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THEORETICAL ASPECTS OF SOME
SENSORY-ACOUSTICAL
AND BIO-ACOUSTICAL EXPERIMENTS

EMIL RAJCAN, Zvolen

The problems of the theoretical interpretation of the experimental results from the
point of view of the place principle and the time course principle of the theory of hearing
are,shown. The corrective conception of the theory of hearing is formulated. This
conception enables the simple interpretation of the known experimental results.

TEOPETHYECKHE ACHEKTHI HEKOTOPBIX CEHCOPHO-AKYCTHYECKHX
M BHO-AKYCTHYECKHMX IKCNEPUMEHTOB

B pa6ore paccmatpuaiotcs npoGnemsi TEOPETHYECKOH MHTEPNpETaUMH IKC-
TEPHMEHTANLHBIX PE3YALTATOB C TOYKH 3PEHNA NPUHUMNE MECTa a NPHHUUNA TEYCHUS
BPEMEHH TEOPHK Cyxa. POPMYNHPYETCA NONPABOMHAA KOHUEMLMS TEOPHH cyxa. Dta
KOHLIERUMS NO3BOASET NPOCTHIM 06PA3OM MHTEPIPETHPOBATH HIBECTHbIE IKCIEPHMEH-
TaNbHbIE JaHHbIC.

I. INTRODUCTION

To follow the transformation of the physically defined auditory signal up to the
final sensory phenomenon is for the present impossible. It is therefore useful to
concentrate the effort first of all upon the sensory-acoustical experiments, which
enable to solve the questions fitting into a broader theoretical framework.
Although the discussion arising from the results of the mentioned experiments
cannot ignore ideas of a more or less hypothetical character, it has nevertheless at
least a positive significance in that it stimulates serious scientifically grounded
research of the theoretical and experimental physicists, physiologists and biochem-
ists working in this field.
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Il. SUMMARY OF THE MoOsT IMPORTANT FACTS AND THEIR
STANDARD THEORETICAL INTERPRETATION

IL.1. Summary of the most important facts

dL1.1. The pitch of the sinusoidal sound waves (tone) affecting the human ear is

Proportional to the frequency of the waves. The response of the inner ear to the

falling sinusoidal waves is localised [1].

II.1.2. i i i
s h Mn :wmwn. case of the auditory signal being composed of several components
es _Qn.:zv. Separated from each other in ?ma:o:@. — more then by the

AN_MH.H.W. .,:.o mnmﬁQ o% the _stnn €ar as the response to the o.monﬂ of the external
EonAmnoEQv m_acmoam_ signal is characterized by a non-sharp maximum [5]
AL1.4. The perception of an acoustica] signal consist of two or more sinusoidal

- IL2. Interpretation of experimental results on the basis
of the place principle of the theory of hearing

he ground of three hypotheses -

1. The analysis of sound js carried out in the inner ear ww. the mediation of
,wnaﬁ number of resonators which are tuned to the various frequencies — f

e low up to the high ones. ’ i
uwwm.m.“om Ewn:o.m. of ”_un individual tones correspond to the particular activated
i uch a way that the tope pitch decreases

ezl endlioh car o ot gradually from the basal to the

3. The transmission of sound by t} :
th : .
onlinear distortion. v the auditory apparatus is characterized by

It is impossible to admit — on the ground of contemporary physical and
physiological facts — the application of resonance in the response of the inner ear.
However, direct experimental results (mainly those of Békésy [5]) and- the
mathematical treatises on the dynamics of the cochlea (Zwislock y [14]) seem to
give a high degree of plausibility to the assumption of the correspondence of the
place of the inner ear activity and the pitch of the perceived tone (which, nowadays,
is the essential point of the place principle of the theory of hearing).

On the basis of the place principle it is possible to explain the facts of the above
summary as follows: .

I1.2.1. (The relation place pitch). The harmonic waves call forth according to
their frequencies maxima of the inner ear activity. The particular nervous fibres
mediate information about the tone pitch. .

I1.2.2. (The _perceptibility of the composed sound components.) The
several-component signal is perceived by the same mechanism as that being
composed of various pitches. .

I1.2.3. (The non sharp maxima of the inner ear activity). A relatively high
frequency-analysing power of the auditory apparatus may be explained by suppos-
ing that the nervous system transmits the activity from a relatively narrow range of
the Corti organ only (a further narrowness might take place during a neural way,
within a synapsis, etc.).

11.2.4. The combination tones are a logical consequence of a nonlinear distor-
tion in the auditory apparatus.

I1.2.5. The problem under I1.1.5.a (perception of the harmonic sound ag one
tone) can be explained only with difficulty by the place principle without
introducing other assumptions (e.g. the creation of connections between the ranges
of the Corti organ responding to harmonically related tones). The fact of 11.1.5.b
(perceptibility of the lower components of the harmonic sound) can on the other
hand be explained simply. 2

I1.2.6. The synchronization of nervous excitations by an external signal is not in
contradiction with the place principle (there is little probability that the informa-
tion on the tone pitches with a frequency of more than 5000 Hz would be mediated
by the mechanism of synchronization). It may be admitted that the higher the
intensity of the signal, the higher is the number of nervous excitations created in the
apparatus of hearing.

IL.3. Interpretation of experimental results on the basis
of the time-course principle of the theory of hearing

The individual above mentioned facts can be explained on the basis of the

time-course principles as follows:
I1.3.1. The pitch of an auditory signal is derived from its time-course by the
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mechani izati itati
nism of synchronization of the neuron extitations with maxima in the signaj

time.. . ..
me-course. The shorter the signal period is, the higher seems the signal without -

.:ﬁnoacnom mosu:cm:o:m for the place principle (in its contemporary form)
especially with regard to the considerable ?@Q:@:Q-m:m_ﬁmnm power of the ea )
On the other .:m:u. the theory based on the time-course principle has no proble .

g this fact becayge the activated part of the basilar .SnEcBMo is “w

react “n-th” inci
© m~ M: S.o n :_. cycle (the volley principle), this problem loses its topicality
m the point of view of the time course principle.

,_“”Mno :Mwmeﬂwrom the short sinusoidal pulses in their switch-on, resp. switch-off,
,.ow oo meonMM:mEmn envelope resulted in conclusions, which i consequ-
ol oglend :n:o . o:Q. IL.1. can be mciim:.Nma in the following points :
_E:o.n _wnwmﬂo_a w m € tone .Uc_mnm (mainly those with a duration near to the
oy of the nonn.é:o:v grows monotonously with the increase of both
miz.o on and the switch-off Phase angles | 15], [16]. (Relation switchi
ase — pitch of short tone pulses). : "
Nmiqn,cﬂ_o tone uEmo.m are .mm.:moa_w distinguishable when the difference between
- Switching phases is sufficiently great. The difference ip their timbre helps to

distinguish these pulses [17—19]. (Sensory distinguishability of the tone pulses as
regards the differences in the switching phases.)

There are some problems with the theoretical interpretation of these results from
the point of view of the place principle in its contemporary form similarly as with
the explication of fact I1.1.3. (the non sharp maxima of the inner ear activity). It
concerns namely the confrontation between little sharpness of the maxima of the
Corti organ activity and the high sensitivity of the ear to the differences in the signal
frequencies. Furthermore, another problem arises — it is impossible to find
a simple correspondence between the maxima of the amplitude spectral densities
and the points of the subjective equality for frequency [15]. .

The explanation of fact II1.1. (relation switching phase — pitch of short tone
pulses) is impossible on the basis of the time-course principle. The duration of the
tone pulse period is equal at every value of the switching phase. Therefore it is
difficult to find a satisfactory interpretation of the experimental result IT1.1. on the

basis of the periodicity pitch.
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Fig. 1. The relative spectral density of amplitudes (RSDA) of the tone pulse of the frequency of
1000 Hz, duration 8 ms, for the initial phase 0° (the vertically hatched area under the full line cover
curve) and 80° (the horizontally hatched area under the dashed cover curve). The figure illustrates the
spectrum of the- first and the last line of the Table 1. The frequency interval is marked by thick lines for
which the point of balance according to (6) is in good agreement with the experimental results on pitch
perception. The signal timbre is connected with the distribution of its energy, the pitch with the position
of the point of balance of the amplitude spectral density, according to the conception formulated in Sect.
Iv.2.
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IV. DISCUSSION Sigily e

From the above mentioned survey it follows that the explanation of facts m:w ,
@QaanmcEQ of .composed sound components), I1.1.4 (combination tones),
IL1.5.b (perceptibility of the. lower components of the harmonic sound), I3
(relation switching phase — pitch of short tone pulses) is problematic on the cmm_m
of the time-course principle conception, the explanation of facts I1.1.3 ?o:.mrma,u
maxima of the inner ear activity), I1.1.5a (perception of the harmonic sound a5 one
tone), IT1.2. (sensory &mnnm:mmrmcm:a\ of tone pulses with Tespect to differenceg 5
the switching phases) on the basis of the place principle conception,

To formulate more acceptable explanations of the experimental results we shajl

start from the Urw&nm_,-aﬁrnawmnm_ aspect of recent experimental results, . 3

IV.1. The physical-mathematical aspect of
recent experimental results

a rectangular envelope.
A sinusoidal tone pulse with # periods (n is a rational number), with the duration

1

of one period 1/fs (f; means the frequency of the pulse), with the amplitude of

acoustic pressure Po, with a rectangular envelope and a switching-on phase @,can
be expressed ,ww the equation:

0 for —w<r<q
p(0)= DPosin (2nfyt + ) for Ot<n/f, 1)
0 for n/fi<it< 4w,

thH\m\s?Snommaﬂ~+vSwFNﬂia\, , 2
where .
QSH\«.‘s p(¢)cos2xafr . dr
3)
usu\a\. p(£)sin2afr . dr.
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The Rel. (2) can be rearrangered in the mod.s p)=k %o r(f)cos [2nft —
#(fH)] df, where ,
r(D=Va* (N +b*(f) and B(f)=arctgb(f)/a(f). 4)

By applying integrals (3) to pulse (1) we obtain for the components of the
relative spectral density of amplitudes

mmnw\wwacﬂ.lb mmmmm.q=$+\v
a?:.ﬁﬂ&@?a& .wlx Y T

N\e IOOmNM§SID|oOmNN=S+\vH:
+nOmQ—H\M|\~ h.l\. fotf AMV
wENN:SID sin ~§=S+D
. Do : fo — fo - H.T
6(f, n, evnalaknomeﬁ fi=f fotf

27n 2an
g SR s qé_v.
raing|p Ly -—L +%
The spectral density of amplitudes (5) anvo_.ﬂ_“_ EQMoR on the frequency, the
i itching phases of the particular pulse.

a:%ﬂ“o”&wnﬂ_m”“osmﬂm Mra mvﬂnn.m_ density of va:an.m show | .;_ 9&. the .UEmn
whose switching phases are non-zero, has the main BwﬁS:B. shifted a _5_@. 5:@5
direction of the higher frequencies compared with the pulse with the zero m.izn ing
phases. Furthermore its spectral density of wEn:Enmm at lower ?mm:o:.n_om Q”mn
the frequency of the main maximum) is lower and at Emua.n ?n.ncnnsnm Em.rnﬂﬂ an
at the zero phase switching pulse. The described tendency is evident from Fig. 1.

The influence of the change of the switching phase on S.m vEmo. spectrum E.mw be
characterized also in such a way that its increase results in a shift of the point of

- balance of the spectral density of amplitudes which is given by the relation

m m
?L\S\&\TS& @

f (£
in the direction of the higher frequencies. .

To judge the influence of the individual switching phases we u»<n.8_o=_m8a Ew
Spectral density of amplitudes of the non-stationary tone E.__mn.m with an EmomB
and non-integral number of periods. It was found Eﬁ. the mEm.ﬂ of the vo::.om
balance of the amplitude spectral density in the direction of higher frequencies
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The influence of itchi i
of the switching phase on the localization of the amplitude spectral density with regard to

the frequency axis. The integration limits: 700—1335 Hz.

wﬁﬂvﬂn_ﬂm:uoﬂmw _om Switching-on Switching-off - Duration of Frequency of point
_ phase ¢ phase y pulse [ms] of balance of SDA
1000 o
5 1000 ‘ No c“ 8 1000.2
J 1000 p ; co 7.75 1002.98
. e aor Aco 8.25 1002.97
s 00 o Aca 8 . 1004.4
p 1000 p oo 7.50 1006.6
7 o a0 xco - 8.50 1006.2
80 8 1013.0

creat itchi i

Uvmmm Maowmh.mm Uﬂ_ﬂm::m-m: phase increase for a certain angle (leaving the zero
1ching-off unchanged), was Jess than i

. . 4 the shift caused b

; ang th

Imultaneous increase of the switching-on and the switching-off phases mow :.M

Same angle. A similar effect i i
fiee Tl ‘Was found upon the increase of the switching-off phase

Paragraph) is therefore easily comprehensible.

Iv.2, _..,eam-.:_nno: of the corrective theoretical conception
with regard to recent experimental results

namely evident that the (energetic) point of balance (with regard to the frequency
axis) of the stationary signal will be identical with its carrier frequency, and
moreover, the problem of the high frequency discrimination power and not very
sharp maxima of the basilar membrane activity can be dismissed.

The explanation of fact I1.1.5a (perception of the harmonic sound as one tone)
remains for the moment to a certain degree problematic. If we admitted that the
auditory system appreciating the signal which bears an expressive information in
the time region (the signals used in experiments [7—10] are characterized by
expressive, periodically repeated maxima) might utilize it in certain limiting
suppositions (e.g. with regard to the upper frequency limit) for the appreciation of
pitch, the explanation of fact I1.1.5a would become much simpler. To accept it
would mean to approach some place — time conception of the theory of hearing,.
The tendency to relate these principles, is not new. It may be already seen in the.
work of, e.g. Wever [22] but also in the works of contemporary authors, e.g.

Zwicker [2].

V. THE INFORMATION-THEORETICAL ASPECT OF RECENT
EXPERIMENTAL RESULTS

Experimental results IIL.1. (relation switching phase — pitch of short tone
pulses) and II1.2. (sensory distinguishability of tone pulses on differences in the
switching phases) show that there exists a non-zero set of auditory signals for which
the switching phase parameter is the carrier of information. The distinguishability
of signals — sinusoidal tone pulses with a rectangular envelope — with a given
switching phase difference (with the other parameters preserved identical) de-
creases with an increase of the signal duration. The signal parameter of the
switching phase obviously corresponds with the sensory parameters of the pitch and

the timbre. .
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