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ABSTRACT

An electrical analog of the human ear is described, which includes
the external and middle ear, the cochlea, and part of the neural structure
of the cochlea and the higher auditory centers of the central nervous sys-
tem, The analog is developed on the basis of a one-to-one relation between
physiological and electrical parameters, The electrical analog cochlea is
realized as a 36-section, lumped-parameter, nonuniform transmission line.
The neural structure of the cochlea and auditory portions of the central
nervous system are modeled functionally by means of 36 detecting and filter-
ing amplifiers, termed loudness converters, The spatial array of the 36
loudness converter outputs is a neural-equivalent pattern of basilar mem-
brane motion,

A pattern theory of loudness detection and sound recognition is dis-
cussed, On the basis of this theory, the analog ear exhibits a threshold
of hearing curve which is approximately the same as that for a human, The
important mechanical variable is found to be the velocity of the basilar
membrane, The neural volley effect is included, Studies indicate that
sound recognition with the analog is similar to that for a human,
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AN ELECTRONIC ANALOG OF THE EAR

INTRODUCTLION

The human hearing system constitutes a remarkable mechanism for the
detection and recognition of sounds. It consists of the outer ear, the
middle ear, the cochlea, and the associated regions of the central nervous
system, It is the purpose of this report to describe research aimed at
modeling this hearing system, The tools employed in the modeling are those
commonly associated with modern communication and control theories,

A great deal of study has been devoted to hearing, both physiological
and psychological (where psychological studies alone suffice when physio-
logical procedures are not feasible, as in the living human), Only in recent
years, however, have the definitive physiological investigations by Békésy
given us the first real understanding of mechanisms underlying mechanical
motions in the cochlea (ref, 1), Various attempts have been made to repre-
sent these motions with electric and hydraulic models (refs, 1-6),.

Work reported here commenced in 1960 and has resulted in construction
of two complete analogs, the first of which provided complete real-time
patterns in 1961 (refs., 7-9). This effort is founded on a theory for hear-
ing in which the functional nature of the conversion process between mechan-
ical and neural variables figures importantly (refs, 10-12), The complete
analog device shows many of the well-known phenomena in psychoacoustics
(ref, 9). It has also been demonstrated that the analog recognizes vowels
in a similar way to a human observer, and that the machine is relatively
insensitive to the particular speaker and, for that matter, to whether the
vowel is voiced or whispered (ref., 8). Also unique to the present analog
is the relatively complete modeling of all three parts of the ear,

In the fall of 1962, the analog ear was employed for synthesizing
speech, The results of this demonstrated beyond doubt that speech bandwidth
compression to less than 20 cycles per second had been achieved, This result
can be expected to lead to searching reappraisals of classical concepts in
speech and hearing, Bandwidth compression requires first the accurate
establishment of the tramsducing mechanism and secondly, the proper functional
representation of what is believed to occur in the brain. Perhaps it is not
purely accidental that bandwidth compression was virtually an automatic result
of attempts to find. the most complete representation for the human hearing
system that was possible, using a combination of physiological and psycho-
logical data with speculation and notions of optimum detection theories,

Many of the ideas for signal processing were developed in mid 1960,
especially detection concepts. These ideas were spread rather widely through
perscondl communications and proposals for research support., Support was ac-
quired, and the first complete system for displaying patterns was operated in
the fall of 1961, It is believed that this was the first such system in
reasonably complete form, The general description for the design of the
analog and a fairly extensive treatment of detection concepts (including
part of the bandwidth compression methodology) were presented orally in the
fall of 1961 at the Bionics Symposium, with corresponding papers published
in 1962 (refs, 7,10). The oral presentation was just before the analog
operated for the first time; earlier predictions and theoretical concepts
proved to be accurate, “



The approach to construction of a one-to-one electrical analog starts
with an idealized model for the cochlea for which dynamical equations are
written, The electrical analog is found which obeys the same equations.
Necessary parameters are evaluated from experimental data, A similar pro-
cedure is followed for outer and middle parts of the ear, The mechanism of
the sensory elements of the ear is functionally simulated so as to provide
a loudness converted pattern of neural excitation along the cochlea,

An explanation for sound recognition and psychoacoustic phenomena may
be based on a pattern theory of general sensory stimulus recognition, The
dynamic physical parameters of the cochlea are such that the energy associ-
ated with different frequencies tends to localize at different points aleng
the cochlea, high frequencies near the stapes and low frequencies near the
helicotrema,* Sensory structures convert mechanical energy into a monopelar
spatial pattern of loudness along the cochlear duct, The pattern theory
hypothesizes that sounds are recognized by the shape of this spatial pattern
of loudness, where a short time average (order of a small fraction of a
second) smoothes over a number of cycles of the stimulus frequency {(and also
over a number of adjacent neural pulses). The recognition of time varying
sounds, such as speech, thus corresponds to the recognition of a three-
dimensional surface of loudness in space and time,

STRUCTURE OF THE EAR

The general structure of the ear is shown in idealized cross-section
in figure 1, The ear may be divided into three parts: the outer ear, the
middle ear, and the inner ear, The outer ear consists of the pinna and the
external auditory meatus, which is a tube closed by the tympanic membrane,
The middle ear is made up of the tympanic membrane, an air-filled cavity,
and the ossicular chain (malleus, incus, and stapes) which is contained
within the cavity, The outer and middle ear serve to transmit sound to the
inner ear, The outer and middle ear are shown in figure 2,

The imner ear consists of two units: the semicircular canals which
serve to sense gravitational orientation and motion, and the cochlea which
functions as a sound analyzing detector, The cochlear cavity is coupled
to the middle ear by two flexible membrane-covered openings, or windows,
in the bone. The stapes is attached to the membrane of the oval window
such that a force on the stapes is transmitted into the fluid facing the
oval window,

The cochlea consists of a snail-shaped cavity of about 2 3/4 turns
lying within the temporal bone, as illustrated in figure 1, The cavity has
its largest area and radius of curvature at the basal end, It is divided
into two channels, the scala vestibuli and the scala tympani, by a flexible
triangular partition, the cochlear duct, illustrated in cross-section in
figure 3. This partition extends from the basal tc the apical end of the
cochlea, at which point there is a small opening between the scalae, the
helicotrema,

* Although localization appears at first glance to be into bands as in a
gspectrum analyzer, it is emphasized that phenomena of major importance
arise because of an unsymmetric and continuous band overlap,
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The scala vestibuli and the scala .ympani are filled wirh perilymph,
a2 fluid having a density about that of water and a coefficient of viscosity
about twice that of water, The cochlear duct contains a viscous fluid,
endolymph, and sensory elements, Reissner's membrane is thin and very
flexible, while the basilar membrane is a fibrous elastic membrane upon
which lies the sensory structure of the cochlea, The sensory structure
1s composed mainly of supporting cells, sensory cells, and nerve endings,
This structure, the organ of Corti, contains about 20,000 hair cells with
each cell containing four or five hairlike structures, the cilia, One end
of each cilium extends through the scala media and is embedded into the
tectorial membrane, Nerve fibers innervate the hair cells and pass, as the
auditory nerve, to higher auditory centers of the central nervous system,
As the basilar membrane bulges upward or downward, a shearing action of the
cilia is created which causes neural excitation, The end result of a sound
is thus a pattern of neural excitation in the auditory cortex of the brain.
It is assumed that, when neural pulses from any particular segment of the
cochlea reach the higher centers of the central nervous system, the pulses
occur in such profusion as to be adequately represented by a continuous
waveform; this assumption constitutes an important part of the pattern
theory, *

THEORY OF THE COCHLEA

The Cochlea

The hypothesized model of the cochlea is shown in figure 4, It is
assumed to be an idealized small signal cochlea in which nonlinearities are
ignored, From this model the partial differential equations of continuity
and of motion are written to describe pressure and velocity distributions
in the cochlea, The basic assumptions are;

1. The perilymph is an incompressible fluid,

2. The walls of the cochlea are rigid.

3. The cochlear duct consists of independent elements of length Ax,
each with mass, elasticity, and frictien,
4, The distension of each element of the cochlear duct is parabolic,

Based on these assumptions, the dynamics of the cochlea are expressed
by the following equations:

1. Equation of fluid continuity in the two scalae,

2. Equation of fluid motion in the two scalae,

* An analogy is to electron flow in a vacuum tube, Although individual
electrons must be described in terms of short pulses of charge flow, the
over-all average effect may be interpreted in terms of a continuous flow,
A philosophy like statistical mechanics may be more fruitful for modeling
macroscopic human processes than the neurone approach,
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3. Equation of motion of an element of the cochlear duct,

It is pointed out-that several investigators have proposed general
hydrodynamic equations for the cochlea, although differences in mathematical
approach do exist (refs. 2,3,4). The present analysis yields a unique set
of element values with correspondingly different analog measures for cochlear
patterns of mechanical activity, It is pointed out that the final analog net-
work is a first-order approximation for almost any physical phenomenon explain-
able in terms of sets of linear differential equations. The network structure
is hardly unique; it is the system of element values that characterizes the
validity and accuracy of the result,

To proceed with the mathematical development, it is necessary to define
the following parameters:

1. Al(x) : Area of the scala vestibuli,

AZ(X) : Area of the scala tympani.

A(x) : Area of the scalae under the assumption of equal areas.
2. x,y,2 : Coordinates for the righthand coordinate system shown

in figure 4. When used for subscripts, the letter co-
ordinate is indicated,

3. u_,u_,u Velocity components in the x,y,z coordinates, respectively,

X’y z

4. b{x) : Width of the basilar membrane,

5. p(x,t) : Sound pressure, a function of distance and time,

6. m(x) : Equivalent dynamic mass per unit length of the cochlear
duct,

7. £(x) : Equivalent dynamic friction per unit length of cochlear
duct,

8. k(x) : Equivalent dynamic stiffness per unit length of cochlear
duct,

9. Pp : Density of the perilymph,

10, fp(x) : Equivalent friction of the perilymph per unit volume of

the scala,
11, F(x,t) : TForce, a function of distance and time.

Subscripts 1 and 2 refer to the scala vestibuli and the scala tympani,
respectively.

Equations of continuity. Under the assumption that the perilymph is
incompressible, the equation of continuity for the scala vestibuli is:



d(vziumez = 0= u (048, (x) - u (%, 0)A, (xhix) - %b(x)axuz(x,t) (1)

The coefficient of the last term, 2/3, is the result of the assumed parabolic
distension of the element representing the cochlear duct,

For ~Ax small:
u 1 (x,t)
uxl(x-I-AX,t) = qu(x,t) + —--a;-————-Ax (2)
and
34, (x)
A Getx) = A (x) + — 0% 3

Thus, the equation of continuity in the scala vestibuli is:
2 2
= ax[uxlcx’t)Al(x)] - 3b(X)uZ(K,t) (4)
and similarly, the equation for continuity in the scala tympani is:

0= - 2lu(x,0)4,007] + $p()u (x, ) (5)

ax- X

These equations for the two scalae may be written to express the conditions
of continuity in the cochlea as:

w, (5,0 = - 3 o Su, (x,04,60] (6)

6, 068) = 5 5 ety (55 A, ()] 7)

Equations of fluid motion., To obtain the equations of fluid motion,
it is assumed that the flow of fluid is negligible in all directions except
along the axis of the cochlear scala, The force across a fluid element of
the scala vestibuli is:

ox (x t) a X (x t)
OF L (x,t) = F_ (x,8) - F_ (eb,t) = [f (x)——-—-—-— + ppT]A (x)Ax (8)

This may be expressed in terms of pressure per unit length and fluid velocity
as:

AP (x ty f (x)

g Pt (0 08 0] + 0y (x) 2Hu  (x, 04, (0] )
and similarly for the scala tympani:
AP (X,t) £ (X) p

T W CDIC RS wir F- USRI ON (10)

Equation of cochlear duct motion, To obtain this equation, it is
assumed that the duct consists of independent elements of length Ax; each




possessing mass, elasticity, and friction, Alternately expressed, this
amounts to the assumption that coupling along the cochlear duct takes place
through the medium of the fluid in the scalae and not by mechanical attach-
ment, The force across an element along the cochlea may be expressed as:

du_(x,t) (11)
F,(x,£) = F (x,£) - F,(x,t) = m(x)2x 5E + £(x)oxu (x,t) + k(x)&x_ruz(x,t)dt

This may be expressed in terms of pressure by dividing by the area, b(x)Ax,
of the element along the cochlea,

du, (x,t)
P (x,t) = ﬂéig S+ %%E% u_(x,t) + %%Eg.ruz(x,t)dt‘ (12)

Combined equations of motion, The structure for the electrical analog
of the cochlea is best obtained by first modifying the combined equations of
motion into a different form., Since a lumped parameter electrical analog is
to be used to simulate the distributed parameters of the cochlea, the equa-
tions of motion must first be expressed in terms of finite differences in-
stead of differentials, Also, the equations should be in a form where the
elements of the analog are obvious through direct term-by-term comparison,
Equation 6 in terms of finite differences in the length, /Ax, becomes:

Nu_ . (x,t)A (x)]
6, (x,t) = - % b(lx) x1 - 1 (13)

which, when put into the equation for motion of the cochlear duct, yields:

Wu_,(x,0)A,(x)]
_ 3 m(x) 1 x1 1 3 _f(x) 1

P (x,0) = -3 v200 B 3¢ T2 2 & A, (04 (x)]

(14)
. % b_lz‘g.’il ﬁ [Alu_ (x,£)A, () Jdt
x)
The equations for fluid motion, equations 9 and 10, may thus be rewritten as:
AP, (x,t) = —%;ET [u,, (x,0)A,(x)] + X?Ex_) 3t [ 604, (0] (15)
f(x)Ax p A% o
AP, (x,t) = —g;(—,;)— [, (x,£)4,(x)] + Kz“(‘;)- 3 o, (04, (0] (16)

Equations 14, 15, and 16 will be used to compare the hydraulic-mechanical
and electrical networks and to evaluate the electrical analog elements,

Electrical Analog of the Cochlea

There are several forms that the electrical analog of the cochlea may
have, depending on the relations chosen for the analog equations, The

10



particular set chosen here provides certain practical conveniences in realiza-
tion, The general cochlear analog section is shown in figure 5 which repre-
sents an element of length, Ax, along the cochlea, The equations are:

Equation of the shunt branch

e, (x,¢t) = - L, () %’iﬁl - R (0)Ai(x,€) - é;%}-{-)-f&i(x,t)dt (17)

Equations of the series branches

. i, (x, )
Ael(x,t) = Rsl(x)ll(x,t) + le(x) ———a-E—'—- (18)
. aiz(x)t)
&ez(x,t) = RSZ(X)lz(X’ t) + LSZ(X) ——S—t-—-— (19)

Analog equations of correspondence., The following equations may now
be directly compared:

equation 14 --- equation 17
equation 15 --- equation 18
equation 16 --- equation 19

and where the analog relations are:

pressure —> voltage

volume velocity ————3 current

The desired scaling relationships between the hydraulic-mechanical
model of the cochlea and the proposed electrical model may be established
by introducing the scale factor KS and the impedance level factor Kz'

Voltage is defined as K_ times the pressure, and the electrical analog im-
pedance is specified to equal Kz times the mechanical impedance level of the
actual ear, Resulting equations are:

e,(5,t) = KB (x,t) (20)
Ks 2

iz = Ai(x,t) = E; gb(x)é.xuz(x,t) (21)

Aﬁl(x,t) = KS&Pl(x,t) (22)

Aﬂz(x,t) = KgéPz(x,t) (23)
K

o1, (x,€) = Eiﬂ{uxl(x,t)A1<x)1 (24)
X

81y, €)= gy (6, 4, ()] (25)

11
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b. Unbalanced Cochiear Analog Section

Figure 5. Basic Cochlear Analog Section

12



From the two sets of equations, the analogous elements of the electrical
analog in terms of the cochlear model are:

R, (x) = K, K]ifﬁ % (26)

(27)

PII==
&

RSZ(X)
—2 _ Ax (28)

le(x) = K

Lsz(x) = Kz Z;%X—) A% (29)

\
]
N
Fh
=

1
R ) = (30)

]
-
N
=
&

1
Lp(x) > o (31)

2
¢ () b (x) ax (32)

For the unbalanced equivalent network of figrre 5b, series (but not
parallel) elements must be modified as:

~ B 1 1

R =R +R, = KszAx[Al(x) + Az(x)] (33)
~ . 1 1

Ly =L t1lg = KszA“[Al(x) + Az(x)] (34

which, under the assumption of equal areas for the scalae (ref. 2), become:

f Ax

R, = 2K —R—A(x) (35)
ppt>

Ls = K i® (36)

The velocity and displacement of the basilar membrane are found from
the analog by measuring, respectively, the voltage across the resistor and
the capacitor of the parallel branch, The voltage across the resistor is:

ep (x,t) = iZ(x,t)Rp(x) (37
P
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Substituting for 1z from equation 21, and for R_ from equation 30, the
velocity of any given point of the ba311ar membPane is given by

u (x,t) = (x t)[f &) 1< (38)

Similarly, the relation between capacitor voltage and displacement of
the basilar membrane is

2(x,t) = e, (x,t) k(x)'] L (39)
P

Sensory Loudness Conversion

With each analog section representing a length Ax of the cochlea, there
is associated a loudness converter, The loudness converter function is anal-
ogous to that of a patch of hair cells, the associated nerve structures, and
to some extent, sub-regions of the higher auditory centers, All of the loud-
ness converters in combination form a simulation of the neural transduction
process; their ocutputs form a subjective measure of the input to the analog
ear,

Information is conveyed in the nervous system of the human by pulses,
For a patch of neural cells, it is assumed that pulses occur in such profusion
as to be adequately represented by continuous waveforms, Each cell, in re-
gponse to an excitation, emits a series of monopolar pulses, The sum of the
pulses from the various cells, as might be observed on a nerve, is the action
potential, This potential shows a total pulse rate which is dependent upon
the intensity of the excitation and, up to a maximum frequency, upon the fre-
quency of the excitation, The average pulse rate response is such that it
may be approximated by

H(s) = (40)

1 + ST
where T lies in the range of 1/2w(300) to 1/2w(3000) seconds (ref, 13),

The loudness converter may be represented by the block diagram of
figure 6, where the blocks respectively represent the neural transmission
effect as expressed by equation 40, a linear gain, a nonlinear rectification
and power law process, and temporal averaging associated with the neural
system,

Let £f(x,t) be a measure of the motion associated with a section of Ax
of the cochlea at point x, The proposed loudness function (refs, 10,11,12)
is

L(x) ~ K Av|£'(x,t)|" = K Av]f(x,t) * h(c)|" (41)

where "Av'" indicates a time averaging process, where h{t) is the impulse
response of H(s), and where * signifies convolution,

Subsequent analysis using the function of equation 41 shows that it
models the sensory conversion system of the ear adequately, giving an explan-

ation for masking and other psychoacoustic phenomena, It is possible to

14
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measure the power law exponent n by psychoacoustic tests which indicate
that n is approximately equal to (or slightly larger than) unity, thus
resulting in the loudness converters being approximately linear averaging
(not envelope) detectors,¥

Also of importance is the averaging time determined by the character-
istics of the human hearing system. Although disputed among investigators,
it is estimated to be about 0.2 second (ref, 14). This is adequately approx-
imated by the first-order function 1/(1 + st), where v = 0,2 second, **

Since the correct measure, f£(z,t), for loudness was initially unknown,
provision was made in the anmalog to read the loudness conversion of velocity
or displacement, Studies subsequently indicated that loudness depends on
basilar membrane velocity with a value of 1/2w(1000) for r of equation 40,

PARAMETERS OF THE COCHLEA

Introduction

To specify values for the electrical components of the anmalog cochlea,
it is necessary to obtain numerical values for seven parameters, Three
parameters are obtained directly from experimental data as presented by
several investigators:

p.. : The density of the perilymph is given by Békééy as 1.034
P (ref. 1).

2. b(x): The width of the basilar membrane is given by Wever (ref,
13). A straight line approximation is b{x) = .01 + 75 Xs
where b and x are in centimeters, *

3. A(x): The area of the scalae is given by Zwislocki (ref. 2).
The two areas are assumed to be identical and are approxi-
mated by a straight line as A(x) = .016 —-39%2 x, where A
is in square centimeters and x is in centiméters.

The remaining four parameters are evaluated on the basis of theoretical
calculations and experimental data, These parameters are:

4, m(x) : Dynamic mass per unit length of the cochlear duct,

5. k(x) Dynamic stiffness per unit length of the cochlear duct.

L2

6. f(x) : Dynamic friction per unit length of the cochlear duct.

7. fp(x): Equivalent friction per unit volume of the perilymph,

*  Some investigators may employ mean-square values for sound stimuli.
With mean-square measure, exponent values will be halved,

%% Recent research in connection with modeling tonic-phasic neural behavior
suggests the addition of a lead function to give (1 + sa)/(l + sb), where
a>>band b T.

16



Dynamic Mass of the Cochlear Duct

Energy equivalent mass, The dynamic mass per unit length of the
cochlear duct, m(x), consists of the sum of two components, energy equiva-
lent mass per unit length, me(x), and loading mass per unit length, ml(x).
The energy equivalent mass peér unit length, m {x), is defined as that mass
per unit length which, when assigned to a point P at the center of the
basilar membrane, possesses kinetic energy equal to that of the distributed
mass of the entire cross-section of the cochlear duct under an assumed
motion, The basic assumptions are:

1. Average density of the cochlear duct, Pp? is unity.
2. Materials composing the cochlear duct are incompressible,
3. Membrane distension is parabolic.

4, The cochlear duct cross-section can be approximated, as indicated
in figure 7,

The method used to evaluate me(x) is similar to that used by Zwislocki
(ref, 2},

To evaluate the energy equivalent mass, the kinetic energy of the duct
cross-section is written as

Kinetic Energy = T = Ta + Tb + Tc (42)

T = %me(x)[é% (displacement of point P)]2 (43)

T = 5m_(x)v2 ) (x) (44)
2'e P

To obtain expressions for T , T,, and T , the energies associated with
section a, b, and ¢, a parabolic disténsion of the membrane is assumed, and
the magnitude of this distension is determined for various regions in the
cross-section of the duct. %

In cochlear duct section a, referring to figure 7, the displacement na
is given by

ﬂa = 4ARr(bR - t) (45)
where ARbRZ is the maximum distension,

In the sections b and ¢, the displacement is

b, _3
N = bhg ey ]| Y - ¥) @)

% 1In the following equations, the fact that the geometrical parameters of
the duct cross-sections are functions of x, the distance along the cochlea,
is not formally noted in order to simplify their writing,
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where for the section associated with Tb

bR-bc
B(z) = bc + z( T ) 4n

and for the section associated with TC

b -b

B(z) = b + z( ﬁ ) (48)

The kinetic energles T , T., and Tc are

b’
PD Pr e an_ 2
T, = j ———J dedr (49)
2 22
= 35 pp D Vp 8 (50)
p (2)an, 2
_p b i}
2 PO
0°0
b
4 b2, 2, R
=15 op (b brvy ln [sﬂ (52)

c 52 JO j r | dy dz (53)

-5 D[b Y b v [ Cw (54)

Therefore, the energy equivalent mass divided by bz(x) is

H
L]

me(x) 7 1
—_— = T 4+ T + T (55)
Vo) vy (72 myz] b? ()
4 H bR h bc
= 15 Pp [9 + 2(——-’bR_bc) 1nf“g;] + 2(1;::5) 1n["5-]:] (56)

Loading mass, There is a mass loading of the cochlear duct due to
transverse motion of the fluid surrounding the duct, To evaluate the magni-
tude of this effect, the equivalent loading mass is estimated from data ob-
tained by von Békésy on a hydraulic model of the cochlea, This model had a
cochlear partition of the same volume elasticity as that of a human cochlea
and a width equal to that of the basilar membrane, This two-channel model
was observed to have the same location of maximum displacement with frequency
as for the human cochlea, Upon removing fluid from one channel, the maximum
displacement could be maintained at a given position along the cochlea, be-
fore and after fluid removal from one channel, by increasing the excitation

freqﬁency by approximately 20 percent,
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The cochlear partition may be assumed to consist of a series of in-
dependent elements, each possessing mass, elasticity, and friction., Thus,
for a given point along the cochlear duct, the frequency of maximum displace-
ment with fluid in only one scala, w_ + Aw , and the frequency of maximum
displacement with fluid in both scalge, “hT can be related as:

“m = as m + 2m (57)

w +ow=a- (58)

where o relates to damping, which is approximately constant over the length
of the cochlea, There results:

e R @

m

The loading massdue to one side of the cochlear duct is therefore determined
as:

mz(x) = 0,8 me(x) (60)

In the actual ear, the basilar membrane and Reissner's membrane vibrate
in phase below about 3000 cps, and thus the total loading mass is equal to
the sum of the individual loading masses, This relationship has been assumed
to hold over the total length of the duct,

Upon dividing by bz(x), equation 60 may be rewritten as:

m,(x) m (x)
2 = 0.8 e\ ¥

b2 (x) b? ()

where m_(x) is given by equation 56, If it is assumed that the elemental
mass loading increases as the square of the membrane width, the total loading
mass becomes:

mﬁ(x) m (x)
2oy R

(61)

b (x) 2
- [1+ Gy | (62)

and the dynamic mass of the cochlear duct divided by bz(x) becomes:

b (x)

m (%)
) e Mivos(1+ 2] (63)

bP(x)  bo(x)

The calculated dynamic mass, m(x), divided by bz(x), for a human cochlea
is approximated by:
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L.385
Eéilﬂ = 4e 37 (64)
b (x)

where x is in centimeters,

Dynamic Friction of the Cochlear Duct

The friction per unit length of the cochlear duct is due to both the
friction of the duct itself and the viscous friction loading by the fluid
in the scalae, The total friction is obtained from data taken by Békésy
(ref, 1) on the logarithmic decrement,

If the cochlea is excited by short pulses, a damped oscillation is
observed in the displacement of the basilar membrane, Békésy'measured these
oscillations in fresh specimens and found that the ratio of amplitudes be-
tween successive oscillation peaks of the same polarity was about 4:1 to 6:1
over the entire length of the basilar membrane, Using an average ratio of
5:1, the corresponding logarithmic decrement, D, is 1,6,

For a series BLC circuit as is associated with a section of the cochlea,
the relationship between the logarithmic decrement and the circuit @ is

"

Q= (65)

DAL - ()

Hence, since D is given as 1.6, the circuit Q is approximately 2, The dynamic
friction of the cochlea, divided by b2(x), may thus be expressed as:

£(: wem(x) £
2X) - mg ) fo(x) (66)
b™(x) b~ (x)

where fo(x) represents the undamped resonant frequency.

In figure 8 are three curves showing the localization of frequency
along the basilar membrane, These are: (1) localization of maximum dis-
placement observed by Békésy, (2) localization of maximum velocity assumed
for the development of the analog, and (3) localization of the maximum dis-
placement and velocity as observed on the completed analog. The friction,
divided by bz(x), as obtained using the assumed velocity localization curve
therefore becomes

£(x) 5 ~6.72 3
> = 2,6 x 107e . (67)
b” (x)

where X is in centimeters,

Dynamic Stiffness of the Cochlear Duct

Previously calculated mass and the location of the maximum of velocity
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along the cochlear duct as a function of frequency may be employed in order
to estimate dynamic stiffness. The expression for dynamic stiffness,
divided by b2(x), is:

%(EL = woz(x) .ln_(}il (68)
b7 (%) b™ (x)

which becomes

Eéﬁl— - 6.4 x 102712 35 (69)
b™(x)

where x is in centimeters,

This calculation for stiffness represents a significant departure from
the approach of Zwislocki and others (ref, 2), Békésy employed a hair probe
with a known buckling force to measure static elasticity in fresh specimens
{ref, 1). These results are not believed to be correct for a dynamic model,
It should be realized that the first-order electric model ignores mutual
couplings between adjacent and remote sections, If the difference between
static and dynamic values is anything like that found in certain kinds of
distributed electric delay lines, use of Békésy's static values for the
dynamic case is certainly wrong, The present analog can be expected to ex-
hibit elasticity like that based on static data near the helicotrema (low
frequency regions); near the stapes, however, elasticity characteristics can
be expected to be quite different. The Appendix to this report considers
relevant concepts of network approximation in more detail,

Equivalent Friction of the Perilvmph

The method used to evaluate the equivalent friction of the perilymph
is that of Zwislocki (ref, 2), It is assumed that each scala consists of a
series of elementary tube sections of length Ax, Each of these cylindrical
sections has constant cross-sectional area, equal to the area of the scala
at that point,

For any one section of constant cross-sectional area, the velocity u
as a function of the radius r is given by:

Py - P
u (x,1) = —EEZE—l(RZ - %) (70)

where p. and p, are the pressures on the two ends of an elementary tube
section, Then the average velocity of flow through the tube is:

R
u (x) =-—15 f 2nru(x,r)dr (71)
TR 0
Pp - P1 2
BT 2)
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The friction per unit volume for flow in an elementary tube section can be
expressed as:

£ (x) = A force _ (pp - PpA) (73)
p volume velocity+Ax  volume velocity./x
2
- R
£ (x) = (pO pl)“ = 81'[”‘ (74)
P Po " Py 2 2 ’? :
(W)R (mR"Ax)
_ 8mu h o p2
= a(xy Vhere A(x) = ©R (75)

where the coefficient of viscosity i for the perilymph is 0,02. Thus f_(x)
is closely approximated by: p

I |
£.00) = 75 (76)
DESIGN OF THE COCHLEA

Number of Sections

The key to the design of an analog ear is the cochlea; it is this part
of the ear that provides frequency analysis and, in addition, mechanizes con-
version to neural signal form. The principal design problem is the choice
for the number of RLC sections to be used in the circuit representatiom,

The pattern theory and knowledge of the Q of the cochlear duct (and
hence the degree of pattern resolution) may be considered from the point of
view of classical sampling theory, For Q = 2, half-octaves in frequency are
appropriate for dividing the 100 - 20,000 cps range, About 13 half-octaves
exist (and only six in the usual 300 - 3000 cps speech range), which implies
that 13 is the minimum number of cochlear sections required for complete
representation, The number actually selected was 36, which allows for a
considerable "safety factor." Assumption of too few sectioms may introduce
other sorts of errors than those related to patterns as, for example, re-
flections at junction points between sections,

In the last analysis, selection of the number of RLC sections is a
matter of engineering judgment, Inasmuch as the end result demonstrates
standard psychoacoustic phenomena and permits realization of bandwidth com-
pression to lesgs than 20 cycles per second, it is evident that the judgment
originally employed was correct. Actually, good engineering judgment must
be firmly based on suitable criteria for accuracy. According to the dictates
of the pattern theory for hearing, notions from sampling theory may provide
the only reasonable criterion, To assume need for a much larger number of
sections than 36 suggests tacit acceptance of the old Helmholtz theory for
hearing,

Impedance Scaling

The second design problem is impedance scaling from the basic analog
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equations, The impedance scale factor Kz allows the electrical analog im-
pedance level to be changed from that of the actual cochlea,

Selection of a practical value for K_ is facilitated if it is observed
that the stiffness (equation 69) varies algng the cochlea by about five orders
of magnitude, By calculating the necessary range of capacitance and the re-
lated inductor size, it is possible to select a satisfactory compromise
impedance scale factor.

A suitable value is K = 1/40, which yields maximum and minimum values
of 6.66 uf and 43 pf, respectively,®

Component Values

The electrical analog of the cochlea consists of a cascade of unbalanced
RIC "tee" sections as illustrated in figure 5b, Thirty-six such sections with
adjacent series elements combined give a single resistor and inductor between
each element branch, The curves of figures 9, 10, and 11 present the in-
formation necessary for evaluating the elements of each section of the analog
cochlea, Each curve is correct for K_ = 1/40., To determine the shunt ele-
ments, the curves of R_, L_, and C_ are read at points where x, the cochlear
distance, is 0, 1, 2, ?...?, 35 miglimeters,

It may be observed that the series coil Q requirements are impractical,
An investigation (ref, 9) indicates that the series coil Q need be no greater
than 20 over the frequency range of 100 to 10,000 cps in order to realize
adequate accuracy,

THEORY AND DESIGN OF THE OUTER AND MIDDLE EAR

Intreoduction

Numerous studies of the mechanism of the middle ear have been published,
Included are developments of electrical circuits for the simulation of
specific functions such as input impedance (refs, 15,16) and circuits for
the simulation of the complete mechanism (refs, 9,17,18,19). In figure 12
is shown a block diagram of the complete model of the outer and middle ear,
as proposed in this paper, The analog circuit is developed on a direct basis
by hypothesizing idealized mechanical and acoustic models for the wvarious
units and then realizing these models electrically. The analog shows a
unique representation for the tympanic membrane and middle ear cavity and
also shows means for including effects such as intratympanic reflexes and
secondary transmission paths (ref, 9), Simplification of the general circuit
results in a middle ear circuit which shows the input impedance and transfer
function of a normal ear, and which is similar to that developed by Zwislocki
(ref, 15) for the simulation of the input impedance,

* Throughout this paper, data on the human ear is given in cgs units; com-
ponent values for the electrical analog are given in mks units, It is
presumed that one cgs unit is numerically equal to one mks unit.
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Development of the Analog

The outer ear, The combined effect of the diffraction by the head
and pinna, and the resonance of the external auditory meatus is to give an
increased sound pressure at the tympanic membrane in reference to the free-
field pressure, The average gain is a function of frequency and reaches
a value of about 20 db at about 3000 cps., The increase in sound pressure
due to the external meatus alone is about 10 db at about 4000 cps (ref, 20),

The effect of the head and pinna is simulated electrically by pro-
viding a radiation impedance in series between the signal generator, which
represents the free-field sound source, and the input of the external meatus
analog, The radiation impedance is not detailed here,

The external meatus is a tube having an average length of 2,7 cm and
a cross-section area lying in the range of 0,3 to 0,5 sq em (ref, 21), It
is modeled by assuming a uniform tube of length L = 2,7 cm and cross-
sectional area A = 0,4 sq cm, It is further assumed that plane waves
exist in the meatus and that friction effects at the tube wall are negligible,
The meatus can thus be electrically realized as a lossless, uniform trans-
mission line, Using a pressure-voltage, volume velocity-current analog,
the per unit length inductance and capacitance of the line are expressed in
terms of acoustic parameters as:

Po .

L = K2 = henries (77)
m

Am
Cc= - farads (78)
szoc
where
¢ = velocity of sound in air.

]

34,400 cm per sec (2000, 760 mm mercury)

PO = density of air, o
0,00122 gm per cu cm (20 C, 760 mm mercury)

b
n
I

analog impedance level factor specified such that the electrical
impedance level is equal to L times the acoustic impedance level,

The lumped parameter approximation to the analog of the external meatus
may be realized as a cascade of either "tee' or "pi" low-pass sections, A
sufficient number of sections must be used such that the lumped parameter
line simulates the distributed parameter line over the frequency range of
interest, An estimate of the required number of sections is obtained by
considering the input impedance and transfer function poles under open cir-

cuit conditions, For a line 2,7 cm long, the transfer function poles occur
at

f = 4100 n cps n=1,3,57,.... (79)
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and the input impedance poles occur at

f = 4100 n cps n=0,2,4,6,..., o

Hence for a maximum frequency of 10,000 cps, it is estimated that at least
three or four sections should be used,

The lumped parameter per section inductance and capacitance values

are:
Kz -3
LeAx = ¥ 8.23 x 10 ~ henries (81)
1 -6
Celx = Y 0.751 x 10 = farads (82)
z

where N represents the number of sections. For a four-section line, these
values are 2,05 Kz millihenries and 0.187/1(z microfarads,

The tympanic membrane and the middle ear cavity, The tympanic membrane
is a light, flexible cone which closes the external meatus diagonally, It
has a total area of about 0.85 sq cm, about 0,55 sgq cm of which can be con-
sidered as being rigidly connected to the malleus (ref, 1),

The complete middle ear cavity consists of three interconnecting parts,
the portion of the cavity which contains the ossicles, the antrum, and the
mastoid cells, The total volume is about 2 cu cm, with that portion which
contains the ossicles contributing about 0.5 to 0,8 cu cm, The mastoid cells
vary greatly in size in different persons and are often so small that a portion
of the complete cavity can be considered as being lined with a sound-absorbent
material (ref, 1).

The tympanic membrane is modeled by assuming it to consist of individual
sections which are elastically coupled and each of which possesses mass, fric-
tion, and elasticity, One of the sections is considered to be rigidly coupled
to the malleus, This is illustrated in figure 13 for a two-section membrane
representation, The parts of the middle ear cavity are considered to be lossy
coupled resonators, The illustration of figure 13 shows a two-cavity repre-
sentation where one resonator represents that part of the middle ear cavity
containing the ossicles,

A pressure-voltage volume velocity-current analog is presented in figure
14 a, In this analog, L , R , and C_ represent respectively the mass, friction,
and elasticity of the sectiofn of themtympanic membrane which is fastened to the
malleus, and L, R, and C represent the mass, friction, and elasticity of the
remaining part of the membrane, The membrane coupling is represented by the
capacitor Cc and an ideal transformer, The size of the capacitor is dependent
upon the degree of coupling between the two assumed sections of the membrane
and the transformer ratio is dependent upon the relative sizes of the two
sections, That the polarity of the transformer must be as shown may be noted
from the fact that, if the air cavity is ignored and one section is given a
displacement, the displacement of the other section must be in the same direction,
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The loading of the air cavity upon the membrane sections and the
coupling between the sections due to the cavity are represented by resist-
ances Ra’ Ral’ Ra2’ and Rb’ the inductance Lb’ the capicitances Ca and Cb,
and the ideal transformer associated with these components, The transformer
must have a polarity as indicated and the ratio must be one-one, This may
be noted from the fact that, if the air is considered incompressible, and
if one of the sections is displaced, there must result an equal but negative
volume displacement of the other section, The cavity representation is
based upon the assumption that, if the sections move in phase, there will
result a £luid motion throughout the cavity, whereas if the sections move
in phase opposition, there will be negligible fluid motion at all points
in the cavity except near the membrane sections; elastance effects under
the latter condition are ignored and only losses are shown,

It is noted that the location of the various parts of the tympanic
membrane and middle ear cavity representation of figure l4a can be inter-
changed, Hence, an ideal transformer can be removed, resulting in the sim-
plified structure of figure 14b,

The ossicles and the cochlear windows, The ossicles act as a set of
mechanical levers which provide a force amplification of about 1:1,3 between
the tympanic membrane and the oval window., The malleus fastens to the tym-
panic membrane, The malleus and the incus are united by a stiff joint and
are supported by several ligaments, The stapes is connected to the long
process of the incus by means of a flexible joint., The footplate of the
stapes nearly closes the oval window and is connected to the bone surround-
ing the window by means of a flexible annular ligament, Under normal con-
ditions, motion of the tympanic membrane causes a rotation of the ossicles
about an axis which is located at approximately their center of gravity,
This causes a motion of the stapes; hence sound energy is transmitted to
the cochlea,.

Two muscles are associated with the middle ear, the tensor tympani
muscle which attaches to the malleus, and the stapedius muscle which attaches
to the posterior part of the neck of the stapes, These two intratympanic
muscles contract in response to high sound iatensities so as to modify the
characteristics of the middle ear structure and as a result to reduce the
transmission properties of that structure, At low sound intensities these
miscles are presumed to contribute only constant mass, elastance, and fric-
tion effects to the middle ear structure,

A hypothesized mechanical model for the ossicles and the cochlear
windows is shown in figure 15. In order to obtain this model, it is assumed
that the middle ear behaves linearly and hence also that low sound intensity
conditions apply.

The electrical analog of this system is shown in figure 16, The follow-

ing analog representations are employed, with necessary transformations be-
tween these obtained by means of ideal transformers,
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Electrical System Mechanical System

1. wvoltage force

current linear velocity
2. voltage pressure

current volume velocity
3, wvoltage torque

current angular velocity

Other conduction paths and intratympanic reflexes, The effects of
conduction paths other than those of the ossicles and the effects of the
intratympanic reflexes are relatively unimportant in hearing at normal
speech intensities. The inclusion of these effects is considered only with
reference to the general block diagram shown in figure 12,

There exist two means of transmitting sound energy to the cochlea
other than the path provided by the ossicles., One means is conduction re-
sulting from the air in the middle ear cavity and the other is bone conduc-
tion, In the process of air conduction, a sound pressure in the middle ear
cavity drives both the oval and round windows, The effectiveness depends
upon the pressure difference between the windows which, in turn, depends
upon the form of the cavity. This method of transmission can be simulated
as shown in figure 12, The actual circuit representation for the middle
ear cavity is, however, necessarily more complex than that shown in figure 14
so as to provide phase and magnitude differences in pressure at the windows,

Sound transmission to the cochlea by means of bone conduction results
from vibrations of the skull, Békésy (ref, 1) has shown that bone conduction
tones can be completely canceled by tones received through the middle ear,
Hence, bone conduction can be considered in terms of an equivalent excitation
at the cochlear windows and its effects can thus be included in the analog by
means of the method shown in figure 12, It is noted, however, that the block
which represents the bone conduction transfer function is quite variable
since it is dependent upon such factors as whether the skull is vibrated by
air-borne sounds or by contact with a vibrating body, and if the latter, at
what point on the skull the contact is made, If the transfer function is
known for conduction by the ossicles, which is presumed to be the case at
least for the analog, then Békésy's method of bone conduction tone cancella-
tion can be used to determine the bone conduction transfer function,

The tensor tympani muscle and the stapedius muscle move ossicles and
stiffen membranes as a result of hearing a relatively intense sound so as to
decrease the transmission properties of the middle ear., This constitutes a
feedback device, However, unlike the simple servomechanism or automatic gain
control, feedback affects the values of the system parameters,

The lumped parameter middle ear network shows components which related
one-to-one with ossicles and membranes, It thus appears possible to isclate
parameters for control, The controlling signal is dependent upon the loudness
of the sound and is fed back from a part of the complete analog ear which
provides a measure of this loudness,

37



Practical Realization of the Analog

Simplification of the analog. Sufficient physiological data is not
available to specify all component values for the middle ear analog, There-
fore, a simplified form of the analog can be developed with component values
specified only so as to provide imput impedance and transfer functions similar
to those of the normal human ear,

A simplified middle ear analog similar in structure to that proposed by
Zwislocki (ref, 15) requires that three assumptions be made, First, it is
presumed that the effects of air cavity and membrane coupling cancel and
hence that the air cavity can be represented by a single capacitor of appro-
priate size; the cavity and membrane representations can thus be replaced
by short circuits, Second, the incudo-malleolar joint is presumed to be
rigid and hence the analog representation becomes an open circuit, Third,
the mass and friction effects associated with the stapes, the stapedius
muscle, and the windows are presumed to be negligible with respect to the
input impedance of the cochlea,

The complete simplified analog is shown in figure 17 where all ideal
transformers associated with the ossicles are combined into a single unit,
Values in parenthesis indicate an impedance level change by a factor of 40
so as to concur with the impedance level change of the analog cochlea,

Physiological data used for the determination of component values come
from the investigations of Békésy (ref, 1) and Zwislocki (ref. 15), with the
final criterion for the determination being the simulation of the input im-
pedance and transfer function of the normal human ear,

The transformer ratioc is obtained by using the area of the oval window,
A v 0.032 sq cm, the area of the part of the tympanic membrane which is
considered to be rigidly coupled to the malleus, & = 0,55 sq em, and the
lever arm ratio of the ossicles, d./d, = 1/1,3, The resulting ratio is
1/22.4. 172

An estimate of the capacitance which represents the windows and the
stapedius muscle is obtained from Békésy's data on the volume displacement
of the windows, This data indicates a capacitance for the windows of 0,0005.fd;
this figure is an upper limit since it does not include the effects of the
stapedius muscle, Experimental adjustment such that the analog simulated
the transfer function of a normal human ear specified the capacitance shown
in figure 17,

Values of the eight components which represent the tympanic membrane
and the ossicles are obtained using input impedance data for both normal and
otosclerotic ears and transfer function data for an ear with the stapes im-
mobilized, These data and the results obtained from the analog are presented
in the next section.

Input impedances and transfer functions, The input impedance magnitude
for the four-section external auditory meatus analog is shown in figure 18
for the case where the analog is terminated by the middle ear analog.

In figure 19 are shown the real and the reactive parts of the input
impedance to both normal and otosclerotic middle ears as observed by Zwislecki,
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and the real and reactive parts of the input impedance to the middle ear
analog., It is noted that, although the analog simulates the input impedance
to the normal ear, it does not simulate the input resistance to the oto-
sclerotic ear except at low frequencies, An otosclerotic ear is one in
which the stapes and the incudo-stapedial joint become more or less immobi-
lized as a result of a bony growth (ref, 22). The corresponding analog
representation is an open circuit for both the incudo-stapedial joint and
the stapes, Under this pathological condition, the simplified analog is
inadequate; suitable representation requires use of the more detailed cir-
cuits analogs of figures 14 and 14,

The transfer function magnitude of the four-section external meatus
analog is shown in figure 20, Also shown is the magnitude of the transfer
function from the entrance of the meatus to the meatus side of the tympanic
membrane as observed in human ears by Wiener and Ross (ref, 20),

Various transfer functions for both the human ear and the analog ear
are shown in figure 21, Curve number 1 gives the pressure transfer function
of 2 human ear from the meatus side of the tympanic membrane to the cochlea
side of the stapes under the condition of an immobilized stapes, This
curve is given by Bekesy (ref, 1), Curve number 2 gives the same transfer
function as observed in the middle ear analog; the analog representation
for the immobilized stapes is an open circuit., Curve number 3 gives the
pressure transfer function of a normal ear from the meatus side of the
tympanic membrane to the cochlea side of the stapes., This data is glven
by Fletcher (ref, 23) as deduced from experimental data given by Békésy,
Curve number 4 gives the same transfer function for the analog, Curve num-
ber 5 shows the analog pressure transfer function from the entrance of the
meatus to the cochlea side of the stapes,

DESTIGN AND RESULTS

The Complete Analog Ear

The hearing system as modeled in the previous chapters includes the
outer and middle ear, the cochlea, and part of the neural structure of the
cochlea and the higher auditory centers, A practical analog system requires
in addition, input and readout equipment, The analog system as realized in
this investigation is illustrated in figure 22, Signals representing dis-
placement, velocity, or loudness associated with points along the basilar
membrane’ are represented by a spatial array of outputs along the cochlea,

A commutator converts the spatial array to a temporal pattern for display

on an oscillostope or for application to recognition devices, It is desir-
able that the sampling rate be sufficiently high sc that the patterns portray
the distinguishable characteristics necessary for speech recognition, To
accomplish this, a mercury jet commutator is used which samples all 36 sec-
tions of the cochlea in 18 milliseconds, and provides complete patterns at
the rate of either 20 or 40 per second,

Input Impedance

The analog cochlea exhibits approximately the same input impedance as
the human cochlea; the magnitude and phase characteristics for the analog are
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presented in figure 23, One scale presents the impedance of the analog in
ohms, The other scale presents the impedance of the analog converted to
the impedance level of the direct model of the human cochlea, 1In figure 23
is also shown the input impedance magnitude for the human cochlea as ob-
tained from experimental data given by Békésy (ref, l).

In order to facilitate use of the external and middle ear amalog, it
is desirable to provide a circuit which simulates the input impedance of

the cochlea., A suitable circuit is shown in figure 24,

Velocity and Displacement of the Basilar Membrane

The velocity and displacement of the basilar membrane for a sinusoidal
excitation of the analog cochlea are each a function of frequency and the
distance along the cochlea, The data is presented in'figure 25 in terms of
the normalized magnitude characteristics and the displacement phase character-
jstics, For a sinusoidal excitation, the normalized velocity and the normal-
ized displacement patterns are identical; the velocity pattern magnitude
differs from the displacement pattern magnitude by a factor of w which nor-
malization removes,

In figure 25 are also shown, for comparison purposes, low frequency
normalized displacement magnitude and displacement phase characteristics
as observed by Bekésy (ref, 1) on a human cochlea,

Curve number 3 in figure & shows the location along the .analog cochlea
of the peak magnitudes of the velocity pavterns and the displacement patterns
as a function of signal frequency, A difference in the location of the peak
magnitude of a veloeity pattern and a displacement pattern of the same fre-
quency could not be noted,

Loudness Phenomena

In the analog ear, a single loudness converter can provide only place
and loudness converted sound intensity information, The output of an indi-
vidual loudness converter, L(x), is thus considered to represent the loud-
ness associated with the corresponding segment of the cochlear duct, The
total loudness, LT(X), is considered to be the sum effect of the individual
loudness as:

LT(X) = z L(x) (83)

X

The characteristic of the basilar membrane motion which is of import-
ance in hearing is not known, To provide an indication as to whether
velocity or displacement is the important characteristic and also to esti-
mate the value of 7 for equation 40, loudness was measured as a function
of frequency using both the velocity and the displacement of the basilar
membrane and also using frequencies of 300 cps, 1000 cps, and 3000 cps for
1/2mr. This data is presented in figure 26,

On the basis of a comparison of the various curves in figure 26 with
threshold of hearing curves, the velocity of the basilar membrane is selected
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as the important characteristic of motion when frequency 1/2mr is 1000 cps.
The resulting threshold of hearing curve for the analog is compared to

several human threshold curves in figure 27 (ref. 24).

Sustained Sound Recognition

Theoretical studies preceding the development of the model for sound
recognition were based on a pattern theory (ref, 10). Subsequent theoretical
and experimental studies were made of cochlear pattern recognition, and ex-
perimental results of analog recognition were compared with human recognition
to determine their degree of correspondence (ref, 8)., The monopolar and
quasi-continuous patterns from the analog ear may be described by a function
f(x) = 0, where f(x =0) = f(x 2 L) = 0, and L is the length along which the
sensory structures are distributed in the cochlea, A mathematical function
is used to recognize the pattern produced by the Electronic Analog Ear, Of
the several functions proposed for recognition, only the results of the
cross-correlation analysis will be considered here,¥

Define f(x) as an unknown pattern to be recognized, Define g, (x) as
the itP pattern from a dictionary of M patterns. Recognition resulfs when
one of the g (x) is selected as a representation of the unknown pattern f(x).
The recognition process is to select that g, (x) that corresponds to a maxi-
mum of the function *

L

[ f(x) gi(x) dx
0

V/ L L

2 2
£7(x) d (x) dx
j; ®) & Jogl %

Normalization of the recognition function may be accomplished by making
the energy of the g,(x) equal, and hence recognition may be made independent
of the amplitude of "the unknown pattern., The recognition process implies
minimum mean-square error (ref, 8),.

(84)

The stimulus material used in the study consisted of eight wowels,
each vowel both voiced and whispered, recorded on tape by a trained speaker,
The vowels (L] ¢ X 4, A, ) U) were used as presentations to human sub-
jects, from which recognition/confusion matrices were determined, and as
inputs to the Electronic Analog Ear, from which they were photographed,

The data from the photographs was used to obtain the correlation matrices
of voiced and whispered vowels, A scatter diagram of the combination of
cross correlation and the recognition/confusion matrices is shown in figure
28, The indication is that analog and human recognition processes show

% Recent theoretical studies have generated criteria for animal perception
as constrained by neural noise and matters of environment, Results of
this theory show modified (nonlinear) cross correlation to be optimum,
Changes in the idealized correlation function are necessitated by the
fact that neural noise is strongly stimulus dependent., In additionm,
neural noise is distinctly nonwhite,
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similarities,* Also of interest is the result that there is little differ-
ence in the pattern or recognition of voiced and whispered vowels,

SUMMARY

The results of this research are broad, It was originally proposed
that an analog of the ear be developed and built, This was done, It has
been shown that this analog models the hearing system in certain respects,
There are many things about the ear that are not modeled. Some are import-
ant and bear on general transfer sound-to-pattern characteristics, such as
mutual inhibition and phasic-tonic neural behavior. Others, such as the
middle ear reflexes and fatigue, may be of only second-order importance
for speech recognition, The model which has been proppsed and has been
built as an analog is an abstraction of those parameters of the ear which
were considered to be important at the outset of the investigation or
whose importance was subsequently recognized,

The process of modeling requires a constant comparison of the model
and the measured real world, It must be kept in mind in any research en-
deavor that knowledge of the real world is limited by the ability to make
measurements, In the case of the human ear, measurements are extremely
difficult to make; the introduction of an analog which can be compared to
a2 physiological specimen or used to demonstrate psychoacoustic phenomena
can make some experiments much more simple and can aid in the interpreta-
tion of others,

The present analog is one of the first such complete models of the
ear (first patterns in 1961), and while it has shown important similarities
to the human ear, it is not yet complete or finished, Subsequent studies
and modifications are necessary which will cause the analog to more closely
approach a complete simulation,

% That analog and human processes are similar is perhaps best demonstrated
from recent results in which analog ear patterns were matched so as to
produce intelligible synthetic speech obtainable by means of narrow-band
waveform data,
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APPENDIX

A GRAPHICAL CAILCULUS OF APPROXTMATION
WITH APPLICATION TO AN ANALOG FOR THE EAR

Introduction

Concern here is for the structure of a lumped parameter, linear,
passive, bilateral network representation for a system which can be ex-
plained in terms of a set of partial differential equations, Considera-
tion is limited to those systems which show mutual and self terms of the
sort ax + bdx/dt + c|xdt; higher-order derivatives and integrals than the
first will not be considered,

The calculus to be developed is of a graphical nature such that neither
the original partial differential equations nor the network ordimary differ-
ential equations need be known explicitly, A physical network will be deduced
whase elment values must be found in terms of appropriate boundary conditions
(i,e., from the pertinent physies of the system). The development requires
knowledge of the relationships between a network and its describing equations,

The generalized calculus will be exemplified for two important physio-
logical systems, First will be described the mammalian cochlea, or inner
ear, for which the conventional first-order transmission line representation
will be derived, In addition, the second-order approximation will be indi-
cated, in which it becomes evident that the classical incrementalization of
the structure into Ax lengths is no longer possible, Application of the
second-order representation to the tympanic membrane (eardrum) reveals a
provocative general technique for breadbanding,

It is emphasized that techniques to be described are general for the
class of systems described at the outset., As such, many portions of living

and other systems may be represented in approximation,

The General Method

Select points in the region of interest at which approximations are
to be obtained, The density of points implies the nature of the ''granular-
ity" or "sampling" error; if too sparse, the approximation will be poor,
and if too dense, the approximation will be impractically complex., An
actual example of a familiar sort is a segment of an ordinary transmission
line which is represented in terms of a sequence of simple lumped-parameter
aetworks, If the number of segments is too small, the cut-off frequency
for propagation will be too small in comparison with the unlimited cut-off
frequency of the idealized uniform structure; the larger is the number of
sections (the denser the points in the approximation), the larger is the
cut-off frequency and the smaller is the granularity or sampling error,

In a qualitative way, the density of points (which need not be uniform)
should be chosen according to the structural detail of the physical system
vhich is to be approximated, Let a voltage v, exist at each point P.,
Voltage v, is measured with respect to a single reference or ground point.,
The variable v, represents a plausible analogous physical variable, such
as velocity, Let v, be influenced by operator a + bd/dt + crdt concerning
itself with similarloperators for every other variable Vj for § # i, A
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generalized circuit representation is thus obtained as a three-dimensional
network which is symbolized in figure 29 in terms of self and mutual parallel
resonant circuits, Mutual inductance and capacitance elements in this cir-
cuit may be negative or positive,

Voltage in the network of figure 29 1s analogous to some other variable
depending upon the problem of interest, such as field potential, velocity,
force, chemical concentration, etc, The analogous quantity need not always
be the voltage v, in figure 29 measured with respect to a single reference
node; variables of importance may be a set of node voltage differences such
that no single reference node is evidenced,

In addition to the nodal system of figure 29, there also exist net-
works described by loop currents in which analogous variables consist of
suitable branch currents, In the case of loops, individual branch imped-
ances are series resconant circuits instead of parallel resonant circuits
as in figure 29, In certain simple cases, the loop system may be derived
as the dual of the nodal system, However, existence of a dual is not
assured when mutual inductance occurs and/or when the network is not planar,
In any event, two representations (one nodal and one loop) can always be
found, where the two may or may not be duals,

In any given network, two variables, voltage and current, are of im-
portance, For the analogous system, there may (or may not) also be two
variables; in the case of hydrodynamics, for example, the two are pressure
and fluid velocity which relate in terms of a mechanical impedance, In
the electric network, the ratio of voltage to current is impedance and
special input and transfer impedances may be important measures; note,
however, that if only voltages v, in figure 29 are of interest, for example,
such impedances are of little direct concern,

A given electric network will have analogous variables which are node
pair voltages or branch currents; many choices for these exist in determin-
ing the network, In some cases, convenient identification of both current
and voltage with, say, pressure and velocity, may not be possible, whereas
in others, it may. If, for example, input impedance to an hydraulic system
is also to be represented in electric network form, it is evidently neces-
sary that both voltages and currents be identified with equivalent hydraulic
variables, On the other hand, if only biochemical enzyme concentration is
of concern, only analogous voltage or only analogous current need be con-
sidered,

The Cochlea

The inner ear consists of a fluid-filled channel separated over most
of its length by an elastic membranous duct (the cochlear duct) which has
properties of mass, viscous friction, and elastance, A representation is
shown in figure 30,

Select for this system a set of points arrayed along the cochlear
duct, Voltages at the circuit amalog points can represent some component
of duct velocity (transverse, longitudinal, etc.)., The first task of rep-
resentation is selection of suitable points, An array along the duct is
appropriate if interest is primarily in the motion of the duct. Note

56



Figure29.The Generalized Nodal System

/ Scala Vestibuli {channeal)

Oval Window P .
(sound in) \¢ /-Hellcotrama
»~Duct S (hole for
Round Window - pressure
(relief) \Q w equalization)

NScaia Tympani

Figure 30. Simplified Diagram of the Cochlea

57



especially that this assumption leaves unanswered the detailed description
of the scalae (except as reflected in actual element values of the circuit
representation) although it yields the most accurate possible description
of duct motion for a given number of points,

The second task is the designation of what voltage v, signifies,
It is believed the neural activity depends on transverse motion of the
duct, and transverse velocity may be taken as the representation., Note
that axial velocity or a mixture could be chosen with no change in the
generalized circuit configuration other than element values after employ-
ing boundary value data,

The circuit that results for the cochlea is shown in figure 31 where,
for clarity, existence of mutual elements is implied with arrows, Observe
that figure 31 is a quite general circuit; it is nothing more than the
circuit of figure 29 drawn slightly differently, The fact that it is
supposed to represent a cochlea is not yet explicit,

The simplest possible approximation relevant to figure 31, which
again does not apply explicitly to any given structure, ignores all mutual
terms other than first-order ones, The result is a ladder network consist-
ing of pi sections where each branch is a parallel resonant circuit, This
simple system has a dual which is a ladder network consisting of tee sec-
tions where each branch is a series resonant circuit, The resonant arm
nonuniform ladder is thus potentially a very general first-order approxi-
mation to a distributed system in which the approximation is achieved by
ignoring most of the mutual elements,

The first-order network has, as stated, branches which are parallel
resonant circuits, A consideration of boundary values (i,e., the tendency
of the human cochlea to act as a sequence of low-pass circuits) implies
that the series arm has no capacitance; the result is figure 32, Increments
of lengths Ax for the cochlez may be identified with individual tee sections;
boundary values may thus be applied on a section-by-section basis so as to
evaluate parameters,

The rather "crude'" approximation of figure 32, remembering that scalae
are given little consideration in the selection of points, makes it evident
that parameters will not show direct correspondence with comparable par-
ameters of the actual cochlea, An inductance represents a fictional
"equivalent" elasticity, capacitance and "equivalent" mass, and so forth,
Improved correspondence between physical and network parameters is achieved
only through use of higher-order network approximations in which spatial
points of approximation are assumed to lie in the scalaer as well as in the
cochlear duct,

It should be observed in figure 32 that a tapering of element values
so as to account for "end effect' near the helicotrema is not incomsistent
with the general approximation,

The dual of figure 32 is shown in figure 33. This circuit is also a
practical one in which velocity may be acquired as an unbalanced voltage
if each series branch coil is realized as the primary of a transformer,
Note that figure 33 also obtains directly from the generalized loop system
such that the nodal system need not be derived first,
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In figure 32, only node voltages have been given direct analog sig-
nificance (and in figure 33, only loop currents), Although transverse
velocities of points along the basilar membrane are represented in figures
32 and 33, pressure differences are not, Pressure difference for figure 32
is the current in the shunt branch, which constitutes the self-admittance,
Identification of an input or transfer impedance applicable to the entire
network is not readily demonstrable; a different selection for analogous
analog parameters can modify this situation, as will be discussed in the
sequel,

It will be self-evident to the networks specialist that foregoing
networks, which are unbalanced, may be balanced or quasi-balanced in a
variety of ways, 1In this manner, an animal cochlea with its two scalae
of either equal or differing dimensions may be more closely represented
than with an unbalanced structure,

Cochlear Second-0Order Approximation

It is of interest to consider inclusion of the first- and second-
order mutual terms but not those of higher order. As before, assume all
points are in the cochlear duct to give the circuit of figure 34, Al-
though the network is not greatly complicated structurally, it is far
more cumbersome when it comes to the determination of element values,
This is because the circuit can no longer be incrementalized in a physi-
cally revealing manner such that boundary conditions can be applied to
individual increments, Continuously bridged systems of this sort, es-
pecially when extremely nonuniform as in the mammalian ecochlea, are not
solved by known techniques in network analysis,

Another Cochlea Conwvention

The series of points in figure 31 provide voltages which are pre-
sumed to represent transverse velocities of points along the basilar mem-
brane, As stated previously, designation of the meaning of v, is somewhat
arbitrary, Equivalent circuits for the basilar membrane as hdve appeared
in the literature are not the same as those shown thus far in this dis-
cussion, These different equivalents were obtained by others from a direct
first-order analysis of the hydrodynamic equations for the cochlea, It may
be presumed that the meaning associated with v, differs from that employed
thus far; in fact, it is not necessarily impliéd that various investigators
used points of representation which are uniformly displaced along the
cochlear duct,

Analysis of points selection and equivalent circuits given elsewhere
show the following: A loop-type, first-order analysis is made instead of
a nodal type., The difference in adjacent loop currents is presumed to be
transverse velocity; the specific currents are those in the shunt branches
rather than in the series branches of the network as in figure 33, Figure
35a shows the proper interpretation. The equivalent, allowing for a boundary
property, is shown in figure 35b, and the dual in figure 35¢c, The dual may
be obtained directly from a nodal analysis by assuming velocity relates to
the voltage differences between adjacent loops in figure 32,

The network of figure 35b is the one most cited in the literature,
It provides the advantage of representing both pressure and velocity such
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that electrical input impedance of figure 35b is related to mechanical
input impedance of the actual cochlea, Clearly, results here imply that
many different equivalent circuits exist depending on certain arbitrary
definitions and assumptions, Some of these, such as in figure 35a, pro-
vide a closer analog for a gross impedance than do others, Some, such

as figure 31, provide more direct generalization to relatively high orders
of approximacion,

The Tympanic Membrane

The .nembrane is separated into two distinct regions, one which is
stiffened by attachment to the malleus {one of the three middle ear bones,
or ossicles), and a more freely moving part, The two parts are mutually
coupled in two different and opposing ways, First, the fibers of one part
of the membrane exercise direct force on the other part., Second, the
limited air cavity of the middle ear exercises elastic coupling from one
part to the other,

An appropriate equivalent circuit uses two points of approximation
and a reference point, Let voltage be velocity and current be pressure,
Two current sources occur, both applied from the outer ear (in phase), one
for each part of the membrane, The equivalent circuit is shown in figure
36a, In the dual of figure 36b, the two voltages are proportional, since
voltage is pressure in the outer ear (times area) which is presumed to be
uniform over the cross-section of the external auditory meatus (ear canal),
In order to show a single voltage source, we may employ the artifice of the
ideal transformer with the result of figure 36¢c, The transformer may be
adjusted, as a rule, to achieve physical realization of the circuit when
negative elements exist in the mutual branch in figure 36b, Note in figure
36¢c that, by moving the load along its series circuit so as to have it next
to the primary of the transformer, it becomes possible to define an unbal-
anced system such that both source and load have a common ground,

A study of the tympanic membrane shows that separation into three
regions is logical, One part is associated with the malleus as before,
The free portion of the membrane has two distinct parts, one of which is
relatively flexible, The loop equivalent is shown in figure 37, It is
of interest to observe how the three generators in figure 37 aid one an-
other in causing current to flow into *he load, The three generators
provide proportional voltages and hence may be obtained from a single
voltage source using ideal transformers,

An elementary analysis of figure 36¢c reveals how broadbanding is
accomplished, Assume a circuit in which the only loss is represented by
the (resistive) load, The transfer function is found to have two pairs
of complex conjugate poles in the left-half plane and a pair of conjugate
zeros on the jw axis (plus one at the origin), Except for the conjugate
zeros, the transfer function is capable of representing a broadband band-
pass circuit, Actual broadbanding may be realized by moving the j-axis
zeros to the interior of the left half plane, This can be achieved by
adding loss in either or both of the resonant circuits not associated with
the load, The broadbanding principle thus appears to be one in which
lossy, coupled resonant circuits are employed, Analysis carried out else-
where shows that the pass-band characteristic in human hearing is due

mostly to the middle ear, In view of its physical size, the ear is a
fairly good transducer for matching air and f£luid media,
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