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ABSTRACT

We demonstrate a framework for eliminating significant
perturbations along a cascade scattering model of the inner
ear. This allows for the conception of a novel scheme of acute
anti-noise stimulation at the cochlear level that can be
particularly applicable to the class of tinnitus (ringing in the
ear) that is aurally originated (peripheral). Peripherally
induced tinnitus is often associated with the occurrence of
spontaneous and evoked otoacoustic emissions, partially
described by Kemp Echos, the basis of the scattering cochlea
model ([1]). We propose that a reﬁned version of the work
presented here can be fit to individuals with hearing-loss
induced tinnitus.

1. Introduction

It is well known that subjecting a patient to either white
noise, or noise that is fitted to the approximate frequency
region and amplitude of their tinnitus; or to an opposite phase
sinusoid of equal tone and amplitude to that perceived, are
both cost effective methods of tinnitus reduction. It is
estimated that 80% of adults are subject to a form of tinnitus
[2], [3], but about a third of those, have it centrally
(neurologically) originated, exhibiting asymmetric collicular
activity in MRI's that additive noise can not lessen [3]. The
technique described below is suitable for those persons
expressing tinnitus arising from inner-ear damage (most
likely from a noise induced threshold shift) that is measured
by a noticeable change of input-output characteristic (or
Kemp Echo, see [4]).

The below derivations are built on this input-output
characteristic model, which is described in [1], found by
fitting parameters to movable fluid mass situated in a
cochlear environment. This environment can be described
mechanically as shown in Fig. la, and more symbolically, as
in Fig. Ib. An acoustic waveform exerts pressure on the oval
window that in turn, stimulates fluid movement inside the
scala vestibuli and media. The basilar membrane divides
those scala with that of the tympanic, and has varying
stiffness along its length, to resonate with increasing
frequency values contained in the input waveform. The
cochlea’s scattering matrix, 6, initially found from single-
input, single-output measurements, is reduced to a number of
multiple-input, multiple-output &'s.

When a portion of the basilar membrane vibrates, it
elongates a set of inner and outer hair cells within itself to
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initiate an ionic flow cycle that ultimately propagates neural
spike discharges through the auditory nerve (this response is
described more thoroughly in pp. 125-138 of [5], but is not
included in the analysis of [1], and although is instrumental
as to the percept of tinnitus, will be referred to as scattering
matrix H as shown in Fig. 2). Signal recognition is often
associated with oscillation synchrony, expressed as neural
synchrony in so-called live and neural networks, [6],
inextricably connected with peripherally-induced tinnitus
perception, [7]. One can draw the conclusion from several
related publications that noise-induced tinnitus arises from a
shifted critical oscillation region, said to be expressed in all
wide-dynamic-range sensory systems in [8], and particularly
in hearing, as a result of a hysteretic hair cell region, resulting
from negative-stiffness induced hair-cell orientations, [9].
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Figure 1 A) Mechanical analogy of the inner ear: the cochlea, and
stemming hair cells. B) The analytical analogy of the cochlea to the
scattering matrix.
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Figure 2 6 represents the cochlear tubules. and H. the hair cells. A

defective H is hypothesized to mediate phantom noise, due to a
degenerated feedback mechanism in the tuned oscillation region, [8], [9].
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Figure 3 A sample lattice cascade with N = 2, having one injected
disturbance source, X, and y; is set to zero.
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2. Formalism

We make use of the abbreviations:

v,={:{:] @.1) A,=L"l] (2.2); and g,=['y‘j{] @23).
] ]

Here, v; and v, are scalar incident and reflected waveforms,
and x;, y; are scalar noise waveforms arising from hair cell
oscillations.

A consecutive series of numbers M through N will be
denoted (. )y or simply (.)y when M = 1. This allows for:

N N
X
OmcN =| |9k (2.4); ¥men =[Y] = E,“Mcj‘@j {2.5)

k=M McN  j=m

6, a 2 x 2 scattering matrix:

v i 8. 6; Vv
J =@.- -I = 11 /12|, J ’ 2.6)

H ’ H o o] H ‘
and:

Taron = Omcny +OMenpSE @7

Opcnay +OMeN,SL

with §;, a scalar.
3. Finding v, as a function of v,’
Following (2.6):

V= OiA; 3.1
and:

;\j = vj+| +§j . (3.2)
1t follows from the substitution of (3.1) into (3.2), that:

Vj =0,Vj+| +0, j . (3-3)

Recursively substituting (3.3) into itself for progressive j, we
find that:

Vl = Osvjﬂ +?.| . (3.4)
To calculate a front-end input, v,, from (3.4) we can use the
identity at the terminal section (the section subsequent to the

N-th):
";Nl _ Ly
[V;HI] [SL ]VNH '

evident from the right-most section of Fig. 2. Setting j = N,
in combining (3.4) and (3.5):

1 .
vl = GN[SL ]V'N+I +TN ’
or in matrix fom:

i BNy +On-S, | X
0 B Dl PR Dl I € X
[v,"] [°N21*°N225L]VNH [YJN e

Dividing the expanded top row of (7) by its bottom row:

(3.5)

(3.6)

v: - xN _ ON“ +°N|'ISL

. (3.8)
Vl —YN oNZI +3N2SL

which is more compactly written with (2.7) as:

g wila B oy, 3.9)
or in matrix notation:

Alal L4 0 3.10

[v(] "'[uzN] [YN-an:N : G0

We now solve for an arbitrary section by finding the
necessary unknowns of (3.4), i.e., the constituents of Vj,;. For
compactness, we will have k=j + I:

Vi = 0NVt + Wien
and using (3.5), and matrix notation:

i 0 ;
Y | = :“C“" O*C“ﬂ ‘]v',,+,+[x} (3.12)
Vi kN2t Okenas (S Y keN

We now readily solve for v,

0, N +0 S,_ :
V£= kcN21 7 YkeN22PL (vi—xchHYk

BNy HOkenSL

(3.11)

N G.13)

= v/ Egen + Yien - XkeN/ Zken
which further reduces (3.12) to:

i 1 i 0
% =9 vi +[ ].(3.14)
}i"ﬂ] kCN[Vzch] 7 Yken - Xien/Bren

Combining (3.4), (3.10), and (3.14):

1 = I +
V'[l/zN] o"[m:ch]Vk

RPN P
I Yeen - Xuen/Eken | [ Yn-Xn/En| |Y i

(3.15)
Expanding (3.15) and then subtracting the bottom from top
row:

(ONy | *+ 0N »BkeN’ ®ji5 =9j5y YkeN - XkeNFkeN)
F i | —ONy +ONy 2/ EkeN) +YN - XN/EN + XJ - Yj
=V -4

1
1-1/2N 1-1/Ey

Y1

=via+p

=V +x;)a+ p. (3.16)

4. Elimination of x; with v

From Fig. 2, it is apparent that certain criteria are required for
a cancellation at v;, /', with retention of values at neighboring
ports. We use (.)" to denote the n-th solution satisfying the
restraints:

{1} The reflection feeding forward from the j-th section
must be equivalent to when it is reduced by subtractive noise,
x;, such that when it encounters additive noise, the two
eliminate:

(n) Am
S.t. v;

or
Vv

T =P -x; =iy @D
{2} The signals elsewhere should retain a certain degree of
similarity to their respective original values:

v'”l(m - vh#l“) 3 (42)



{n} A (l) (4.3}
G .l
‘,;}(i) =\3}( :, (44)
. im i
Vil =Via s (4.5)

where we have used: he {1,2,.N}nhe {j).
Additionally the first reflection should be that of an ideal
cochlea:
Rl Flideal)

v =y (46)

5. Example: Cancellation inbetween two
sections, in a two section system.

Let us follow Fig. 3 using a noise waveform:
xnTl= sin2r- f-nT)+sin(27-5- f -nT)+

sin(27-0.5-f -nT +x/3)+sin(27- f -nT +x/5) ,(5.1)

=0, and using the class of real lattices in [10]:

1 ) 1

=0 -k Y- K ad)

setting vy,

&a,k,z)=

. (5.2)
—kil=aa )

—(1=k"a 2+ (1= ki)

1-ik"ad"
—k(1 —aa*)z
8, = 8la,.k,,z) .

where z is the unit advance (X,/- * J=x;{(n-k)T]). Either using
(3.16), or more easily, solving Fig. 3 by inspection:
vlr = ‘I.Jirzz +x1(£29121 —91“) = yi(}'.‘.zﬁ'lzz —9112] = (5.3
The denominator of Z,: (6;6:)y; + (6,65)5; S, has at least one
root expressing instability (i.e., outside of the unit circle),
which if ignored, would yield a result defeating the purpose
of the technique. To eliminate this problem, we set the
unstable root to zero, and divide the denominator by the sum
of unity, and the negative of the unstable 100t (f — Fusabie
The latter step is to account for the gain loss of making the
unstable root zero, [11]. .
For this simulation, we have: k; =0.2, k2= 0.3, q; =-0.5, a»
=-0.9, §; =04, f=0.01, and T = 0.001. Shown in Fig. 5 is
the noise source, x;, and the lesser signal, the effect of the
noise on v,' with the additive at the input. Figure 5 shows the
effective v» without such an additive.

6. Conclusions

We have shown a computational framework for applying
anti-noise masking to a damaged portion of the scattering
matrix cochlea model. The variable, & allows for the
insertion of hair cell non-linearities, arising from a
constructed H, computed from the mechanics of hair-cell
myosin motors, modeled extensively in [12] and [13], first
hypothesized to act as motors in 1980, {14]. We claim our
technique is considerably advantageous over prior forms of
masking-sensitive tinnitus. As such, we believe it could reach
a bank of patients that normal masking would not have, as
this model accounts for physical intricacies not present in a

pure filter-bank scheme of the inner ear (the most commonly
used).

We are most grateful to R. A. Levine, J. R. Melcher. and L S. Sigalovsky
for useful discussion regarding their research on the determination of
neurclogically originated tinnitus via imaging and the progression of clinicat
case studies supporting the hypothesis for somatically induced tinnitus.
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Figure 4 The larger signal is the noise injection (5.1, and the other is the
effective v, with an additive signal to v/’

05t P
| N\
05f
Ak
A5 Yo RN NS SNSSMSY SO N S

] 10 20 30 40 50 =] 70 a0 a0 100
Figure 5 The signal at v’ before the additive to v,'.
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