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ARSTRACT A digital Afilter repre-
sentation of the ear is given which yields

lemp-echos as its unit pulse responsa, and

is, hence, suitable for ear parameter iden—

tification via external Kemp-echo measure=

ments. This provides analytic simplifica-

tions te the more physical previous models

which allow Far noninvasive comparison af

healthy versus damaged esrs.

INTRODUCTION

Becouse almost every human will expe-
rience some hearing loss during aging, it
would be useful to have means of determin-
ing the precise nature and euxtent of damage
through external measurements. Toward this
there appears ¢to be much progress in the
convergence of two technologies, one kbeing
the experimentally determined Kemp—echos
and the mther the more theoretical digital
systems models of the ear.

The remar kable Hemp-echos give an
external means of measuwrenant that does
differentiate between healthy and damaged
ears [11. However, it remains to be able to
use these echos in a meangingful way in
terms of damage assessment. In regsrd to
this latter it does appear that digital
signa)l processing has a lot to contribute
in that the reflected signal recovered in
the Kemp—echo experiments can be related to
parameters of the ear via the digital +il=
ter models.

BACKGROLIND

Figure 1 shows in outline form the
cross—sectional structure of the ear as it
is of interest here and with the cochlea
unfolded [2, pp. 23-251. Sound is chan—
neled by the outer ear, a, to vibrate the
ear drum, b, which via the bony structure
of the middle ear, =, acting as a mechani-
cal lever arm {transformer), excites the
choclea at the oval window, c. The chaclea
is & ratier complex transmission system but
for our purposes it can be considered as a
partition, h (the basilar membrane), separ—

= Research supported by the Us-Spain Jeoint
Committes For Scientific and Technological
Cooperation Grant No. CCE-54002-002, by the
U.P.M. Grant No. &03/30&6, and by the US NSF
Grant ECH-BS-=0L924.

Copyright 1987 by Elsavier Bclance Publishing Ce., Imc.
29ch Midwest Symposium on Circulcs aad Syscams
M. lsmail, BEdicor

+Microsystems Laboratory
Electrical Engineering Dept.
University of Maryland
College Park, MD 20742 USA

ating two channels, called the scala ves-
tibuli, €, and the scala tympani, g. The
excitation at the oval window sets up a
pressure difference across the basilar mem—
brame which travels up and down the men—
brane. The fluid in the two scala is
coupled via the helicotrema, i, at the far
znd  (x=f); it also retransmits signal to
the eardrum via the oval window and the
round window, d (which seals theé scala tym-—
pani at the excitation end of the basilar
menbrane . These retransmitted signals
appear in the outer ear as reflected sig-
nals picked up (as Kemp-echns) after a
short sound pulse excites the outer ear.
Further, the vibration of the basilar mem—
brane appears to axcite neural transmitters
which send auditory signals to the brain
tand, very interestingly, vice versa,
neural feedback seems to excite motion of
the basilar membrane making it look
“active").

The Kemp-echos appear after initial
reflections (due essentially to the eardrum
and middle ear), following ahout § ms the
excitation and continuing for some time [1,
p. 13871. They seem to be primarily due to
mechanicai vibrations in the cochlea and,
hence, models depicting the pressure trans-—
mission and reflections in the cochlea are
pertinent. A number of circuit-like models
of the cochlea do exist (31041 but these
are not within & scattering basis, as i%
most pertinent to the auditory system, nor
within the digital systems domain. However,
recently such a scattering parameter digi-
tal +ilter model based upon mechanical
properties of the cochlea has been devel-
oped as a cascade of 2-port sections corre-
sponding to lengths ax of the choclea
[51[6)C7); each section is as in Fig. 2
with the full cascade as in Fig. 3. Because
the scala and the basilar membrane are both
tapered, the characteristics of the kth
2-port section depend upon the position,
x=ka, along the choclea to which it corre-
sponds; thus, the parameters are space
dependent, a property which camplicates the
situation. -

To the cochiea models one should
insert modaels far the outer and middle ear
and  for the neural interconnections.
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Al though much more complicated models do
exist for the ocuter and middle ears (2, pp.
41-451, for Kemp-echo Purposes we consider
that the outer ear can be considered as a
simple delay and the middle ear {(that is
eardrum and bony structure) as simply scal-
ing (via the transformer action). Here we
ignore the effects of the neural connec-—
tions to the basilar membrane though we do
point out below how this can be inserted
into the model. We also ignore various non-
linearities in this $irst order treatment
while again pointing out below how some of
these can be inserted in the model .

In short, and in concluding this sec—
tion, we observe that for the purposes of
Kemp-wchos the ear can be considered as a
cascade of sections of the form of Fig. 2
with the incident input wave being a scaled
and del ayed Kemp-echo excitation pulse and
the associated reflected wave being simi-
larly scaled and del ayed Kemp~echo echos.
And  since these scalings and delays are
uniformally the same for the excitation and
response we ignore them.

SECTION DESCRIFTION

Our goal is to obtain the parameters
of & cascade of M sections of the form of
Fig. 2 +from the knowledge of the Kemp-—
- echos, these latter being considered as the
.reflected signal Gg of the system subject
to a unit pulse input and a termination of
the Mth section that represents the helico-
trema. For this a=g/M;, where § is the
length of the cochlea, roughly 3.5 em 3
1P. 3701 and M is the onumber of sections
used in the model (about which we say more
later). Considering the nature of the heli-
cotrema, we will assume that the termina-
tion of the Mth section has a reflection
coefficient that is +1. Our problem is then
one of system identification of a cascade
of scattering parameter described digital
filters of similar structure but parameters
which wvary with ¢the section number and
z-transform variable (of delay 1/z). That
is we wish to determine ¥ulz)y putz), and
Tu{2). We note that both ¥« and p. are

linearly proportional to ax and that [7]

T = 1 = Pu {(1a)
P (nkb"'nklz-‘*’ﬂu:z.‘% N (2)
-_— = = (1b)
The Srotdiu 2 =t4d, g2 =% Dy (2)

which give
pu='\'|., (N..+D..) ' fkﬂDu/ (Nk"‘Dn’ ‘lc'd,

Here Nuos  Micay Nz, duoy dus, and dus are
to be determined as are the parameters in
8.(z)= Previously we have given a set of
these which are directly interpretable in
terms of the Physical constants of the
cachlea evaluated for some HBHy within the
kth section by formulas presented in 7,
eqs. (3T)—-(34)) where a4 rather complicated

dependence

of the space damping constant ‘¥,

on z is derived on physical grounds 7,

eq. (2031,

With these results we see that

the kth section can be described by the
transfer scattering matrix @. via g3

where

B8, =

r 2 | i, |
IF| = 8. |F]| {2)
16} 16)
I..Jk_l LJk
r ir 1 !
jery 0 |11 =81/ (1+p} | (3
10 e-v¥j-p 1) i
[ d b o+ lk

The inverse of & is readily found and
allows us to determine the variables at the
kth step in terms of those at the (k-1)st,

1 r ir 11
8,2 = |1 plle—¥ o1l (4
t=p Ip  11] 0 gvw])
L o J'k
Corresponding to the three factors in this

form far
for use in

Fu' =
Bg =
Fu® =
Gu" =

8.7t we introduce new variables
the identification. Thus, let

Coxp(=Yu) 1 eFo, (Sa}.
Lexp (+¥.) 1 +Gpo, (5b)
F‘g' + Pu'su' (Sc)
P Fu' + Gy’ (Sd)

In which case (4) Yields

Fi = Fu"/(1-p,) (Se)
Gy = G..."/‘I—Pu’ (S+)

Equations (5) are convenient ones for the

estimation

of parameters.

FARAMETER ESTIMATION TECHNIQUE

Gi ven

an  ear, the outer ear excita-

tion, and the resulting Kemp-echo, we can
obtain the cochlea excitation and response
by time shifting (for outer ear delay) and

combining

them (for middle ear transtormer

action, see (t2) below). Thus, we can
asgume that Fgilz) and Gofz), the z-trang-
formed cochlea input port incident and
reflected signals are known. These serve to
&tart an iteration since, if we know the

variables

F & & at the {k-1)st iteration

(port), eqs. (5) show how we can cbtain
them at the kth {port) i¥ we know the two

parameters

¥ and pn. So the real problem

is to determine ¥ & pu, which are both
functions of k with p of degree two in z.
In an iteration on k the input energy into
the kth section is known {Bince Fu., & Sues
are). Therefore, taking our clue from

speech esti

mation theory [?3, to determine

¥ & p we minimize the autput energy with

respect to

these parameters. Switching to

the (discrete) time domain, for sach k we
then wish to minimize the two energy func-

tions
P
Eu’' = T (fu.'tn) - gu'(n}2= {ba)
: n=0
E =
s T (lexp(=¥u)Juf,in) -




P
Ex" = £ {fu"(n) - gu"in})= (6}
n=0
P
= L {tuwlfu' — gu'](l‘l)}’ (&d)
n=0

where P is the number of samples of the
signal being used and » is discrete tfme
convolution, with the resulting time being
denoted by n. The reason for our introduc-
tion of the primed variables is now clear
in that &a separation of parametgr§ _has
taken place so that (éb) is to be minimized
over the parameters of Y. and (4d) over the
parameters of T..

To  proceed one takes the partial der-—
ivatives of the above twn enerqy functions
with respert to the parameters of the sec—
tion under consideration. In order tao do
Lthis  one needs fo know the form of ¥ to be
usad. Since the ear is a physical device
e can procveed in terms of physically
meaningful parameters, as in {71, or in
terms of mathematically more tractable
parameters. Sinre the physically meaningful
parameters lead to each section being of
degree 34, we present here a mathemstically
tractuble method which Jeads to auch smal-
ler degree sections. We note that ¥. is a

spare  delay which has a frequency depen—
dence which we put in a function hiz),
writing, with m, a constant,

¥u = @ + InLhiz) 2 {7)
The simplest choice is hiz)=1 but more
physically meaningful) is

hiz) = 2z (B)

whirh puts in a time delay (resulting from
signal travel in space). The remaining
frequency dependence of a srction is then
flaced into Ni. &% Du. In this paper we will
usae (8) which allows us to proceed toward a

minimization to obtain degree Ffour sec—
tions. We have
P
Ex'=s T {[leupl=ou) Ifums tn=1) -
n=0 Lexp (+a,) 1043 (41132 ()

For which owr chaice of Y. from (8) using
QEu'/aau=0 yiPqu

P P
M = BIN{=IL Frcsi (n=11I/[T Qu=z tn+11313 (10)
n=0 n=0
Here the right hand side contains only
Auantities known from  the previous step,

while if{ it tirns out to be conplex then it
is replaced by O since no sttenuation is
needied for that section (4nd the phase por-
tions, which a complex a. repreasents, will
be achieved via N. &% D.). We note that one
could use more complicated rational hiz}
terms at (B) to get rational operators for
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(%) in which rase the same method applies.
Likewise even irrational hiz) can be used
and approximations, as in (7], used to
bring the overall signal-flow qgraph trans-
mittances to be rational.

For (&d) we next desire a minimization
over the parameters nNee & dus in 7w Thus,

using (1d) and considering MNu(z) and D.(z2)
as time domain operators, we determine
aEn"/anugEO‘ and aEu"/ako=0' for
i43i=20,1,2. These give

P {11a)
O= E {tuulfi'~0u’2in)2.

n=0 LD/ (N +D ) =) Ly =gy T tn=i 1))

P {11b)
O= T {Tu))wlFfu’'—gu'dintd).

n=0 CNe 7/ (N +Do )2l Fp =g, " I tA=50 )

Assuming, as we may, duwe=1, we have Fivae
ti=0,1,253i=1,2) nonlinear equations to be
solved for the five nw,, dus; the nonli-
nearity coming in twe forms, one from the
operator denominators and the other from
the products (resulting from the square in
the energy functions). Dne can proceed in
various ways to solve these. Perhaps the
most preferred and convenient way being via
iteration on the paramsters.

Noting that pu=Ne/(Ne+Dy)] we obtain
Fu and G by (Sc-f)., The iteration on Kk
then camn continue wuntil ane obtains F
equal to B., representing the Helicotrema,
to within a preseribed error. Since the
model appears to be a very reasonable one
for the Cochlea, the convergence of Fn — B,
to zero should result, but this remains to
he proven.

Hecause the external behaviors ehould
be identical for the physically meaningful
digital Tfilter and the mathematically sim-
plified digita)l filter, cne should be able
to obtain the parameters of one from those
of the ather. This means that eventually,
using the mathematically simplified ver-
sion, one should be able to characterize
the physical parameters within the ear via
the mathematically simplified digital +${l-
ter, thus, leading to a simplified means of
characterizing the mar via Kemp-echos.

DISCUSSION

Here we bave presented a  means of
obtaining a digital filter that has the
Kemp-echos as its unit pulse response, and,
therefore, essentisally identifies the coch-
lea structure from external Kemp-echos.
From the identificetion equations it is
seen that one is led te nonlinear estima~
tion equationse even when the structure
assumed i linear, as it was here. Thus,
the incorporstion of the cochlea system
nonlinearities, which seem important to the
Kemp-echos, should impose no great changes
in the techniques presented, especially
since they can be conveniently incorporated
in cascade with the sections of Fig. 2.
Further research is, therefore, needed on
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the nonlinear thecry as well as on proper-
ti=s of the identification parameters along
with mure efficient means of obtaining
them.

The effect of the wmiddle ear needs
also to be taken more into account. Becay-
s aof ils iransformer action, the middle
&ar can be described by the transfer scat-
teriny malrix of a transformer of turns
ratio t, this being found as £10, p.51)

al 138zx=(1+Lt=) /:‘.'t; 9;3=9=‘=("1+t2)/2t (12)

Thus, before the identifications made in
this paper are carried out the transforma-
tions of (12) need to be made on Fe and Go
along with a determination of t.
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