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BEATS IN COCHLEAR MODELS

Beats in cochlear models were studied from two aspects:

1. Their effect upon cochleur fluid motion which, occurring riong elliptic orbits,
essentially represent Lissajous figures. The orbits expanded and contracted synchro-
nously with the beat rato. Thereby, a partial rectification (asymmetric exransion)
became apparent which, occurring in opposite directions in the two scalae across
the partition, constituted the beat. This latter phenomenon was caused by the stiff-
ness gradient of the cochlear partition.

2. Their effect on the traveling wave pattern along the partition was originally 4
described by Bekesy. Stroboscopic examination revealed that the beat frequency i
modulates the two primaries thus pcoduciiig two additional side bands. The displace-
ment pattern of the membrane when viewed by high-speed motion picture photography,
however, did not give an_ ' evidence of these five frequencies. Oniy the intertone (and
the beat) were present. It then became apparent that ‘he model is really a pattern
analyzer of complex sound. In terms of cochlear fluid motion, it is able to resolve
complex Lissajous figures by a spatis. filter action along the partition into simple
Lissajous figures. Any deviation from steady Lissajous figures, which ordinarily
result from primaries in relation of integral numbers, produces beats. Thus beats of
imperfect unison: as well as of mistuned consona’.ces have essentially the same cause:
a cyclic phase change between the two prin.wries.

Ao,

INTRODUCTION

The phenomenon of besis has continued to  as the intertonc. Helmholtz (2), in line with
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attract the attention of investiga w8 in the
auditory field for many years because of its
significance to Auditory Theory. G.S.Ohm(1),
in 1843, firsi formulated wtat later became
known as “Ohm’s Law of Acoustics.” In the
words of Helmholtz (2) : “The human ear per-
ceives pendular vibrations alone as simple
tones, and resolves all other periodic motions of
the air into a 3series of pendular vibrations,
hearing the series of simple tones which corre-
spond with these simple vibrations.” In other
words, the ear was thought to perform a
Fourier analysis in resolving a complex sound
signal. That this abuity of the ear is limited
became obvious from the observation of beats.
When two tones of nearly the same freauency
are sounded together the ear, instead of per-
ceiving them separately, hears a single tone.
The pitch of the latter lies between that of the
two primary tones and is commonly referred to

Received for pubilcation on 18 December :9K8,

his Resonance Th o.y, raaintained that in such
a case “the same elastic apper dages of the audi-
tory nerve [aie set] in syrapathetic vibrations
at the same time.” Or as later writers have
put it, two such tones stimulate overlapping
areas along the basilar membrane causing a
sensory fusion. it had to be admitted, there-
fore, that the ear is not quitz a perfect analyzer
of sound. That such a negative definition is
not very satisfactory hardly needs to be pointed
out.

The latter difficulty seems rather trifling,
however, compared with thos: arising from
the phenomenon of beats of mistuned conso-
nances. In conirast to beats betwesrn nearly
identical frequencies which are known as in:-
perfect unisons, the term mistuned consonance.
refers to beats between a given frequency and
another one which is not quite in harmonic
relationship with the forwer (e.g., 500 cps and
1002 cps). Helmholtz (2) indicated a simple
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way in which the beat rate can be calculated
for a given set of primary frequencies. The
following formulation iz Wever’s (3): “ 1t m/n
is the simplest perfrct ratio of the interval and
M and N the numerical values of the primaries,
the beat rate is given by nM -- mN.” In the
present exampie (500 cps and 1002 cps) n/m =
14 hence 1 X 1002 — 2 X 500 = 2 heats per
second. For 502 cps and 1000 cps, liowever,
the result is: 2 X 802 — 1 X 1000 = 4 beats
per second. There is a difference ini whether
the lower or the higher primary is mistuned.

Helmhc'tz (2) had thought that the beats
which are perceived ir the case of mistuned
consonances were due to an interaction between
overtones of the funda.aentals in queation. Thus
his concept of sympathctic vitrations in over-
lapping areas was still valid in his opinion. s
opposition to this, R. Koenig (4) maintained
that “beats of mistuned coi:sonances as well
a8 of imperfect unison . .. arise from the
periodically altering coincidences of similar
maxima of the generating tones, and of maxi-
ma with the opposite sign.” In Koenig’s
opinion, then, this was definitely not a case
of beating between upper partials, a fact which
can be easily corroborated by means of modern
electronic sound-generating equipment.
Chocholle and Legouix (5), prebably not being
aware of Koenig’s earlier communication, re-
certly voiced a similar opinion concerning the
origin of mistuned consonances.

This auth r became irterested in the prob-
lem of aural beats in the course of his studies
on cochlear models of the Bekesy-type (6).
In an earlier paper (7) the appearance of the
Yeat frequency (i; — f;) in such irodels has
been described.

The experiments to be reported in the
present paper were designed in an zttempt to
find answers to the following questions: Are
there any phenomens in the hydrodynamic
events associated with coclilear responses to
beat signa!s which might account for (a) the
origin of the beat frequincy as a separate
entity; (b) the similarity between beats of im.
perfect unison and of mistuned consonances;
#nd (c) the appearance of the intertone?
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PROCEDURE

For reasons of their easy adaptability, coch-
lear models after Bekesy (6) were chosen
for the purpose of the present study. These
modeis as used by the present suthor have been
described at several earlier occasions (7, 8, 9).
The following description is a brief summary.

The models conaisted of transparent Lucite.
The “basilar membranes” ware held in metal
framesz and were made of -ubber cement in
which fine aluminum particles had been em-
bedded to facilitate better cbservation of mem-
brane motion. The “perilymphatic cochlear”
fluids were glycerin-water solutions in which
aluminum “dust” was suspended for visualiza-
tion of particle motion within the fluid. In the
present study, “basilar membranes” were 50
mm. long (i.e, not quite twice the size found
in buman ears). Such an increase lowers the
frequency range to which a model may re-
spond — 3 fact which makes investigation
eagier. Response of the present model was to
frequencies from as low as approximately B
¢ps to {000 ¢ps.

Routinely, the “helicoirema” i3 represented
by a small circular opening, 2 mm. in dizumeter,
which is cut into the frame of the basilar
n.embrane, 1 mm distal to the “apical” end of
the membrane. However, this is nct quite
accurate according to Hilding’s (10) anatomic
findings. Ta reality, a portion of the border
of the helicutrema is formed by a free edge of
the basilar membrane close to its apical end.
In some respects, models built to this latter
specification give a more “correct” response,
especially with regard to low frequencies as
has been show:a in an earlier study (7). How-
ever, such membranes have a tandency to tear
from their free edwe under the effect of low-
frequency signala. Since in comparative studies
it is imperative to perform: all measurements
with the aid of the same membrane, a separate
“helicotrema” was considere¢ safer and its
shortcomings, as indicated, had to be taken
into account.

Vibratory stimulsiion was provided by a
loud-speaker driver unit (Jensen DD 100)
which was connected to the “oval winduw™ by
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a small air-filled, closed coupler. Illumination
was either by stroboscopic light (for observa-
tion of instantaneous particle or membrane
positions) or by continuous Yieht (for observa-
tion of particle orbits or of “‘eddy™ moveraent).
The observation of fluid motior and its photo-
graphic recording was greatly facilitated by
“dark field” illumingtion: Light entere: thae
model ¢hrough a narrow slit at 90° to the plzne
of observation (the istter being parallel to the
cochlear partition) so that particles anpesred
brightly illuminated against a dark background.
A dissecting microscope was used to assure
uniform conditioas of observation. A microm-
eter disk built into one eyepiece of the
microscope served for measurement of particle
amplitude, etc. Magnification was usually 16X,
but was sometimes si2pped up to 40X.

RESULTS

Particle motion

The first experiments coancerned the parti-
cle motion withip the cochlear fluids in response
10 beats of imperfect unison. It has been re-
ported in previous papers that particle motion
within both perilymphatic scalae occurs along
elliptic orhits (7). These orbits are essen-
tially Lissajous figures composed of two
veetors, 30° apart in phase — viz, the (forced)
motion of the window menmbrane and the (in-
duced) inotion of the cochiear partition. Such
Lissajous figures cen easily be constructed on
the screen of an oscilloscope. In the vase of
two closely related primaries (e.g., 1000 cps
and 003 c3s), one sees an elliptic Lissajous
figure which expands and con‘vacts alternalely
at the rate of three times a ‘econd (fig. 1A)
The degree of this amplituc: varielion depends
on the amplitude ratio between the two przi-
marirs, ntraction to a point occurring only
when bo.a are equal in amplitude It is noted
that the amplitude variation tales place about
the true centerpoint of the ellipses.

Wken one obiorves particle motion within
the model, one sees a similer amplitude varia-
tion of the particle orbits in response to two
beating primaries. (Actually, since particles
revolve along their orbits, thix variation occurs

in the form of expanding and contracting
spirals.) On closer examination, however, it
is found that the expansion of the orbits does
not take place about their true centerpoints
everywhere -vithin the model. ¥or low-fre-
quency primaries (e.g., 26 cps and 27 cps).
the orbital expansion became distinctly asym-
metric within the ¢.xtal regioas of the model
(i.e., beyond the locus of mrximum membyane
displacement in response tr, these frequencies).
This asymmetric expansion, which is shown in
figure 1B. ecncerns both orbital vectors.

In both perilympbatic scalae, the wider
expansior. occurs always in a given direction.
As shown in tigure 1C, longitudinal expansion
in scala vestibuli iz always wider in the apical
direction than in tne fenestral one, and trans-
versal expansion is always wider toward the
partition than away from it. In scala tympani,
these directions are reversed. (lansequently,
the resuiting asymmetric motion cf the particle
orbits in Lhe two scalae is in phase opposition
scross t..e partition. Thus it has been found
that two primaries of imperfect unison when
applied to the cochlear imodel produce by
partial rectification a low-fr :quency component.
This new component is eqial to the beat fre-
quency.

When the average frequency of the pri-
maries was increased, the point at which asyn-
metric heat motion set in raoved closer toward
the windows. At zoproximately 60 cps the
asymmetric beat motion hecame universal
thronghov‘ tne model; trat is, sywmetrical
amplitude varintion of orbits ceased to exist
with.in the model.

If the beat rate was as io'w as in the present
example (e.g., 2 cps), the nesgy of the newly
created component ways se:n to exchange
through the helicotreme, where it was best
observed and measured. The umplitude of the
primaries, which otherwise n:ight interfere
with sucil meastements, reduces to zero before
the region of the helicotrema is reach. 3. since
their frequency is considerably higher ithan
the beat frequency. If higher beut fycquencies
wera useu — e.g., 10 cps between primsries of
400 cps snd 410 cps — the new comnonent
frequency formed a traveling weve of its own.

8
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FIGURE 1

Deats of ir:perfect unison (schematic). A: Bealing Linsajous figure as seen on the oscilloscope.
Shoiwen are the .ostances of extreme contraction and cxpansio. The latter ocenrs symmetrically
along both vectrrs (cf. the two pair of korizontal and vertical arrows). B: Beating particle orbit.
Note asymmetry along doth axes. C: Phase opposition of orbital exponsion in scals vestibuli

(sc. v.) and scala tympani (sc. 1.).

However, when this heppened, intensity was
sufficiently high so as to introc ice distortion.
On th~ basis of the present resus, it cannot
be decided whether the low-freqguency com-
punent in this case is reali - the difference tone
or the beat.

Before discussing the poszible cause of che
phenomenon of beat production, I shall describe
the pattern of fluid motion in response to
mistuned consomances. A running pattern of
such a combination of yrimaries as it appears
on the oscilloscope is shewn in figure 2. It is
the result of a cyclic shift in phase hetween
the two mistuned primary frequenciez. The
pattern of Lissajous figures (and/or particle
orbits) in response to complex stimuli, with
the comucnents in true harmonic relationship,

has been described elsewhere (7). Such Lissa-
jous figures are characteristically multiple-
looped. For example, in the case of a 1:2
interval (e.g., 50 cps and 100 cps) the Lissa-
jous is double-looped. (Some other Lissijous
figures will be Jescriled later in re'ation to
figure 4.) Its pattern may be any of the four
shown in figure 3A to D or any other pattern
between these, depending upon the phase rela-
tionship between the two primaries. However,
if one of the two primaries is slightly mis-
tuned (e.g., 50 cps and 102 cps) the Lissajous
figure revolves constantly through patterns A
to D of figure 3 in a cyclic manner. This
revolving is caused by the cycli~ phase shift
indicated in figure 2. There is one complete
revolution per oudible beat as is easy to ascer-
tain by monitoring the beatiag signal.
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FIGURE 2

Waveform of 3 mistuned (1:2) resomunce, oscilloscopic recording; frequ=ncies as indicated. Noic

the cyelic phase aXifc within the wave form.

During their : .ol tien, thes: Lissajous
figures display an :..mmet,; =hick is shown
in figure 3 and is . o caused by the cyclic
phase shi¢t. Wilhti the model, the phase
relationship between particle motion in the
two scalae across the partition is 180°., The
phase skift asymmetry of figure 8, therefore,
appears i1 opposite phases of the two scalae.
For exsminple, while orbits in scf.. -»stibuli
might be in the position of figure 8A, the
corresgonding orbi‘s in scala tympani should
be in the positivn of figure 3C. Theor<ti:. ly,
therefore, the phase shift asymmetry by itself
could be sufficieni to introduce a low-frequency
component — viz, the beat frequency. This
assertion was examined hr observation wicnir
the model.

As is apparent from figure 3, the asymn-
metric motion of Lissajous figvres in rasponse

to mistuned 1:2 intervals when measured in
the plane of the longitudinal axis is exactly
one-third of that axis, provided the two pri-
maries are of equal amplitude. It is recslied
th#¢ in case of beats of imperfect unison the
Put moution was not visible in {.e window
region when iow-freqiiency primaries were
~mployed. Similarly, particle orbits, in the
case of mistuned 1:2 consonances and low-
frequency primaries (e.g., 24 ¢pa and 50 cps),
when obzarved in the window region showed
only the degree of asymmetric motion found in
phase-shifting Lissajous figures. However,
when one approached the région of maximal
membrane displacement, the amplitude of
asymmetric motion increased gradually.
Finally, within the region of maximal displace-
ment, the asymmetric motion, when measured
in the lorgitudinal plane, was found to be
cqual to the longitudinal orbital diameter.
Thus, it hud increased by a factor of 3.

- - .




FIGURE 3

Breting Lissajous figures of a mistuned (1:2) resonance (drarm after oscillosenpic recordings).
Both components are equal in amplitude. The Licsajous revolves thro igh patterns A to D once per
beat. Note the sivuctural asymmetry by comparing patterns A and C (position of arrows). Such
figures are produced only when the 90° phase differemce betwreen signals on both pair of deflection

plates is obtained indevcadently for each frequency component.

paiterns like that o. ¥ ure produced.

This difference in asymmetry between the
Lissajous figures and the resulting particle
orbits was even larger when primaries of
higher frequencies were employed. For two
primsries of 248 cps and 500 cps, the asym-
me'ric motion of particle orbits when meas-
ared in th: longitudinal plane was found to
be approximately 10 times as large as the
longitudinal particle amplitude. ‘Thus it had
increased by s factor of 30. Therefore, it
appears that the phase-shift asymmetry of
th: Lissajous figures in the case of mistuned
conzonances does not simply represent the
heat itself but it plays essentially the samne
role in its origin as di? the amplitude variation
of the Lissajous figures in the case of beats of
imperfect unison. The latter amplitude varia-
tior: £lno is caused by s cyclic phase shift be-
twesn the primary froouencies. It has been
found, therefore, that ir: both cases (imperfect
unis .ns and miastur « cononances) the beat
which appears in ¢ -~ cochlear model as due to

If only one phase shifter is wused,

partial rectification is caused by the same
property of the signal, the cyclic phase shift
between the two primrries.

The examples sf figures 2 and 3 concerned
the mistuned 1:2 interval only. It is well known
that audible beats arise whenever any integral
ratio betwcen two primaries is mistuned, al-
though the strength of the resulting beats is
not uniform. For exaiuple, the beat of im-
perfect unison is always stronger thanu
that of a mistuned 1:2 consonance. This
difference is paralleled by the amplitude
(or asymmetric) variation of the appropri-
ate Lissajous figures: 100 percent in the
case of imperfect unisons bit only 33 per-
cent in the case of -mistuned i:2 intervals
(provided primaries are of equal amplitude
in both cases). It was of interest, therefore,
to attempt to find a general rule concerning
the strength of audible beats of various mis-
tuned intervals of integral numbers znd the
degree of asymmetric amplitude variation of
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the appropriate Lissajous figures. Figure 4
shows a series of complex Lissajous figures
for various such intervals. Some of these
Lissajous figures have been shown in an earlier
publication (7). These Lissajous figures are
steady when the interval is perfect, but begin
to revolve when it becomes mistuned. First
the rate of asymmetric amplitude variation for
one revolution of the Lissajous figure was
determined for oue complete period of the
underlying phase shift. For example, one
such variation takes place in case of the mis-
tuned 1:2 interval through the sequence of
figures 3A to D. The values of this rate for
all Lissajous figures are indicated in figure 4.
As a rule of thumb: if n; and n, are the two
numbers making vp the interval, the rate is
given as n; + n, — 2. (This rate is not
identical to the number of loops of which each
of the Lissajous figures is composed. The latter
values are also indicated in figure 4). Next, the
Lissajous figures were p-oduced on the screen
of an oscilloscope and the magnitude of the
asymmetric amplitude variation determined in
each cade. The ratio between the size of the

Lissajous and the degree of variation along one
of its axes (J.,/V) expresses the inverse of the
relative magnitude. In figure 5§ (left-hand
figure) the rate of asymmetric amplitude
variation is plotted vs. the ratio L/V. The
result ic a straight-line function indicating
that the magnitude of the amplitude variation
of Lissajous figures decreases with what might
be considered their dyamic complexity (not
with their structurai complexity — i.e., the
number of their loops).

Helmholtz (2) has given the relative
strength of audible beats, at least for some of
the intervals of figure 5§ (left). ‘These a-e
plotted in graph at right (figure 5) again vs.
the rate of amplitude variation of the Lissajous
figures. Given in the same graph are the
inverse values of curve at left (V/L)—i.e., the
relative magnitude of the amplitude variation.
(For the sake of continuity, the imperfect uni-
son has been assigned a rate of zero and a
relative amplitude variation of 1.0.) The two
curves in right-hand graph of figure 5 are
members of the same family. Thus Helmholtz’

- 0908

Interval

No.of loops -~ 2 3 4

Voriation

FIGURE 4

Cemplex Lissajous figures (drawn after oscilloacopic recordings).

In each ocmee, amplitudes of

botk components s~¢ equal. Such Lisssjous figures remain steady whken ths interval is perfect, but
revolve when the interval is mistuned. For further explunation see text.
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FIGURE §

Left: Rate of amplitude variation of mistuned complex Lissajons figures vs. the
ratio of the site of the Lissajous figures to the degree of their amplitude variation (L/V ).
Ratiose of {mistuned) tntervals as indicated. Right: Inverse plot of figure at left, ex-
pressing the rate of amplitude variation of mistuned complex Lissajous figures va. their
relative mognitudes (V/L). Plotted in the same graph are the relative strengths of
audible beats after Helmholts (2) for some of the intervals (black squares).

measurement of the reiative strength of audible
beats is provided with a rationale in terms of
the phase-shifting Lissajous.

Cause of asymwmetry

The next task was to find out what might
be the cause of the asymmetiric motion of
particle orbits observed in the model. Within
lineer systems, beats represent a variation of
amplitude synchronous with the beat rate; but
there is never any energy present in the latter
frequency. All the energy there is, is contained
in the two primaries, a fact which can be
confirmed either by Fourier analysis or by

wave-filtering. This statement is also true
with respect to the case of mistuned conso-
nances. It is not correct to call the pattern of
figure 2 an “amplitude modulation of the
higher frequency by the lower one,” an opinion
recently expressed by Chocholle and Legouix
(6). (However, as it turns out now they were
more correct in saying ‘“that the ear is able to
follow the cyclic variations of the wave form.”)
Figure 2 represents the resuit of a mere mizing
of two frequencies. No new frequencies are
generated in such a process. In nonlinear
systems, however, the frequency (f, — f:)
appears as a product of distortion. Therefore,
it is possible that the appearance of the beat
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frequency within the cochlear model, as re-
ported above, results from some wmonlinear
property of the model.

First, it was ascertained that the postu-
lated nonlinearity was not due to overloading.
If that were the case the degree of asymmetry
displayed by the beating particle orbits should
depend on stimulus amplitude. Repeated
cnecks failed to verify this proposition al-
though it is admitted that the sound pressure
range covered was rather small — viz, slightly
less than 20 db. In an effort to elucidate this
point further, the following measurements were
made. Best beats of imperfect unison of a
constant beat rate (2 cps) for various pairs of
frequencies were applied to the mode]. De-
termined under the microscope were the volt-
age levels at the driver needed to produce: (a)
the just-noticeable onset of particle motion;
(b) the just-noticeable onset of beat motion;
and (c) the just-noticeable onset of eddy mo-
tion. In a previous paper (9), the onset of
motion of Bekesy's eddies had been associated
with amplitude distortion. The measurements
were carried out for three pairs of frequencies
in octave intervals. Since the onset of particle
and of eddy motion was measured for one of
the primaries vnly, a 6 db correction was ap-
plied to the onset of the beat. Figur~ 6 pre-
sents the results ccncerning the just-noticesble
onset of particle motion. Whereas at 25 cps
beat mction did not become apparent until
particle motion had almost doubled in ampli-
tude, at higher frequencies the situation was
reversed; that is, beat motion was detected at
lower amplitudes than particle motion. In-
variably, eddy motion is observed at amplitudes
considerably higher than that at which beat
motion was first noticed, the ratio being 16 db
at 25 cps and 19 db at 100 cps. Because of
the findings of figure 6, it is not likely that
the beat motion is caused by Bekesy’'s eddies,
although the slope of the two curves is similar.
This conclusion is supported by the fact that
the onset of «ddy motion, which is a DC motion,
can be assessed with more certainty t-en the
onset of an AC motion such as the beat. The
latter measurement depends more than the
former on the magnification used and on
particle size. Yet, beat motion was always

§M_J'_‘iort
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FIGURE ¢

The onset of beat motion and of eddy motion for three
frequencies in octave intervals in regard to the onset of
particle motion. Values are given as db-voltage ratiss.

detected at much smaller amplitudes than
eddy motion.

Next, the cochlear partition was examined
as a possible source of the postulated non-
linearity. A membrane was made with uni-
form stiffness; that is, along this membrane
stiffness did not lessen with distance as it does
along the membranes which are ordinarily used
and which are made arcording to Bekesy’s
measurements of the stiffness gradient (11).
A perfect membrane of uniform stiffness is
the boundary layer between two nonmixing
fluids, provided the width of this boundary is
uniform from end to end. A rectangular slot,
50 mm. long and 2 mm. wide, was cut into &
frame of the same type as that used normally
to hold the membranous partition. The model
was filled with equal parts of ether and of the
usual glycerin-water solution. Taen the two
scalse were arranged, one above the other, 80
that the boundary was located exactly within
the rectangular siot. When this model was

9

TEITRy Ao VT T YR - T PRT e ARSI AR s BERSII O s s

Jrs—




T e it

"
e
12

A,

Ay

T Y dp e o

bl

TR T e e

AT EER S ST R e R

driven by two primaries of imperfect unison
(e.g., by 50 cps and 52 cps), the acymmeiric
beat motion did not appear. The particle orbits
were exactly asymmetric like the beating
Lissajous figures produced upon the oecillo-
scope (cf. fig. 1A). It is apparent from this
observation that the asymmetric beat motion
found in the Bekesy-type models results from
the stiffness gradient of the partition.

In order to find the dependence of the
degree of asymmetric beat motion upon the
steepness of the stiffness grudient, a series
of four interchangeable partitions was made
into which slots of varying taper were cut. All
slots were 50 mm. long and 1 mm. wide at their
proximal end. At their distal end, they varied
from 1 to . .am. Covering these slots with a
uniform amount of rubber cement produced
membranes with a linear gradient of ntiffness
(in contrast to the inembranes normally used
in which stiffness varies es.omentially with
distanu>). The steepness of these linea: gradi-
ents varied in proportion to the taper of the
slots.

All experiments were carried out for low-
frequency primaries because of the inverse
relationship between frequency and particle
amplitude. Both primaries were set so as to
produce best beats. In the first experiment,
the ratio was determined between the amplitude
of the beats originrting within the model and
the maximal orbital amplitude (av/a i’
This ratio was obtained for identical sets of
p-imaries along each of the four different
membranous nartitions. The beat amplitude
(a,) was convenient!y measured in the region
of the helicotrema (where there are no pri-
maries in evidence) and the maximal orbital
amplitude (&, w.x) in the proximal regions of
the modei (where there is no beat motion in
response to low-frequency primaries). Figure
7 gives the results for primaries of 30.2 cps and
81.0 cps (beat rate: 0.8 cps). The alteration
of the stiffness gradient is expressed as the
percentage increment in width of the mem-
branas partition with distance (A W/L). A
riraight-line function, with the limited set of
data at hand, was obtained when the amplitude

ratio was expressed as e-58,/8 mea . Figure 7
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then indicates that the beat amplitude (for
equal amplitudes of the primaries) increases
with the steepness of the stiffness gradient in
a logarithmic fashion.

Next, a membrane was employed with the
usual exponential gradient of stiffness, the
ratio of stiffness at the two ends being approxi-
mately 10:1. The amplitude ratio a, / 8, mux
was determined for various sets of low-fre-
quency primaries, but for a uniform beat rate
(b = 0.5 cps). In figure 8, the results are
plotted as the db ratio of a, / 8, me: 78. the
average frequency of the primaries. 7The val-
ues follow a straight-line function with a
positive slope of approximately 6 db/ octave.
In other words, the beat amplitude (for equal
amplitudes of the primaries) increases as an
exponential function of frequency along such
membranes. Because of the dependence of
beat amplitude upon the value of the stiffness
gradient (cf. fig. 7) (which in turn ulters with
distance along membranes of exponential stiff-
ness gradients), it is reasonable to assume that
the beat for each set of primaries is mainly
produced in the region of maximal membrane
displacement in response to those primaries.
This explains the finding reported earlier that
in the case of low-frequency primaries the
beat was not in evidence in the fenestral region.
However, the locus of origin of the beat can-
not be too sharply defined in distance along
the membrane as will become apparent from
other results to be reported presently.

Last in this series. 2 membrane of a linear
gradient of stiffncss was used (A W/L = 3
percent). Again, the amplitude ratio a, / 8, max
was determined for various sets of low-fre-
quency primaries and for a uniform beat rate
(b = 08 cps). In figure 9, the results are
again plotted as the db ratic a, / 8, m.x V8. the
average frequency of the primaries. The beat
amplitude (for equal amplitudes of the prima-
ries) was fairly uniform for primaries down to
approxirately 40 cps. A sharp drop of the
curve occurs below this limit. The reason for
this drop is explained by the findings of fig-
ure 8. In the vicinity of the helicotrema a
nonlinear gradient of stiffness is formed be-
cause of the sudden transition from the mem-
brane to the frame and to the opening. This
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FIGURE 7

The relative beat amplitude (a,/a,,.,) vs. the steepness of
(linear) gradients of stiffness of four different partitions for a
given set of primaries. The relative beat amplitude is given as an
e-function and the stiffness gradient is expressed as the percentage
increase in width (A W/L) of the slots into awhick the partitions

were fitted.
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nonlinear gradient affects only frequencies
which form their locus of maximal membrane
displacement close to the helicotrema and is
an artifact due to the present model as was
explained earlier.  Otherwise, beat produc-
tion along membranes with linear gradients of
stiffness is independent of frequency.

Membrane motion

The motion of the membranous partition
in response to beats will be reported next. The
motion was studied under stroboacopic illumina-
tion and with the aid of high-speed motion
pictures. The stroboscopic findings will be
reported first.

Stroboscopic illumination. A ustroboscope
can be considered an optical wave analyzer.
Therefore, it was not surprising that a run-
ning beat pattern as one cees it upon the
oscilloscope was never observed under the
stroboscope. When a beat pattern of imperfect
unison was set up along 8 membrane of uni-
form stiffness and the stroboscope was set to
the frequency of th~ lower primary, an undis-
torted traveling wave pattern was observed
which corresponded to the Aigher primary.
Switching the lower primary off and on had
hardly any effect upon the observed pattern.

When the stroboscope was set to the in-
termediate frequency
(fi - £2)

2

a peculiar “flip-flop” motion was observed.
Alternately, bulges traveled forward and
backward which seemed to originate from
slightly overlapping areas. This phenomenon
indicates that the stroboscope brings, as it
were, alternatingly the lower and the higher
primaries into focus. From both observations
it is obvious that only the two primary fre-
querncies are present in tne traveling waves
slong membranes with uniform stiffness. It
is recalled that no beating had ocrurred in the
fluid motion along such mcmbranes either.

When along the same membrane, beats of
a mistuned 1:2 interval were set up, the low-
frequency component (f; — f,) was clearly in

evidence. For instance, with the stroboscope
set at the lower primary, the higher primary
was seen to travel along a membrane which
simultaneously swung with the low-frequency
component. However, when compared to find-
ings to be reported later, this seemed to be a
case of a mere mizing of frequencies. There-
fore, the low-frequency component in this case
must be considered the ‘“rate of amplitude
variation of the particle orbits,” instead of the
“beat frequency.”

Next, membranes with a linear gradient-

of stiffness were examined. When along such
a membrane beats of imperfect unison were
produced and the stroboscope set to the lower
of the two primaries, a whiplike motion of the
higher primary was observed which was very
different from the undistorted motion along
a membrane with uniform stiffness. This
whiplike motion starw.? suddenly and decayed
more slowly and was synchronized with the
beat frequency. When the stroboscope was set
to the intermediate frequency the “flip-flop”
motion was still seen, but by comparison with
the membrane with uniform stiffness it was
jerky and very limited in extent. These re-
sults seemed to indicate that in addition to the
two primaries other frequencies were present;
presumably the primaries were being modu-
lated by the beat frequency.

If there really were an amplitude modula-
tion of the two primaries by the beat frequency
the following four side bands should be pro-
duced: f;, + f, and f, = f,. Two of these
(f, + f, and f; — f,) simply represent the
alternate primary. The other two side bands
(f, — f, and f, + f,), however, are new fre-
quencies which should be cbservable if they
existed. With stroboscope settings slightly
lower than f, or slightly higher than f, the
phenomena one observes are highly complex.
However, if one slowly alters the strobe-fre-
quency further (i.e., < f; or > f;) a distinct
setting is reached, though not too striking, at
which the complexity is somewhat reduced.
This setting which is quite reproducible cor-
responds to the two sidebands (f; — f, and
f, 4+ f.). This is the only direct proof that
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is offered for the presence of the sidebands in
the motion of the cochlear partition. (An-
other indirect proof will be given later.)

With mistuned consonances, comparable
complex phenomena were seen upon strobo-
scopie illumination. Now the three frequen-
cies (fy: f;; and £,) were not merely “mixed”
together as alecng the membrane of uniform
stiffness. When the stroboscope was set to
either primary, the whiplike motion of th2
other one, synchronous with the beat, was very
pronounced, making the difference between
mixing and modulation quite obvious.

As the next step, membranes with expo-
nential stiffness gradients were examined. In
response to imperfect unisons, the results v-ere
similar to those observed along the membranes
with a linear stiffness gradient. How.ver,
both the whiplike motion (when the strobo-
scope was set to the lower primary) and the
jerky “flip-flop” motion (when the strobo-
scope was set to the intermediate frequency}
appeared to be restricted to the region proxi-
mal to the locus of maximal membrane
displacement. In response to mistuned con-
sonances, results were very coraplex, almost
defying description. Some similarity to the
events along a membrane with a linear stiff-
ness gradient was recognized.

Next, along all three membranes (uniforn.
stiffress, linear gradient, and exponential
gradient of stiffness) beats were introduced
after the pattern had been distorted within the
electrical driving circuit. As seen in figure
10 (upper trace) the positive and negative
amplitudes had been made unequal. When
such an asymmetrically distorted pattern was
applied to the model with the membrane of
uriform stiffness, its response became very
similar to that of the model with a membrane
of a linear stiffness gradient. In other words,
the same strcboscopic pattern of modulation
was produced when the source of nonlinearity
was outside or was within the model.

Conversely. the beat within the fluid motion
of the model with a membrane of a linesr
gradient of stiffness was canceled by proper

choice of the degree and the polarity of asym-
metry of the applied signal. The pattern of
figure 10, incidentally, achieved exactly this
result for primar=ies of 50 cps and 51 cps along
a membrane with a stiffness gradient corres-
sponding to & W/L = 8 percent. The asym-
metry is 1:1.8. With this particular stimulus
pattern, the events along the meml;rane when
viewed stroboscopically were practically like
those along a membrane of uniform etiffness
to which an undistorted signal had been ap-
plied. The results of these two experiments
indicate clearly that the stiffness gradient,
which is responsible for the generation of the
beat frequency, is a8 nonlinear property of the
model. This nonlinearity in turn leads to a
true amplitude modulation of the primaries by
the beat frequency as was shown earlier.

Such cancellations were never completely
achieved along a membrane with an exponential
gradient of stiffness. One had the impression
that by adjusting the degree and the pnlarity
of asymmetry of the signal the membrane
motion became more regular over a limited
area. However, the results never came near
those achieved along a membrane with a linear
stiffness gradient. The reason for this failure
is obvious frum figure 9. Since ...c amplitude
of the beat produced within the model depends
upon the value of the stiffness gradient (which
in this case alters with distance), it is not
possible by application of an extraneously dis-

torted signal to cance! the beat uniformly’

throughout its region or origin. Simultaneous-
ly, this indicates that the locus of origin of the
beats cannot be too sharply defined along the
partition.

Stroboscopic examination of the model has
thus shown the membrane motion to be highly
complex. Along a membrane with an exponen-
tial gradient of stiffness, five frequencies are
in evidence: the original pair of primaries, the
beat, and two sidebands produced by amplitude
modulation of the primaries by the beat.

High-speed motion pictures. High-speed
motion picture photography was used for ob-
servation of the actual dispiacement pattern of
the cochlear partition under the effect of beats.
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FIGURE 10
Oscilloscopic tracings of a beat pattern. A: Asymmetric amplitude distortior (ratio of 1:i.8 between

positive and negative amplitudes). B:

A camera speed of approximately 1,500 frames
per second and primaries of 50 and 56 cps
‘were used in most instances. Traveling waves
were seen of a ‘frequency of 52.5 cps which in-
creased and decreased in amplitude five times
a second. No other frequencies were in evi-
dence. It was not even possible to say with
certainty whether or not the displacement of
the membrane was asymmetric as it should
be, judging from the results of stroboscopic
examination. However, such judgments are
difficult to make as had been learned in earlier
studies (9). The pattern of motion appeared
to be essentially the same as that seen on an
oscilloscope in tlie case of beats.

During the course of these studies an acci-
dental observation was made which is worthy
of description. When the first trial shots were
made with the high-speed camera for the pur-
pose of determining optimal illumination and

14

i A e 2 ToR TS

Symmetrie, undistorted wave form.

exposure, beats were applied to the model with-
out adjusting the amplitude of the primaries
very carefully for best beats. When these first
rolls of film were reviewed, a peculiar phe-
nomenon was immediately noted : the frequency
did not remain uniform but varied between the
periods of maximal and minimal amplitude.
It was recalled that Helmholtz (2) hzd stated
that one “can hear a slight variation in pitch
with the beat,” provided the two primaries are
not equal in amplitude. Helmholtz, in giving
credit to G. Geroult (the French translator of
his book) for having brought thi- =-tter to
his attention, treated the ... ~ .. mathematical-
ly and derived the following two terms for the
frequencies during the periods of maximal and
of minimal! amplitude:

P _ 8 + 18,
s max — ——“I—""_-;;—

and
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f;, 1, — frequencics of the primaries
8; 8, — amplitudes of the primaries, a, &,

“Hence [in the words of Helmholtz] during
meximum strength, the pitch of the variable
tone lies between the pitches of the two separste
tones. But during minimum strength, if the
stronger tone is also the sharper, the pitch of
the variabie tone is sharper than that of either
of the single tones; and if the stronger tone
is the flatter the pitch of the varizble tone is
flatter than either of the single tones.”

S. Taylor (12), whom Helmholts mentions
in the fourth edition of his book, has treated
the problem graphically. The lower portion of
figure 11 is one of Taylor’s original drawings:
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of both primsaries, when Helmholtz’ second
term leads to a discontinuity, the pitch is really
constant — viz, that of the intertone.

High-speed motion pictures of the model
when driven by two beating primaries of un-
equal amplitude show thie frequency variation
very clearly. Figure 12 gives a comparison
between fraquencies calcul~*~d with the aid of
Helmhoitx' equations and «.ose observed in the
high-speed motion pictures. The latter values
were obtained in the following manver. While
the film was projected, a bright but .mall spot
produced by a stroboscope was flished upon
the 3ame screen close to the proje:ted image.
In this way, it is possible after so.ae practice
to synchronize ¢he stroboscope with the ob-
served wave motion and thus to »btain its
relative frequency. This method was found
less difficult tuan frame-by-frame analysis,

o [o] [+] o
4 ’ 7 /
’ ’ K ’
L 4 [ 4 @/ 9
f/ 4 4 4
’ 7 / /
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FTGURE 11

Section of # beat pattern (R) resulting from io primarice (P, and Py) of unequat amplitude (adapt-
ed from S. Taylor (12)). The lower friquency ka3 the larger Gmipiitudé. The three rows of dots on top
correspond to the amplitude marima of the wave patterx and indicgte the gradual deerease of frequency
of the resultant (R) as it spprocehes its amplituds minimum.

the compositions of a small section of a beat
pattern from primaries of unequs! amplitude.
The rows of dots on top have been added only
to show the pitch variation more clearly.
Taylor, incidentally, gave credit to dciorgan
for being the first to rcport upon this pitch
vaciation in 1887. Taylor alsc showed math-
ematically that in the case of equal amplitude

since the resolttion of the wave pattern on
single frames is none too good, whereas its ob-
servation a5 & dynamic phenomenon is much
essier. The smaill discrepancies between cal-
cuiated snd chserved vslues in figure 12 prob-
ably are due to slight variations in camera
speed between fiiins, since the deviations are
systemstic.

15




FREQUENCY (Cokcuiored )

FIGURE 12

Frequency variation in beats (f, = S0 cps; f, = 55
eps). Values calculated after Helmholtz (2) compared
to those observed in high-speed motion pictures. .Ampli-
tude relation between primaries as indicated.

According to Helmholtz and Taylor, the
variation in apparent frequency does not arise
on account of the nonlinear stiffness gradient
of the cochlear partition. Therefore, the vari-
ation was expected to be found along partitions
of uniform stiffness as well. This was, indeed,
confirmed by obeervation in high-speed motion
pictures.

After reading Helmholtz’ statement and
Taylor’s rather detailed descriptior. on the
audibility of the pitch variation iz the case of
unequal amplitudes of the primaries, this author
tried repeatedly but did not quite succeed in
convincing himself that he was able to hear
the pitch variations in all cases. In the case
of mistuned 1:2 consonances it seemed rela-
tively easy. However, in the case of in.perfect
onisons it was not so convincing. It is apparent-
ly very difficult to separate the variation in
Ibudness, which is very distinct, from that in
pitch, since both of them occur at the same
time. However, it was easy to demonstrate
the following phenomenon: the variation of
the avernge pitch with the amplitude ratio of
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the primaries. One of the primaries (e.g., the
higher ore) was set at a constant amplitude.
When the other primary was gradually intro-
duced from below audibility by means of a
continuously variabie, motor-driven attenuator,
one heard the pitch becoming gradually flatter
as soon as beating was noticed. There was a
continuous, gradual variation in pitch. Final-
ly, when the second primary was much louder
than the first one and beats began to disappear,
the pitch remained that of the variable tone.

Frequency resolution of the model

The fact that the cochlear partition vibrates
with the frequency of the so-called intertone

f, + 1)
=z

and een participates in iis variation, while
the products of distortion do not become visible,
needs further discussion. In beat patterns
within electronic circuits, the frequency of
th~ intertone is only apparent (e.g., upon
the screen of an oscilloscope) without having
any energy content. Nonlinear distortion
introduces the difference tone, f;, — f,, and
the summation tone, f; 4+ f,, but again the
intertone is noet in evidence. And yet, the
intertone is what one Aears.

The answer to this problem may be provided
by consideration of the mode of frequency
resolution in cochlear models which had been
described elsewhere (7). When a complex
signal is applied to the model (e.g., one con-
sisting of two frequencies in a true 1:2 har-
monic relationship), cne sees that the particle
orbits (which originally look like those in
figure 3) become gradually simpler with dis-
tance along the partition. The loop due to the
higher harm-nic gradually disappears. By
adjusting the relative amplitude of both com-
ponents, it is indeed possible to obtain com-
pletely simple particle orbits in the region
where the lower frequency forms its maximal
mecmbrane displacement. This process of grad-
ual elimination of the higher harmonic hes
been described as the spatial filter action of the
model (7).
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In the case of beats of imperfect unison,
however, particle orbits already display the
form of simple Lissajous figures when viewed
over the duration of one complete cyclee No
further resolution takes place as was shown
in the present paper. Instead, the variaiion in
orbital amplitude resuliz in beats. It appears
then tha! the model is capable of resolving only
such particle orbits whic’, are comples: over one
complete cycle. (Some of the most comm:-.r
examples of such orbits were given in figure 4.;
Consequently, one may co::sider the cochlear
model a pattern analyzer (18), instead of an
imperfect Fourier analyze: which produces
fusion between twso adjacent freguencies as
Helmholtz and others had postuiated. The
ability to act as a pattern analyzer is a hydro-
dynamic property of the model.

Recognition of the model as a pattern
unalyzer has solved a puzzle this writer wos
confronted with when first ob: rving the
reso’'ation of complex sound signals aloag the
cochiear partition (7). From Bekesy’s earlier
investigations (14) it is well known that in
response to a pure-tone signal a very character-
istic cumulative phase shift develops along the
partition. Figure 13 which shows this phenom-
enon is one of Bekesy’'s own graphs. The phase
shift, according to figure 13, is in some rciation
to the distribution of displacement maxima
of each single frequency, aithough the slopes
of the resulting curves are definitely not ident:-
cal to each other. Much to his surprise, the
present writer when studying particle orbits
in response to complex sound signals always
obeerved that the origina) phese relationship
between the component frequencies was main-
tained along the ¢ ~hlear partition as far as
the complex orbits were observable. Therefore,
this writer stated (7) “that ([the slope of the
phase-shift curves] must be more uniform than
indicated in [Bekesy’s] figure.” However,
this statement solved the dilemma only partial-
ly. For one had to expect from Bekesy’s meas-
urements (figure 13) that tne most striking
phase alteration between component frequencies
should occur as soon as the displacoment maxi-
mum of the higher frequency component was
passed. That definitely was not the cese. It
appears now that the above statement was a

little premature. The phase shift in the
traveling waves in response to a single-fre-
quency signal, and that occurring in response to
complex sound signals, apparently are two
differant entities. Bekesy’'s measurements,
which in essence have been confirmed by
Diestel {15), are very probably correct for
single frequencies. One would expect that a
system which works lik. a Fourier analyzer
retains all essential f.atures displayed by
single frequencies when a complex sound sigp..}
is applied to the system. Tt failure to do s
as in the present instance appears to be a
characteristic property of pattern analyzers.
It is paralieled by the »henomenon reported
carlier that the traveling wuves along the coch-
lear partition do not give evidence o:i ‘he
frequency components present in a pattern of
beats. For if such were the case, the varying
phase relationship between the components
would be the prime indication of their presence
in the displacement pattern.

It is recalled that vnder stroboscopic ob-
servation a Fourier analysis was realized of
the events along the cochlear partition. How-
ever, considering the Jispiacement pattern of
the same events simply as a space-time sequence
as revealed by high-speed motion picture pho-
tography indicates the performance of a pat-
tern an:lysis. Therefure, it seems that Fourier
analysis and pattern analysis are merely two
aspects of the same phenomenon. If one is
performed, execution of the other one shouid
be feasible. ‘What matters, of course, is which
of the two is utilized in the analysis actually
performed. Speaking in terms of the ear now,
it appears from all evidence at hand that the
sensory-neural processes elicited in the cochlea
are the product of a sequerce of events of
which the displacemnent pattern of the basilar
mwembrane is an essential part. Consequencly,
it is logical to assume that patterr. analysis is
utilized in the auditory process.

DISCUSSION

The present concept of beats is supported
by several known psychophysical facts. The
correlation between the strength of audible
beats (after Heimholtz) and the amplitude
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FIGURE 13
Amplitude and phase aiiglc of the cochlear partiiion at various distances from the

stapes (from Bekesy (14)).

variation of the Lissajot.s figures, which cause
the modulation of particle orbits in the model,
has been mentioned earlier. In addition, Helm-
holtz (2) has stated that the ear differentiates
dissonances and consonanes by the presence or
absence of beats. I¢ appears that tais be-
havior is paralleled by the mode of pattern
analysis found in cochlear models — viz, that
there are steady orbital patterns in the case of
consonances and revolving orbital patterns in
the case of dissonances.

Further support for the present concept
that beats are produced hydrodynamically (i.e.,
extraneurally) iz given by the common clinical
experience concerning tinnitus and beats. Most
commonly, tinnitus originates at the sensory-
neural level, although it may also be produced
peripherally (e.g., muscular ncises within the
middle ear muscles). There are only two
cases reporied in the literature — by Wegel
(16) and by Fowler and Wegel (17) — as far
as this writer knows in which “phenomena
suggesting something akin to beats” (17) were
produced between tinnitus and an applied pure-
tone signal. Forler states categorically that the

18

occurrence of beats must be taken as an indi-
cation of the fact that the tinnitus is of extra-
weural origin. Davis et al. (18), in their study
of noise-induced temporary threshold st.ifts,
reported that they had failed to produce beats
in all of their cases in which tinnitus was
ussociated with th: near.ng loss. There can
be no Aoubt that such tinnitus is cf sensory-
neural erigin. This writer had the opportunity
of verifving this observation on two weli-
trained listeners who, as rmembers of the de-
parimental staff, have secved as listening sab-
jects at numerous occusions. Both have s
profound high-tone loss and tinnitus in the 3€90
to 4000 cps region, the frequency of which they
can match to pure tones. However, in re-
peated trials it was impossible for either sub-
ject to detect beats between the tinnilus and
applied pure-tone signals of nearly the same
frequency.

CONCLUSION

If it car be assumed that the human ear
behaves under acoustic stimulation as do
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cochlear models (for which there is consider-
able evidence in Bekesy's earlier work), there
now exists a physical basis for the understand-
ing' of beats, of consonances and dissonances,
of the generation of larmonic distortion, and
of difference and s:mmation tones. (Work
on the latter twy phenomena is now ir prog-
regs.) For explanation of the intertone the
concept nf fusion is no longer needed. The
differences between consonances and disso-
nances which some writers have thought to be
an acquired faculty because of the contrasting
preference in occidental and oriental (Chinese)
music may well have its roots in the hydro-
dynsmi. phenomena of the ear. The postulate
thet the ear acts like a pattern analyz:cr, in-
stead of an imperfect Fourier analyzer, simpli-
fies a number of psycho-acoustic protlems.
This concept, however, does not przclude the
o~currence of other events at the sensory-
neural level which may be responsible for ad-
ditional limitations as to tho tonal analysis
performed by the auditnry system.

SUMMARY

The present paper describes the hydro-
dynamic phenomena observed in cochlear
models when responding to beat signals. In
addition, these observations give evidence as
to the mode of frequency analyris performed
by the model in the case of complex stimula-
tion.

L 1. Particle motion within the cochlear
fluids occurs along elliptic orbits which are
essentially Lissajous figures, as described in
previous papers.

2. In responsc to beats of imperfect
unison, these orbits execute an amplitude varia-
tion; that is, they expand and contract
synchronously with the beat rate.

§. The beat rate hecomes a physical reality
by virtue of & partial rectification effect: the
orbital expansion is asymmetric along both
orbital vectors and this asymmetric expansion
is in phase opposition in the two perilymphatic
scalae.

4. The rectification effect is caused by
the fact, known from Bekesy’s studies, that
the siiffneas of the cochlear partition varies
with distence from high to low values in an
exponential manner. The resulting relative
beat amplitude for given sets of primaries
varies with the degree of the stiifness gradient
u'splayed by different partitions. Further-
more, for & given beat rate and various sets of
primary frequencies, the relative beai ampli-
tude increases in an exponential manner with
frequency along membranes with exponential
gradients of stiffness. It is independent of
frequency along membrunes with linear
gradients of stiffness,

5. In response ‘o signuis consisting of
two components ir harmonic relationship,
complex multiple-looped particle orbits are
formed. 1If such relationships are mistuned,
the orbits revolve sround themaelves, thus in-
troducing an amglitude variation. The latter,
again by a partial rectification effect, produces
the beat (deats of mistuned consonances).

6. In both forins of beats (imperfect
unison and mirtuned consonances), the varia-
tion of orbital amplitude, which leads to forma-
tion of the beat, has the same cause: a cyclic
phase shift between the two primaries.

7. In the case of various mistuned musical
intervals (dissonances), the amplitude varia-
tion of the complex Lissajous figures as
observed on the oscilloscope (i.e., without recti-
fication) is closely paralleled by the relative
strength of audible beats after Helmholtz.

II. 1. The displacement pattern of the
cochlear partition in response to beats wher
obser red stroboscopically reveals the presence
of five frequencies: the two primaries, the
beat, and two side bands thus indicating that
the primaries are modulated by the beat fre-
quency. Actual traveling waves are not seen,
since a stroboscope acts ss an optical wave
analyzer.

2. Along membranes with linear gradients
of stiffness, th2 beat and the subsequent
modulation can be canceled by application of a
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driving signal which has been asymmetrically
distorted to the same degree (but of opposite
polarity) as that occurring within the model.
Along membranes of exponential gradients of
stiffness, such cancellations are only partially
succeasful.

8. Comparison of the displacement pat-
terns along membranes with ani without
gradients of stiffness make the difference be-
tween amplitude modulation and mere mizing
of frequencies very obvious.

HI. 1. Wnhen the displacement pattern of the
cochlear partition in response to beats is viewed
by Aigh-soeed motion picture photography,
traveling waves are displayed with the fre-
quency of the intertone (ithe average of the
two primaries). Their amplitude increases
and decreases with the beat rate It is not
possible to assess with certainty whether or
not the displacement is asymmetrical as it
should be, judging from the obseervations on
fluid particle motion (cf. 1.3).

2. When the two primaries are ot ad-
justed for best bezis (i.e., are unequal in
amplitude), the frequency displayed varies
between the periods of maximal and mininal
amplitude. This frequency variation is in
accordance with laws established by Helm-
holtz and by Taylor describing the variation of
audible pitch in the same cases.

IV. 1. The displacement pattern of the
cochlear partition in response to complex
sounds displays a spatial filter action. In
terms of fluid motion, particle orbits with
distance along the partition approach gradual-
ly the form of simple Lissajous figures by

filtering out their higher-frequency compo-
nents.

2. In response to bests of imperfect
unison, particle orbits are already simple Lis-
sajous figures. No further frequency analysis
takes place. Instead, the amplitude variatien
di;played by these orbits results in beats.

3. The frequency analysis thus per-
formed by the model is not a somewhat “im-
perfect Fourier analysis” (as assumed by
classical theory), but a different form Zor
which the term paitern analysis is suggested.

4. Pattern analysis is characterized by
two properties: (a) by the resolution of par-
ticle orbits to the form of simple Lissajous
figures, described above (IV. 1); and (b) by
the fact that the cumulative phase shift of the
travelin, waves along the basilar membrane,
as first described by Bekesy, occurs in a com-
mon pattern for all components instead of
each component following its own.

5. Pattern analysis and Fourier analysis
arc merely two aspects of the same phenome-
non. The results of stroboscopic examination
of the membrane motion (II. 1) represent a
Fourier analysis. However, in the detection
process of the cochlea the displacement pattern
of the basilar membrane plays a decisive role.
Therefore, it appears that with reference to
this problem a pattern analysis is performed.

The author wishes to express his sincere gratitude
to Dr. S. N. Reger and Iir. R. Voots, who have helped
at numerous occasicns with technical advice and also
provided instruments for some of the measurements.
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