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TEMPORAL FACTORS IN DOMINANCY FOR SOUND IMAGE SPACE
— A NEURAL MODEL OF BINAURAL INTERACTION —*

Kenji Itoh and Sho Kikkawa**

Abstract

A neural model of binaural interaction in the lower auditory nervous system
was presented on the basis of Bergeijk’s model in order to analyze the ‘mechanism
of binaural information processing for sound locahzatlon The model system could
detect interaural phase differences using the interaction of excitatory and inhibitory
post synaptic potentials evoked by the respective ipsilateral and contralateral out-
puts of the cochlear nuclei rather than Bergeijk’s or, originally, Békésy’s traveling-
waves on phase detection cells. The effect of ‘phase-intensity trade’ as well as
‘time-intensity trade’ was simulated in the model to compare with the experimental
results. Dominancy for binaural information processing was discussed ‘and the pos-
sibility of inter- and intra-modal information processing involving temporal -opera-
tions among post synaptic potentials from verious sensory inputs was suggested.

1. Introduction

The localization of a sound in space depends on the interaural acoustic differ-
ence. When a brief stimulus is presented equally both in terms of arrival time and
intensity to both ears, the binaural image is located i m‘ the midline. If the interaural
arrival time or intensity is made unbalanced, the image shifts toward the earlier
or louder side. The shifted image can be recentered by adjusting other acoustic
cues, This phenomenon is known as the “time-intensity trade.” However, for sus-
tained stimuli of low-frequency (lower than 1 ,500 Hz), the binaural image moves
following the interaural phase difference rather than the absolute time delay}* 15 3¢
The sensation of bmaural beat, evoked by presenting sinusoidal stimuli with inter-
aurally different frequencies, is due to this effect!$

In various relay nuclei, etc. of the mammalian auditory system, there have been
found neurons sensitive to such interaural cues. Cassaday and Neff® observed the
cat’s inability at localization after lesion in one of the three binaural pathways in
the brain-stem. They concluded that the superior olivery complex and trapezoid
body are involved in the fundamental processing of binaural information, which is
then projected to higher nuclei and the cortex. Anatomically, the two major masses
in the SOC, i.e., the lateral superior olive, or S-segment, and the medial superior
olive, or accesory olive, are recognized as the first relay nuclei from the bilateral
cochlear nuclei.

* Presented at the Second Simulation Technology Conference of the Japan Simulation Society
(June 1982, Tokyo)
** The Heart Institute, Tokyo Women's Medical College
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Based on these psychological, physiological, and anatomical data, numerous
models have been proposed on the: binaural system since Békésy first presented a
hypothetical model of binaural interaction. In Békésy's model, a pair of excitation
waves from both ears proceed through binaural-interaction neurons till the two
waves meet. The location of the image follows the balance of the two spaces oc-
cupied by the waves. Van Bergeijk refined Békésy’s model to explain binaural
interaction for bilateral MSOs driven by inhibitory output of the ipsilateral CN and
excitatory output of the contralateral CN. The balance of the two MSOs in terms of
firing rate determines the location of the image. In this paper, Bergeijk’s model?’
will be been examined at the synaptic level to observe the effect of ‘phase-intensity
trade’ as well as ‘time-intensity trade.’??

2. Model

The present model consists of bilateral groups of four relay nuclei, i.e., the
cochlear nucleus (CN); the medial nucleus of the trapezoid body (MNTB); the
lateral superior olive (LSO); and. the inferior colliculus (IC). The CN, projected
by the. cochlear nerve, outputs to the ipsilateral LSO and contralateral MNTB,
which is connected to the LSO on the same side. The LSO sends output to both
ipsilateral and contralateral ICs. The system processes binaural information as
follows.

(1) Each CN receives a train of pulses with density analogous to the acoustical
wave of the input for low-frequencies (frequency-following) or to the rectified-
integrated wave for high-freque‘nciesf

(2) Each neuron in CN responds transitively as the pulse density of the CN input
passes over its own threshold 24

(3) A burst of pulses as a mass response of all the CN neurons is conducted to the
ipsilateral LSO as well as to the contralateral MNTB, which acts as an inverter
to discharge a burst of inhibitory pulses in the LSO on the same side.?

(4) These two types of pulses from the ipsilateral CN and from the contralateral
CN (via the MNTB) cause excitatory post-synaptic potentials (epsp) and in-
hibitory post-synaptic potentials (ipsp), respectively !® 26

(5) The LSO generates a burst of ‘pulses corresponding to the peak amplitude
of the combined epsp and ipsp.

(6) The IC counts and compares the two bursts from the bilateral LSOs in reciprocal
action like Bergeijk's model.

Cochlear Nucleus

The CN in the model is divided into separate groups with their proper charac-
teristic frequencies. The number of neurons activated in each group depends on the
input intensity of its frequency component?' Each neuron generates a pulse at the
point where the component crosses over its threshold (= 0 in the model).
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Let,
S (t) = {input of left CN)
n
=y s 4t
i=1
n
= * * i
> A (t)* a . *sin(2uf.t)
i=]
Splt) = (lnput of right CN)
=2 syl
i=]
n
- * *ci -
=5 Ap(t)* ap, sin(2Mf;(t-d))
i=]
TL (t) = (the set of outputs from the left CN groups)
TR ( t) = (the set of outputs from the right CN groups)
p(x) = (threshold function)
=1 (0<x)
0 (x=20) 7
where n is the number of the frequency components (f}, ..., fy); aLj and aR; are

amplitudes of the i-th frequency component.in the left and right CN inputs, respec-
tively; d is the time delay of the right CN input compared to the left CN input:
and A (t) and AR (t) are the gate functions of input events, i.e.,

AL(t) =0 (t<0)
1 (03t<tE)
Lo (t<t)
Ag(t) =¢ 0  (t-d<0)
1 (0St-d<tE)

L0 (tEgt—d)
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Then,
T () = (N(a

TRlt) = (N(ap;)*plsg (£))*(1-plsp, (- dt)))1 e

where N is the number of activated neurons or the number of pulses in a-output
burst from a CN group at each crossing-point. If 3 is a delta function

3(t) =11 (t =0)
Lo (t +0)

TL (t) and TR () are represented as follows

L 1
TL(E = (5 NGy 0% S(t-3T ) gy
=0 "
10 oy
= *
(t) = (5 Nagg* 3(e-d-jiy)

[
]
O

where Tj (= 1/2 fj) is the period of the i-th frequency component;and mj is the
number of zero—crossmgs of the i-th frequency component for the stunulus duration
Te. : : | , -

Lateral Superior Olive

Two burst trains:from the ipsilateral and contralateral (via the ipsilateral MNTB)
CNs produce excitatory postsynaptic potentials (epsp) and inhibitory postsynaptic
potentials (ipsp), respectively, on the membranes of LSO neurons.

Synaptic potential can be modelled by an equivalent-circuit composed of resting
membrane potential (E), resistance (1/G), and Capacitance (C) A pulse of conducted
action potential activates synapses to release quanta of transmitters which generate
shunt conductance mg (g: a unit conductance of one quantum; m: the number of
quanta transmitted by one pulse of action potential)}? If a pulse causes a rectan-
gular change -in ‘the shunt conductance!” the time course of the post synaptic
potential (psp) ¢elicited by a periodic 'train of pulsés can be represented as the output
of a relaxation oscillator}?

In the present model, the time course unit for epsp or lpsp is sunphﬁed as
follows?® ‘

ve(t)= sin. 2m(T'/4)t (0<t<T")

T - 5in 2W((T-T')/4)t (T'< t<T)

-0 (t<0, T<t)
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where vg (t) and

Vi (t) are units of epsp and ipsp, respectively: and T and T  are

total durations of the respective conductance changes.

If the synapses in each LSO group projected by a CN group with the proper
characteristic frequency generate psp with the same parameters (t' and T), and
neurons in each LSO group have different thresholds within a rectangular distribu-
tion, the output of each LSO group can represent the peak amplitude of the com-
bined epsp and ipsp.

Let,
(t)

UR(t)

(output of left LSO)

(output of right LSO)

VL1' (t }= (membrane potential on neurons in the left LSO group)

Y

Then,

VU.(t) =

Vo; (t)

H

UL (t)

U, (t)

R

where, 11 and IRj
and cLi.and cRik

i {t)= (membrane potential on neurons in the right LSO group)

mi-1
S (N(ay )*vg (£-3T5) + Nlag,)*vy (t-d-3T,))
j=0
myi-1
S (N(agi)*vp(t-d-3Ts) + N(a )%y (t-3Ti))
5=0

'I .
(S pUv (8D = ¢ gy ¥(1pUY 4 (b-dt) = ¢ 1))
k=1
1p:
(S Py (£) = Coa )*(1-p{Vgs (t-dt) = o))y
k=1

are the numbers of neurons in the left and right i-th LSO groups,
are the thresholds of k-th neurons in the left and right i-th LSO

groups, respectively.

Inferior Colliculus

The bilateral ICs count and compare independently the two outputs from the
left and right LSO:s.
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Let,
IL (t) = (the set of the number of pulses from the left LSO groups during a unit
epoch ej from t)
= (E ;U (8)Y 5

IR {(t) = (the set of the number of pulses from the right LSO groups during a unit

epoch e;j from t)

fl

(Eps (Ug(t))4_q

(laterality indexrof IL(t) and IR(t))
=r(1 () - IR(t))/(IL(t) + Ip(t)) (IL(t)+IR(t)#0)
-0 (IL(t)+IR(t)=0)

Y (t)

u

3. Simulation
Phase Detection. in Steady State

If each pair of parameters in the bilateral system is the same, the left and the
right systems work reciprocally. Figs. 2 (A), (B), and (C) show the change in the
steady-state detectability of interaural phase differences in binaural stimuli of the
sinusoid f(=1/T) balanced bilaterally in amplitude when the psp parameter T
is shifted from T/4 to T/2. The system failed in phase detection in the case of
T =T/2 (Fig. 2 (C)). As can been seen in Fig. 2 (B), the result for T' = T/3 agrees
with Colburn and Durlach’s experimental data® which indicate that left- and right-
most shifts in the binaural image occur at about 90° and 270° of the interaural
phase difference, respectively.

Transient Response

Fig. 3 shows the transient (initial) response of the system with T'=T/3 im-
mediately after ths stimulus presentation. For more than 180° of the interaural
phase difference, the sound image located at left initially even though the steady-
state image located at right, as in Fig. 2 (B).

Single Response

Fig. 4 shows an example of the system response for a single event (one cycle of
the sinusiod, isolated pulse, etc.). In this case, the interaural phase difference should
be repldced by the intraural time difference as the binaural information.

Phase-lnrensity Trade

Fig. 5 shows an example of the steady statc response for binaural stimuli with an
interaural amplitude difference (arj = 0.9*ar ;). The phase angle at the zero-crossing
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IPD EPSP & IPSP EPSP + IPSP LLSO & RLSO IC-FIR
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Fig. 2 (A) Steady -state response of the system for binaural stimuli of the sinusoid of
frequency f(=1/T) bilaterally balanced in amplitude in the case of psp charging duration
T' = T/4. IPD: interaural phase duration (360*d/T); EPSP: excitatory post synaptic
potential (vg (t}): IPSP: inhibitory post synaptic potential: EPSP + IPSP: combined
potential of epsp.and ipsp on LSO neurons (Vy;(t) =-Vg;(t)): LLSO: puises from the
left LSO (I}, (t}} (upward): RLSO: pulses from the right LSO (Ig (t}) (downward):
IC-FIR: output of the inferior colliculus representing the laterality index (Y (t)). One
division corresponds to 1[4 of the image position of a monaural stimulus in left/right ear.

—
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Fig.2(B) T =TJ/3.
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Fig. 3 Transient response of the system with T' = T/3 immediately after stimulus
presentation of a sustained sinusoid f{= 1]T).
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Fig. 4 Response of the system with T' = T/3 for a single event (one cycle of the sinusoid,
isolated pulse, etc.). IPD is the interaural time difference (ITD = IPD*T/360).
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Fig. 5 Steady-state response of the system with T' = T/3 for unbalanced binaural
stimuli fag;=0.9*4, ;).
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point of the IC output corresponds to the phase-advantage of the right ear'necessary
for centering the image of the binaural input with unbalanced amplitude, i.c.. the
‘phase-amplitude trade’ when the number of the CN output pulses increases lineary
as the input amplitude is strengthened. The phase-intensity trade ratios (deg/dB)
are plotted for the various input intensities in Fig. 6.

Dominancy for Sound Image Space

Fig. 7 shows an example of the simulated results for binaural stimuli balanced
in amplitude from the model with a smaller (80%) right' LSO output. The sound
image space of the lateralization indicates a left space dominancy, though the phase
advance is not necessary for centering the image at a zero interaural phdse dif-
ference, unlike the case of an unbalanced input amplitude.

4. Discussion

The present model is based on the interaction of epsp and ipsp with unequal
charging and discharging time constants. The simulated and -experimental results
for interaural phase detection almost agree for T = T/3. which is identical with the
ratio in Walsh and Tuckwell’s psp model. However, it is necessary to keep the ratio
for periodic stimuli with different frequencies. Two possible mechanisms for keep-
ing the psp ratio constant can be considered: 1) The duration of the shunted ‘capaci-
tance decreases in the equivalent circuit of the psp as the repetitive frequency of
the stimulus increases. 2) The output of a CN group with a characteristic frequency
f, maps onto a corresponding LSO group, where a psp with the proper ratio is ex-
clusively generated. Some evidence on LSO neurons in the location of arrays from
high to low characteristic frequencies and in rather strict response patterns support
the second mechanism, which gives the system an ability 4s a parallel analyzer of
complex sounds!?

Bergeijk modelled the MSO as a system of binaural interaction with ipsilateral
inhibitory and contralateral excitatory inputs. However; the MSO: receives ex-
citatory inputs both from the ipsilateral and contralateral CNs. The LSO is the
nucleus accepting excitatory and inhibitory inputs. The present model consists of
bilateral multistage processor of relay nuclei in the lower auditory system. If the
MSO is also an analyzer of binaural information, the neural circuit for such a multi-
stage processing system should be realized in the MSO itself with bilateral excitatory
inputs?®* The MSO is well organized into a two-dimensional array of fine columns
which include marginal cells, peripheral cells, multipolar cells, and bipolar.cells. The
medial and lateral parts of each MSO column are projected from the contralateral
and ipsilateral AVCNs (anteroventral cochlear nucleus), réspectivély. If some in-’
hibitory cells in the columns can act as inverters of inputs, the MSO would be
modelled as a neural circuit by the present system.

Recent anatomical and physiological data*® suggest that the MSO plays a role
in reflex movements of the eyes and head in response to the direction of sounds
rather than binaural sound localization. There have been found synapse..endings
with small vesicles which do not come from the auditory system but possibly from
the visual system2® If the MSO is the lowest system of audiovisual interaction!®
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Fig. 7 Steady-state response of the system with T' = T/3, but with unbalanced LSO
outputs (Eg; = 0.8*Ey ;). showing left space dominance for sound image.
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further modelling of the MSO innervated by the visual system as well as the LSO
innervated by the higher auditory system® is interesting for analyzirig the mecha-
nism of the interaction between sound localization and visual orientation'! in the
egocentric perceptual field® 3' to explain the dominancy for binaural information

processing? ° 23
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