluid-
cilia coupling and the nonlinear hair cell. The latter stage
can be approximated in most cases by a cascade of a
compressive  nonlinearlty (of the form: V ==
z.exp(au)/(1+exp(au)) where (z,a,Xx) are constants wlth
definite blophysical interpretations) followed by a low pass
filter (tlme constant==0.1 ms). The final outputs then
approximately represent the instantaneous probabiilty of
firing of the auditory-nerve fiber array. Many more
detalled reflnements have often been Included In this
model (e.g. synaptic adaptation mechanisms, middle and
outer ear transfer functlons, and some form of automatlc
galn control) to reproduce the flner detalls of the

14

BASIAR  FLUID-CILA INNER HAIR CELL
MEMBRANE COUPLING ;:':ﬂm ; Hou :m embane
[ aduintiedeidn ittt et )
W u lE v vVac g
SV a ’ #:u N\ +V ¢
Stapes l—/lm T L‘“w | w |l ’
Di ; _ H
e R
g i Svan F-voc
Fig.1: Schematic of the cochilear model stages [8].
responses. Nevertheless, the simpler model described

above captures the major features of the experlmental
responses.

Examples of the model outputs are shown ln Flgs
23,3 In response to a naturally spoken (remale)F/bet,/ and
a synthesized vowel /a/, respectlvely. In Fig.2a the
response s to the onset of the vowel portlon of the
stimulus (whose spectrogram Is shown in Fig.2b(right)).
The perlodic nature of the response Is evident at regular
intervals corresponding to the fundamental perlod of the
stimulus. Strong harmonics, located near the formants of
the vowel, dominate the response patterns over relatively
broad segments of the channel array. Within each seg-
ment (e.2.0.4<CF<1.8 KHZ? the travelling waves exhiblt
two Important characterlstics observed earlier In the
experimental data: (1) Rapld apleal decay due to the
asymmetrical tuning of the basllar membrane amplitude.
(2) phase shifts or delays in the response waveforms near
the CF of the underlylng harmonlc, due to the rapld accu-
mulation of phase-lag in the travelllng wave near its point
of resonance. The response to the plosive /t/ In /bgt/ Is
also shown In Fig.2a, with 1ts nolsy character and high
frequency content evident in the response patterns.
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INTRODUCTION

Acoustical spectral features play an important role in the auditory per-
ception and recognition of speech and complex sounds (Fant, 1973). These fea-
tures are initially derived in the peripheral auditory system through the fine
frequency selectivity of the basilar membrane (BM). Given the remarkable sta-
bility and robustness of the acoustic percepts, the underlying spectral cues
must be preserved in the responses of the auditory-nerve over ﬁarge ranges of
intensity and noise conditions. Experimental evidence from single unit stud-
ies, however, has not been easy to interpret because several nonlinear phe-
nomena of cochlear function conspire to alter drastically the apparent nature
of nerve responses for different stimulus conditions (Sachs and Young, 1980).
Consequently, several response measures have been proposed to detect and ex-
tract reliably the encoded spectral parameters. They may be organized along
a continuum between two extremes: (1) Purely spatial measures that utilize
only the spatial profile of the average rate of response along the tonotopi-
cally organized nerve-fiber array (e.g. place-code theory) (Sachs and Young.
1979). (2) Temporal periodicity measures that dispose of the tonotopic axis,
using instead the periodicities in the response (phase locking) as measures
of the stimulus spectral content (e.g. Dominant Frequency algorithm) (Sinex
and Geisler, 1983). Other measures, such as the Average Localized Synchroncus
Rate (ALSR) and the Generalized Synchronous Rate (GSR), are intermediate in
that they combine both aspects of the response (Young and Sachs, 1979; Seneff,
1984) . The results of these studies havs demonstrated that, bearing in mindi
such experimental constraints as anasthesia, processing the temporal cues iis
essential in providing a faithful representation of the stimulus spectra over
wide dynamic ranges and low signal-to-noise ratios (Sinex and Geisler, 1983;
Young and Sachs, 1979). These findings, however, raise a further dilemma: In-
like the average rats measure which can be derived using a simple counting or
integrating neural network, CNS extraction of thas temporal measures requires
complex and precise neural network topologies that are capable of periorming
accurate periodicity analysis (Delgutte, 1984).

In order to address this issue, we have examined the spatio-teaporal re-
sponse patterns derived from cat’s auditory-nerve-fiber population responses
to synthesized speech stimuli (Miller and Sachs, 1983; Shamma, 1985a,b). Ve
have also developed biophysical and computational models of cochlear func-
tion to extend the analysis where data are not available, and t.o examine the
effects of manipulating stimulus and processing parameters (Fig.1) (Shamfna et
al., 1986). The main result that will be illustrated here is, that the stimulus
spectral parameters are encoded as specific and stable morphological features
in the spatio-temporal response patterns of the auditory-nerve. And, while
temporal phase-locking may be important for the expression of these features,
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Fig. 1 Schematic of the simplified biophysical model of cochlear pro-
cessing.

periodicity analysis need not be performed to extract them, but rather, simple
edge detection algorithms suffice (e.g. lateral inhibitory networks (LIN)).

THE COCHLEAR RESPONSES

Before discussing the details of the cochlear model, we illustrate in Figs.
2a and 3a its spatio-temporal responses to two stimuli: A two-tone complex
(600/1400 Hz), and a naturally spoken /dot/ (Zue, 1985). The patterns are con-
structed by spatially ordering the response waveforms from uniformly spaced
locations along the cochlear partition model. They display the major response
features observed earlier in the experimental data (Shamma, 1986). Thus in
Fig.2a, the two tones recruit relatively broad regions of synchronous responses
across the channel array. Near the characteristic frequency (CF) locations
corresponding to the tones, two important features occur: (1) The travelling
waves diminish rapidly (reflecting the steep apical slopes of the amplitude
of the BM filters), and (2) the travelling waves slow down abruptly, causing
the synchronous responses near CF to appear phase shifted or delayed relative
to their neighbors. Both these amplitude and phase characteristics combine to
form regions of rapid change (w.r.t. the spatial axis) that appear as edges ex-
tended parallel to the time axis, and are localized near the CF places of the
stimulus components.

A simplified schematic of the biophysical cochlear model used to gener-
ate these patterns is shown in Fig.1 (Holmes and Cole, 1984; Shamma et al.,

1986). It consists of a linear 3-D hydroelastic basilar membrane model, a ve-

locity fluid-cilia coupling stage, and a bioghysical model of the inner hair

cell transduction mechanism. More detailed formulations have also been used

(e.g. including outer and middle ear transfer functions, synaptic adaptation,

and some form of automatic gain control), but the simplified model retains the

major response features of interest here. The model contains one nonlinear-

ity, due to threshold and saturation of the hair cell transduction mechanism.

Its effects on the response waveform of each channel are rather simple ta de-

scribe: It rectifies and compresses the wvaveform, allowing for only a limited 3
dynamic range. This nonlinearity leaves invariant major spatial features of \MC\' b‘ .
the spatio-temporal patterns over wide ranges of stimulus intensity. Im con- (] it
trast, when viewed in the frequency domain, its numerous manifestations are  _f1,,)

often misleading because of the apparent variability of the experimentally

used synchrony response measures.

For instance, the V¢ tuning curves (Fig.1) (or the frequency transfer
functions of the J:hase-locked responses) (Moller, 1983) of a given channel ex-
hibit nonlinear dependence on stimulus intensity, such as bandwidth broaden-
ing and downward shifts of the frequency of peak response (BF) (Shamma, 1986;
Moller. 1983). The shifts in the model occur because of the combined efifects
of a saturating nonlinearity. followed by a lowpass filter. It can be shown,
however, that these shifts do not contradict a stable tonotopic map since the
latter is a spatial map, and its definition at each location involves a single
frequency, rather than the many frequencies of the tuning curve paradigm. With
two tone stimuli, more complex phenomena can be simulated by the model, resem-
bling those of synchrony suppression observed in hair cell and auditory-nerve-
fiber responses (Javel et al., 1983). Here, the synchronous responses due to
one tone are reduced by the presence of a second larger tone in the channel.
This behavior is usually accompanied by a saturation of the channel, and hence
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Fig.2a-b Spatio-temporal response patterns of the model to a two-tone stim-
wlus (600/1400 Hz). (a) Moderate levels. (b) High levels (+40dB).
Stimulus waveform is shown below each pattern. The CF axis is
derived independently using single tone stimuli.

ion regarding the absolute levels of the stimuli. New-

the loss of the informat
ynchronous responses continue

‘ertheless, the relative levels of the primary s
to reflect approximately the relative levels of the input tones over large

ranges of absolute levels. Simulations with the cochlear model show that, com-
pared to the linear case, the output relative levels of the highly saturated
channels are generally enhanced by at most 6 dB in favor of the stronger tomne.
This apparently complex behavior again simply reflects the relative stability
of the shape of the compound response waveform, since the instantaneous satu-
rating nonlinearity does not significantly alter the gross features of the re-
sponse pattern (e.g. the positions of the peaks and troughs in the waveform).
Similar interpretation can be applied to other recently-observed nonlineari-
ties of the synchronous responses to multi-tonal stimuli (Horst et al., 1986).
There are, however, other responge. nonlinearities that apparently arise from
different cochlear sources and which are thus not reproduced by tﬁis model

(e.g. rate suppression and propagating distortion products) .
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Fig. 2c Output of LIN processing of Fig. 2b patterns. The scale on the
ordinate is linear (arbitrary units). The abscissa is the same
CF scale of Figs. 2a-b.

The stability of the ;patio-temporal response features is illustrated in
the two-tone patterns of Fig.2. The synchronous activity due to the two tones
(600/ 1400 Hz) is spatially segregated due to the frequency analysis of the BM.
If we move along the spatial axis (across the channel array) we observe the

two regions of rapid transitions in the proximity of the C; locations 600 Hz
and 1400 Hz. The first (CF=600 Hz) is due to the decay of the travelling wave
amplitude and the rapid accumulation of phase-lag; The other (CF=1400 Hz) is
marked by a rapid synchrony change from one tone to the other, again reflect-
ing directly the tuning of the BM filters, and hence the change in the rela-
tive outputs across this border. The location of these transition regions (or
edges) is quite stable with increasing sound intensity. This is demonstrated
in Fig.2b where the stimulus level is 40 dB higher, resulting in more saturated
output waveforms and a basal spread of the response. The response pattern re-
main relatively unaltered, and the edges stationary. Note that the fine tempo-
ral structure of the channel responses is important for the expression of these
features. For instance, without synchrony, the border at CF=1400 Hz would sim-
ply disappear with the saturation of the channels in Fig.2b. For much higher
frequencies, however, where }»Fha“ locking diminishes in the basal CF regions,
only the amplitudes of the BM filters contribute to forming the peaks and edges
of the response spatial profile.

THE CENTRAL PROCESSING OF THE COCHLEAR RESPONSES

The response edge features can be viewed as spatially localized markers
of the spectral components of the stimulus through the tonotopic map. In or-
der to determine their locations, simple edge detection algurithms can be em-
ployed along the spatial axis. In the central auditory system, this may be ac-
complished by a spatially distributed lateral inhibitory network that receives
its input from the tonotopically organized auditory-nerve-fiber array. These
principles are demonstrated in Fig.2c which illustrates the reliable detec-
tion of the edges of the spatio-temporal patterns using a specific realization
of a nonrecurrent LIN. This algorithm essentially subtracts from each trace
a weighted sum of its close neighbors. Ian the particular case shown here, the
weighting profile extends up to three traces on either side (which <orresponds
to an inhibitory field width of approximately 1/3 octave). The LIN output is
then rectified and its rms value computed at 2 ms intervals using a 10 ms win-
dow. The plot in Fig.2c represents the LIN output, 20 ms after the onset of the
saturated responses of Fig.2b. The locations of the two peaks correspond to .
the frequencies of the stimulus components. T
More complex and dynamic patterns are seen in the responses (Fig.3a) to
a naturally spoken /dot/ (whose spectrogram is shown in Fig.3d). During the
voiced portions of the stimulus, the harmonics nearest to the formant frequen-
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Fig.3b-c (b) Outputs of LIN processing of Fig. 3a patterns. Note that
the time origin and scale here are different. Outputs cam be aligned
with Fig. 3a patterns based on stimulus onset. (c) Output of
LIN processing of a highly saturated /dot/ response patterms (+50ciB).

cies dominate the synchronized activity, being the largest and best resolved
stimulus components. For example, during the vowel portion fo/ (t=0.2-0.26 &)
the response is dominated by the 6th harmonic (6 peaks/fundamental period of
the response) in the .6 < CF < 1 kHz region, and by the 7th and 8th harmonics
near the 1 < CF < 2 kHz region. There is also a clear disruption of the pat-
terns near CF = 3 kHz. At a later interval (t = 0.27-0.31 8) the fundamental
frequency of the stimulus decreases; since the formants remain approximately
stationary (Fig.3d), the same CF regions are now doninated by higher harmon-
ics. As before, edges occur at the CF's of these components, which can be ex-
tracted by LIN processing as shown in Fig.3b. The simulations and parameter
extraction are repeated in Fig.3c under severe channel saturation (+50 dB) in
order to illustrate the robustness of this approach. The LIN outputs trace the

Fig. 3a Spatio-temporal responses to naturally spoken /dot/. The time
axis has been adjusted to correspond to that of Fig. 3d spec-
trogram.
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Fig. 3d Spectrogram of the /dot/ stimulus.

trajectories of the edges corresponding to the four stimulus formant regions
(F1-F4) as they evolve in time. Thus, near the onset of the stimulus, Fi is
represented by the 4th harmonic of the stimulus. At later times, the F1 shifts
to higher frequencies and the 6th harmonic peak emerges and later dominates.
Similarly, the F2 movements can be seen in the succession of harmonic peaks
that are extracted at different time intervals. These trends can be readily
detected in the response patterns themselves (Fig.3a).

SUMMARY

The spectral encoding scheme outlined above exgloits the properties of
the spatio-temporal distribution of responses in the auditory-nerve. It is a
place-code in that the spectral parameter estimation proceeds by localizing
specific spatial features along the ordered tonotopic axis. It is a temporal--
code in that these features are formed by the amplitude and/or phase charac-
teristica of the basilar membrane fine temporal responses across the auditory-
fiber array. Simple edge detection networks are sufficient to isolate these
cues in the CNS.
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