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INTRODUCTION

0. 1. Ever since the time Ohm formulated his law govern-

ing the analysing possibilities of the auditory sys-
tem, the greater part of auditory research has been de-
voted to the Fourier analysis of complex sounds and the
perception of its basic element as a puretone. The spe-
cial role of the pure tone in the ear attractively matches
the use of Fourier analysis throughout the whole field of
acoustical engineering.

The fact that the Fourier components are perceived
separately points toward a minimum of interaction in the
auditory system. This, as well as the finding that the
sound impression is to a certain degree independent of
the phases of the components, is easily accounted for
when one assumes that each component stimulates a
specific channel. In the physiological sense these chan-
nels are foundinthe collection of subsequent points along
the basilar membrane (Helmholtz). This one-to-one cor-
respondence is commonly referred to as place principle.

Mathematical treatment of the dynamics of the cochlea
(reviewed by Zwislocki, Z-4) as well as experimental
determination of the vibration patterns (Békésy, B-4)
reveal that the action due to a pure tone is more or less
localized, The placetheory proper states thatthe place
of maximumaction is uniquely associated with the psy-
chical dimension pitch. The selectivity of the experi-
mental response curves is too low to account for the au-
ditory analysis. Consequently, various mechanisms were
proposed capable of improving the mechanical selectivity
(Huggins and Licklider, HL-1). Even when the amount of
sharpening is limited to a value in accordance with the
critical bandwidth (Fletcher, F-5, F-3) the mechanism
is still complex and necessitates an accuracy not com-
monly found in physiological processes,

For the purpose of overcoming this difficulty, the fre-
quency as a succession of events distributed in time is
thought to give information about pitch, in addition to the
information given in terms of place (Wever, W-1, W-2).
The reality of this so-called "frequency principle" in the
actual auditory process is still a matter for digcussion,
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though. Experiments on binaural beats (Licklider and
Webster, LW-1) and directional hearing (Kietz, K-1) are
commonly considered to prove some preservation of
phase along the auditory pathways. This evidence is
clearly in favour of a frequency principle. A confirma-
tion from experiments on single nerve responses would
be desirable, but the results (Tasaki, T-1) are as yet in-
conclusive in this respect.

0.2. The fact that in normal hearing the tone quality of

a complex is perceived as a whole, and an analysis
into pure tones is never performed, has been considered
only rarely as a primary property of the ear.

When one wants to retain the pure place theory, this
may lead one to postulate a peripheral synthetizing mech-
anism. When a complex tone is presented, the distri-
bution of vibrations in the cochlea does not reveal spe-
cifically the relations between harmonics that are so
striking when expressed in frequency ratio's. When, in
addition to the place, the mechanism acts upon the fre-
quencies as repetition rates it is easy to conceive of a
mechanism capable of collecting harmonically related
components together. In addition, the special role of the
integral numbers in hearing is more directly explained.

0.3. The formant idea (Fletcher, F-3), expressing the

fact that a certain specificity of timbre is closely
connected with local maxima in the sound spectrum and
largely independent of pitch, has been incorporated into
auditory theory by Huggins (H-4). From an evolutional
point of view, he argues that the analysis of sounds into
damped waves, instead of stationary ones, is the most
general property of the ear. This analysis, according to
Huggins (H-3), is performed by comparing the phases of
vibrations at neighbouring points on the basilar mem-
brane. The intervention of synchronous nerve actions is
introduced for this purpose only, no specific reference
being made to the question whether it is used as a cue for
pitch determination or not.

Continuing the evolutional line of thought, one can
imagine that fully periodic successions were playing an
increasingly important role during development. The
temporal information, as defined by Huggins, can be
thought to have attained through the ages the special 1m
pression of pitch, attributed to the sound ag n whole,

t

0.4. Huggins' theory can be regarded as a combination
of place and frequency principles different from tho
combination implied by Wever (W-2). Moreover, the
mechanism assumed to be responsible for the separation
and the evaluation of structural and temporal information
is more specific than Wever's original concept_ (Wever
only describes the way the signals are transmitted buf
does not explicitly mention the measuring devicu?.
Atheory based more directly on the place and frequen
cy principles has beendeveloped by Licklider. The prop=
erties of perception of complex sounds are given a greal
weight in his evaluation. In order to bring spatial and
temporal information into one domain, he uses a scheme
analogous to autocorrelation (L.-2). The resulting neurol
activity is especially adapted to computations thal are
reasonable for neurophysiological processes. The result
of this "analogue computing action' appears in such @
form that the subjective pitch associated to certain com
plex sounds is easily explained. . .
It is clarifying to follow somewhat cloger the line ol
thought leading to experiments on subjective tones and 1o
the construction of tone complexes that produce theimn.

0.5. A mechanism that is normally stimulated by two
widely different kinds of information, SLI(:I'{ ag place
and frequency, can probably be deceived by l'.E)IllI'(lllil.'lHllil.
with a signal that carries a very striking information of
one kind but lacks the corresponding one of the other,
A pronounced periodicity is generally present .i'” a slgnal
containing a large number of harmonics, and it remaing
present when the Fourier component of l.lll'll'l'].l'l"'f‘li]rP[lll
ing frequency, i.e. the fundamental, is missing. When
the ear detects the periodicity by way of the frequency
principle, one can expect that a pitch corresponding to
the lacking component will arise. )
The results of experiments on the existence ol Hnl:l|
phenomenon, the 'case of the missing fundamentul

(Stevens and Davis, SD-1), have been far from unani

mous, however, Positive and negative evidences succeedod
one another regularly. An experiment proving that fthe
gubjective tone is entirely due to non-linear llll.‘-lll\r'llllil
can be congidered a negative evidence, Such o [nding s
in strong favour of a pure place theory. A positive ovi

dence ig obtalned when it 1o shown thal the phenomenaon
i@ not caused by re-introduction of the fundmmoental tnto
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“Lm: PO sible to deseribe the phenomenon under
e r|w.-|1'\" in yet a different way, Almost beyond doubt,
Q0N el t‘lult'.’ll aotivity due to a complex of high tones is
of |, 0 a relatively narrow region in the basal turn

hig) r,“:,:..{'l'l‘_”“ Thus only the channels of reception for

arliy are stimulated, When a low subjective tone

""""rl:,r:-clhl"'“ 18 :m_‘t caused by distortion, it must be

Ol axpy by the lngh' tone channels. Accordingly, it

T I_”:;c-:-ll to exhibit properties different from those
B,

Hy )
|”,]”h'"”": "I, who studied this phenomenon extensively in
Wil ‘I‘:“’I't. nble to demonstrate this, He found that the
PO 11.' al the gpectrum is not resolved into its com-
wlonyp 1 |i|1- ear, and that this part gives an impres-
Pobly o P teh, equal to that of the fundamental of the
{01 ) . veform used. He introduced the name "residue"

3 ulm.q-u‘””l“w‘j impression of high harmonics (S-4),
inpg ) ed that a resmuc-; and the corresponding fun-
ok ,l,hf-unlt'l be }'lcar-g mmuli:aneously without inter-
Pl e Iy absence of 1nterac_tmn was even found when
P8l od | ..“”d a residue of slightly different pitch were
W"""ln'nr‘[ Schouten reported that in such a case no beats

{he \-'il'w

VO gy J't.lmt the residue is connected .Wiﬂ'.l. the high
. Il‘

Tk, 8 m:ﬂy is proven by Licklider (L-2) in a dif-

low l.r“‘]“-h. e :to_und that a masking signal congisting of

e Jyy o 1CY noise left the residue untouched, although
‘quency channels were saturated.

s e .
“VEI,1 authors hold the view that this phenomenon

Jli.l‘c‘ly due to distortion. Fletcher (F'-2) de-
[ 01 .m:}rpl m%ssmg—fux’ldame.ntal effectinthe years 1924-
HOoine E_'?stlng that distortion plays the dominant role.
0 lJ:‘Lezd to solve the controversy in 1053 (H-2).
*"‘”luummém the low—pltche_d subjective component cor-
Lol rypc to a complex of high tones behaved like a dig -
PTO%uct. Consequently, he denied the existence of
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A lowepitehed ronldue, and ascribed to Schouten a neg-
Hygonow [n testing for the nbaence of distortion.

It e o e concluded that some critical factor plays a
Pole in the process, as more recent reports (Thurlow
el Sadl, T8<1) again confirm the residue hypothesis,
SVl in the cnee of chopped noise (Miller and Tajlor,
M), rom o comparigson between the various publi-
cations (F (e not posaible to identify this factor, because
Inomany lnstances the ranges of complexes used were
rather Hmited, The present situation calls for a fairly
sluborate investigation of the effect. This is the subject
Ireated in this thesis, During the course of the research
Mlfems wae laid upon the properties of the residue, rather
than on the explanation of the divergence of views. The
rosults of the research imply in fact quite a restriction
ol the number of possible theories. Regarding the mecha-
i underlying the phenomenon one cannot be positive,
nlthough various possibilities can be listed in order of
Hlkelihood,

Inthe first chapter the results and methods of previous
Invesligations are summarized. Some classification of
the methods is then necessary in order to investigate
whether there is one single way of attacking the problem
that can provide useful comparison between various meth-
ods (Chapter II). The actual experiments, performed
by use of the modulation method, are roughly divided in-
to qualitative (Chapter III) and quantitative ones. The de-
scription of the latter kind of experiments is préceded
by a short discussion dealing with the division into fre-
quency and phase effects (Chapter IV). The quantitative
experiments are treated in Chapters V and VI, the latter
chapter covering experiments that are related to certain
aspects borne out by theoretical considerations. Chapter
VII contains a discussion of results obtained by other ex-
perimenters. The final, theoretical chapter deals with
suggestions as to various possibilities for a mechanism
capable of explaining the results. In the Appendix the
equipment used in the experiments is described.
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Chapter 1

THE RESIDUE

1.1. The pitch of musical tones is generally found not to

be affected by severe suppression of the lower fre-
quencies. This fact was investigated by Fletcher in the
years 1924 to 1934 (F-1, F-2, F-4). His experiments
were performed with a ten-tone generator. Components
of frequencies 100, 200, etc. to 1000 ¢/s inclusive were
produced either by coupled generators (F-4, FM-1) or
by independent generators (F-2). When a few adjacent
components were sounded together a pitch impression
corresponding to the fundamental arose when the sound
level surpassed a critical value.

Since this kind of behaviour is typical for a distortion
product, Tletcher considered the effect to be due to non-
linear distortion at a stage priorto the selective distri-
bution of different frequencies to different places. Quan-
titative calculations of the loudness of the common dif-
ference tone re-introduced by non-linearity (Fletcher,
F-3, F-2), established the distortion theory for the high
levels used. Consequently, the pitch was stated to be
determined by either the fundamental or the difference
tone, depending upon which one is louder. For a complex
consisting of odd harmonics of 100 c/s a tendency for
separation of pitch from that of the difference tone was
reported. Such a signal was considered devoid of all
tonality, yet the difference tone (here 200 c/s) was au-
dible.

In his Physical Review paper Fletcher states: "When
five or more consecutive components were used, the
pitch seemed to remain the same for low values of the
loudness even down to zero, although for these very low
values it was very difficult to judge pitch" (F'-1). This
feature ig not in agreement with the general behaviour of
a distortion product, The explanation in terms of non-
linear distortion was not tested in a direct way.

1.2. In order to investigate the analysing possibilities of
the ear, Schouten used an optical giren for produc -
ing his test sounds (5-2).

12

One period of the desired waveform, plotted in polar
coordinates, was cut out of an opague sheet of paper, A
few of such masks were simultaneously scanned by a ro-
tating plane beam of light. The principal signal consisted
of a series of equidistant pulses of frequency 200 ¢/s.

On listening to the sounds thus produced, a sharp tone
with a pitch corresponding to the fundamental is perceiv-
ed. By suitable manipulations the fundamental component
can be cancelled (Fig. 1.2.1). Subjective adjustment of
complete suppression coincides with objective adjusts
ment. Therefore, non-linear distortion is not important
in this experiment. When cancellation is complete, the
remaining sound does retain the original pitch (S-1, 1938).
Obviously the remaining harmonics produce together a
sound with a pitch equaltothat of the fundamental, though
of a totally different tone quality.

"‘ ]
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Fig. 1.2.1 Waveform of pulge series when the fundamental Is cans

celled.
The mosgt prominent subjective component of thig sound
was a sharp tone produced by the combined Lmprossion
of the highest harmonics. This component wiag inncoes

gible to further subjective resolution and for thig raagon
it was named by Schoulen i "pesidue' (S-4), In the case
under investigation the residue had a pitch equal to thal
of the fundamental of the complex. mxperiments Aro
commonly reatrictedto cases where such o pitehin prog:




ent, becaume the most Interonting propertios may be ox
peated for tonnl reslduom,

An important property of the tona) residue wna dig-
covered by Schouten, By exploration with a gearch lone

he amcertained that no trace of fundumental wag present
in the perceived gound, The result was expressed by
stating that a residue and a pure tone of nearly the same

piteh do not produce beats.

No direct evidence about the mechinism of pitch per-
coption for the regidue being available, the next question
I8 whal purameters determine the pitch. Both the fre-
fquency difference of the Fourier Components and the
periodicity of the waveform deserye attention, The in-
fluence of the two factors can be Separated by use of a
#o-called "symmetric" signal, i.e. aseries of equidistant
pulses of alternating sign, Here the separation between
the Mourier components is twice the frequency of repe-

Hitton, because only odd harmonics are present. Accord-
ing to Schouten, the residue, though being very weak,
had in this case the pitch of the fundamental, and conge-

quently the periodicity of the waveform was decided
upan ag the bagisg for the residue pitch (5-4).

i hig third paper (S-5), on theorefical aspects, it is
mhown that postulating a limited resdving power of the
Alilysing mechanism makes for a distinct periodicity
i the mechanically analysed sound (compare Cremer,
Col). When the mechanism is sSupposel to be capable of
detecting and measuring this periodicity, the basis of a
posnible explanation of the residue phenomenon is laid,

soveral important consequences of the residue pitch
ire lmmediately apparent. The stabilily of the pitch of
dpeech sounds under conditions of severe suppression of
lower components, such as prevail in telephone and hear-
ing = aid communication, is easily aciounted for. The
#trike note of bells may be due to cretion of a residue
by the Interaction of certain nearly harmonically related
lones amongst the partials of the bells [fchouten, S5~3),

I, 4, A second important property of hie residue is de-

gcribed by Schouten in his review paper of 1940
(5-3). By means of a double modulationprocess all com-
ponents of a complex were displaced i frequency by a
constant amount. This made the origing complex inhar-
monte, It was found that the residue iisplayed a pitch
shiflt in the corresponding direction. Thieffect was qual-

Hatively demonstrated by using a musical selection. By
Wiy ol rough comparigon it was decided that the relative
piich mhift corresponded to the relative frequency shift
of the components in the 1000 to 2000 ¢/s region.

I'his revealed that the pitch in the musical sense is not
determined by the fundamental or the common difference
lone, because the pitch shift does not correspond to the
[requency shift of the fundamental, neither does it re-
main constant like the difference tone, The pitch is thus
determined by the residue pitch. The qualitative estimate
of the piich shift leads one to the conclusion that musical
residues may probably be produced by parts of the spec-
trum falling in the ear's principal range of frequencies.

It is to be noted that Fletcher performed a similar ex-
periment, He states that a frequency increment of 30
c¢/s of all components (compare section 1.1) "destroys the
musical quality which the original tone possessed" (F-2).

Experiments on inharmonic signals from one of the
main items of interest and are chosen as the starting
point of the research. Before entering the description of
the experiments we want to continue our review of ear-
lier investigations.,

1. 4. The residue theory of Schouten was severely criti-

cized by Hooglandin 1953 (H-2). The components of
his complex were produced by separate tone generators,
tuned to a constant frequency difference as accurately asg
possible. In order to avoid any interaction between com-
plex and subjective tone these two were chosen rather
wide apart in frequency, This also facilitated the search
for the origin of the latter, Results were, in short, that
a subjective tone of pitch equal to that of the fundamental
appeared only when the complex surpassed the sound
level of 60 db.

All further experiments indicated that it was created
as a combined difference tone in the ear. As a second
result it was found thatit is perceived along the channels
normally used for tones of corresponding frequency,

These findings forced Hoogland to deny the existence
of the residue pitch and to support Fletcher's view. He
considered Schouten's results to be the effect of an un-
discovered distortion in the apparatus. According to
Hoogland, the difference tone thus created could not be
found by the wave analyser because of irregular varia-
tions of its frequency, common to all semi-mechanical
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ingtruments, 'T'hese viertations of [requency were thought
responsible for the reported absence of beats with an
external pure tone as well. We will later on (Digcussion
II) deal with the merits of this explanation,

1.9. For physiological experiments frequent use is made

of tone pips, i.e. short tones produced by repeti-
tious excitation of a resonant circuit so that the funda-
mental is missing (Fig. 1.5.1). In 1951 a paper appeared
concerning the subjective impression of such tones when
the repetition rate increases into the audible range (Da-
vis and collaborators, DSM-1). It proved rather difficult
to compare the pitch of the sound with that of a pure tone.
Some listeners, however, made fairly consistent adjust-
ments and matched the pitch of the buzzing sound to a
tone of about the repetition frequency or an octave higher.

t “
g T | I “ll
1 2 3 4 55

Ta90

Fig. 1.5.1 Tone pips. Left: waveform. Right: spectrum.

Quite recently experiments along the same line were
reported (Thurlow and Small, TS-1). Again it proved
possible to ascribe a pitch sensation, corresponding to
the repetition rate, to a pulse series fed through a nar-
row filter that cuts out the lower components, A peculiar
effect was noticed when two pulse trains of nearly the
same frequency were used simultaneously, The authors
report the perception of a "sweep note" the frequency of
which seems to be related to the time interval between

16

the pulpes with the smallost s paration, When the pulpop
of one werles aoourred n about the centirre of the time in
terval of the other serled, the oolave Jump reportod by
doebecle (8-7) nnd S houten (8-4) wns contirmed (moe oo
thon i, 1),

Lo O, Phage and pitch effects of complex gsounds are ro

ported by Mathes and Miller (MM=1). Two=compo
nent signals were produced by amplitude modulution
(the carrier was suppressed in the modulator), The
carrier was added afterward in an adjustable phame, so
that all three-component patterns of constant Mpeotram
could be obtained by merely changing the phase of the
central component. In general it was found that the tone
quality was greatly affected by a change of phase., Whon
the phase of the carrier was adjustedto give an amplitude
modulation pattern the complex sounded quite harah, The
raucousness disappeared largely when the carrvier phuse
was changed 90°, so as to approximate a frequency mod
ulation pattern.

It is reported that a basic pitch, corresponding to the
modulation frequency, was perceived. This pitch woan
most apparent when the waveform showed deopoesl nim
plitude modulation, corresponding 1o a raucous Menmi
tion. When the frequency modulation condition waus "
pProximated, the number of peaks per modulution perlodl
increased by a factor of two. The pitch tended to tuke u
corresponding step, or faded away when the [, 1. signal
did not show pronounced peaks.

The phase effects were found present when the modu
lation frequency is smaller than 40 per cent of the cap
rier frequency. The value of 40 per cent applies to sound
levels of 60 db, it is stated that the critical gepuration
decreases with decreasing level.

The dependence of the sound impressian on the phagoy
was considered to be caused by a limited resolving pow
er of the ear. The bandwidths and response curves de
rived by Fletcher (F-5, F-3) were found adequate [lor
the explanation. The pitch accompanying the pealod
signals is in excellent agreement with the theory of
Schouten for the residue. Finally, it is to be noted thal
Mathes and Miller report a basic pitch when the complex
is inharmonic, They do not mention, however, whether
this pitch deviates from the modulation frequency or not,
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I, 00 A Turther distinetion of wavelorm and powel spoo
frvm of 0 sound was obtained by Miller and Taylor

(M- 1), They used intermittent nolse, made by passing
nowhite noige through an electronic swilch, driven by a
pyuare wave, The data on discrimination of the inter-
mittency were found in agreement with the concept that
the enr nets like having a constant decay time of auditory
experience (Miller, M-1; Symmes and collaborators,
HC 1) They found also that the intermittent sound dis -
playod o pitech-like character, corresponding crudely to
the repetition frequency. It proved fairly difficult to de-
lormiine this piteh, irregpective of whether a sine wave
alnomore complex signal was used for comparison.

The senaitivity for variations in the burst frequency
proved to be rather high especially for the frequencies

holow 400 ¢ /s, The deviation of the difference limen from
the general course of the critical bandwidth curve (F-3,
44, 44, S5G8T-1) was considered to point toward a
frequency principle ag being responsible for the impres-
slon of piteh, In order totestthis idea further the authors
used binaural signals. To each ear an intermittent white
folee was fed, with slightly different repetition frequen-
¢lew In this case binaural beats were reported, that is,
0 continuously changing localization of the sound, de-
pendent upon the relative moments of the bursts in both
0oRrs

| 4 lLicklider considered the residue effect of Schouten
4 a very important effect for auditory theory. In
un olfort to fit both this effect and the pitch character of
intormittent noise (section 1.7) into an extended place
theory, & neural action roughly analogous to short-time
pulocorrelation of neural activity was postulated (L-1).
T'he neural configuration is essentially two-dimengional.
1'he first axis represents the result of the cochlear fil-
loring nction. The activity of each point along this axis
in delayed and compared with the initial value in order
to determine crudely the autocorrelation function. The
behaviour of this function is projected along the second
uxls. Whenever a pronounced periodicity is present the
putlerns of activity show a marked similarity in their
mutlocorrelation functions. According to the theory. this
muy account for the similarity of pitch in widely diver-
gent sounds (Duplex Theory).
In later reports Licklider took the different view as
wxpressed by Hoogland (section 1.3.) into consideralion

[ 1

fpo. The Schouten hypothosis wan bl tted again to o

arteinl test, The channels of reception, normally in use
for low tones, were saturated by masking with a filtered
polee . It turned out that the residue was not impaired,
which proyed that the residue phenomenon is solely con-
perned with those high tone channels that are occupied
by the components of the signal. The explanation of
Hooglund's negative results is covered in Licklider's
lepliure ol the Third London Symposium on Information
[heory (l.-8). The argument is concerned with ques-
(long regarding the relative phases of the components (see
poection 7. 3)

n order to clarify his ideas Licklider describes dn
sxperiment with eight separate oscillators covering eight
harmonics of some fundamental. The oscillators are

synchronized by a pulse geries, each synchronizing sig-
nil being delayed by an adjustable time interval. Thus the
phages of the harmonics can be controlled separately.
Once adjusted, they remain constant and the signal re-
inins its shape. Results are in short that the residue ef-
fect is the most prominent when the waveform approx-—
{mates an impulsive pattern.

In the same paper an extension of Licklider's Duplex
Theory on Pitch Perception (L-1) is given, an extension
fo binaural phenomena. A peculiar phenomenon found by
Huggins in 1953, was the immediate cause of this exten-
sion (H-5).

In the experiment white noise is passed through an all-
pass filter that introduces appreciable phase shift over
a subatantially limited range of frequencies. This filter -
ing does not alter the impressgion of the noise, of course.
Now the input signalis fed to one ear and the output to the
other. Then a faint tone is heard amidst the noise, with
a pitch corresponding roughly to the frequency region of
phase anomaly. The auditory experience is not unlike
that obtained by enhancing the frequency range undexr
concern in the spectrum.

In order to explain this effect, Licklider added a third
dimension to the two-dimensional pattern of neurons,
implied by his "duplex theory" (L-1). This third dimen -
sion displays the time relations of the signals on both
cars. In this way the frequency region, where the phases
in both ears are unequal in Huggins' experiment, is spat-
ially separated from the rest of the noise. Since this re-
gion is narrow it can give a tonal sensation on both place
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nntel uil!-tl:-ilf'r':'lul.ll||| properties, From this one can con
glude for the moment that the abilities ol the ear (o per-

I'll‘il\«"t' pitch are certainly not restricted to the mongural
RN, .

ol

Chapter 1

EXPERIMENTA L METHOD

4. 1. Though similar in the creation of a more or less

marked periodicity or in the maintainance of con-
atant frequency differences, the signals used in the ex-
periments reported in Chapter [ were obtained by quite
different methods. Schouten used principally filtered
pulse series with a broad specirum. Fletcher used sep-
arately generated components and S0 did Hoogland. The
sounds studied by Davis and collaborators and by Thur-
low and Small can be classified under filtered pulse se-
ries with a narrow spectrum, while the modulation prod-
uets of Mathes and Miller are to be placed somewhere
between Schouten's and Hoogland's complexes. This
classification, in order of decreasing accuracy of the
relations between the components, is important as an
aid in designing further experiments.

Sounds in which all components are harmonically re-
lated to some fundamental frequency will be called har-
monic. When the frequency differences between adjacent
components are perfectly equal, but the harmonic rela-
tion between the frequencies is lost, we will call the in-
harmonic complex coherent, since the separation of
components is still derived from one source. When the
exact relationship between components is lost, because
of individual tuning of the tones, we will call the signal
incoherent. Chopped noise obviously falls outside the
gcope of this clagsification. Signals like these and those
consisting of narrow pands of noise instead of sinusoidal
components may be called randomized.

2.2. The experiments on coherent inharmonic signals,

quoted in section 1.3, form an attractive starting
point for research. The pitch shifts reported, when
measured quantitatively, can be expected to give a more
detailed information about the properties of the residue.
Instead of using a series of equidistant pulses. the spec-
trum of which is shifted in frequency, one can use a mod-
qlator for direct production of the desired complex. The
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B e e

ProQeqyre dlsMu_:fmani:;J.Hy the wame as that npplipd by
purﬁss ailn ciler (suu'tip.tl Lo6), but with o different
. se. order to obtain complexes with more than
5 rlu-e Compfo;ents t}}e modulation signal must consiat of
i t}ill’xbel‘ ol harmonically related tones. The possibilities

is extended modulation method will’be treated flrat

2.8, When a carri
ler A of frequency @ is modulatc
/ er ated by a
= hflgnflti% conms’{mg of the frequencies 8y, by ebt;c
u B - - . ? i " i h
qu@nc;;s: n result will contain components with fre -
a+bi,atbs, a + b3 ete. *)

f}’aigttlng up sl‘aecial relations between the input signals
el B, numerous kinds oi: complexes can be obtained,
Sl ingtance, x};hen B consists of harmonics of a fre-
e b (i.e. by = b by=2b, by = 3b, etc.), the fre-
e cy differences of the components of the output signal
- ‘be equal (goherent tones). When in addition to this
tegrairiequenct:y b is synchronized by @, so that b is an in-
harm frac ion of g, all resulting components will be
onics of the_ fre_quency b (harmonic complex).
tiple en the carrier is shifted away from an integer mul-
incJLug-fb the m_gnal becomes coherent inharmonic, thus
L e)r}.ng the signals used by Schouten and Fleicher. In-
o ent complexes can be obtained by generating the
x a.on&?nts_ of signal B with separate tone generators.
e ppl%catmtn of noise, whether white noise or narrow
donﬂitnmse-' 0 one of the inputs, numerous kinds of ran-
clucﬁedEd signals can be_ obtained as well. It is to be con-
e that the modulation method as discugsed provides
ot W&&fu'i method for the research intended. In this method
s hrlables of a symmet::"mal spectrum are under con-
i 1nd thz,}s the‘ comparison between various kinds of
e exes 1s facilitated and the inherent conditions for
the *Cx-eqtion of the residue can be investigated,

2.4, : i i
A cghergnt modulai_:mn signal is usually produced
gens@r\by fll’_cermg an equidistant pulse series. The pulse
ator is triggered by a sine wave, the duration and

*) In
) th'eiskonle instances the component frequencies are considered as
en!cg alg?lbralc values. This applies of course only to a "differ-
tone", the frequency of which will be represented by a com-

biFAtigy like a-b;.

22

'E ool the puleen belng adjustablo within wide
b T e gunerator has hoen used alao for verl
i ol Hohoniten's observations (eection 3, 1) and for
PR A e pravided with add tlonal features, The
B ol the pulwes velntive to the trigger aignal can I
el Uhin e restised by adding s variable d.o, come
o the teiggor signal In order to shift the wero
HHMs . The pulse apparatus e bullt in teiplicate, 8o
MR pulaes per oyole of trigger slgnal can, I de
I, b protioed,
Phe filler *) vonaints of double set of octave Hllors
HE vange 100 1o RBO0O0O u/u, with nn attenustion of LB
§ aubave oulaide the pass band (third order Butter -
A flter), The frequency charactorintion sre shown
| A I wae verified that parallel connection of
e tant fters did not produce marked cross-over el-
WO, ot wider pass bands could be obtained us waell
4 4) For the purpose of sharp attenuation flters

?’ M"

y wete oould be cnsended directly, Thin proved to
Yoby elfeptive Indeoed (Mg, 2.4.8).

¢ p— dab db
W 9 ) [ 0
&) A y
. " 10 7 1O
20 20
i [
{ st /
- et % :
| 10000 100 1000 100 1000
e c/n e

FE i !l.nﬂ} Fraguency response of octuve band filters,

Il 44 U (Centre) Pregquency response of two adjacent filters par:
wllel conneoted,

Fig 2 4 0 (Right) ¥requency response of two identical filters in

dumonde,
The modulator consists essentially of four triodes
pheoted (n such a way that both carrier and modulation
plgnnle wre oancelled and only the modulation producia

%) b Hohouten kindly provided us with this filter.
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are present in the output (see section A. 3 of Appendix).
With the help of potentiometers the system can be ad-
Justed for suppression of the input signals. When desir-
@d, a proper amount of carrier can be added to the out-
put,

The signals are amplified by a high quality amplifier
and finally fed to a loudspeaker system with a reasonably
flat frequency characteristic.

2
N N Ke] 7 = =

Q5 d .’ o
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o A K K
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SIDEPANDS SIDEBANDS o . bt %

4 45 5 55 6 65 7 4
"7

Fig. 2.5.1 Spectrum of typical Fig. 2.5.2 Inharmonicity index
signal versus a/b.

4.0, It is useful to give a list of symbols and names used

throughout this thesis. See Figure 2.5.1. The car-
rier frequency @ will be called centre fr equency.
The angular velocity 2 7 a will be denoted by win the
calculations. The modulation signal B will be called
basis signal. This signal is in most cases harmonie.
[t will then have a fundamental frequency b. This is call-
ed the basis frequency. Its associated angular
velocity 2 7 b is represented by u. The number of com-
ponents of the basis signal shall be N, hence the number
of components of the signal is 2N+1.

An inharmonic complex can be considered as derived
[rom a harmonic one by a centre frequency shift overd
cycles per second. The inharmonicity index o is
defined as the ratio of d and b:

o
o Bl -

i i i ay from
Since a given complex can be tlfu‘wgd in t-ltf I\:ni:.;ymi({.t. 2
woveral harmonic complexes, (ilffer'mg_:‘sl tl-le"sfal'ﬁe 2
i 1 of centre and basis frequencies, :
the ratio j of centre ai : uer ok
d ig dependent upon the choice of j. The corresp g

| igti i adding a
(nharmonicity indexes can _l‘)e d%btlngmshec’l it;yused wghen
gubscript to the symbol. For instance, c;

i ; i omplex
the given complex is compared to a harmonic cOmMp.EX,

the centre frequency of which is the jth harmonic of the

busis frequency. Hence it follows that
a ;
&k
be used for the value of j that yields

U R e Figure 2.5.2 shows the

the smallest m.;iignitucdle ?{1;:;1'1 )
wourse of a; as dependen g | :
{ ”ilrls?ncoherent complex can be compabred toqc;lga;Im?Ir‘lﬁg
complex with the same para.meters ,_a,hcase A O
l:tal'llponents to be compared differ only in p - ble o
ﬁenient way for expressing those phases wi

duced in section 4. 2.
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Chapter III

EXPERIMENTS I

3. 1. In order to get acquainted with the particular tone

character of the residue it is helpful to repeat the
experiments of Schouten with the pulse generator alone.
The pulse series is combined with the trigger signal, the
former in such a phase that the fundamental can be sup-

pressed by proper adjustment of the amplitudes. The -

principal feature that the pitch of the sound does not
change whenthe fundamental is suppressed is confirmed.
By incomplete suppression of the fundamental two com-
ponents with the same pitch, the fundamental and the res-
idue can be heard simultaneously, just as is described
by Schouten. When now a pure tone of nearly the same
frequency as the complex is added, the beats are confin-
ed to the pure tones, i.e. the fundamental and the extra
tone. In the case the fundamental is suppressed totally,
these beats disappear altogether, again verifying that
Schouten's view was correct.

Any irregularity of frequency which, according to
Hoogland, can cause results like these, is unlikely to oc-
cur with the purely electronic apparatus used, Suchavar-
iation of frequency (rather of phase) can be deliberately
introduced by adding some alien gignal, e.g. a noise, to
the trigger signal. It is found that this is easily detected
by the ear, to such an extent that the tonal stability of
the sound is severely impaired.

The experiments with two pulse series of the same
frequency, but different ''phases', yield the same re-
sults as described by Schouten, namely an octave jump
when the pulses of one series are shifted with respect to
the points midway between the pulses of the other. In
order to suppress any fundamental, both series of pulses
are combined with the triggering tone, in such a way that
neither of the series contains the fundamental as Fourier
compornent.

An extension is made to the case of three pulses per
cycle of the trigger tone. When the pulses are equidis-
tant, the pitch corresponds to the third harmonic of the
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faine, When one oF more pilse sai lop pr'e nli]tli:ul
in Hmae, the pitah drops @ duodeolme (an octave ||’i l.llfl i
firh) Iu; ihe value corresponding to the new p(rlllft :.;If..
A pltoh Jump of a BFh is the mosl “M:“W”;i I.'Eltjnnzlti.\;".j:.‘.l

I o vile, (Révénz, ~2; Bachem,
np that the chroma intervi g d BRonEs
lth B-2, B3 Licklider, Li~1) are eagily determinaed

’ .

from n residue.

Lol

) " the lulation process described

4, 2. With the help of the ITII.J(]LI!.:J. : : .
in Chapter II (section 2.3) complexes of a fu}v

; ' : gily set up. When gtarting with

wuidigtant tones are ea : W
- geveral harmonics of this [re

a frequency of 200 /8,
quency can be produced when:

a = 2000 c/s,

by = 200 c/s,
b = 400 (:/5,
b3 = 600 c/s.

The given sombination will lead to a complex consialing
of the frequencies:
1400 - 1600 - 1800 - 2000 - 2200 - 2400 - 2600 a:/n...(l)

a striking impression ol a piteh
EPEZ%OPI:}[;HC?") tgggrlhe;hen the sound is weak (mu'uuilll_\;
sound levels of 20-40 db were used). When ilml.l'lu't ||."n
2000 c¢/s another multiple of 200 c/s ig chosen an ( tlll‘.nl‘
frequency, again a combination of har 'm,m.ll.",”]lt]}'y /I & Illl.'ll
frequencies will result. For instance, a@ = 2200 o/ # |
duces with the same basis signal:

1600 - 1800 - 2000 - 2200 - 2400 - 2600 - 2800 ¢/8... (%)

The residue is again 200 c/s. The tone qual‘iLi.c-.H nl'rT:hIn;
;ound complexes (1) and (2) are very much alike, in act
these sounds are almost indistinguishable from one an

other.

3.3. The effect indicated by Schouten can now be H'tllil“":‘-l
B by gradual variation of the centggoto‘%lzedowcz/;wf.orl ::
i 2 L C .

ict ourselves to the J.nter-val 402
%‘f’??e?l starting on the lower side (2000 c/s) a.smalt Hl
crement of the centre frequency causes the pitch of the

d frequency will not be main-

et i i e
i s e e be often given in cyclea por

tained. As a consequence pitch will
second.
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ey cade J
ey'idue to rise, without any loss of smoothness, how-

istfr. For instance, when a centre frequency of 2030 ¢/s
quthosen, and the complex consists of the following fre-
‘neies: :

10 - 1630 - 1830 - 2030 - 2230 - 2430 - 2630 c/s, .. (3)

hg
pa,Pitch is definitely higher than 200 ¢/s, On rough com-
gse ison with a pure tone, or preferably, a filtered pulse
mi ies, it is found to be about 205 ¢/s. (The exact deter-
wijlation of pitch associated with inharmonic complexes
quit be treated in chapter V, Here we will discuss only

t%itative results).
eng henthe process of carrier shift is started atthe other
cer of the interval considered, i.e. 2200 c/s, and the
Sig'trefrequency is decreased, the pitch is found to drop.
tote on both sides of the interval the pitch corresponds
tim'00 c/s. some kind of paradox is indicated. With con-
soplous variation through the interval it is observed that
switewhere in the centre of the interval the attention
argtches over to another pitch. Obviously two pitches
tiop Possible in this region, and it depends on the direc-

1! of carrier shift, which one the mind is focused upon.
the{ is interesting to consider the exact centre point of
ig: interval somewhat nearer. The associated complex

(@= 2100 c/s, see Fig. 3.3.1).

e 0 - 1700 - 1900 - 2100 - 2300 - 2500 - 2700 c/s...(‘i)
Evg it obviously consists of odd harmonics of 100 c/s.
of 1n by the most careful listening no trace of a residue
nea 00 c¢/s is found. The two pitches reported above are
es (£t0200c/s and are continuous extensions of the pitch-
piround the end points of the interval.

con,igure 3. 3.2 depicts the pitch variation in the interval
Cen%idered. This kind of behavicur can be found in every
of rkre-tone interval between two successive muliiples
too ‘00 ¢/s. Only when the frequencies involved become
in g high, the pitch shifts are too small to be detected and

ddition to this the tonality becomes rapidly weaker.
3.4

\ Once it is shown that an inharmonic complex can
cory give rise to a residue, the pitch of which does not
can\"espond to the difference frequency, some estimate
upop be made of the expected pitch shift as dependent

1 the carrier-frequency shift, In the harmonic case
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Fig. 3.3.1 Waveform (left) and spectrum (right) of a gignal connls
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Fig. 3.3.2 Pitch versus centre
quency (b = 200).

multiples of the frequency that cor

When the complex becomas 1h
wordn

the frequencies are
regponds to the residue. : oF
: relation 18 lost., In othel
there is no frequency in the lu‘i;,{llhun1'|unu_| of the bawis
of which the presented frequencies are exact

(he repldus

harmonic, the exact

[requency,
multiples,
corresponds to puch
multiplos resemble tho glvon tones

[t meems logleal to assume that
o fregquoncy that ile correct integral
ai much as ponsible,

all




sié\\his can be clarified with a numerical example. Can-
143{51- the complex (3) of section 3. 3:

Th:‘g.o - 1630 - 1830 - 2030 - 2230 - 2430 - 2630 c/s... (1)
whe's complex is derived from complex (1) of section 3.2,
Wh\re the centre tone was the tenth harmonic of 200 c/s.
it iybn we try to construct a suitable comparison complex,
pox\?} reasonable to take the same centre tone. Since the
is arison complex is harmonic, its centre frequency
to kin integral multiple of its basis frequency. We take it
freqie the tenth harmonic. Hence it follows that the basis
of t Nuency is 203 ¢/s. The comparison complex consists
143 he following frequencies:

and ! - 1624 - 1827 - 2030 - 2233 - 2436 - 2639 ¢/s...(2)

(1)  its residue pitch is 203 ¢/s. The similarity between
j“”*‘t and (2) is indeed very great. These complexes can
tliil'l'g.hediately be compared experimentally, since they
lnm:}:r in only one parameter: the basis fretjuency. It is
pitej\d that the inharmonic complex (1) has the higher
by o b, though the difference is small. The pitch, found
(2), Nonstruction of a harmonic comparison complex like
resi, will be referred to as the first approximation of the
Iq&due pitch for inharmonic sounds.
exprd yview of the importance of this derivation it will be
with \»esSed in mathematical form. Consider a .complex
inha\ pasis frequency b and centre frequency kb + d. The
\rmonicity index a is

d
Xy =
In f3, 23
comp irst approximation the pitch is that of a harmonic
is th ‘plex with equal centre frequency.The basis frequency

\en
o KEE . g H
or ex, k
kpressed in relative value
Ol b il b 5
The 3 b kb k
relative pitch shift 8 is thus expressed by
Sl
40 [ I

It 1w easy to verify that the wo-derived pitch is independ
sl of the basis frequency under the condition of congtant

vontre frequency.

| ., From the comparigon it {8 concluded that the pitch

depends also on the basis frequency. This feature
{n oxplored further. For the sake of numerical simplicity
wo will take 1800 c/s as the centre frequency.

When the basis frequency is increased from 200 o/s,
the residue pitch drops, compared to the initial level of
400 o/#. This trend of variation, contrary in direction
{0 the basis frequency, leads again to a paradox »Iilml.lnr
(o that considered above. Associated with b = 226 c‘:/ﬁ i
o harmonic complex, giving rise to a residue of 2420 n/n,
(hooause 1800/8 = 225). When the basis frequency is -
areumed from this value, the pitch rises above 220 a/m.
I the interval 200 to 225 ¢/s two conflicting trends are
thus# to be noted. On closer examination it turns out
(hat the attention switches over to the other pitch, when
sver a critical region somewhere in the centre of the
imerval is pagsed, This region, where one of two pitch=
an oan be perceived, containg again a point thal cor
reuponds to a complex of odd harmonics only, That point
{4 determined by b = 1800/8,6 and the components eor-
pepponding to this basis frequency will be odd harmonics
of 1800/1% ¢/s. The behaviour of the residue in depand:

eice on the basis frequency is depicted in Mg, 4.5, 1,
PITCH
300}
____...._.....____.:r':\-.l.,___
|
| i
- 1 l
T . 4:-.:-.,..,_:_ |
[ [
e i .
e ol |
s ““r"?“*- l |
R
| | | |
—--L-—— —.1- —— L ! A _—
200 250 300 b

Fig, 4. 6.1 Pitoh versus basin fre
guenay (@ = LIO0),

a1




. W& can conclude that the residue pitch is for small
m}'lalﬂmonicities nearly independent of the basis frequen-
€Y- The pitch of an inharmonic complex is approximately
eillual to the nearest basis frequency which is harmonic-
8 related to the centre frequency. This is equivalent
o the giagtement that the wfirst approximation" of the
TeSlyye pitch is a rather accurate measure of it.

3.6. The absence of beats in coherent inharmonic com-
plexes deserves a short discussion. When all com-
POlnts of a harmonic complex are shifted 1 c¢/s the
WaV&form has a repetition period of one second. The ex-
Pe€Tlments show that "inharmonicity" beats correspond-
iﬁg Yo this period do not arise at all. This fact is one of
Qentral questions in the residue problem.

. thparently, the absence of beats in the sound is relat-
& the coherence of its components, this being the only
fgsl‘f:ﬁming relation of the frequencies. This feature is
. altogether when the complex is made up of separate-
ydg%r}erated components. From the results of Mathes
Z?i;\éhller it is to be expected that in this case beats will

A8 an intermediate step we will retain the modulation
method and use separate tones for constituting the basis
S18M4] (incoherent basis). Modulation with one frequency
PrO%yces a weak and almost indiscernible residue. When
& S€cond tone, the octave of the first, is added to the
mOdLllat_ion signal, the residue is much more pronounced.
e shows beats_ Whenev'er the pure octave relationship
ihe lkéen the basis tones is lost. These beats cover only

_~oudness and tone quality of the sound, the pitch re-
Malflg the same. Oscillographic examination shows that
€ ™Most pronounced tonal residue corresponds generally

4 peaked waveform.

. “e coherence of the complex is completely lost by
il}f_m& separately generated tones as the components. In

'S experiment the frequencies are chosen such that the

SP€Clra are similar to those used previously. The resi-

due iy heard to be beating irregularly. Again it is found

to

to be srfected only in loudness and quality, the most pro-
E‘)’iﬁlﬁed residue corresponding to an impulsive wave-

3.7, " : i
In some cases a coherent inharmonic complex does

produce "inharmonicity beats', Careful examina-

tion shows that this is caused by an inconstant amplitude
of one or more components. These amplitude variations
are the result of beats betweenthe component under con-
cern and an alien tone of nearly the same frequency.
There are two causes of production of these unwantecl
tones.

The first is incomplete suppression of the basis siyg-
nal, especiallyits transients which can sometimes survive
the filtering action. Careful adjustment of the suppros-
sion eliminates the additional components and the benty
of the residue.

The second cause is a more fundamental one. Whan
the highest basis component has a frequency excoeading
that of the centre tone, meodulation products with negn
tive frequencies *) will arise. At conditions of lnharmo
nicity these components beat with those having powslitive
frequencies because the absolute values of [roquency are
different. These two causes of inharmonicily boals oan
thus be classified as artifacts. Elimination of both re:
veals that an inharmonic complex does nol show banls
and is on listening not distinguishable from o related
harmonic complex other than by its pitch.

#) The reader in reforred to the note on page 22 (mection 2.4) for
the algebrale valuen of froaquency.




Chapter 1V

DISCUSSION 1

4

"l. The qualitative experiments on the pitch of inhar-
& monic signals prove that the pitch of the residue
£..88 not always correspond to the common difference
q.%quency. This result shows that the residue is not a
Stortion product. In this respect the basic evidence
“tained by Schouten (sectionl.2) and the additional proof
1. ven by Licklider (section 1.8) are confirmed. Never-
n Nless, it is interesting to consider for a moment the
hebcess of quadratic distortion and the correspondence
tween difference tone and residue.
he presented signal is written as

ft) = {1 £ B(t)} e Wt . o | (1)

i
q?%‘which B(l) denotes the basis signal of frequency b and
2®a.

g

The quadratic term yields

2
) = { 1+ B(t)} (4 + % cos 2wy ... .. (2)

tm\l"he component with frequency b arises solely from the

I
2
%{HB{r)}

Er%vided thatthe highest component of B(i) has a frequen-
Y smaller thana - + b.

ey The amplitude of the difference tone is thus independ-

d Y of the carrier frequency a. This implies that the

iy, lerence tone is not affected by inharmonicity. The res-
He displays the same property.

Ph }he amplitude of the difference tone depends upon the

th Nses of the components of B(f). It is maximal when

se are such that all components can be written as
3¢

cosine functions with wero inltinl phase angle. The ros
ldue shows a saimilar treand when the phases are changed,

The pitch of the residue cannol be explained in termas
of quadratic digtortion.

4.2. The following attempt at better understanding the

experimental results is based upon separation of
pitch and phase effects in relation to different aspects of
the waveform. Since modulation is multiplication of the
input signals the instantaneous amplifude of the output
signal is proportional to the value of the basig signal plus
aconstant. The waveform of the basis signal thus apponrs
as the envelope of the resulting waveform (dee Flg, 4 2.1
and compare formula 1 of section 4. 1).

The phase relations of the basis signal are retained in
the shape of the envelope. Since variations ol these phuse
relations is found to affect the tone quality of tha rasidus
one concludes that the timbre is closely related to the
envelope. A change of the centre frequency uffects the
pitch but it does not change the tone quality nor doas 11
give the sound a fluttering character. Such a variation
does not alter the envelope. The pitch of the residue then
seems related to the "fine-structure" of the signal (the
fast ogcillations between the limits set by the envelope).

Fig. 4.2.1 Basis signal (above) Fig. 4.2.2 Waveforms in three
and modulated signal succesmive bamin
(below). periods
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In Fig. 4.2.2 the waveforma In sucoessive portode of
the bagis signal are plotted in one graph, The envelope 1a
seen to be tangent to the composite ploture, Whaon the

Ty J - _. 5 : I . 5 ‘
A/ S e oot ) 400 B o !\b,‘)} o (8)
phase of the centre tone is taken as a parameter thal gen-

erates a set of curves, the envelope obeys the usual | _
mathematical definition. The envelope is a generalized Sehea !:Hf:l::t‘!’lll.:ll‘:'(&hﬁ:ﬂ“:‘ﬂ“:‘:m”" the magnitude of the

amplitude of the signal.
|

The envelope can be calculated as follows .
The signal is written as
o) » Cp oxp Hnpl v gn) = Ct) oxp iyt

+IN

e N
Jt) = E Cp COS { (w + nu)t + Yn } W) (1) "
= I “'. I-“nl“‘l“ Lhﬂ "“V“ll]‘}t‘ I-“ u“ﬂl]. bl.], ; j
i i ahlunl{y [rom the veclor represontation c::ryn(;;, "N

y ol : R S A e o Y o
where f({) is the instantaneous value, w = 27, B = 2mh o original wignal (1) can be rewritten as

(see section 2.,5), ¢y is the amplitude and ¢y, the phase of
the component with frequency a + nb.

The components can be represented as the projections
of rotating vectors on a fixed projection axis. The com-
plete signal is then the projection of the sum of these
vectors on the same axis. The length of the sum vector
is the "amplitude" of the signal (compare Stumpers,

I » e(l) exp twl v e¥(l), exp (~iwl)

wheve ¢%t) In the complex conjugate of e(t).
L tevins of the amplitude C(f) and the phase (1) of the
soplex function e(f) the signal (1) can be expressed by

S-8). * C(t). cos
The component of the sum vector perpendicular to the [ S el aen {w! s } uli W
projection axis is . The complex function ef) is a generalized modulation
o | Iruillu.'llr.m. [tm :.':.'1;xgni.tucita represents the amplitude modu -
" ..‘nn and s phase the phase modulation of the signal.
gt = E & emd i + SUYE+ Y, . For pure amplitude modulation ¢(t) is real since the
winplitudes and phases of the components are restricted

AT . hy he symmetry conditions:

The length C(?) of the sum vector is thus

{ €-n= Cin
ct) =N/ £ + 820 | ¥on = -¥in
When the vectors representing the components are
projected on a coordinate system that rotates with an an- 4.8, An increment of the ir
) G ' nereme equency of a pure tone 1
%ular velocity w the length of the sum vector 1s found to : ecquivalent to the addition of a ghase alilgle tk:’;.LLinf
e , oroases proportionally with time. A slightly inharmonic

:Jijq',lllui. can thus be regarded as a harmonic complex in
which the phase of the centre tone varies continually.

36
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Different phase relations between the centre and basis
tones alternate.

Experimentally, loudness and tone quality are constant.
Loudness and tone cuality are thus independent of the
phase relation between cenire and basis tone. This prop-
erty is based upon experiments on pure amplitude modu-
lation.

For a general type of signal the phases Y, (section 4.2)
are no longer restricted by symmetry relations.

When the independence mentioned above applies to
these signals, the phases of the components can be in-
creased by a constant amount without changing the tone
quality. By a variation of the time-reference point the
phases are increased by angles that are proportional to
the frequencies of the components.

Both possibilities are included in the statement that
a linear function of the frequency can be added to the
phases without change of tone quality.

Hence the phases can be normalized so that two of
them become zZero.

Whether this procedure is admissible is still a ques-
tion. In the experiments the acoustic signal was produced
by a loudspeaker, therefore, large phase deviations oc-
curred. This suggests that it is admissible to extend the
results to more general signals.

However, it is necessary to corroborate such a con-
clusion.

4 4 TFor further experiments a greater versatility of the

apparatus was desirable. Accordingly, a unit simi-
lar to that used by Fletcher and by Schouten in their ex-
periments on inharmonic signals was constructed, con-
sisting essentially of two modulators and a sharp band
pass filter.

The first modulator modulates the signal on a high
frequency carrier, the filter suppresses the lower side-
bands and the resulting signal is demodulated by the sec-
ond modulator.

The modulators are of similar construction as the one
used in the experiments degeribed. The filter has a pass
band from 60 to 64 ke/s %), and the oscillators providing

#) This {ilter was again put al our digpoanl by Dr. Schouten as is
pgratofully noknowledged hare

the modulation and demodulation frequencies are adjusl
able in the range from 55 to 70 ke/s. .
_ With this unit the components of a signal can be shifted
in frequency over a constant amount. The unit can por
form additional functions like modulation with partisl
sideband suppression and heterodyne filtering.
_When_ usled as a modulator the suppression of the basin
ﬁlgnal is improved. This is advantageous in exploring
low" complexes. The modulators can, if desired, bhe
used separately.

4.5, Alsointhe experiments of section 3.0 a loudspaalar
was used for the sound production,

Although the frequency characteristic shown anlrirey
ular shape (mostly due to room acoustics) It in romarh
able that a close correspondence between eloctric hpil
and subjective impression is indicaled, The most pro
nounced residue is usually produced when the eloctiric
signal shows an impulsive pattern.

It is, of course, necessary to check this correspond
ence by measuring the actual sound pressure at the our

More easily, a high quality earphone can be used
This eliminates the sound measurement because the
substantially flat transmisgion makes the sound wave
a nearly exact replica of the applied vollage (soa B
tion A.7 of the appendix).

11(1‘1 all further experiments such an earphone has heon
used.




Chapter V

EXPERIMENTS I1

5.1. Accurate determinations of the pitch of the residue

can be made by comparison with a signal of known
pitch. It is to be desired that the two sounds are alike in
quality, i.e. as comparison signal a residue is to be pre-
ferred. In order to have a well-defined comparison pitch
a harmonic complex is used. Its pitch level will be taken
equal to the fundamental frequency.

Such a harmonic signal can be obtained by synchroniz-
ing the basis frequency with the centre tone.

A time-base circuit as is used in oscillographs will
suffice for this purpose. However, it is hard te synchro-
nize with a high harmonic over an appreciable frequency
range.

For this reason it was decided to use a frequency di-
vider instead of a time-base or multivibrator circuit for
generation of the basis signal.

The circuit operates as follows.

Each cycle of the input signal a charge is put on a ca-
pacitor. Whenthe voltage developed across this capacitor
exceeds a preset threshold value the capacitor is dis-
charged rapidly and the process of charge by piecemeal
is repeated over and over again (Fig.5.1.1). The thresh-
old determines the ratio by which the frequency is di-
vided.

The output of this divider resembles a time-base sig-
nal. The amplitudes of the Fourier components of a pure
sawtooth wave are inversely proportional to their fre-
quencies. This relation holds for our signal except for
the components of the input frequency and its multiples,
which are reduced in amplitude.

Differentiation by means of an R-C network makes the
first few harmonics of equal amplitude.

The signal is then filtered by two third-order filters
in cascade in order to impose a sharp limit on the num-
ber bf components of the basis signal.

The frequency divider is not only used for the genera-
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A ook dlagram of the wetaap for piteh dotermination
0 plotured in Mg b1 @

Wy means of the pughbotion labelled (X) the tone gener
atar A 1w conneoted to the modulator M to provide the
b rler, and (n additton the tone genorator B is made to
pravide the bamis signal by way of the [requency divider
1) el the flter If

The pughbutton (8) conneots the third tone gonerator &
o both the oarrlor tnput of the modulator and the Input of
the fregquency divider in order Lo croate a harmonie caim
parimon gomplex,

Hinee bul one tone generator (Radiometer) with a oall
brated dinl for frequency increments i avallable, this
undt i uped as the C-gonerator,

The frequencies of A and B are adjusted by osolllo
graphle comparison with €. After adjustment (he signala
(X) and (8) are presented alternately, The listener thon
adjusts C until the pitches of the two gounds are hoard
el

PITCH .]
[Ta ]

| o SRS

MuUuUuruuruTrryruILunLr 195 M
190 = o
100 Qs o 2
)
Fig. 5.1.1 Operation of the Fig. 5.2.1 Pitch versus osnire
frequency divider frequency (b = 200)
(trigger signal as
reference).

The number of components is five, this being the lowesl
number from which a stable and distinet residus oun bo
obtained.

For the electroacoustical conversion a Permollux anr

11




phone type PDR-10 was usod (noe Appendix, soation A ).
The earphone is connected vian 10 LB to the finnl ampli-
fier in order to avoid any possibilily of damaging the ear-
phone during the adjustment. The voltage across the ouls
put of the amplifier is measured and analysed by a wave
analyser. The centre tone and the first-order sidebands
are adjusted to 30 db above the threshold for 1000 ¢/ of
the subject. The second-order sidebands are usually lesas
than 2 db weaker.

osc
(‘ +
a
nf]
TG .n—g'_-gv—l‘ DA g OSC_..1
A [ [ —jMOD I
+ .9 3
2 I—-AMP~
> & T
1 bt o wall g
I £
r‘?- D 1} F »J
[S51] S i i T
4 4 ; = =
TG |.. 2
¢ osc
+ '

Fig. 5.1.2 Set-up for pitch measurements.
TG = tone generator, MOD = modulator,
D = frequency divider, F = filter,
OSC = oscillograph, AMP = amplifier,
WA = wave analyser.
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Al ?HI'E il oy e of the filtor unod

o the busis signal sete a Lnit to the number of
Tanin Drequencien, when one wanis to keep the number of
ponponents of the basis slgnal conatant,

Pig. B4 1 deplots a typloal result obtalned for the

toh an @ funotion of the ventre froquency,

The diatetbution of judgements indicates a nearly linear
dnl.wndlnnu of piteh on centre frequency.

he mecond feature is the gradual widening of the dis=
(eibution when the point half-way the interval is ap=
sronched, It ie very difficult to judge pitch in this reglon
Lanuunn the attention switches suddenly during measure=
ment,

[{ weems that, whenever the pitch of the comparison
slgnal approaches one of the two possaible pitches of the
pesidue, the attention ig forced to switch to the other one,

', b, 2.2 depicts the course of the residue pitch in
ihe whole centre-frequency range for a basls frequency
of 200 ¢/#, The dotted lines correspond to the "flrat ap=
proximation" as described in section 3.4,

f'or the higher centre frequencies the judgemonts fail
lo be consigtent. Just before the end point the judgements
wometimes tend to separate into clusters corresponding
fo different curves.

It is suggested that the effect is due to u wrong choloe
of periodicity by the ear (see Chapter VIII, poction U, b),

[tis nearly impossible to investigate this effect further,
as it cannot be elicited intentionally. For a few other
basis frequencies from 100 to 400 ¢/s the remulls are
yery similar when the pitch scale of Fig, 6,4, 3 I8 il
tiplied by an appropriate number,

The dependence on the basis frequency is meanured by
esgentially the same method. Since greater variations ol
basis frequency are involved the basis signal is produced
in a different way. The differentiated output of the frae
quency divider is filtered so as to obtain the fundamental
only. 'This sinusoid is fed to both inputs of a aeparate
modulator that produces frequency doubling. A comblna-
tion of the basis tone and its octave is then used as the
basis signal. Fig. 5.2.3 depicts a typical result of the
measurements.

5.3. The amplitudes and phases of the components of
signals obtained by amplitude modulation have cer-
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Fig. 5.2.3 Pitch versus basis frequency (a = 1800).
Each point mean of 5 judgements.

tain properties of symmetry (section 4.2). This corre-
spondence is lost when a part of the sidebands is sup-
pressed by a filter due to the non-constant delay of the
filter near the region of cut-off, In this way more general
phagse conditions can be obtained. The sideband suppres-
gion ig provided by the band pass filter of the double mo-
dulator unit, The gecond modulator carries the spoctrum

A4

back to the audible frequency range. Experiments with
the so-obtained signals yield the result that the gignale
have exactly the same properties as the pure amplitude
modulation products used in previous experiments,

The dependence of the pitch upon the centre frequency
given by the data of section 9.2 applies to the more gons
eral signals. It must be noted, however, that the pifeh
matches involving signals without pronounced pealks are
slightly less consistent. When tonality is defined ag the
reciprocal of the standard deviation of pitch judgements,
the tonality is maximal when the residue has the sharpenl
timbre.

5.4. The deviations of the residue pitch from the "flrsl
approximation" (see section 3.4) may bo due Lo
some asymmetric weighting of the components,

When the higher components do not contribute as much
as the lower ones to the determination of piteh the higher
pitch shifts of the inharmonic signals can be explainod,

In that case the effective centre tone is lower than the
actual one. Its frequency shift, though in absolute value
equal to the carrier shift, is in relative meagure groator
than the corresponding carrier shift and the pitch shift
will be greater than expected.

When this is true the pitch of an inharmonic complex
will depend on the width of the spectrum,

In Fig. 5.4.1 this effect is depicted. The number of
components is determined by the setting of the baplia=pig
nal filters. A great number of determinations was noeded
in order to obtain sufficient accuracy. This effect, though
not proving the above explanation, makes 1t highly prob
able.

5.5, We turn now to the phase effects indicated in section

3. 6. It was shown that incoherent gignals show var
{ntions in loudness and quality. Loudness and quality
are thus dependent on the phases of the componenty (seo
pection 4., 3).

We now try to investigate thig effect more closely
The experiments will be performed in guch n way thal
different phase relations alternate. This is the easlont
way to observe the phase effocts,

lestthe experiment with an incoherent [wo=component
busle signal is repeated in order to inventigate the cor
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respondence between tone quality and envelope shape of

the signal as it enters the ear.

The instantaneous phase relation of the basis compo-
nents is determined from the Lissajous pattern of the
basis components. The phases of the signal components
can be derived easily from the phases of the basis com-
ponents.

The result confirms the prediction that the residue is
loudest and sharpest when the phases of the outer side-
bands are zero. This condition involves an envelope with
the most pronounced peaks. :

It is observed that the phase effects disappear when the
ratio of basis and centre tone is increased beyond a cer-
tain value. The limiting points (basis-phase limits) where
they become indiscernible are given in Table I.

Table I (section 5.5)

Basis [requency | Critical centre frequency | Ratio
O a b
a

100 44.0 4,23

150 670 0,22

200 1000 0,20

300 L1700 0,18

400 2000 0,20

5.6. We will now study the phase changes of the cenire
component. The simplest case is athree-component

complex as used by Mathes and Miller (section 1.6). The
set-up is shovm in Fig. 5.6.1. A tone @ of e.g. 1600 ¢/s
is modulated by 200 c/s (8). The carrier is suppressed
and replaced by an alien tone a' of, say 1600,5 c/s-. The
latter will be called pseudo-carrier.

All components are adjusted to 30 db (referred to the
threshold for 1000 c/s of the subject).

The beats are heard with a frequency twice the fre-
quency difference between carrier and pseudo-carrier.

This shows that the beats are not caused by some in-
complete suppression of the carrier.

Moreover, this suppression could be measured by the
wave analyger to be more than 50 db relative to the side-
bands.
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by oscillographic examination of the sum of carrier
and pseudo-carrier it is found that the residue in most
pronounced when they are in phase and when they are
1300 out of phase. In both cases the wavelorm ol the
gound ig of a pure amplitude-modulation churacter, thus
confirming Mathes and Miller's finding and justifylng (o
periodicity hypothesis of the envelope in section e ds

By a variation of the basis frequency It 1s found that
the beats disappear when the separation between ooms
ponents becomes too greal,

Table 11 shows these limits for some centre [requan

(SpR Al |

Table I1 (section b, 06)

Centre frequency | Critical basis frequency “:I.’HH
)
a b %

GO0 110 0,18

800 |44 0,18

1000 220 0,44

L GO0 320 0,20

2000 480 0,20




It is seen that the ratio of critical basis frequency to
the carrier frequency is almost constant. The value dif-
fers, however, from the value of 40 per cent given by
Mathes and Miller (section 1. 6).

This may be due to the lower sound level used here
and perhaps tothe higher noise level of the surroundings.

5.7. The centre-phase effect can be further investigated
by increasing the number of components.

We choose a coherent basis signal obtained by filtering
the differentiated output of the frequency divider (section
5.1). For quick determination of the threshold for phase
effects we have to change either the centre or the basis
frequency. Since the carrier must always be replaced by
the pseudo-carrier and the variations of the basis fre-
quency are limited by the filter capabilities, there re-
mains only a frequency shift of the whole complex by
means of the double modulator.

Fig. 5.7.1 shows the block diagram of the set-up for
this experiment. Modulator I produces the sidebands of
the constant complex by modulating the carrier A (about
1500 ¢/s) with the basis signal while suppressing the car-
rier. By suitable connections of the filter I'1 and proper
choice of basis frequency B/k, the basis signal is ad-
justed to consist of equal components and to have a peak-
ed waveform.

A pseudo-carrier A' is added to the complex. The
feature that the most marked residue arises when the
envelope is peaked, is again found for the so-obtained
signal.

Atthe moments that A and A'are in phase the envelope
looks like Fig. 5.7.2-A. When A and A' are of opposite
phase the waveform has changed to that of Fig. 5.7.2-B.
These waveforms represent positive and negative modu-
lation respectively.

The residue is loudest and sharpest at the moments,
corresponding to the condition shown in Fig. 5.7.2-A.
This is easily understood since here the peaks are most
pronounced. The number of residue beats per second {is
thus equal to the frequency difference between A and A'.

Now this signal is modulated with a frequency f] of
60,5 ke/s by modulator 1I, so that the higher gidebands
lieinthe centre of the pass band of f{ilter Po (60-64 I<:~./.-;).
The envelope is thus retained,

Demodulation is performed by modulator 11, with a
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Fig. 5.17.1.8Set-up for centre-phase effect (N>1),
TG = tone generator, MOD » modulator,
D = frequency divider, F = filter,
G = oscillator, M = mixer,
QSC = oscillograph, AMP = amplifier,
WA = wave analyser, 5= standard for
frequency measurement,

demodulation f{requency 2. The net result is that the
gpectrum hag shifted towards the lower [requencies over
an amount osqual to fg = 1 = Af,

Iis observed that tnereoaning Al leads to gradual disap
poarance of the beats, The centre frequency where the
berts become Indisosrnible 1o tabulated In Table T for
varlous basis [regquonclos

40




Table III (section 5.7)

Basis number of critical centre| ratio
frequency| A |components| Af Irequency
b
b 2N+1 a =
187,5 1500 2 -800 700 0,27
355 1420 3) -160 1260 0,28
230 1840 7 ~-930 910 0,25

oo Jooo D00

Fig. 5.7.2 Envelope of five-component signal.
A: carrier and pgeudo-carrier in phase,
B: carrier and pseudo-carrier in opposite phase,

On comparisen with table IT it follows that the phase~
bandwidth ratio b/a is somewhat larger for complexes of
more than three componenis.

This may be due to the sharper peaks associated with
the wider complexes, which lead to easier detection of
beats.

In all these experiments on phase effects the residue
is sharpest when the waveform shows the most pronounc-
ed peaks. A still more pronounced residue is found when
the "fine-structure" during the peak of the envelope is
out of phase with that belween the peaks.

On the one hand this may point toward a mechanigm
with some inherent damping (MM-1), On the other hand
it should be remembered that ot the same time the centre

(0

component reduces to the same corder of amplitude as the
sidebands, thus a clear residue is produced which is nol
masked by one of the components.

It is finally stressed that the effects described arve In-
dependent of the harmonicity or inharmonicity of the siy-
nals. :

5.8. Atthe critical points given in Tables I, II and LI (he

residue loudness is nearly independent of the phunon
of the components. The impression is then of a contin:
uous sound (continuous residue).

In the region of degeneration, when the complexes ure
very high relative to the fundamental the phase effecis
are such that the residue appears intermiftently. In the
gaps between favourable phase conditiong the complex s
heard as consisting of high frequencies.

Whenthe sound is gradually varied between these Holis
it is observed that the continuous and the intermittent
residues sound like superimposed upon one another, The
higher the complex becomes, the weaker is the continu
ous residue.

We can determine the points where the conlinuous rou-
fdue is no longer perceived. In Table IV the resulis are
tabulated. )

When expressed in the ratio b /a a remarkable consiut:
ency of the determinations is again noted.

[t seems safe to describe the various atages of the ros
idue with the rank number of harmonics involved

Table IV (section 5.8)

Limit of continuity
Sel-up [Effect under Baale Cenbree | Nomber [ Halla
of sludy frequency [fraquency | of corms
section ponanty i
e _h____ it [ ‘_” AN h
6.6 |Basis-phase 1on #8000 ] 0,11
affect 10 1100 0,14
200 17100 0,14
400 LPBO o, 18
100 2600 0,16
N Clontresphag o | 4t won | o, 1%
offoot (e 1000 0,10
ad0 L6 0, 10
L) LN 0,10
A A0 LU
B, L0, 0 (400 ] 0,1
1N dinn I 0,10
| B -1 _J 100 i 0,10

hl




Chapter VI

EXPERIMENTS III

i. 1, The separation of continuous and intermittent resi-
due implies not only a difference in their time
souraes for inconerent signals. A difference in perceived
quality is present as well.
The continuous residue sounds smooth but is of weak
{onality, the impression being that the complex is near-
ly remolyed into its components.

The Intermittent residue is of a sharper character,
Loth tn timbre and tonality.

All evidence indicates that the latter kind of residue is
brought about by a peaked waveform. '

One may lmagine that the continuous residue can be
alicited by the use of a signal without peaks, yet contain-

(g equally spaced Fourier components.
Such n #lgnal can be produced by frequency modulation.

When the modulation frequency is b and the maximum
(requency deviation is Aa, the modulation index
_Aa
R0,
detormines the distribution of the spectral components

(vl POl =l
The frequency-modulated signal with mean frequency a
gun be expressed by
f(t) = Coexp Hwt+ m sinpl)
(w = 2ma, 4 = 27h)

The factor exp  m sinpl is expanded into a Fourier
morios;

(AES)

exp { m sin pt = E Jy (1), exp inpt

nm =0

The coéfficients are Bessel functions of order n.
The Fourier analysis of f becomes:

too

Jit)y =co 2 Jp(m) exp? (@ +nu)l

n=-0o

From the course of the Bessel functions (Jahnke-Em-
de, JE-1) it is seen that for a modulation index slightly
less than unity the carrier component is about twice as
large as the first sidebands and the second sidebands
are much smaller.

A corresponding condition is set up experimentally by
feeding a pure-tone signal to the reactance tube of the
Radiometer tone generator.

The carrier is adjusted at 31 db, the first-order side-
bands being 25 db and the second-order sidebands 11 db,
all referred to the threshold for 1000 c¢/s of the subject
under concern.

With a mean frequency of 1600 c¢/s and a modulation
rate of 200 ¢/s the residue with a pitch 200 c/s is clearly
audible, though it is partly masked by the strong carrier
component. Just as in the case of amplitude modulation
the application of the modulation voltage immediately
produces a low pitch, leaving the original high pitch only
as a timbre.

By increasing the mean frequency the residue shows
the pitch course, described in section 3.3, but for higher
carrier frequencies it becomes rapidly weaker.

At the point 2000 c/s it looses its tonality, yet there
remains only a flutter of low, but indeterminate pitch.
At still higher frequencies a pitch impression corre-
gponding to the carrier frequency becomes apparent.

For other modulation frequencies the description is
the same. The limiting frequencies for tonality are given
in Table V.

The average ratio b/a is definitely lower than the val-
ues given previously in table IV. It must be noted that

here the effect is isolated, whereas in the previous expe-
“iments a corresponding phase condition prevails only
botween successive bursts of the intermittent residue.




Table V (section 6.1)

Limit of f. m. residue (# = 0.9)

Basis frequency Carrier frequency Ratio
b a b
s
100 1000 0,10
150 1800 0,083
200 2000 0,10
250 2300 0,11
300 2700 0,11
400 4000 0,10

6.2, When the modulation index of the frequency modu-
lated signal is increased, the number of conirib-
uting components increases nearly proportionally. The
residue pitch becomes more pronounced and the masking
influence of the carrier component decreases as the spec-
trum becomes more uniform. The pitch of such a signal
is again confirmed to be the same function of the centre
frequency as is described in the preceding chapter.

The spectrum obtained is coherentsince the separation
between adjacent components is exactly equal to the mod-
ulation frequency. It is not surprising to find that a con-
dition that yields an inharmonic spectrum does not lead
to audible beats as long as the spectrum does not extend
to "negative frequencies". *

In general the residue effect is markedly less clear
infrequency-modulation experiments thanitis for ampli-
tude modulation with similar spectrum. This suggests
that the residue pitch of signals of nearly constant am-~
plitude may show anomalous properties.

Anexample of an experiment on approximate frequency
modulation is found in the paper of Mathes and Miller
(section 1. 6). It is reported that a three-component sig-
nal in which the phase of the carrier component is 90°
out of phase with the main phase of the side bands tends
to have a pitch equal to twice the modulation frequency.

In this signal the number of maxima per modulation

#) Here again the frequencies are used as algebraic numbera. Com-
pare sectiona 2.3 and 3, 7

0

period is two hence the pitch corresponds to the frequen
cy of the maxima of the envelope.

It is interesting to study approximate frequency moeu-
lation somewhat further.

6.3. In Fig. 6.3.1-A the principal components of a fre-
quency-modulated signal for small m (section 6, 1)
are given in a vector diagram. The rotation of the cur-
rier componient with an angular velocity w i8 reprosented
by a corresponding rotation of the projection axis on
which all components areto be projected. Figure 6,811
shows the same condition at a time where the first side-
bands are in phase. The property that the residue {8 in:
dependent of the phase of the centre tone (sections 4.4
and 5.3) makes that the initial angle of the projection
axis can be chosen deliberately. IHence the condition of
Fig. 6.3.1-B is equivalent to that of Fig. 6.3, 1~C,
The latter figure shows clearly how the situation can
be approximated by a modification of the amplitude~mod

ulation method, namely by a phase change of D0Y of the

carrier component (compare Mathes and Miller). The
simplest way of obtaining gradually changing phasge rela
tions is provided by the use of an incoherent two=aotpo:
nent basis signal, One can then investigate which phase
of the second sidebands produces the most audible resis
due (Fig. 6.3.1-D).

The experimental set-up is shown in Fig., 6.43,3, The
carrier phase shift is obtained by uging an RC-network
fed by a push-pull amplifier, The produced signal can he
represented by

l

f(l) = co 8in wi + 2 cos wl {(r[ cospl+ey cos(2ul +y) I

(compare formula 1 of section 4, d),

(n which ¢ denotes the phase of the higheal basis compo
nent (see Fig. 6.3.1-D).

The instantaneous value of ¢ can be found from the
Liggajous pattern produced by the bagis components,

The experiment ylelds a rather weak phase effect, The
vosidue g found to be the most pronounced when ¢ ls
around P09, This result weoms independent of the fres=
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Fig. 6.3.1-D: Vector represen-
tation of the asignal
used inthe experiment Fig. 6.3.3 Envelope of the signal
on approximate fre- of Fig. 6.3.1-D for
guency modulation. various values of ¢.

quency region of the complex provided the frequencies
are not chosen toc high., The range of the optimum is not
materially influenced by the amplitude distribution of the
compeonents when the carrier component contributes
audibly to the sound.

The shape of the envelope for various values of ¥ is
depicted in Fig. 6.3.3. For the calculation (see section
4.2) the values of €g, ¢ and €3 are taken equal to 2, 1
and 1 respectively.

It is observed that the experimental optimum around
¥ = 90° is present once in a period where 3 changesover

3600, However, similar envelope shapes are present:
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Mg, 6.9,2 Set-up for approximute frequency modulation,

TG # tone generator, MOD * modulator,

O8SC » oscillograph, AMP = amplifier,

WA = wave analyser.
Iwice in this range of ¢. Here we meet a case where the
envelope shape does not correspond to the perceived
fuality.

T'his deficiency of the envelope concept does nol nppear
unexpected. The envelope has been introduced am n fon-
ture that facilitates the separation into pitch and phase
effects (sections 4.2 and 4. 3), It is not surprising to find
that its value is restricted.

In the present case the signal is a hybrid wavelform
with amplitude as well as frequency modulation,

The signals with ¢ = +900 and ¢ = =000 diffor with e«
spect to the time relation between amplitude and |l:lmuu
modulation. The tone quality thug scems Lo dopond wpon
this relation.

It is suggested that the pitch of inharmonic signuls with
both amplitude and frequency modulation might also be
dependent upon this relation. Thig congtitules an interonl
ing subject for future research.

6.4. When a signal with nearly constant amplitude i
used, the residue is very weak. The phase elfocis
can only be studied by very attentive listening. In those
experiments it is sometimes found that an inharmonlc
complex produces beats in the residue ("inharmonicily
beats").
The frequency of these beats corresponds to the repe-
tition rate given by the deviation of the centre frequency
from a harmonic value relative to the basis frequency

(see section 3. 6).
h




The beats are weaker than the phase effects under
study, so that they are only discernible in experiments
where the residue as well as its phase effects are weak.

This effect could not be ascribed to an artifact (sec-
tion 3.7). We have to conclude that the rule formulated
in section 4. 3 is not always valid.

The beats occur only when the carrier frequency is
rather low, that is in the range of the third to the fifth
harmonic of the basis frequency.

The corresponding spectra are that wide that it be-
comes increasingly difficult to conceive of a mechanism
that could explain a smoothness of the inharmonic resi-
due. It is thus not surprising to discover that the rule
formulated in section 4.3 breaks down.

6.5. After experiments on a signal with nearly constant

amplitude, yet containing a number of equally spaced
Fourier components, it is interesting to investigate an-
other extreme of the separation of waveform and spec-
trum.

The power spectrum of noise is not materially changed
by amplitude modulation. The modulation produces cer-
tain repetition properties which are reported to be re-
flected in a pitch-like character of the sound (section
1 feYe

Inthe experiment the modulator is used as an electron-
ic switch. White noise is modulated by a pulse signal of
200 ¢/s and the carrier is adjusted so as to produce zero
signal between the bursts of noise.

The results are to some degree unexpected. Though
the pulsed noise can in general be well distinguished from
a constant noise, a tonal sensation of the kind aroused
by a residue is never perceived.

No observer proved capable of making a reliable pitch
match as is possible with a tonal: residue of correspond-
ing frequency. When the modulation frequency is below
50 c¢/s the general harshness of the pulsed noise changes
into a flutter. The listener then becomes aware of the
temporal structure of the signal. Even so the observers
are insensitive to changes in flutter frequency.

It may be expected that a more tonal sound is obtained
by filtering the noise previous to modulation. For this
purpose a filter is used that provides deliberate control
of the frequencies and dampings of two zeros and two

1

poles in the complex-frequency plane (866 Appendix,
section A. 6).

Experimentally, no change in the general picture in
found up to the point where the bandwidth of the notpe be-
comes smaller than the basis frequency. When the pris
mary bandwidth is a fraction of the basis [requency the
sound displays a pitch-like character (though still 1t ra=
mains noisy). In this condition the modulation process
has profoundly altered the spectrum.

6.6. It is interesting to investigate whether a pulmed
noise signal might influence the perception ol a

sound that can be expected to have an inherent unstable
pitch. A "symmetric signal" consisting of add harmonion
of a frequency of 200 cfs is produced by modulating 1000
cfs with the first and second harmonics of 400 o/w. The
two possible residue pitches are, as reported, clowe Lo
400 c/s, namely 460 and 350 c¢/s. The repotition rale,
however, is 200 ¢/s. The addition of a pulsed noine with
a repetition rate of 200 ¢/s might be imagined to foree
the residue mechanism to determine a pitch of 200 n/l.

A preliminary experiment shows thal the ropldus in
easily masked by the pulsed noise. In order to dpcronso
this effect the bandwidth of the noise, prior to the modu:
lation process, should be restricted as much au ponsible,
Renewed investigation shows that the addition of the twa
signals produces no audible interaction other than sl
ing of the weaker of the two.

The pitch of the residue is not influenced by the pros
ence of the noise signal, neither is the pitch Improssion
of the noise signal enhanced by the reaidue signal.

6. 7. Experiments on binaural interactions are genornlly
considered to give evidence on the preservation of
time relations in the auditory system.

Miller and Taylor report binaural beats when coharen
noige signals are modulated by two slightly different fre
quencies and the two signals thus obtained are fed such
to one ear,

This experiment hag been repeated by using two ol
ulators fed by identical nolse signals as carrier, The
modulation gignale are obtained from two channels ol the
pulse generator, fod by two slightly different (roquenclos,

On listening the binaural beats are easily perceived
The lstenor notes the peculinrity that the beats are not
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mainly characterized by changes in auditory localiza-
tion, but rather by a repeated transition between rau-
cousness and smoothness of the total sound.

The greatest harshness of the sound is present when
the moments of maximum stimulation of the ears coin-
cide. The sound is perceived as a noise of appreciably
greater smoothness when the bursts in the ears alternate.

6.8. The preservation of time successions proved by the
experiments of the preceding gsection may be rele-

vant for residue perception. Experiments on binaural in-

teraction of residues may thus be very interesting.

In order to restrict the number of parameters the
sounds have been chosen to consist of only three compo-
nents. The signal for the left ear is produced by modu-
lating the centre tone of frequency al with ihe basis fre-
quency b1, whereas g2 and b2 are the corresponding par-
ameters of the signal fed to the right ear. The sounds
are made of similar waveform and are adjusted to the
same loudness.

The parameters a1 and by were chosen first equal to
1000 and 200 ¢/s respectively.

1. The basis frequencies are equal. When the centre fre-

quencies are some 4 ¢/s different, the observer ex-
periences binaural beats having a frequency equal to the
difference of the centre frequencies.

By increasing the centre-frequency difference the beats
can be followed to a rate of the order of 20 ¢/s. In this
region the pitches of the two signals are estimated to be
quite different, yet the beating sensation is quite percep-
tible. We propose to call these beats "cenire beats".

9. The centre frequencies are chosen equal, the basis

frequencies differ slightly. Beats are again audible
but less evident than in experiment 1. Their frequency is
the difference of the basis frequencies. These beats will
be called "basis beats". When the listener is askedto
change the frequency b9 in order to make the beats van-
ish, this proves to be very difficult.

3. The experiment 2 is repeated with markedly different
centre frequencies. This difference is chosen 30 c/s
go that the "centre beats" degenerate iiito a flutter, The
basis frequencies are chosen glightly different,
It proves to be very diffucult to concentrate upon the
"basis beats" in this case, The ability of a test person
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for correction of the basis-frequency difference is ex-
tremely poor.

4. In this experiment the conditions are reversed, The

basis frequency difference is chosen at about 0 ofm,
so that the "basis beats" are weakly audible. A wmall
difference in centre frequency is easily perceived, The
effect is not as distinct as in experiment 1. The expeii:
ment is repeated with the aim to investigale the polnt
where the pitches of the two signals are judged equnl, It
turns out that on binaural listening the pitch judgemoents
are difficult to make.

This is due to the combined influence of the basis and
centre beats which gives the total sound a fluttering whar -
geten.

It is almost certain that no peculiar effect is oxperi:
enced at the setting which makes the two tones ol equnl
pitch.

=3

5. The experiment on centre beats is repeated with the

initial centre frequencies chosen equal Lo nd jncant
harmonics of the basis frequency. The parameter ag in
chosen 1200 so that the pitches of the sounds are aqunl,
An additional increment of ag is again perceptible by Lhe
production of binaural beats (centre beats).

6. By chosing @2 = 1200 and introducing a slight differ:

ence between b1 and bg the basis beats were audible Lo
a degree comparable to that of experiment 2. I'rom ox
periments 2, 3 and 6 we conclude that the ability for hear
ing basis beats is restricted to the case where the Initial
signals have a few components in commorn,

7. The experiments 1 to 6 inclusive are repoented with
inharmonic signals in the same range, The resulls
are found completely identical, hence it is glated thal
cenire and basis beats are not restricted to conditions
where one of the initial signals is harmonic,
Now we want to study other ranges of the paramoeters
ty and agy.

8. The experiments 1 to 7 are repeated in the range
where the residuc ig degenerated. By chosing a vilte
of 2400 ¢/s for @) one ohserves that the beating sengations
are confined to the high tones that can be heard In the
plgnal,
In fact the abstraction of the high tones from the vapguo




flutter of the residue in this condition is considerably fa-
cilitated by these beats.

This result makes it highly probable that the beats of
the residue in the cases 1 to 7 are caused by loudness
and localization changes in the components. The posdi-
bility of binaural beats of the high components involved
in experiments 8 may well be due to the presented stimuli
being complex rather than pure tones.

In experiment 1 all components of the signal fed to one
car were displaced the same amount so that binaural
beats are considerably facilitated.

The result that centre beats were more easily per-
celved than basis beats is clearly in favour of the above
agaumption.

8. As a final check binaural interaction of harmonic sig-

nals is investigated. The two signals consist each of
three components and are produced by modulating the
pontre tone with the lowest component of the output sig-
nul ol the frequency divider. The generation of com-
pletely Independent signals is made possible by building
the froguency divider in duplicate. '

In this case beats corresponding to the centre beats
ne well as the basis beats can be heard. For small dif-
feronces in centre frequency the frequency of the beats
corregponds Lo the centre frequency difference.

When this difference is above 4 c/s the centre beats
become progressively weaker. At still higher wvalues
beats with a frequency equal to the difference of the basis
frequencies (basis beats) become apparent.

[n fact these beats are far more pronounced than the
centre beats appearing for small centre-frequency dif-
f[orences. This is just opposite to the results of experi-
ments 1 and 2 where the centre beats are found more
pronouneed,

The digcrepancy is clearly in favour of the explanation
that the centre beats are due to binaural interaction of
corresponding components, In experiment 1 a frequency
difference equal to the centre-frequency difference is
found between each pair of corresponding components, In
experiment 9 this frequency difference is only found be-
lween the centre components of the signal,

The basis beats are probably due to comparison in
ime of evenls evoked by the envelopes of hoth signals
(compare the "precedence effect", sce Hnas, H=-1), In
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this respect they are related to the binaural beats found
for pulsed noise.

When this explanation applies they will become more
pronounced when the number of components is incr"eased.
The experiments 2 and Shave been repeated with five and
more components and the expected effect is confirmed.
We may thus postulate that stimulation patterns accc_)rd-
ing to the envelope of the signals play a role in residue

perception.
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Chapter VII

DISCUSSION II

7. 1. Inthis chapter the results of various authors will be

compared andthe remaining discrepancies explained
as much as possible. The most important divergence 18
that between the negative evidence obtained by Fletcher
and by Hoogland on the one side and the positive evidence
of Schouten and of others on the other side.

['letcher's experiments were performed at a time when
the problem of aural distortion was in the focus of atten-
tion and it ig not surprising that he adopted the hypothe-
alg that the effect of the missing fundamental is due to
the re-introduction of the fundamental by non-linear dis-
tortion. In the light of our results we note that Fletcher
used a tonal range that is not favourable for an easily
detectable residue. First, the order of presented har-
monics is small and second, a fundamental frequency as
low ag 100 c/s gives a residue of reduced tonality.

It is suggested that the dominating position of the com-
mon difference tone has obscured the rather faint and
elusive character of the residue in this case. The state-
ment quoted in section 1.1 indicates that Fletcher himself
was not fully convinced of his distortion hypothesis
either.

7.2. Hoogland, who obtained his negative evidence after

the residue theory was founded, tried to explain the
results of Schouten's by various assumptions regarding
deficiencies of Schouten's apparatus. Hoogland's expla-
nation of Schouten's finding that a residue and a pure tone
do not interact with each other is not convincing. Hoog-
land supposed that this effect was due to irregular vari-
ations of the angular velocity of the slotted disk of Schou-
ten's optical siren. He stated that the difference tone,
showing corresponding variations of frequency, could
thus not be detected by a wave analyser or by the search-
tone technique.
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Thin nfe ' - . Two tones, one of
whioh g i ROOREIRNE TRRGURRY, ahow & varylig phase
colation, mo thst the wingp Hiede of e combination varies
i woll, The banle 10 the sew) alie tone experiment will be
frpragubar bl Just am pronRoun od am tor tonos with con
pipnt Tregquenoy

1 addition 1t e diffioult to mee how the anomualous be -
haviour of Interaction could be restricted to the differ-
gnoe tone only, The fundamental, when added to the com=
plax, will show wimilar frequency variations, while (U ls
poported by Schouten to hehave normally in every res
upeot,

[rrogular frequency was introduced in our experiments
deliborately (section 3.1), and it proved Lo cause sevars
Lmpafirment of the regidue tonality. Since Schouten's ram-
{diue was highly tonal, the frequency of hisg signal muwl
have been sufficiently constant.

7.4, The explanation of Hoogland's negative results an rae-

gards the reaidue is to a great extent given by Liclk=
l{der. He argues (L-3, page 106) that from the rvesearch
of Mathes and Miller the conclugion musat be drawn that
the residue is much enhanced by the appearance ol o ilen
and valleys in the waveform.

In loogland's experiments the relative phases of the
components, though nearly constant, could nol b chiosen
at will. The experimenter had to accept the conditions
they presented themselves. Hence the phase conc L one
necessary for production of an accentuated wavelorm
will in general not prevail.

According to Licklider, "it appears likely ..., thal
Hoogland missed the regidue because he did not contral
the phases of his five sinusoids in such a way ag to ap
proximate an impulsive waveform!.

The effect of changing the phase relations 18 invest
gated by Licklider in a direct way (section 1.8), and the
results fall in line with his suggestions (Li=3, page LT
L-4}).

Our experiments confirm the phase effects found by
Licklider (see section 3. 6). In conditions corresponding
to Hoogland's the residue ig only ravely present, namely
when the peaks of the total waveform are very pro
nounced (extreme case of the intermittent residue, see
section 5.8). We canthus suggest that Hoogland's negative
result is largely due to the wide separation of complex
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region and difference frequency. One can suppose that
Hoogland's results would have beendifferent when a lower
frequency region had been chosen. The following experi-
ment has been designed in order to explorethe behaviour
of the residue in various regions of the mean frequency.

An incoherent complex is produced by shifting with the
double modulator the frequencies of the sum of four volt-
ages produced by four independent tone generators. The
original frequencies are 200, 400, 600, 800 ¢/s. At these
low frequencies the tone generators are reasonably sta-
ble. It is found that the transition of continuous to inter-
mittent residue when the frequency shift is varied is less
sharp than in the case of partially coherent complexes
obtained by the modulation method (section 5.8). Never-
theless, a residue is manifest when the frequency region
of a completely incoherent complex is chosen rather low.

This illustrates that, whenever criticism is to be for-
mulated, one had better not disregard the exact condi-
tions used by the criticized author.

7.4, In the research described in this thesis most of the

results obtained by Schouten are confirmed. Also
his theoretical remarks do apply to a great extent. Belfore
entering the discussion of the remaining discrepancies
we need to stress one fundamental point. Schouten de-
scribed the residue as a subjective component that is not
subject to further aural resolution. In fact this definition
of the residue implies a kind of recipe for finding it.

In our experiments on phase effects the close relation
of the residue to a lack of resolution is again demon-
strated. This justifies our adoption of the name ,residue"
for the phenomenon under concern.

The main subject of this section, however, is a dis-
cussion of the discrepancies between Schouten's results
and the findings reported in this thesis. The first of these
is Schouten's observation that the residue as well as its
pitch are most prominent when the complex contains the
higher components.

In our experiments we duplicate the finding of Small
(S-7) that the tonality decreases with increasing mean
frequency. The difference is easily accounted for when
one realizes that in Schouten's research the number of
components increased with increasing mean frequency.

The existence of a tonal resgidue arising from a large
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number of components with small relative separalion s
proven by Rosenblith (R-2).

This experiment is duplicated by Licklider (L-4) for
demonstration purposes. A series of equidistant pulsos
is filtered so that only the components above 4000 u/n
are passed. The pulse repetition rate is varied from 100
to 1000 ¢/s. The sounds thus obtained are alternated with
sinusoids having the same frequency as the preceding
pulse series.

It is demonstrated that the residue pitch s egqual Lo
that of the following pure tone and that both show (he
same musical intervals.

A divergence that is more difficult to explaln away
bears on the crucial experiment for Schouten's theoral
ical discussion. He found a signal consisting of pulses
of alternating signs to have a pitch equal to the repetition
period even when the lower components were supprossod,

In our experiments a corresponding signal always had
one of two pitches both deviating somewhal from the dif
ference frequency (section 3. 3).

In order to investigate the discrepancy our experiment
was extended to the case of a wide gpectrum nol unlilke
that used by Schouten. No tendency for perception of a
pitch corresponding to the repetition rate was noticed,
however.

The discrepancy was further investigated by duplicul
ing Schouten's experiment as closely as possible,

This is done by synthetizing directly the signal con
sisting of alternating pulses. The fundamental i cancel
led by the addition of a sinusoid of the same [roquenay,
When the production of additional components ia caralul
ly avoided, a pitch corresponding to the repetition period
is never perceived. This result is not altered whon the
gsignal is filtered by the continuougly adjustable ey po
that only a part of the components ia passad,

It is suggested that Schouten's result may have haon
due to a slight asymmetry in the waveform la hisn signal

7.5, From our experiments it ig evident that tonality ol
pulsed noise is nearly absent, This diverges from

the regults of other inveatigators,

Miller and Taylor report thal the fregquency ol pulsad
noige can, though poorly, be matched to a pure tone,
From this they conclude thalt pulsed nolse has plteh, The
difference limen for pulse Trequency o surpelsingly
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small. These figures are obtained by objective, statis-
tical methods.

However, the criterion for discrimination need not be
pitch. The method of subjective abstraction used in our
experiments, leads us to suppose that the dis crimination
criterion is psychologically not related to pitch.

Small (S-7) gives the results of pitch matches of pure
tones to complex signals. Results for pulsed noise and
for pulsed sinusoids were obtained in a similar way and
reported together. Though the matching ability is gener-
ally poorer in the case of pulsed noise, the difference
is far less than that indicated by our experiments.

The difference may be attributed to two factors. First,
Small used comparison to pure tones exclusively. The
comparison of two sounds without timbre resemblance
seems to impair the accuracy of any judgement, so that
differences between various conditions, though observ-
able, are reduced.

Second, Small pooled the results of poor observers in
his computations. This too diminished the quantitative
expression of the difference found.

That the per cent accuracy for pulsed noise is of the
same order of magnitude as that for a pulsed tone is
stated not to imply any similarity of subjective tonality
(private communication).

Qur negative result about the tonality of pulsed noise
has recently been confirmed in a paper of Mowbray,
Gebhard and Byham (MGB-1).

7.6. The use of inharmonic signals, indicated by Schou-

ten's observations, has in our research led to most
interesting results. In various papers the use of such
signals is reported.

Fletcher describes that a frequency shift of 30 ¢/s to a
complex with 100 c/s frequency difference destroys its
tonality. From our experiments it is evident that it takes
a good deal of training to observe pitch shifts in com-
plexes of corresponding parameters. What is pointed out
in section 7.1 applies even more for inharmonic signals.

Mathes and Miller report that the presence of a basic
pitch is not restricted to harmonic situations. They do
not mention, however, whether the pitch of an inharmo-
nic signal deviates from the modulation frequency.

In hig paper on pitech effects of amplitude modulated
gignala Small reports that  the eame with which the porio-
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dicity pitch is heard is in no way dependent upon having
components of the pulsed tone at frequencies correspond:
ing to harmonics of the repetition rate" (reference 8<%,
page 75’?). He further states that the pitch level of inhar

monic signals appears exactly to follow the repetition
rate when it is swept over a wide range, and the carrier
is kept constant.

Atfirst sight the second statement seems to be*in con
tradiction with our results.

Small's figures reveal that he used carrier frequencios
higher than the tenth harmonic of the modulation frequen -
cy. Under comparable conditions our pitch experimaonts
suffer from decreased accuracy. Pitch shifts due to In-
harmonicity could even no longer be determined,

For constant centre frequency a change of basls fre-
quency causes a corresponding variation of pitch Lime
presgion. In this light Small's results are in agrecmont
with our experiments.

7.7 It has often beentried to trace the "Fourier frequens

cy" of a complex sound as distinct from the subjoc
tive pitch. In most cases a subject was asked to compare
the complex sound with an adjustable pure tone. The in
tention was to determine if the subject experienced a
subjective tone corresponding to the migsing fundamentul
of the complex sound.

Sometimes a preference was indicated for matohing
the pure tone to the frequency region of the componanis
presented. The conclusion was drawnthatfor such sounds
two pitches are perceived, one corresponding to the rep
etition frequency, the other to "Fourier frequency" (8-7,
DSM-1, L-2).

Once it is realized that thig is incorrectly exprosuod,
the inherent limitations of the method become apparent,
[for the phenomenon under concern the purely subjective
method of Schouten's is to be preferred. Only when the
fundamental evidence is clear to the experimenter ho
may design psychophysical methods for evaluation of
guantitative data.
~ These should involve the matching of nottoo far differ
ent gounds.

The impossibility of even crude determination of
Pourier frequency of n complex ylelding n residue in ob-
vious. The frequency reglon of the complex lg perceived
ne oo vague timbre,
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The only way of determining it is comparison withnar-
row hand noise of similar bandwidth and adjustable fre-
quency region. Even then it can be doubted if anything
consistent is borne out, inview of the profound variations
of timbre with the phase relations.

0

Chapter VIII
THEORETICAL ABSPECTS

8.1. The signals used in the experiments described show
certain regularities in the waveforms as well an in

the Fourier spectra. These constitute two aspects of the

signals that may both be relevant in determining pitah.

Waveform and spectrum properties will in thig chaplor
be worked out separately so as to give rise to two basle
schemes of the determination of the residue pitch. Thowo
will be called waveform and spectrum descriptions res
spectively.

For harmonic signals the residue pitch corresponds to
the repetition rate of the waveform and also to the grouts
est common divisor of the component frequencios.

We will try to find extensions of the concepls ol poriod
and fundamental frequency that apply to inharmonic wig-
nals as well. These extensions will be called paaudo-
period and pseudo-frequency.

It is supposed that the residue pitch is determined by
the ear from either of these aspects of the signal. The
expected pitch of an inharmonic signal can then be coim-
pared with the experimental data given in seclion b, 2,
When the agreement is reasonable a tentative residie
theory can be proposed that has its basls analogue in
ecither the waveform or the gpectrum description, Hy
taking into account the physiology of the ecar as far am 11
i known to-day, a choice between the two possibilition
may be attempted.

8.2. The period of a harmonic signal 18 the smuallest

time separation after which the wavelorm reponis
itself. IPor a slightly inharmonic signal there ig still n
pimilarity between the waveforms in successive pariods

cof the envelope, Thia leads to the concept of paeudos

|u'l‘1tld.

Congider a harmonic complex, the centre tone of which
(9 the kth harmonie of the basis frequency b, The period
tw 1/0. The complex {n made inharmonic by a centre tone
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deviation d. For small d one can determine a time sepa-
ration over which the similarity of the waveforms in suc-
cessive periods of the envelope is maximal. This "pseu-
do-period" is indicated by the arrow in Fig. 8.2.1-A. It
is a continuous function of 4 and, consequently, of aj e
(which is equal to d/b). | i

It becomes equal to the true periodicity 1/b when oy is
ZEero.

In general there is an ambiguity in the choice of the
pseudo-period. This is easily demonstrated when o is
increased beyond :. The pseudo-period can be extended
continuously for these values. As Fig. 8.2.1-B shows,
the pseudo-period still represents a time separation of
similar waveforms though the similarity is no longer
optimal.

For a given signal several pseudo-periods can be found
that may differ in degree of similarity (Fig. 8.2. 1=

This ambiguity parallels the multiplicity of the inhar-
monicity index (section 2.5). The pseudo-periods can be
distinguished by attaching the subscript j so that the
pseudo-period Pj becomes equal to 1/b when the corre-
sponding atj is zero. One of these indicates maximal sim-
ilarity. This is called the principal pseudo-period. In
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Fig. 8.2.2 Expected pitch as de-
rived from the paeuda
period,
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view of the definitions - given in section 2.5, it will be Fig. 8.2.1 Waveforms and pseu- ,
denoted by Pj. do-periods of inhan- /
Notwithstanding the crude definition of pseudo-period monic signals. .
given above, a good estimate of the dependence on centre A: ag = -0,4; the arrow o“‘—'—‘—‘—‘—'—'—p.-"—ﬁ;'—t
and basis frequency can be obtained. When the envelope - ;‘;)d‘:cfaegffhe ,
is a slowly varying function of time, the pseudo -periecds " indicates Py arrow Fig. 8.3.1 Typleal example of
are nearly completely determined by the fine-structure C: ag = +0,4; the arrows 11:{(;})'-. ilh':lll»[)ll"tl Hnen
of the waveform, which in its turn is given by the centre indicate P7, Pg, and (-;(,.]_'u ¢ the enveiope

Pginorderofincreas-

tone @. All pseudo-periods will thus be nearly independ- 4
ing length.

ent of the basis frequency. For a harmonic complex, the
centre tone of which is the k!l harmonic of the basis
tone, the parameter aj) is zero. Hence the principal
pseudo-period Py is equal fo the basis period. It is then

Fig. 8.2.2 shows the expected pitch for
‘ \ xpec pitch for various values
of a/b. The full lines indicate pitches derived [rom [n'l:l

reasonable to assume that the pitch of an inharmonic ‘?i-f”ll_ pseudo-periods. The dashed lines are continuous
complex with small o corresponds to £y (waveform de- extensions, which correspond to the other pseudospor
geription). : lods.

Fig. 8.2.1-C reveals that P; is nearly equal to j times al o :
the centre-tone period. This ‘applies to P, as well. The 8.3, A more accurate definition of pseudo-period can be
expected pitch for small a) will thus be equal to a/k. p.1-mr1dg-:d_hy the concept of autocorrelation,

This corresponds to the "first approximation" of the res- ‘__”_he-“ the signal is represented by f({), the autocorre
idue pitch (section 3. 4). lation function (7) is defined as
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This function represents an average degree of simi-

larity of signal values separated by a time 7.
Thy:e pseudo-periods shall be taken to be the values of

for which @(7) has a (relative) maximum.
For the signal

+N
fiY = E Cpn COS {(k+ak+n),ut+¢fn} (1)
n=-N

(compare equation 1 of section 4.2)

the autocorrelation function is
+N
e(r) = 2 an cos (k+ o ¥ n)pr (2)
n=-N
£ the components of (1) do not appear

+-Khintchine theorem
Fourier transform of

The phases ¥ © _
in (2) since according to the Wiene
the autocorrelation function 1s the
the power spectrum of the signal. . ;

Tﬁe genegalized amplitude (see section 4.2) of p(r)is
given by the complex function

+N

c(r) = 2‘ Cn2 exXp L nuT.

n=-N

When c(7) is written as

c(r) = C(r) exp i ¥ir):

the. autocorrelation function can be expressed by
olr) = C(r) cos {(m a Jur * s&(r)} (4)

in which the envelope C(7) of ¢(7) is given by

C(r) = \%E cn2 cos nur)? + (Zcy? sin nur)?

(compare section 4. %)

The envelope has a maximum at

and is symmetric with respect to this point. Slnee the
envelope is periodic the curvature al 7 = 7q i equal to
that at 7 = o.

Hence the curvature at 7 = 74 i8 always negative, The
phase-modulation term ¢(r) is zero at 7= 7. For aslg-
nal with symmetric spectrum (C.n = € p) it i8 zZero for
any value of 7. An example of the autocorrelation fune-
tion in this case is depicted in fig. 8.3. 1.

The principal pseudo-period is the value of 7 for which
o(r) has an absolute maximum in the range around rg.
When @, is zero this maximum coincides with thal of the
envelope at 7o. For small &, the value of P is close to
To:
In order to obtain a crude estimate of Py we introducs
two approximations. First, the phase modulation Y(r) In
taken zero. Thig is fully legitimate in the case of a sym
metric spectrum. Second, the envelope C(r) is taken an
congtant in the range around 7. It i8 now easily soon
Il.)h.:z_t[ P, is found by putting the argument of (3) equal to
27k

(k + ay ) Phe = 2k (4)

Thus P, 18 equal to k times the centre-tone period,
The expected piteh lovel Lu thon a/k. This corresponds
(o the "fiest approximation” introduced in section 3, 4,

Th




A more accurate solution can be obtained by taking in-
to account the curvature of C(r) in the range of T around
7o. This curvature is negative so that the maxima of
¢(r) are displaced from the value given by (4) in the di-
rection of ro. The expected pitch shifts due to inharmo-
nicity are then smaller than those predicted by using the
"first approximation" concept.

Experimentally it is found that the pitch shifts are
larger than the "first approximation" values.

The agreement between experimental and predicted
values can be improved by taking into account the phase
modulation of (7).

As said, ¥(r) is zero when the spectrum is symmetric
with respect to the centre tone. The experiments have
been performed with symmetric objective spectra only.
Phase modulation of the autocorrelation function can be
important only when the symmetry is disturbed by fil-
tering of the signal before the analysis is made.

The coefficients ¢y of ¢(r) now include some weighting
factor assigned to the components.

In order to improve the agreement the weighting fac-
tors have to be a decreasing function of frequency (com-
pare section 5. 4).

g.4. In this section the concept of fundamental frequency
will be extended toward inharmonic complexes. The
derivation consists essentially in looking for a frequency
near to the basis frequency that is an approximate com=
mon divisor of the presented frequencies. This frequen-
cy is called pseudo-frequency.
The component frequencies are represented by

(k + oy + 1) b (1)
(n= -N, -N+1, o AR L DN

The frequency Py for which the harmonics

(k+mn) P (2)
approximate the glven frequencies as much as possible
is the pseudo-frequency. In the spectrum degeription we
aggume that the piteh i equal to the pseudo-frequency.
1

As a quantitative measure of the accur i
_ acy attained we
. dzetermme the sum S gf_ the squared differences of (1) and
( )i each term containing a positive weighting factor
;vg;ght includes the amplitude of the corresponding ::nm-1
ol .

The sum S is now given by

+N

Sa= 2 Wy {(k*l-n-l*(!k)b = (k e Il) f"k}&

n=-N

The given frequepcies (1) are approximated by the har=
monic series (2) with maximal accuracy when § i mini
mum (method of least squares). |

Solving the equation

T = 0
o pk
for pk yields
+N
gl
2 Wa (l F ](’
b n=-N
o & e
Ty
E Wy (Lt k_)&
n=-N

I'he :—*fe':(::ond term represents the expected pitch shill
due to inharmonicity. The second factor of this term Lu
in most cases nearly equal to unity.

l]'u?_ for:mul.a can be simplified by the introduction of
the effective k. This ig defined by

FIN
2: " 1
Wi (1+ k)
I¢ fne==N
I{l'il. lN !

2

ne.N (COmpare section b, 4)
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Gubstitution into (3) yields

ba '
4. # bt k 4
k Kot (%)
When kg 18 taken equal to kK, as ig admissible in many

cupes, this reduces to
(4]
Dr* 3 (9)

This is a pseudo-frequency corresponding to the ap-
proximate principal pseudo-period given by equation (4)
of nection 8, 3.

Phis result does not appear unexpected. Due to the
volation between power gpectrum and autocorrelation
funcilon the derivations of this and the preceding sections

are esmentially gimilar. A geparate treatment is given

here as a haslc analogue of a possible hearing mecha-
fhm .,

When the summations in (3) are carried out under the
aasumption that Wen = Wi, Keff 18 found higher than k.

Thig means that the expected pitch shifts due to inhar-
monleily are grmaller than those predicted by (9)- The
agreement between pseudo-irequency and the experi-
mental residue pitch can be jmproved only when W, is a
decrensing function of frequency, such that Keff becomes

gmaller than k.
4inee the dependence of pitch upon the cormplex width

g small, the effect of the presence of one particular
component is by far too small to be measured. The
weighting factors thus cannot be determined directly.

In the present derivation, ®n represents the subjective
importance of a component. Although the experimental
results bear on the case of equal objective amplitudes of
the components, the subjective amplitudes may not be
equal. Furthermore, it seems reasonable to assume
that frequency differences are measured by the ear ac-
cording to a scale which has the difference limen as unit.
In this way & physical picture of the weighting factors
can be obtained.

In order to show the effect of various gubstitutions we

take W, a8

(i

AR R z
“n {k-i-_ﬁ} ’

.Ea(':Ttl;.i tl?/hle shows for various values of z the correction
e kefme cases co;responding to the experimental
v tlns. or comparison the corresponding data of
4o 1 atio of r_ne.letsured pitch shifts and "first ap roxima-
tion" values is included. ¥ i

Table of k/k ¢f (Section 8.4)

N k k/kefs

exp. theor.

z=0 z=1 z=2 z=3

2 5 148 %) 0,93 1

; : 1,09 | 1,18
2 8 1,25 ¥) 0,97 1 1,63 | 1 (117
s |12 | 1,17% | 0,99 1 10l | 1,03
2 9 1,15 **) | 0,98 1

; : 1 1,02
4 9 | 124 %) | 0,92 1 1,10 %g?
7 o | 176 *%) | 0,81 i 1,46 | 2,15

¥) average of measurements is f
on basis ie {
e g e i is frequencies of

so) basis frequency 200 c/s, see Fig. 5.4.1.

Irggzﬁc;h?hgiﬁefencef lt:iilmen is taken as proportional to

value o e exponent z is t

table itis seen that the cor i sl

rection fact i i

to ria‘ccount fo;" the experimental dat;. e e

nearl}le e_xgerlmental values of the correction factor are

i cog t111 tependent of k when the number of sidebands N
stant. In order to explain this z must increase with

k.

8..5. Etigcgsonu?. 3 the‘pr:i.ncipal pseudo-period is calcu-
s f maximum that is closest to the maxi-
i lmmnx;vergg;(;f(;k;etla;utocorr&elation function. The
| : a represe e pseudo- i il
Liu.cet.i' in section 8.2 with j diffe?ring ?rglilr;?dl&:'t £u5ntr0~
p.[:;)x{mation Pj is equal to | times the centre‘~to:1e - ’a?:l_
This ambiguity of the pseudo-period is introducggxt‘lll?or;

i




the consideration that the problem under concern may

not have a unique solution.
A similar plurality of so
ment of section 8.4 when it
frequencies

lution emerges fromthe treat-
is realized that the given

(k+ oy +n)b (laklg 3)
can be approximated by the harmonic series
&+ p; G

Solution of pj yields

+N
2 wn(l-rjrl)
k - j+ g il
L S +N
2 Wy (14 5)
n=-N

When again the correction factor is taken unity the ap-
proximate solution 18

Still other pseudo-frequencies can be obt_ainedﬂ \;hm}
the given frequencies are compared to a series of har
monics which are not adjacent to each other. |

The resulting pseudo~frequencies corres_;pon.‘d.‘go 1pseu—
do-periods appreciably larger than the ba_sm per iod. !

These extended solutions can describe the mu tual cor
respondence between different ;.:.1:-10]:1:-:1*}1‘0?:-1 of the ]{HL(iLl(l
which are at first sight :10111‘ ']'{If.li]l.tfd. _I. h:..:: rl,l‘: ‘1].1..;I.u.u__4t1.3. el

he following treatment of inharmonic S1i als. _
i '1‘:itlm:—mii(::'ll:l-‘1{\f|:1r!.nh.u.l'nmrri|.-. pignal the centre tone of which
(g kb o+ d, When d in o submultiple of b, may

1o

d = — (m integer,

all components are harmonics of the frequency b/m, The
signal has then an exact repetition period m/b which 1§
equal to (mk + 1) times the period of the centre tone,
When m is large this period is long, it may be of (he
order of seconds.

The sound is expected to be perceived as [luctunting
according to this period of repetition ("inharmonioity
beats", see sections 3.6 and 3. 7).

Experimentally, inharmonicity beats are absent whei
exceptional circumstances (section 6.4) are excluded).

When d is increased from the value 0/m one can g
an approximate repetition period which is a continuous
extension of the period m/b .

This will closely follow (mk + 1) times the centre-tone
period.

If d approaches the next submultiple of b:

& =k g

a new pseudo-period, nearly equal to (mlk =k + 1) thmes
the centre-tone period, indicates a better approximation
of long-time periodicity.

When d is increased from zero, the submultiples of |
are lying close together and the long-time period (s o
the average equal to 1/d. As said above, it ig found that
the auditory sensation generally does nol repeat itasll
with a frequency nearly equal to d.

For still higher values of d the frequency corrosponcd
ing to this pseudo-period enters the auditory range

The experiments show that a corresponding piteh non
gation does not arise,

Even when d= 40, where the components become o
multiples of 40, the pitch certainly does not correspond
to the exact repetition rate §b (see gections 3.4 and 7.4),

From thig derivation it follows that the absence of "in
harmonicity beals" is related to the absence of a pitah
gongation corresponding to the exuel repetition period of
a "symmetric signal”, One can conclude that the experl:
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ments indicate that the pseudo-greque'ncies Pj and the
pseudo-periods Pj; with an index appreciably larger than
k are not relevant to pitch. .

The question why the experimentally found_ pitch cor-
responds most closely to the prineipal solutions p; and
P constitutes a separate problem.

n view of the definition, Py indicates the largest max-
imum of the autocorrelation function in the range arlound
ro. The pseudo-frequency Py given by equa’cl‘on (3) of
section 8.4 leads to a smaller value of the function Sthan
the solutions p; given by equation (1) of this sectionl, pro-
vided that the absolute value of oy is gmaller than g,“an_d
j is of the same order of magnitude as k. Thus pk indi-
cates the closest approximation of a fundamental fre-

uency. _
. Froym this discussion it is understood that, if pitch is
determined by the ear in a way analogous to one of the
methods treated here, the pitch will correspond most
slosely to P or Pk

i Thcyonly 1§3cc:ajs§{on where experimental eyidence for a
pitch corresponding to the other soluticns ng and ]Jj with
j # k) might be present is found at the high end of the
centre-frequency range (see section 3. 2). The accura-
cy of the experiments is, however, insui‘imlem.to dis-
cloge whether the judgements actually correspond to
these solutions or not.

8.6. The waveform and spectrum descriptions treated in
the preceding sections are introduced as two basic
schemes of residue theory. The concept of pseudo-period,
as an approximate period, may be r’ele?vant_to a neuraly
mechanism that acts upon a cochlear vibration more or
less similar in waveform to the presc.nted' signal. The
pseudo~frequency as an approximate lundan}ental f_r"e—
quency could describe the ultimate result of an a.(:tlon
elicited by completely resolved componen‘lcs._ Since the
theoretical results of both types of description are so
highly similar, no further light is shed upon 'Ll'u.a actual
mechanism that underlies the residue phenomenon.

We cannot resort to physiological data on the amount of
resolution before the residue pitch is determined. We
can suppose that this resolution is carried out by 1'1(!{1}'.1.3{
linear means such ag mechanical [iltering. Supposing
that the resolution is insufficient for geparating the coime-
ponentg, n residue theory cun be develaped according to

W

a basic pattern given by the waveform description, Wh
the resolution is nearly complete. a theory according
the spectrum description emerges.

Data on the over-all discrimination power ol (ho o
(discrimination of pitch, critical bandwidth for masii
indicates that the relative discrimination {g fn crude a
proximation independent of frequency, It seemy Fanso
able to suppose that the resolution of the ear bhelore |
residue pitch is determined can be described by a oo
stant relative bandwidth.

The components of a complex with low ratio Ik of cent
and basis frequencies are then nearly completoly sap
rated. This means that for this case the spootirum d
scription applies.

For complexes with high values of k the relative sap
ration is so small that separation by nearly Hneur man
is improbable. These signals can be treated tn Loring
the waveform description.

8.7. In the experiments it is observed thal beats arl

when the gpectrum of an inharmonic glgnal axton
into the region of "negative frequencies" (soe poull
3. 7). These inharmonicity beats are generally nol hea
when the spectrum is confined to positive [requencie
When the number of components is low, this differen
of properties can be demonstrated only whan the bl
of centre and basis frequencies is low. This implion
the relative separation of the components i8 large, [l
reasonable to suppose that here the resolution af 1
components is nearly complete,

The effect is easily explained in terms of the spealit
description, namely by taking into account thal comp
nents of nearly equal magnitude of {requency Inforie
Of course the effect can theoretically be explalined
terms of the waveform description as well, It in, o)
ever, unreasonable to supposge that the signal, witho
substantial filtering, is gsubjected to autocorrelation i
y8is.

For complexes of low k the theory based on the spa
trum description may be a gimple extengion ol the pu
place theory. The regidue of a harmonjic complox g
explained in terma of the place theonry by postulati
neural connections between the placon corresponding
harmonically velated frequencios, Thame systematic col
nections can be thought to be orpgamised by the repetitio




oxoltation by harmonic sounds SUoh &8 Gusir 1n svery -
day e, This concept of self-organization 1s not wnoam
mon in modern neurophysiology .

The residue for inharmonic signals can be explained
as well, namely by taking into account that the aceuraoy
of the connection scheme is necessarily limited, The
pitch will correspond to the frequency the harmonics of
which approximate the given tones. The common divigor
method describes the result of this comparigon.

This explanation of the residue does not contain phase
effects, which is in agreement with the experimental res=
sults for this case of "low complexes".

8.8. An actual mechanism according to the autocorrela~

tion method may apply in cases where resolution is
incomplete, so that a few components -interact to give a
compound vibration. This may be the case for complexes
with high ratio of cenire and basis frequencies, where
the relative separation of the components is small.

Such a mechanism may very well admit of phase ef-
fects accompanying changes of the envelope. The pure
autocorrelation method implies precise multiplication
and integration. Even when the integration is incomplete
(Fano, F-6) phase effects may be irrelevant. Precise
multiplication is physiologically unreasonable, so that a
physiological mechanism that acts on waveform aspects
may explain phase effects.

First wetreat the case where a coherent signal is pre-
sented with so small a relative separation of the compo-
nents, that cochlear resolution is far from complete. We
assume that an approximate period of an inharmonic sig-
nal is determined from the time distances of successive
neural pulses. When the neural .pulses are gynchronized
by the signal (Wever's frequency principle) most of the
pulses will be separated by a time distance equal to sev-
eral periods of the fine-structure (section 4.2) of the
waveform of the stimulus.

When the envelope of the stimulis shows pronounced
peaks, a time separation close to the envelope period
will often appear. For a complex of which ak is small,
the most probable group of time-distances consists of
separations equal to k times the centre-tone period, that
is, to the principal pseudo-period. It is assumed that
this is detected by the mechanism (pattern-recognition)
and converted into pitch. The pitch level cannot be other
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than tnversaly proportionsl (e thie e separation be
onime the theory haw to apply ta pure-tone as woell o
:Imnulluu SUm The pltoh e then found olose (o the
Hest approstmation" value

For an inharmonie complex the pulses will not be equl
dimtant, wince the netantaneous phase of the fine-utruc
ture with respecttao the envelope varies continually, The
coneepl of pattern-recognition, proposing that the most
numerable time digtances are utilized, is introduced in

“order to explain the stability of pitch for an inharmonio

complex. Due to the natural lack of synchronization und
to inconstant synaptic delay, a aimilar irregularity will
appear when a harmonic signal is presented. From this
xu}?n[cv that a process of averaging musat be involvoed au

ClLl.

The task of the mechanism is considerably simplifiod
by the appearance of peaks in the envelope. When on the
contrary the amplitude is constant, the neural pulses will
be nearly random with an average distance of about the
ccntrc:—tone period. This may give rise to the perception
of an impure pitch corresponding to the centre frequans
cy. In this way, the extreme phase effects of a complox
with small ratio of basis to centre frequency are undep-
gtood. )

A sigz}al the envelope of which has two or more pouls
per‘basm period of about equal height is expected (o have
a pitch close to a harmonic of the basis frequency. In
our experiments on approximate frequency modulation
corresponding trend has been observed when the relalive
It\)ﬁa&dviridth is small (also compare Mathes and Miller,

8.9. For signals with larger relative bandwidths the

1 cochlear filtering process takes part in the mecha~
nism. At a certain place of the cochlea only a few com:
ponen’gs interact. The envelope of the stimulus will have
a period equal to the basis period when at least three
components contribute to the stimulation.

The most probable distance of neural pulses coming
from one place willnow be an integral number of periods
of the middle component of the interacting components
(appropriate centre component). It still will be close {o
the basis period.

We assume now that pitch is determined from a weight«
ed average of these approximate periods over the places

80




of maximal interaction. Pitch is now determined in a
way between the methods given in the waveform and
spectrum descriptions. The weighting factors introduced
into the calculations (section 8.3, 8.4 and 8. 5) have now
a different meaning. They include the extensions of the
regions of maximal interaction as well as the amplitudes
of the components and the physiologic scales on which
the neural patterns are projected.

By this theory, phase effects in cases of intermediate
values of k can be explained as well. Let us assume that
the objective signal is transmitted to the appropriate
cochlear region with constant group velocity. When the
phases Y¥n (see section 4.2) of the objective signal are
zero, the envelopes of the stimulating signals at the
places of maximal interaction are in phase. This sug-
gests that in this case the action is simplified, so that
phase effects can be expected. The phase effects will
still be related to the envelope of the objective signal.

This case merges into one that corresponds to the
spectrum description when the resolution of the compo-
nents approaches perfection, When Wever's volley prin-
ciple applies, the neural pulses coming from a place
stimulated by but one component will be synchronized.
There will no longer exist a group of time distances
nearly equal to the basis frequency. When pulses coming
from different regions are compared by way of approx-
imate coincidences, it is possible to obtain a series of
pulses where time distances corresponding to the resi-
due pitch outnumber the other separations. A process of
pattern recognition similar to that proposed in section
8.8 may explain the residue pitch.

This case corresponds to that treated in section 8.7
except that now the frequency is preserved in the neural
pulses (Wever's "frequency principle"). This concept
has various advantages. First, pitch bears on similar
aspects for pure tones and for residues. Second, the
function of integral numbers in hearing is evident from
the physical system and need not be acquired by repeti-
tious auditory experience.

8.10. In sections 8.8. and 8.9 the simplest possible de-

scription that explains all basic facts is given.
The three cases treated, narrow, medium, and wide-
band phenomena, did not show large differences in ex-
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pected properties. Yet we have to discuss the bandwidih
of the mechanical analysis of the cochlea.

The bandwidth found by von Békésy is commonly oo
sidered too wide to be relevant to direct explanalion ol
aural discrimination. Improved resolution can be ob
tained by assuming that actual stimulation involves the
higher derivatives of the vibration pattern. This Limnplioy
a great accuracy and in addition, the procegs is suscep
tible to interference by noise of physiological arigin.
Even mechanical sharpening up to a point where the
mechanical bandwidth becomes comparable to the critionl
bandwidth, seems to be hardly possible.

It is therefore reasonable to assume that the stimula
tion pattern of a pure tone has a width corresponding Lo
several critical bandwidths., The resulling pattern is in
its turn analysed by the lower neural partg of the sys
tem. There is ample anatomical basis for this agsump
tion (Ranke, R-3). It seems almosgt inevitable to aggume
thatthe sharpening process utilizes repetition propertions
of the signal, or in other words that neural pulses aro
synchronized at least at this intermediate stage. It 18 not
possible to state explicitly whether the information ahoul
pitch is ultimately transmitted fothe brain ag a sequence
of nerve discharges or as a specific pattern of neural
activity.

We turn now to the case of a coherent complex, Whan
the bandwidth of the signal is comparable to the mechun
ical bandwidth of the cochlea, the stimulation pabteras
overlap a gooddeal. It follows that the neural mechanisim

for perception of single pure tones is impossible, The
perception of a residue may now happen in a way crudely
described in section 8.8. Unless we specily the aotions

elicited by a pure tone, we cannot be precige in the de
scription of residue perception, Il is, however, evidont
that the residue phenomenon is closely connected with

insufficient mechanical analysis. For a "high" complox
with nearly constant amplitude something analogous Lo
pure-tone perception remaing possible as ig evidenl [rom
our results.

When the basis [requency is increagad, the overlup
ping of the stimulation areag of the components ig dimin
ished, Such :a change may lead to the perceplion of n

(continuous) residue for all phape relotions. When the
bagig frequency la higher than the mechanicnl bandwidih
of the cochlen, the stimoalation patterns do no longer
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overlap, and the situation is in favour of determination
of residue pitch aceording tothe common divisor method.
It is highly possible that a change of properties is in-
volved in the latter transition. This might explain the
gradual disappearance of phase effects (sections 5.5 to
5. Tinclusive) and the possibility of "inharmonicity beats"
(section 6. 4). !

One can then conclude that the relative mechanical
bandwidth may correspond to the critical ratios given in
Tables I, II and III (Chapter V). Such a mechanical band-
width is throughout reasonable.

This composite picture seems at the moment the most
promising description of the residue phenomenon. We
should like to emphasize that the residue pitch is re-
garded as the result of a process of averaging. This of-
fers the most promising explanation of the experimental
data.

The present situation calls for further investigation of
physiological processes in the case of complex rather
than pure-tone stimuli. Although the actions involved
when pure tones are presented are already found to be
complicated, this constitutes the only way of obtaining
clear insight into what happens prior to auditory experi-
ence.
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BUMMARY

The research reported in this thesis is devotod Lo the
auditory phenomenon of the residue (defined by Sohouton
as the combined impression of unrcsolved compononia)
The tone complexes have been produced mainly by i
plitude modulation. The residue of a harmonic signal hus
a pitch that corresponds to the fundamental fregquency

Particular attention has been paid to the perception of
inharmonic signals. An inharmonic signal consisting of
equidistant components soundg as smooth ag o harmonlo
one with similar parameters. The pitch level of suoh
gignals is determined by matching a harmonic complox
with variable fundamental frequency. For constant mod
ulation frequency the pitch is found dependent upon i
carrier frequency. The relative pitch shifta due to In
harmonicity are slightly larger than the relative varin
tions of the carrier frequency. When piteh 1s plottad
versus carrier frequency one finds a saw-tooth curve of
which each segment is centered around a harmonlc uibn
ation.

Inharmonic complexes whose (requencies are nol equl
distant show beats which correspond to the continunl
phase variations involved. These phase effects nro '
lated to changes in the envelope of the wavelorm. T'hin
correspondence is found to apply in all cages aludlod oy
cept for conditions of approximate frequency rmodulullon

Complexes with a wide relative separation betwoon ad
jacent components exhibit somewhat different proportion
Such signals show small or negligible susceptibility to
phase changes and, in addition, the inharmonic complexon
tend to produce beats related with the deviations (o
harmonicity.

The results of other authors in the [ield of subjeative
tones are discussed and most of the divergences explain
ed.

Inatheoretical digcusagion it {8 concluded that the moul
probable theory of the residue postulates that approxi
mate periods in the gignal are the bagia for piteh dolor
mination. 'The fundamental propercties of Inharmonl e
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signals as well ag the deviations of plitah from the ox
pected values are attributed to a welghed pverage of the
information coming from partially resolved vibrations.
The phase effects are explained in part by the fncilitution
of this process when special phase relalions prevail,

For spectra of widely separated components a mech -
anism like the evaluation of an approximate common i~
visor to the presented frequencies is suggested. Both
mechanisms are supposed to complement each other go
that no sharp transition is found,
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SAMENVATTING

DIiL proefycheift beschel it cen onderzoek nanr hol = g,
grosldu", door Schouten gedefinieerd als de gewanrwor -
ding van eon groep tonen, die door het oor niet geschel
den worden. Voor de productie van de signalen {8 gobruik
pemankt van amplitude-modulatie. De toonhoogte van het
resldu van een harmonisch complex komt overcoen mel de
grondtoonfrequentie.

Bljzondere aandacht 18 geschonken aan de waarneming
van anharmonigche signalen, Ken anharmonigch complex
waarvan de componenten een constant frequentieverschil
hebben, 18 qua klankkleur en tonaliteit niet te ondoer-
gchelden van een harmonisch complex. De toonhoogle van
de gebruikte signalen is gemeten door als vergelijlklngm -
object eenharmonisch complex met instelbare grondioon
[requentie te gebruiken, Bij constante modulatiefreguon
lie ig de toonhoogte afhankelijk van de draaggolffrequen
tie. In de nabijheid van een harmonische situatie veran
dert de toonhoogte iets sterker dan evenredig mel de
draaggolffrequentie. De kromme van toonhoogte Logon
draaggolffrequentie heeftde vorm van een zaagtand wuun
van elke opgaande tak rbndom een harmonische aituatio
ligt.

Anharmonische signalen, waarvan de componenten ol
equidistant zijn, geven zwevingen te horen die overcan-
komen met de voortdurende veranderingen van de [uson
der componenten. Tussen deze faze-effecten en de poll
vorm van de omhullende van het signaal kan een wodor
kerige samenhang gevonden worden. Deze is onalhanle
lijk van de anharmoniciteit van het complex. Slechis L
experimenten met signalen die frequentie-gemoduleede
golfvormen benaderen kunnen afwijkingen van deze regol
gevonden worden.

Complexen met een relatief grote afstand tussen do
componenten onderscheiden zich experiimenteel door ul-
wijkende eigenschappen. Het residu is weinig of niel go
voelig voor faze-verhoudingen en anharmonische com
plexen geven aanleiding tot het waarnemen van zwevin
gen.
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De resultaten van vroegere experimenten op het gebied
van het residu zijn critisch beschouwd en, voor zover
mogelijk, worden de afwijkingen tussen de verschillende
proeven verklaard.

In de theoretische beschouwingen wordt aannemelijk
gemaakt, dat de toonhoogte van het residu voeor anhar-
monische signalen bepaald wordt aan de hand van bena-
derde periodiciteiten die in deze signalen te vinden zijn.
Het is dan noodzakelijk een zekere gewogen middeling
van de verschillende pseudo-periodiciteiten te veronder-
stellen, om alle gevonden eigenschappen te verklaren.
De afhankelijkheid van de faze kan worden verklaard door
aan te.nemen, dat de taak van het mechanisme verge-
makkelijkt wordt voor signalen met gepiekte golivorm.

Voor complexen met een relatief grote afstand tussen
de componenten is het van voordeel de bepaling van de
toonhoogte analoog te veronderstellen aan het vinden van
een benaderde grootste gemene deler van de frequenties
die weinig afwijkt van de verschilfrequentie. De twee
mechanismen vullen elkaar zodanig aan, dat, van ,lage"
naar ,hoge" complexen gaande, slechts gradueel verlo-
pende eigenschappen kunnen worden gevonden.

B

Appendix

DESCRIPTION OF APPARATUS

A.1. Pulse generator, single modulator, frequency di=
vider, noise generator and continuous filter have i

common supply unit. This unit is of the electronically
regulated type and delivers voltages of +340 V and -H0 V
at a maximum current of 300 mA. The "earth" terminal
must be regarded as a reference point. The current,
either positive or negative, must be limited to 15 mA

The circuit diagram of the stabilizing part is given in
Fig. A.1.1. The input is fed from a conventional recti
fier (choke-input type) of 700 V d.c. output, Throughout
the stabilization circuit difference amplifiers of the
"long-tailed-pair" type are used for comparison of actu
al and reference voltages and for driving the regulntion
valves.

A similar unitisused for the supply of the double maod
ulator.

A.2. The pulse generator consists of three nearly iden
tical channels. In the schematic diagram (see iy
A.2.1) only one channel is shown.

The input signal is amplified by a Schmitt-type phase
inverter circuit, so that both polarities are available ol
triggering the channels of the pulse generator. The Nei
ond stage consists of a digcriminator circuit which con
verts the trigger signal into an approximate aquare wave

The time of the steep riging and falling phases s con
trolled by the bias setting (potentiometer I) of the din

eriminator. The output signal is fed to a Schmitt trigyes
circuit (Elmore and Sands, ES-1). The nearly perfec
square wave thus obtained is sometimes uged in the ox
periments with pulsed noige

When shorter pulses or greater facilities of control of
length and amplitude are required the remaining parts ul
the circuit can be used. The square wave initiates the
action of a phantastron-like clreuit, The pentode com

monly uged in thig type of clroult is replaced by e
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Fig. A.2.1 (above) Circuit diagram of the pulse generator.
Fig. A.1.1 (below) Circuit diagram of the electronic

I

TO OTHER CHANNELS

2.

triodes in a Y-arrangement (g, A. 2.3), The anode
current of the lower triode (A) is allowed to flow through
one of the upper triodes (B and ) which are in turn
connected to each other to form a bi-gtable cireuit,

In the quiescent state the left triode (B) is conducting
The anode of the other one (C) I8 connected via n enthode
follower D to a capacitor leading to the grid of triode A,
The action is initiated by causing the B-C combination to
switch, so that the valves A and C act like a Miller {n
tegrator (Elmore and Sands, ES-2). The charging our
rent is determined by the setting of potentiometer [l (Moo
Fig. A.2.1). The circuit constants are chosen such that
at the end of the cycle valve C atarts to draw grid cur:
rent. This causes the cathodes of B and C to drop in voll
age, so that fly-back action is initiated. Some of the voll
ages occurring in the circuit are depicted in Plg. A, 2.2,

The advantage of this system is that the form and sige
of the triggering impulse are not critical and that diff]
culties arising from the low mutual conductance of the
suppressor grid of a pentode valve are not encountered,
The output waveform is a positive pulse taken off wl the
anode of valve B. The top of the pulse ig perfoatly flat
At the end of the action there is a negative overshool
caused by grid current of valve B.

The final amplifier controls the intensity of the outpul
pulse. The valve is normally cut off, only during the pulse
the anode voltage drops over a predetermined amount
(potentiometer III). All irregularities of the pulses due
to the capacitive coupling to the preceding slage are
smoothed out by a clamping diode.

A.3. A schematic diagram of the basic modulator olraulf
is shown by Fig. A.3.1. The alternating current |
lg divided in two parts, flowing through the valves A and
B. When V = O both parts are equal and no difference
voltage is developed between the terminals X and Y
When the division is such that one of the valves is con
ducting the greater part of I, a gignal proportional to | iu
developed between X and Y. This voltage is alao propor
tional to V if the mutual conductance is proportional (o
the grid vollage. It is thus advantageous to use valvow
with a nearly quadratic anode current versus grid voll
age characteriatic
For guppression of the voltage V two olreults of the
lype indicated by Flg. A.3.1 are combined. The current

b




Fig. A.2.2 Phantastron circuit. Fig. A.3.1 BTasic modulat:r
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I for the second part has the opposite polarity. The com-
plete circuit diagram of the prototype is given in KFig.
A.3.2. It is seen that conventional phase inverters are
used for the two input voltages and that a difference am=
plifier (Elmore and Sands, ES-3) and an output cathode
follower handle the output voltages.

The suppression of the signal V is adjusted by proper
balancing of the I-branches. The suppression of the other
input signal ig controlled by a potentiometer that acls
like adding a d.c. voltage to the V-branch. A third poten=
tiometer determines the mean working points of the two
pairs of modulator valves with the result that digstortion
products associated with the V-signal are minimized.
The upper input (V -signal) is normally used for the cars
rier signal.

A.4. The modulator circuits usedinthe double modulator

) differ only in minor aspects from the prototype des
scribed in the preceding section. The most critical
valves in the low-frequency circuits and the modulator
valves are heated by direct current of 150 mA drawn
from the stabilized supply via two incandescent lamps ol
220 V, 40 W connected in series with the series healer
circuit. Some circuit elements are adapted to the higher
frequencies used and in the final modulator a preampli-
fier is used to match the low output voltage of the band
pass filter.

The oscillators are made as stable as possible without
resorting to inconvenient measures such as the use of a
stabilized ambient temperature. The influence of (he
valves on the frequency is reduced by using the valves as
limiting amplifiers stabilized by d. c. negative feedback
(Fig. A.4.1). The heaters of the oscillator valves are
fed by the stabilized heater current of the modulalor
valves. Ample ventilation makes the drift of the oscilln
tors after the warming-up period almost negligible. The
oscillators are connected via cathode followers and low
pass filters to the corresponding modulators.

Both signals are also fed to a mixer stage (EQ80) which

produces a signal with frequency equal to the differonce
frequency. In order to reject high-frequency gignalas n
third-order Butterworth [ilter is provided., It ia of the

R-C type with feedback from the cathode-follower oulput
gtage (compare Thiele, T-2), The mixer stage allows
direct measurement of the nel froquency shift
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Fig. A. 7.2 Circuit diagram of the noise generator,
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A.5. The action of the frequency divider is described in
section 5.1. Little is to be added tothis on congid-
ering the circuit diagram (Fig. A.5.1).

[§12AT 7]
004
@\ O oM )eke
"‘"%,_ {’ ? out
T 25u.|0.?
Mi

Fig. A.5.1 Frequency divider.

The principal capacitor C ig divided in two patls in
order to reduce the output voltage. This allows us Lo une
a cathode follower for separating the actual civcull and
the load. Capacitor C is charged by the combined aclion
of a trigger circuit T, a capacitor D, a ¢lamping diode
A and the earthed-grid triode B. The frigger ciroull con
verts the input signal into a square wave at the poinl X

In the positive-going phase the capacitor D is charged
through the diode A. In the negative-going phase the on
pacitor digcharges through the cathode circuit of valvo
3. The cathode resistor Limits the digcharge curvent and
prevents grid current, The charge of capacitor I Ig thus
transmitted to capacitor C.

A configurdtion similar to the Puckle time-base clroull
causges the capacitor € to discharge when a certaln
threshold vollage ig passed. The threshold is determinad
by the working point of valve B

The discharging action must be relatively slow in or
der to engure that no remaining charge on C ig left, due
(o the remainder of the initiating pulse. For this roason
the reafator in the gathode of valve B ia chosen ag low ap
lo compatible with absence of grid current. Since only
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small time constances are involved the adjustment needs
no correction aver a wide range of frequencies.

A.8. The continuously variable filter is based upon the

double-T-network. The theory of this network as
adapted to realization of given poles and zeros was com-
municated to the writer by Dr. F.A. Muller (Physical
Laboratory, Amsterdam). By suitable choice of constants
one of the poles coincides with a zero. The remaining
(complex) zeros can be placed at the desired positions in
the complex-frequency plane by feeding appropriate parts
of the input voltage to the input terminals.

14c

c’
Vl.V, = (—1:), .Vin

Fig. A.6.1l Double-T-network.

The configuration is shown in Fig. A.6.1. The circuit
constants are expressed in deliberate unities. The input
terminals are connected to the voltages Vi1, Vg, and W.
When x + y = 1 the response is a rational quadratic func-
tion of the complex-frequency variable s:

Vi +2Ws/x + Vgs?
1 + 2s/x + 2

The absolute value of the zero's is

100

Fig. A.6.2.Division circuit.

-

and the decrement
Ui 2W£x
VAN

WhenV{Vs is constant the decrement can be controlled
by W and the absolute value by V1/Vg Fig. A.6.2 shows
a configuration for realizing a constant product V Vg,

The zeros can be approximately converted into poles
by insertion of the network into a feedback loop. In order
to obtain separate control over zeros and poles the filler
is part of the ‘direct loop as well. The complete circull
diagram of the prototype needs little comment (Fig. A.
6.3).

Nearly logarithmic control over W is obtained by con
nection of a linear variable resistor (with a fixed resis:
tor in series) to the points from which the input voltages
of the circuit of Fig. A.6.2 are taken off. This measure
minimizes the asymmetry of the load upon the appro-
priate phase inverter.

The bandwidths attainable in band-pass situations wore
not very narrow, due to the approximations involved in
the electronic design. Especially the distortion of the
valves causes the circuit to have properties depending
on the amplitude of the signals. In this respect the clv
cuit is not an ideal one. For the functions here describod
no difficulties were encountered.

A.'7. Instead of a gas diode or a saturated vacuum diode

a cold-cathode discharge valve of type 86 A @
(Philips)is used as the noise source for the noigse gener
ator. The noise obtained in this way has a flat apectrum
extending to over 16.000 c/s as is revealed by the spoc
trum depicted in Fig. A.7.1.

The noise source isfollowed by a two-stage differential
amplifier with feedback (Fig. A.7.2). At the outpul the
noige can be taken off in push-pull, a feature that I8 con
venient in some experiments planned for the future

A.8. The earphone (Permoflux type PDR-10) i used to

engure that the signal ig trangmitted to the ear with
fair fidelity. The frequency regponse, meagured with an
artificial ear (6 ce cavity), ls plotted in Flg. A. 8.1, The
carphone {8 connected via 10 k€ to an audio amplifier of
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Fig. A.7.1 Noise spectrum as Fig. A.8.1 Frequency response
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Fig. A.6.3 Circuit diagram of the continuously adjustable filter
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All triodes type 12AT17, the pentode is of the type EIF 86.

conventional design (provided with 20 db voltage feod
back). This amplifier can, if desired, drive a loudspeals
er for demonstration purpcses. The normal load resis-
tor of 8 {} can be replaced by the 10 k) of the recelver
circuit without causing instability due to the feedback,
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STELLINGEN

1
Het is onjuist alleen uit het Haas-effect en het bestaan van binau-
rale zwevingen te concluderen, dat de frequentie van signalen fot
in hogere zenuwcentra behouden blijft.

11
De indruk, dat regressie aanwezig is alleen op grond van bepaling
van aangename luidheid en pijngrens, dient, vooral in het geval
van hardhorende kinderen en bij reeds lang aanwezige doofheid,
met reserve te worden aanvaard.

111
Als uitbreiding van de ijking met behulp van een radioactief pre-
paraat kunnen proportionele telbuizen, bedoceld voor kosmische-
stralenmetingen, geijkt worden door het invallen van enkelvoudi-
ge deeltjes met energieén in het gebied van minimum ionisatie te
registreren.

v
De manier waarop van Dranen de rotatie-energie van COg in het
critische punt afleidt, is aan bedenkingen onderhevig.
J.van Dranen, J.Chem.Phys. 21 (1953), 1404,

v
De mening, als zou een isolerend membraan dat aan beide vlak-
ken een constante lading draagt, geen kracht ondervinden ten ge-
volge van twee aan weerszijden geplaatste vlakke electroden met
onderling gelijke potentiaal, is onjuist,
Wireless Engineer, 32 (1955), 119.

VI
Voor de realisatie van eenvoudige filters met gegeven nulpunten
en polen kan men met voordeel gebruik maken van dubbele-T-net-

werken in combinatie met terugkoppeling.

VII
Voor het berekenen van een laagdoorlatend filter, waarvan de
responsie in een zeker frequentiegebied binnen gegeven toleran-
ties ten opzichte van de responsie bij frequentie nul moet blijven,
kan men gebruik maken van Tschebytchev-polynomen waarvan het
argument een kwadratische functie van de frequentie is,

VIII
Bij de behandeling van een tegengekoppeld systeem, waarbij de
tegenkoppelspanning zowel van de uitgangsspanning als van de
uitgangsstroom afhangt, dient het begrip impedantie met reserve
te worden gehanteerd. De beschouwingen van Clements en Childs
over dynamische tegenkoppeling hebben hierom weinig betekenis.
W.Clements, Audio Eng. Aug. 1951, Mei 1952.
U.J.Childs, Audio Eng. Febr. 1952.
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X
De demping van de fundamentele resonantie van een electrodyna-
mische luidspreker, die deel uitmaakt van een dynamische tegen-
koppeling, kan onder behoud van een gunstige tegenkoppelfactor
geregeld worden door in de tegenkoppelleiding een eerste-orde
filter op te nemen, waarvan de pool vast ligt en het nulpunt in—
stelbaar is.

X
De manier, waarop Olson de inwendige weerstand van de voedings-
bron in het akoestisch vervangingsschema van een electrodyna-
mische luidspreker in rekening brengt, is formeel juist maar
leidt niet tot een goed inzicht in de werking,
H.F.Olson, Elements of Acoustical Engineeving

X1

Voor practische berekeningen van akoestische systemen kan de
stralingsimpedantie van een ronde zuiger in een oneindige wand
vervangen worden door de impedantie van een halve bol met gelijk
oppervlak in een oneindige wand. Op overeenkomstige wijze kan
de impedantie van een oneindig lange strip vervangen worden door
de impedantie van een halve cylinder met gelijk oppervlak per
lengte-eenheid onder dezelfde omstandigheden,

XII
Integenstelling tot de gebruikelijke uitvoering dient de zoekerlens
van een twee-ogige reflexcamera uitgerust te zijn met een dia-
fragma, dat centrale stralen tegenhoudt.

XIIT
Een mogelijke verklaring van de intervallen, voorkomende in een
exotische toonladder, ligt besloten in de boventonen-gtructuur van
de gebruikte muziekinstrumenten.

XIV
Bij het beocordelen van de kwaliteit van een stemmingsmethode
dient men aan de zuiverheid van de intervallen een gewicht toe te
kennen, dat des te groter is, naarmate met het interval een een-
voudiger frequentieverhouding overeenkomt.
A, D, Fokker, Recherches Musicales, pag.157.

XV
Bij de akademische opleiding in de natuurkunde dient aandacht
geschonken te worden aan de fundamentele overeenkomst in de
wiskundige behandeling van electrische, optische, akoestische,
hydrodynamische en quantummechanische problemen.

XVI
Het is gewenst bij het natuurkunde-onderwijs op de VHMO-scho-
len uitsluitend MKS- en Giorgi-eenheden te gebruiken en niet in
te gaan op de eenhedenstelsels, die op misplaatste dimensie-
overwegingen gebaseerd zijn.



