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A NEURO-SYNAPTIC MODEL OF AUDITORY MEMORY AND PITCH PERCEPTION

Kenji Itoh

Summary

A model of temporal information processing in the auditory
nervous system was presented on the basis of the interaction of
peripheral fast synaptic potentials as distortion products as-
well as of slow synaptic potentials as auditory memories in order
to analyze the mechanism of pitch perception for complex sounds.
The system was composed of the cochlea, including the inner and
outer hair cells, cochlear nucleus, inferior colliculus, medial
geniculate body and primary auditory cortex. The model system
could extract the pitches of combination tones of complex sounds
using the interaction of in trains of fast synaptic potentials
from outer cells with resonance frequencies of the primary tones.
The extraction mechanism of pitches from the temporal information
in neural activities was discussed in four process, i.e., the
mechanical-to-neural tansduction of the acoustic signal, the ex-
traction of the periodicity in the auditory nerves, the temporal
to spatial translation of nerve firings and the determination of
pitches, in relation to other phenomena in the perception of com-
plex tones, e.g., hearing of AM sounds, pitch sifts caused by
maskers, roughness and tonal dissonance.

1. Introduction

The pitch perception of complex sound is a fundamental basis
of aural communication in humans as well as animals!’. When we
hear a complex sounds, some additional low pitches as well as the
pitches of primary tones are perceived 2), The most prominent ad-
ditional pitches in a complex sound of two components are the
quadratic difference tone and the cubic differnce tone (CDT)?3’.

The two difference tones are perceived as pitches of f2-f1
and 2f1-f3, respectively, in a complex tone with the lower fre-
quency component f1 and the higher frequency component f2. As
the ratio of f2 to f1, increases toward 2.0 from 1.0, the CDT,
as well as the quadratic difference tone, decreases rapidly at
high frequencies, or slowly at low frequencies “’. The differnce
tones can be cancelled by adding a probe tone of the appropriate
level and phase %’. The difference tones can be derived mathema-
tically from the cubic distortion product of £f1+£2 ¢%, The
strength of primary tone itself reduces in the complex tone 7'.

The origin of such distortion has been studied in the audi-
tory system from the peripheral to the central levels, e.g., non-
linear transmissions in the middle ear, nonlinear wave propaga-
tion on the basilar membrane?’, cochlear microphonics (CMs) in
hair cells % and excitation pattern overlaps in critical bands !9’
Recently, Strube (1986) !'? has proposed a model of the basilar
membrane with a nonlinear resonance gquality to probe the basilar
membrane theory of combination tone (Zwicker, 1982) 1'%,

In this paper, a model for the generation of the combination



tones will be examined at the neuro-synaptic level to observe the
mechanism of pitch perception for complex sounds on the basis of
the pulse-analogue circuit model of information processing in the
auditory system 13},

2. The Model
2.1 Auditory System

The present model, as given in Fig.1, consists of the coch-
lea (CL), the cochlear nuclkeus (CN), the inferior colliculus
(IC), the medial geniculate body (MG), and the auditory cortex
(AC) with reciprocal connections with the auditory reticularis
thalami (AR). The CL, which is a mechanical-to-neural transduc-
cer, outputs through afferent nerves to the CN. The IC interme-
diates the CN output to the MG, which project afferently to the
AC. The MG innervates efferently on the IC which has efferent
connections with the SO. The SO outputs through "olivo-cochlear
bundles" to the CL.

2.2 Cochlea

Figure 2 gives a simplified cell circuit model of the CL as
a pai of arrays composed of two types of hair cells, i.e., outer
hair cells (OHCs) and the inner hair cells (IHCs). Each hair
cell in both the OHC and IHC arrays has its own characteristic
frequency, which as a monotonous function of the position in the
array due to the sharp resonance of its hairs ') as well as the
broad resonance of the basilar membrane !s). A group of OHCs are
innervated by an afferent spiral fiber which terminates mainly
on the endings of afferent radial fibers attached to an IHC with
a lower characteristic frequency than the OHCs. Each OHC is in-
nervated by a bundle of efferent radial fibers 163,

2.3 Performance of the Model System

The model system deals with pitch information in four proc-
esses: the mechanical-to-neural transduction of the acoustic sig-
nal (N-process), the extraction of the periodicity in the
nerves (R-process), the temporal to spatial translation of nerve
firings (S-process) and the determination of pitches (P-process}.

These four processes are performed as follows.

1) Each OHC generates a train of fast post-synaptic poten-
tials (f£f-PSPs) at the endings of the spiral afferent fibers when
the CM analogous to the component of the characteristic frequency
filtered from the input signal exceeds its own threshold which
may be modified by slow inhibitory PSPs from the radial efferent
fibers17'18),

2) The spiral afferent fibers conduct the combined PSP wave
of such f-PSP trains from the OHCs with different characteristic
frequencies within the group to the endings of radial afferent
fibers.

3) The radiant afferent fibers generates pulse trains with
a density corresponding to the combined PSP wave and to a PSP



Fig.1. Blockdiagram of the auditory system
for pitch perception. AC: auditory cortex;
CL: cochlea; CN: cochlear nucleus; ER: ear
input; Iic: inferior colliculus; MG: medial
geniculate body; RT: auditory reticularis tha-
lami; SO: superior olive. Solid lines: afferent
pathways; broken lines: efferent pathways.
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Fig.2. Schema of the cell circuits in the cochlea.
IHC: Inner hair cell; OHC: outer hair cell; arf: af-
ferent radial fiber; asf: afferent spiral fiber;
erf: efferent radial fiber; open circle: excitatory
synapse; filled circle: inhibitory synapse.



wave from a IHC which generates a train of pulses of f-PSPs when
the CM analogous to a (rectified) superimposed wave of the lower
components in the input signal exceeds its own threshold (N-proc-
ess) 19,

4) The CN extracts the periodicities in the pulse train sent
from the CL (R-process) 20 .

5) The data on such periodicities are sent to the IC, where
the IC neurons integrate the data within their sharing frequency
region 21, ’

6) The IC output of the temporal firing pattern is sent to
the MG, where such temporal firing pulses generate slow post-syn-
aptic potentials (s-PSPs) which are integrated to convert the
temporal pattern to a spatial pattern in auditory memory (S-proc-
ess) 221,

7) The MG output for the spectral information in the audito-
ry memory is projected to the AC, which determines the pitch fre-
guencies and intensities by picking the local peaks in a spatial
domain (P-process) 23},

3. Simulation

In order to examine the performance of the model as explain-
ed in the previous section with real data, a simulation was per-
formed with the following parameters.

3.1 Post synaptic potential

The time course unit for PSPs, V(t) is simplified in the
model as follows 137,

({1-cos(2at/2Tc))/2 (0=t<Tc)
V(t)z,{ (1)
- exp(-(t-Tc) /1) (Tcst)

where Tc is the duration of the conductance change and 1t is the
discharging time constant.
When the PSP is generated repetitively, the PSP is

(1-cos(2nt/2Tc))/2 {0st<Tc)
V(t):l (2)
(exp(-(t-Tc)/1)-Vo}/(1-Vo) (Tcst<T)
Vo=exp(-{(T-Tc) /1) (3)
V(t+T)=V(t) (4)

where T is the period of the repetitive stimuli.
3.2 Combination Tone

In the present model, the distortion products for the dif-
ference tones are not extracted from a cubic function, but from

some interactions (beats) between one of the harmonics of the
repetitive f-PSPs caused by the lower primary tone and the funda-
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Fig.3, Unit PSPs. AA: amplitudes of fundamental (solid
line) and first-order harmonic (broken line) components;
AP: phases of fundamental and first-order harmoonic com-
ponents. CM: cochlear microphnics; F/2F: fundamental and
first-order harmonic components; PSP: post-synaptic poten-
tials; R:D: ratio of PSP charging and discharging dura-
tion; broken 1line in CM: threshold of cochlear micro-

phonics.
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Fig.4. Combined PSPs. THD: relative threshold. PSP rise
time Tc = 120 microsec; PSP discharging time = 480 micro-
sec. (a) £ = 250 Hz; (b) £ = 1000 Hz: (c) f = 2500 Hz.
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mental component or one of the harmonics of the repetitive f-PSPs
caused by the higher primary tone. When the repetitive f-PSPs
of the lower and higher primary tones, P, and P,;, are represented
as follows,

Py = @a10P10 + @a11P11 + @12P12 + ... (5)
P, = azop20 + @a21P21 + @z22P2z + ... (6)

where ai;opi1o/az20P20, @1:P11/@21P2: and a,;p:12/az2p22 are the fun-
damental component, first order harmonics and second order har-
monics, respectively, combinations of the higher components in
either P, or P, and the lower components in the other P, or P,
can generate a beat with the frequency of the difference between
the two components. Some examples follow

Kzaz29p20 - Ki1aioP1o (7)
kiai11pP11 - Kaaz20P20 (8)
kiai12p12 - Kza21P21 (9)

Here, k, and k. are the frequency-dependent coefficients of the
synaptic contacts of the spiral afferent fibers in the OHCs for
P; and P,, respectively. The first and second example above cor-
respond to the gquadratic difference tone f , - £, and the CDT 2f,
- f,, respectively. Other combinations of the two components can
generate distortion products different from the above examples.

4. Results
4.1 Harmonics of the PSPs

Figure 3 shows the fundamental as well as the first order
harmonic of the PSPs with various charging durations when the
OHC/IHC threshold is fixed at the peak level of the CM. Figure
4 shows the fundamental as well as the first order harmonic of
the combined PSPs with various CM thresholds when the f-PSP
charging duration was fixed at three levels of .04T7, .12T and
.3T.

4.2 Combination Tones

Figure 5 shows examples of the system responses when the
complex tones of two sinusoids were added. In the figure, pairs
of local peaks, with the period”™ of the difference- tones and
pairs of the primary tones are shown. 1In Fig. 6, the changes in
the system response are indicated when the ratio of £,/f; in-
creases from 1.1 to 1.7 in the case of f£; = 1000 Hz(levels of
two tones: 100%... 1In Fig. 6, the changes in the system response
are indicated when the intensity of f., decreases from the level
of £, in the case of f,/f; = 1.1,

4.3 Cancellation of the Combination tone
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Fig.5. Combination tone and the combined PSP. Left column:
original waves of primary tones and the complex tones;
right column: combined PSPs for primary tones and superim-
posed PSPs of the combined PSPs. Lower two traces are for
the complex tones of two components and three components,
respectively. (a) f2/£1 = 1100/1000 Hz, (b) f£2/f1 =
1300/1000 Hz.
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Fig.6. System responses. CM: cochlear microphonics; PSP:
superimposed PSP wave of two combined PSPs for primary
tones; 2F1-F2: sum of first-order harmonic component of
the combined PSP for lower primary tone and fundamental
component of the combined PSP for higher primary tone;
PST: peak interval histograms of the superimposed PSPs for
the complex tone ({upward bars) and for the complex tone
with cancellation tone. PL: intensity at the lower primary
tone; PH: intensity at the higher primary tone; CD: inten-
sity at the cubic difference tone; QD: intensity at the
quadratic difference tone in the PST. Solid line: data for
complex tone; broken line: data for complex tone with
cancellation tone. (a) response for various higher primary
tones (lower primary tone = 1000 Hz).
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Fig.6(b). System responses for higher primary tones with
various intensities relative to lower primary tone (fl/fz
= 1.1; £1 = 1000 Hz).



Figure 7 shows an example of the system response when a can-
cellation tone with the frequency of the combination tone and a
complex tone are added. 1In the figure, the estimated combination
tone as the beat of k131 iP11 - kzazopzo is also illustrated.

5. Discussion

A model of temporal information processing in the auditory
system was presented on the basis of interactions among post syn-
aptic potentials in order to analyze the mechanism of pitch per-
ception especially for complex tones. The model could simulate
the pitch extraction process for complex tones of two components
and the cancellation process of combination tone by adding an ap-
propriate tone.

The origin of distortion procducts, such as the quadratic and
cubic difference tones, has been investigated physiologically in
various portions of the auditory system. However, the cochlear
microphnics do not show periodicity at the frequency of the cubic
difference tone, except at the third turn of the cochlea (Dallos
1969) 2»9, The basilar membrane can not be observed to vibrate
at the frequency of the combination tone (Wilson & Johnstone
1973) 25, These data indicate that the nonlinearity of distor-
tion products emerges after the cochlear microphonics at least
for high frequency tones.

Goldstein and Kiang (1968) 26* recorded the activities of au-
ditory nerves when complex tones were added. They observed peri-
odicities in the firing pattern of these nerves at the character-
istic frequency of the combination tone if the tone was lower
than 5 kHz. Rose et al (1974)27» have observed some phase-sensi-
tive neurons in the anteroventral cochlear nucleus of the cat.
The synaptic interaction of the auditory nerves presented in our
model occurs between the cochlear microphonics and the firings
of the auditory nerves,

In our model, there is some spatial summation of the OHC ac-
tivities, but the major afferent fibers innervate on IHCs without
branching. If the IHCs are also involved in the process of com-
plex tones, the mechanism of the interaction is among the compo-
nents of the complex tone. For lower frequencies (less than 500
Hz) the superposition of cochlear microphonics corresponding to
these components is possible because the tuning curves of the
cochlear microphonics are broadened at low frequencies 28, if
the IHCs also play a role in generating such distortion products,
some improvement of the coordination between the IHCs and OHCs
should be made in the present model 29!,

Our model includes an assumption about the interaction be-
tween the OHC activities and the afferent radial fibers, caused
by some electrical interferences from the OHC outputs on the ra-
dial fibers in the habenulla area beneath the IHCs, in order to
explain the discrepancy between the major afferent innervation
on IHCs and the major efferent innervation on OHCs. Recently,
Brown and Nuttall (1984) 3¢» have proposed a model of such inter-
action between OHCs and IHCs based on the micromechanics of com-
plex variations in the OHC stereocilia-tectorial membrane influ-
encing the IHC stereocilia through the activities of actin, as
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Fig.7(a). System responses for complex tone with cancel-
lation tone with various intensities relative to lower
primary tone (phase = o0°) (£,/f, = 1.1; £ level = 75%).
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Fig.7(b). The same as in Fig.7(a) (phase 60°).
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Fig.7(d). System responses for complex tone with cancel-
lation tone with various phases relative to lower primary
tone (level = 50%).



well as myocin.

The extraction of pitches from the temporal information in
the neural activities 31) simulated in the model should be analyz-
ed in relation to other phenomena in the perception of complex
tones, e.g., hearing of AM sounds 32), pitch shifts caused by
maskers 331, roughness and tonal dissonance 3*', in order to apply
this model to complex tones of more than two components.
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