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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 wholefield 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 place theory 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 discussion,
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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 ofa
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 tothe 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 im
pression of pitch, attributed to the sound as a whole, 
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0.4. Huggins' theory can be regarded as a combination

of place and frequency principles different from the

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 but

does not explicitly mention the measuring device).

Atheory based more directly on the place andfrequen:

cy principles has beendeveloped by Licklider. 1 he prop-

erties of perception of complex sounds are given a great

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 neural

activity is especially adapted to computations that are

reasonable for neurophysiological processes. The result

of this "analogue computing action’ appears in such i

form that the subjective pitch associated to certain com

plex sounds is easily explained.

It is clarifying to follow somewhat closer theline ol

thought leading to experiments on subjective tones and to

the construction of tone complexes that produce them,

0.5. A mechanism that is normally stimulated by two

widely different kinds of information, such ag place

and frequency, can probably be deceived by. confrontation

with a signal that carries a very striking information ol

one kind but Incks the corresponding one of the other,

A pronounced periodicity is generally present in a Bh

containing a large number of harmonics, and it remain

present when the Fourier component of the correspond

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 this

phenomenon, the "case of the missing fundamental

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

mous, however, Positive and negative evidences suc

one another regularly. An experiment proving
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aly # ie found to be velat
u lo the waveform, one ta Wetified in atating that

the trey Prine ple tpplles,
" Investigation into the ease of the Missing fun
#eema to be of considerable importance for

ed i

    

0, |,
ae pos sible to deseribe the phenomenon under

the ech in yet a different way, Almost beyond doubt,
OONned enical activity due to a complex of high tones is
Of hy oo° 2 relatively narrow region in the basal turn
high tonesea. Thus only the channels of reception forAN lhoy, “ are stimulated, Whena low subjective tone
PEtpodneh is not caused by distortion, it must be

eis by the high tone channels. Accordingly, it
Poeted to exhibit properties different from those

           

, who studied this phenomenon extensively in
ble to demonstrate this. He found that theHy : : iP® bt of the Spectrum is not resolved into its com-

 

'
: 4 Py he ear, and that this part gives an impres-
POAkia ie pitch, equal to that of the fundamental of the
fo veform used. He introduced the name "residue"
ie thyo me rtined impression of high harmonics (S-4).

ed that a residue and the corresponding fun-
mye oula be heard simultaneously without inter-
ben is absence of interaction was even found when
ted hy and a residue of slightly different pitch were
Beeoten reported that in such a case no beats

VI@W that the residue is connected with the high
ls only is proven by Licklider (L-2) ina dif-

» He found that a masking signal consisting of
ney noise left the residue untouched, although
queney channels were saturated.

  

OT havedO Ve De]ls en, authors hold the view that this phenomenon
irely due to distortion. Fletcher (F-2) de-

. missing-fundamental effectinthe years 1924-
posting that distortion plays the dominant role.

fa pried to solvethe controversy in 1953 (H~=2).
fae the low-pitched subjective component cor-

» to a complex of high tones behaved like a dis-Lor i
MPE Oct. Consequently, he denied the existence of

        

  

A lowepliched residue, and aseribed to Schouten a neg =
Higenoe in testing for the absence of distortion.

It ja to be concluded that somecritical factor plays a
pole in the process, as more recent reports (Thurlow
an) Miniall, The1l) again confirm the residue hypothesis,
yen i the ease of chopped noise (Miller and Taylor,
MP 1), rom & comparison between the various publi-
pition# it ia not possible to identify this factor, because
ii Many instances the ranges of complexes used were
rather limited, The present situation calls fora fairly
elaborate investigation of the effect. This is the subject
\reated in this thesis. During the course of the research
aloes was laid upon the properties of the residue, rather
‘han on the explanation of the divergence of views. The
resulta of the research imply in fact quite a restriction
of the number of possible theories. Regarding the mecha-
fiiam underlying the phenomenon one cannot be positive,
although various possibilities can be listed in order of
likelihood.

Inthe first chapter the results and methods of previous
investigations 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 ean 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
Vil contains a discussionof 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 t

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 c/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, Fletcher 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 lowvalues ofthe

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 orderto investigate the analysing possibilities of

the ear, Schouten used an optical siren for produc -

ing his test sounds (S~2).
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One period of the desired waveform, plotted in polar

coordinates, was cut out of an opaque 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 c/ 8.

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 adjust=

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, 1950),

Obviously the remaining harmonics produce together

sound with a pitch equal to that of the fundamental, though

of a totally different tone quality.

"

won oe/-     
Fig. 1.2.1 Waveform of pulse series whenthe fundamental is cane

  

   

celled.

The most prominent subjective component of this ound

was a sharp tone produced by the combined 1} ‘ommion

of the highest harmonics. ‘This compon {1 was inacaes

sible to further subjective resolution an for thia reanon

it was named by Schouten a "regidue" (S-4), In the case

under investi ion the residue had a pitch equal to that

of the fundamental of the complex. Experiments are

commonly restricted to cases where such a pitehia prea
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ent, beowuse the meat Interesting properties may be ox:pected for tonal residues,
An important property of the tonal residue was dis =covered by Schouten, By exploration with a search tonehe ascertained that no trace of fundamental was present

in the perceived sound, The result was expressed byal if that a residue and a puretoneof nearly the same

 

lo not produce beata,.
No direct evidence about the mechanism of pitch per-ception for the residue being available, the next questioni# what parameters determine the pitch, Both the fre-que difference of the Fourier Components and theperiodicity of the waveform deserve attention, The in-fluence of the two factors can be Separated by use of aHo-called "symmetric" signal, i.e. aseries of equidistantpulses of alternating sign, Here the separation betweenthe Mourier components is twice the frequency of repe-

ition, 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 congse-(uently the periodicity of the wavetorm was decidedupon as the basis for the residue pitch (S-4),
In his third paper (S-5), on theoretical aspects, it isshown that postulating a limited resdlving power of themhalyaing mechanism makes for a distinct periodicity

ii the mechanically analysed sound (compare Cremer,Cl). When the mechanismis supposed to be capable ofdetecting and measuring this periodicity, the basis of aexplanation of the residue phenomenonis laid,
important consequences of the residue pitchire immediately apparent. The stabiliiy of the pitch offpeech sounds under conditions of severe Suppression oflower Components, such as prevail in telephone and hear-inff-iid communication, is easily accounted for. Theati note of bells may be due to creation of a residue

pil
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hy the interaction of certain nearly harmonically relatedlones amongst the partials of the bells (Schouten, S-3).

l,4. A second important property of he residue ig de-scribed by Schouten in his review paper of 1940S°3). By means of a double modulationprocess all com-ponents of a complex were displaced in frequency by aconstant amount. This made the origina complex inhar-monte, It was found that the’ residue dsplayed a pitchahift in the corresponding direction, Theffect was qual-

LA

  

Hatively demonatrated by using a musical selection. By
way of rough comparigon it was decided that the relative
piteh shift corresponded to the relative frequency shift
of the components in the 1000 to 2000 c/s region,

‘This 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
frequency 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 pitch 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 as
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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instruments, These variations of frequeney were thoughtresponsible for the reported absence of beats with anexternal pure tone as well. We will later on (DiscussionII) deal with the merits of this explanation.

1.5. For physiological experiments frequent use is madeof 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 appearedconcerning the subjective impression of such tones whenthe repetition rate increases into the audible range (Da-vis and collaborators, DSM-1). It proved rather difficultto 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 toatone of about the repetition frequency or an octave higher.

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

Quite recently experiments along the same line werereported (Thurlow and Small, TS-1). Again it proved
possible to ascribe a pitch sensation, corresponding to
the repetition rate, toa 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
teport the perception of a "sweep note" the frequency of
which seems to be related to the time interval between

16  

the pllae@ with the wimiallowt os paration, When the pulaos
of one Heerlen OoourPed in about the eentite of the time in
lerval of the other series, the ootave Jump reported by
Heebeck (M7) ane My houten(Se4) waa Confirmed (Mee mer
lion 3,1),

    

1,0, Phase and p cts of complex sounds are pe
ported by Mathes and Miller (MM«1), Tworcompo

nent signals were produced by amplitude modulation
) carrier was suppressed in the modulator), The

carrier was added afterwardin an adjustable phige, ao
that all three-component patterns of constant apeotrum
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, When
the phase ofthe carrier was adjusted to give an amplitude
modulation pattern the complex sounded quite hargh, The
raucousness disappeared largely whenthe carrier phage
was changed 90°, so as to approximate a frequeney mod
ulation pattern.

It ig reported that a basic pitch, corresponding to the
modulation frequency, was perceived. hia pitch waa
most apparent when the waveform showed deepeal am
plitude modulation, corresponding to a raucous #onan
tion. When the frequency modulation condition was ap
proximated, the number of peaks per mod lon period
increased by a factor of two. The pitch tended to take a
corresponding step, or faded away when the f, m. «sipnal
did not show pronounced peaks,

  

  

 

   

   

The phase effects were found present when the modu
lation frequency is smaller than 40 per cent of the car
rier frequency. The value of 40 per cent a 8
levels of 60 db, it is stated that the critical separ
decreases with decreasing level.
The dependence of the sound impression on the phases

was considered to be caused by a limited resolvin pow
er of the ear. The bandwidths and response curves de
rived by Fletcher (F-5, F-3) were found adequate for
the explanation. The pitch accompanying the peaked
Signals is in excellent agreement with the theor: |
Schouten for the residue. Finally, it is to be noted
Mathes and Miller report a basic pitch when the com r
is inharmonic, They do not mention, however, whether
this pitch deviates from the modulation frequency or nol,

  

We



l,i, A further distinetion of waveform and power spec

lrum of a sound waa obtained by Miller and ‘Taylor

(MT -1), They uaed intermittent noise, made by passing
4 White noiae through an electronic switch, driven by a

‘“ wave, The data on diserimination of the inter-
oney were found in agreement with the concept that

the eur acta like having a constant decay time of auditory
experience (Miller, M-1; Symmes and collaborators,

NCH-1). They found also that the intermittent sound dis -
pluyed & pllech-like character, corresponding crudely to

the repetition frequency. It proved fairly difficult to de-

lormine this pitch, irrespective of whether a sine wave
or 4 more complex signal was used for comparison.

, senaltivity for variations in the burst frequency
proved to be rather high especially for the frequencies

below 400 e/s, The deviation of the difference limen from
ihe general course of the critical bandwidth curve (F-3,

4, “4-4, SGST-1) was considered to point toward a
frequeney principle as being responsible for the impres-

sion of pitch. In order totest this idea further the authors

used binaural signals. To each ear an intermittent white
nolae was fed, with slightly different repetition frequen -
clea In this case binaural beats were reported, that is,

4 continuously changing localization of the sound, de-
pendent upon the relative moments of the bursts in both
ours

  

   

| tleklider considered the residue effect of Schouten
aa a very important effect for auditory theory. In

an effort to fit both this effect and the pitch character of

intermittent noise (section 1.7) into an extended place
iheory, & neural action roughly analogous to short-time
sulocorrelation of neural activity was postulated (L-1).

The neural configuration is essentially two-dimensional.

The first axis represents the result of the cochlear fil-

fering action. The activity of each point along this axis

ia delayed and compared with the initial value in order

io determine crudely the autocorrelation function. The

behaviour of this function is projected along the second

axis. Whenever a pronounced periodicity is present the

patterns of activity show a marked similarity in their

aulocorrelation functions. According to the theory, this

may account for the similarity of pitch in widely diver-

went sounds (Duplex Theory).
In later reports Licklider took the different view as

expressed by Hoogiand (section 1.3.) into consideration

1a

 

joo. The Schouten hypothesis was submitted again to a

erucial teat, The channels of reception, nor ly in use

for low tones, were saturated by masking with a filtered

nolee. It turned out thal the residue was not impaired,

which proved that the residue phenomenon is solely con-

serned with those high tone channels that are occupied

by the components of the gignal, The explanation of

iioowlund's negative results is covered in Licklider's

lecture at the Third London Symposium on Information

Vheory (lu-3). The argument is concerned with ques~

lions regarding the relative phases of the components (see

fection 7.3)

In order to clarify his ideas Licklider describes an

experiment with eight separate oscillators covering eight

harmonies of some fundamental. The oscillators are

yh ionized by a pulse series, each synchronizing sig -

nal being delayed by an adjustable time interval. Thus the

phases of the harmonics can be controlled separately.

Once adjusted, they remain constant and the signal re-

tains 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

to 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 substantially limited range of frequencies. This filter —

ing does not alter the impression of the noise, of course.

Now theinput 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 under

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

ears. 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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and autocorrelation properties,

for (he mom

 

rom thia one can con

t that the abilities of the ear to per

ceive piteh are certainly not restricted to the monaural

OANO,
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Chapter II

EXPERIMENTAL
MiTHOD

Though similar in the creation of a more or less

marked periodicity or in the maintainance of con-

frequency differences, the signals used in the ex~

iments reported in Chapter I were obtained by quite

‘ent methods. Schouten used principally filtered

series with a broad spectrum. Fletcher used sep-

Ly generated components and so 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-

ucts of Mathes and Miller are to be placed somewhere

between Schouten's and Hoogland's complexes. This

class ification, 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

scope of this classification. Signals like these and those

consisting of narrow bands of noise instead of sinusoidal

comp

Died.

point

meas

onents may be called randomized.

The experiments on coherent inharmonic signals,

quoted in section 1.3, form an attractive starting

for research. The pitch shifts reported, when

ured quantitatively, can be expected to give a more

detailed information about the properties of the residue.

Instead of using 2 series of equidistant pulses, the spec~

trum. of which is shifted in frequency, one can use & mod-

ulator for direct production of the desired complex. The
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ro j SMotherandMillenaaa the #ame ae that applied hy
ection 1.6), but with | ,

- i ra cabffeone: In order to obtain complexes with aei oe compares the modulation signal must consist ofa aroee? of harmonically related tones. The possibilities
is extended modulation method will'be treated first

2.3. When a carriier A of frequency a is modulater ed bie eeeethe frequencies 0, bo, steaie result will contain components with fre-

atb1,a+b2, a+bs etc. *)
Arangtting up special relations between the input signals
aoe B, numerous kinds of complexes can be obtained,
es instance, oe B consists of harmonics of a fre-apent” b (i.e. 01 = 6 by = 2b, bg = 3b, etc.), the fre-
ee Y differences of the components of the output signaloa e equal (coherent tones). When in addition to thismoreee bis synchronized by a, so that b is an in-
hom fraction of a, all resulting components will be
whores of the frequency b (harmonic complex).

tiple en the carrier is shifted away from an integer mul-
incu2? the signal becomes coherent inharmonic, thus
oe eye the signals used by Schouten and Fletcher. In-aon ent complexes can be obtained by generating the
By a Onents of signal B with separate tone generators
ae pplication of noise, whether white noise or narrow
coe to one of the inputs, numerous kinds of ran-
ade” signals can be obtained as well. It is to be con-
cee. that the modulation method as discussed providesoeul method for the research intended. In this method
foe a ofa symmetrical Spectrum are under con-
cunts ae thus the comparison between various kinds of
oe exes is facilitated and the inherent conditions forHe *°eeation of the residue can be investigated,

2.4. A i icoherent modulation signal is usuall
. : * .

rod daon filtering an equidistant pulse ace the mee
ator is triggered by a sine wave, the duration and

a

icp
2

*)In Qo“OMe instances the component frtheel a 2 equencies are consi

eae Mcgee howe oe spplics of course only to aate
5 one > ency of w ibina, heady, y ch will be represented by a com-

a2

 

  
                                
  

the eae being adjumlable within wide
erator hae been used alao for verle“The pulae wen

8 uilen'a obeervationa (#ection 4,1) and for

“4 it ie provided with additional features, The
¥ pulses relative to the (rigger aignal ean be

Tite la pealieed by adding & variable dee, comme

to the trigger aignal in order to ahift the sero

~The julae apparatia la built in triplicate, ao
© pulaes at vyole of triqver aignal can, If de»

A, hw produced,
he filler ©) oondiate of a double wet of octave fillers

The range 100 to 26000 o/s, with an attenuation of 18

i oy cotaye oulaide the pasa band (third order Butter.
vit filler), The frequency characterisation are shown

Y Miata i, It wae verified that parallel connection of
ae ' mer did not produce marked crosmeover ef-

pla, a0 that wider pasa banda could be obtained as well

ig. 4.8) Wor the purpose of sharp attenuation filtera

J toth sete could be easeaded directly, This proved to

very effective Indeed (Mig. 2.4.3),

x ¥

 

 

  
 

   

 

cre ere

rie Hat (het) Wrequency response of octave band filters,
4 4. (Centre) Wrequency reaponse of two adjacent filtera par»

allel connected,

Wig #44 (fight) Frequency response of two identical filters in
oamoade,

The modulator consists essentially of four triodes
q connected in @uch a way that both carrier and modulation

; signala ave cancelled and only the modulation products

*) Dr Sehouten kindly provided us with this filter.
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are present in the output (see section A. 8 of Appendix).
With the help of potentiometers the system can be ad-
justed for suppression of the input signals. When desir -
ed, a proper amount of carrier can be added to the out-
put,
The signals are amplified by a high quality amplifier

nd finally fedto a loudspeaker system with a reasonably
flat frequency characteristic.
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Wig. 2.5.1 Spectrum of typical Fig. 2.5.2 Inharmonicity index
signal versus a/b.

4,9, 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 7a will be denoted by win the
calculations. The modulation signal B will be called
basis signal. This signal is in most cases harmonic.
It will then have a fundamental frequency b. This is call-
ed the basis frequency. Its associated angular
velocity 2 7 bis represented by wy. 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

from a harmonic one by a centre frequency shift overd
cycles per second. The inharmonic ity index @ is
defined as the ratio of @ and Db:

oe

© Fla

an be derived in this way ve

several harmonic Ceeee Peesthevalue of

ihe ratio j of centre and basis freq , : ne

aie denerrest upon the choice of ie Ce 8

inharmonicity indexes can be distinguis o ee re

aubseript to the symbol. For instance, @j oo eae.

ihe given complex is compared toa ee Tis

the centre frequency of which is the } harmonic

basis frequency. Hence it follows that

a :
ene p a

‘he number k shall be used for the Nae Mey eae

the smallest magnitude of aj. a ios

course of a; as dependent upon a/b.
é onic

An incohérent complex can be compared to a harm
a NN. Dhe:

complex with the same parameters oe tate

components to be compared differ only in p a1 se intro
venient way for expressing those phases wi

dueed in section 4. 2.

Since a given complex c
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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 toneof 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 signal, 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 dther. 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
component.

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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jane, When one or more pulee #arien are ae

a diodecime (an octave plum a

rounding lo the new periodicity,
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‘or "aveaL=

A te hi inp ol a firth ia { ww moat apparent, thus ro ud,

| | . | Aud I 9 | | 4

iit that the OnPOMA inter VILLA, (heévesz, t Oy 400 1am,

fel, Be2, «3; Licklider, L-1) are easily determined
‘ ’ ,

from a residue,

tripe)

in time, the pitoh drape

fifth) to the value serese

dulation process described

in Chapter II (section 2.3) oomp)ese oe a

equidistant tones are easily set up. Wheat y at soa

a frequency of 200 c/s, several harmonics ©

quency can be produced when:

2000 c/s,

4.2, With the help of the mo

a =

b1 = 200 c/s,
b= 400 c/s,

b3 = 600 c/s.

The given combination will lead to a complex consisting

of the frequencies:
7 |

1400 - 1600 - 1800 - 2000 - 2200 - 2400 = 2600 O/H. oo ( )

iking i ‘9 n of

a

pitehther a striking impression of ap

ouaneee when the sound is weak (normally

gound levels of 20-40 db were used), When inatead of

c/s another multiple o c/s 18 chos a centre
2000 th ltiple of 200 / is chosen aa cen

es again a combination of harmonically related
3

frequencies will result. For instance, d * 2200 c/a pro-

duces with the samebasis signal:

1600 - 1800 - 2000 - 2200 - 2400 - 2600 - 2800 C/ Bae (4)

i alities of the, idue is again 200 c/s. The tone qualiti th

Soeeect and (2) are very much alike, in fact

these sounds are almost indistinguishable from one An

other.

indi 5 w be studied
The effect indicated by Schouten can no tudtes

3.3, by geadusl variation of the seneyae.

i rselves to the interval 2 “ c inn es

ee garding on the lower side (2000 c/s) Oe ia

crement of the centre frequency causes the pitch of the

 

d frequency willnot be main~ae ‘ 1
*} The distinction between pitch leve eS pmsEs

tained. As a consequence pitch will

second.

a7

 



  

re, ‘
ey/idue to rise, without any loss of smoothness, how-
is ‘ft. For instance, when a centre frequency of 2030 c/s
quehosen, and the complex consists of the following fre-
yaence:

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

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

\litative results).
en/hen the process of carrier shift is started atthe other
cer Of the interval considered, i.e. 2200 c/s, and the
Sin'tre frequency is decreased, the pitch is found to drop.
to ce on both sides of the interval the pitch corresponds
tim'00 c/s, some kind of paradox is indicated. With con-
sorous variation through the interval it is observed that
swilewhere in the centre of the interval the attention
aretches over to another pitch. Obviously two pitches
tio. Possible in this region, and it depends on the direc-

1{ of carrier shift, which one the mind is focused upon.
fas is interesting to consider the exact centre point of
igs; interval somewhat nearer. The associated complex
150 (7 = 2100 c/s, see Fig. 3.3.1).

a - 1700 - 1900 - 2100 - 2300 - 2500 - 2700 c/s... (4)
an
Eva it obviously consists of odd harmonics of 100 c/s.
of 12 by the most careful listening no trace of a residue
nea 00 c/s is found. The two pitches reported above are
es ,¢ to 200 c/s and are continuous extensionsof the pitch-

7iround the end points of the interval.
con igure 3.3.2 depicts the pitch variation in the interval
cenNidered. This kind of behaviour can be found in every
of gre - tone interval between two successive multiples
too ‘00 c/s. Only when the frequencies involved become
in ahigh, 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
cor, give rise to a residue, the pitch of which does not
can “espond to the difference frequency, some estimate
upon be made of the expected pitch shift as dependent

\ the carrier-frequency shift, In the harmonic case

ae
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the frequencies are multiples of the ineguenGyal a

responds to the residue. When the complex b omen a

. the exact relation is lost, In othe = i.

there is no frequency in the neig rhood of the bawl

ey, of which the presented |

+, It seems logical to

IqMOnay

a ypesemble the given tones ie
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Bev can be clarified with a numerical example. Con-
14,°F the complex (3) of section 3.3:

Thi 27 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 igtn we try to construct a suitable comparison complex,
cormy reasonable to take the same centre tone. Since the
is aan complex is harmonic, its centre frequency
to k\n integral multiple of its basis frequency. We takeit
freg\e the tenth harmonic. Hence it follows that the basis
of t'\uency is 203 c/s. The. comparison complex consists
142 ‘he following frequencies:

anq 1 - 1624 - 1827 - 2030 - 2233 - 2436 - 2639 c/s... (2)
(1) its residue pitch is 203 c/s. The similarity between
Liming and (2) is indeed very great. These complexes can
diffehediately be compared experimentally, since they
founter in only one parameter; the basis frequency. It is
pite)\d that the inharmonic complex (1) has the higher
by «h, though the difference is small. The pitch, found
(2), onstruction of a harmonic comparison complex like
resi, will be referred to as the first approximation of the

I Noue pitch for inharmonic sounds.
exph\ yiew of the importance of this derivation it will be
with essed in mathematical form. Consider a .complex
inha\ pasis frequency 6 and centre frequency kj + d. The

\rmonicity index a, is

dAy =

In fy, a
comp irst approximation the pitch is that of a harmonic
is th ‘plex with equal centre frequency. The basis frequency

 

Xen

kb +d d6! = = b oo

or ex .
pressed in relative value

Bh Bi us GS

relative pitch shift B is thus expressed by

oy
B* +a0

 

it ia easy to verify that the soederived pitch is independ»

ent of the basis frequency underthe condition of constant

centre frequency,

4.6. From the comparisonit is concluded that the piteh

depends also on the basis frequency. This feature

in explored further, For the sake of numerical simplieity

we will take 1800 c/s as the centre frequency.

When the basis frequency is increased from 200 a/#,

ihe residue pitch drops, compared tothe initial level of

400 e/#. This trend of variation, contrary in divection

to the basis frequency, leads again to a paradox aimibar

lo that considered above. Associated with b = 225 c/s ia
a harmonic complex, giving rise to a residue of 225 e/a,

(beoause 1800/8 = 225). Whenthe basis frequency is de»
oveased from this value, the pitch rises above 225 a/ mM,

in the interval 200 to 225 c/s two conflicting trends are

ihua to be noted. On closer examination it turna out

that the attention switches over to the other, pitch, when

ever a oritical region somewhere in the centre of the

interval ia passed, This region, where one of two pitch

es can be perceived, contains again a point that cor

responds to a complex of odd harmonics only, ‘That point

in determined by

b

= 1800/8,5 and the components eor=

responding to this basis frequency will be odd harmonics

of 1000/17 c/s. The behaviourof the residue in depends

enoe on the basis frequency is depicted in Fig, 3.5.1.
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__We can conclude that the residue pitch is for small
inhaymonicities nearly independent of the basis frequen-
cy. The pitch of an inharmonic complex is approximately
me! to the nearest basis frequency which is harmonic-
a\) related to the centre frequency. This is equivalent
to the statement that the ,first approximation" of the
reSl\ue pitch is a rather accurate measureofit.

3-8. The absence of beats in coherent inharmonic com-
plexes deserves a short discussion. When all com-

ben€nts of a harmonic complex are shifted 1 c/s the
wavform has a repetition period of one second. The ex-
periments show that "inharmonicity" beats correspond-
ae to this period do not arise at all. This fact is one of
“anentral questions in the residue problem.
q {sParently, the absence of beats in the sound is relat-

ec *S the coherence of its components, this being the only
lostwining relation of the frequencies. This feature is
si altogether when the complex is made up of separate-
y generated components. From the results of Mathes
acne it is to be expected that in this case beats will

AS an intermediate step we will retain the modulation
method and use separate tones for constituting the basis
S18MQ] (incoherent basis). Modulation with one frequency
Prodices a weak and almost indiscernible residue. When
& S€vond tone, the octave of the first, is added to the
modyjation signal, the residue is much more pronounced.
es shows beats whenever the pure octave relationship
ts ro the basis tones is lost. These beats cover only

.-oudness and tone quality of the sound, the pitch re-
eis the same. Oscillographic examination shows that
a 410st pronounced tonal residue corresponds generally
Thee waveform.
--@ coherence of the complex is completely lost by
pa separately generated tones as the components. In

1S experiment the frequencies are chosen such that the
anere are Similar to those used previously. The resi-
ae heard to be beating irregularly. Again it is found
O DE affected only in loudness and quality, the most pro-
nounGed residue corresponding to an impulsive wave-
form.

Sails ‘In some cases a coherent inharmonie complex does
produce "inharmonicity beatae", 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 frequenay,.
There are two causes of production of these unwanted
tones.
The first is incomplete suppression of the basis siff=

nal, especiallyits transients whichcan sometimes survive
the filtering action. Careful adjustment of the suppres=
sion eliminates the additional components and the beats
of the residue.
The second cause is a more fundamental one. When

the highest basis component has a frequenoy excoading
that of the centre tone, modulation products with nega
tive frequencies *) will arise. At conditions of inharma

nicity these components beat with those having positive
frequencies because the absolute values of frequency are
different. These two causes of inharmonicily beata aan
thus be classified as artifacts. Elimination of both re~
veals that an inharmonic complex does nol show beats

and is on listening not distinguishable from a related
harmonic complex other than by its pitch.

*) The reader is referred to the note on page 22 (section 2.4) for
the algebrate values of frequency,

aa



 

Chapter IV

DISCUSSION I

4
“1. The qualitative experiments on the pitch of inhar-

YW monic signals prove that the pitch of the residue
fy. 8s not always correspond to the common difference
q, Squency. This result shows that the residue is not a
q,tortion product. In this respect the basic evidence
&; tained by Schouten (section1.2) and the additional proof
{ven by Licklider (section 1.8) are confirmed. Never-
pyless, it is interesting to consider for a moment the
heocess of quadratic distortion and the correspondence

tween difference tone and residue.
The presented signal is written as

Kit) = <1+ Bi)’ cos wt..... (1)

i
awhich B(t) denotes the basis signal of frequency 6 and

2.7 a.
Che quadratic term yields

2
fils <1 * BOS +d cos Quah)... (2)

tythe component with frequency 5 arises solely from the
m

eZ

271+ Bt)

orWvided thatthe highest component of B(i) has a frequen-
smaller than a - 3 b.

&y Che amplitude of the difference tone is thus independ-
diz of the carrier frequency a. This implies that the
iq ference tone is notaffected by inharmonicity. The res-
Ye displays the same property.

Ph Che amplitude of the difference tone depends upon the
th.\ses of the components of Bit). It is maximal when

se are such that all components can be written as

 

cosine functiona with #gero initial phase angle, The rea:

idue shows a similar trend when the phases are changed,

The pitch of the residue cannot be explained in terme
of quadratic distortion,

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 amplitude of the output

signal is proportional to the value of the basis signal plua

aconstant. The waveform of the basis signal thus appoures
as the envelope of the resulting waveform (see Wig. 4 4.1
and compare formula 1 of section 4. 1).
The phase relations of the basis signal are retained iA

the shape of the envelope. Since variations of these phase

relations is found to affect the tone quality of the residue

one concludes that the timbre is closely related to the

envelope. A change of the centre frequency affeata the

pitch but it does not change the tone quality nor does it

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 oscillations between the limits set by the envelope),

 
Fig. 4.2.1 Basis signal (above) Fig. 4.2.2 Waveforms in three

and modulated signal successive basia
(below). periods



 

 

         

In Fig. 4.2.2 the waveforma in successive perioda of

the basis signal are plotted in one graph, The envelope ta

seen to be tangent to the composite picture, When the

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

amplitude of the signal.
The envelope can be calculated as follows.

The signal is written as

+N

F@ = 2 Cy cos

<

(w t+ np)i+ Wn p--- (1)

n=-N

where f(t) is the instantaneous value, w = 24a, p = 2xb

(see section 2,5), Cy is the amplitude and wW, the phase of

the component with frequency @ + 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,

S-8).
The component of the sum vector perpendicular to the

projection axis is

+N

Bt) = Ns Cy sind (w + ny)l+ Yn.

n=-N

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

cit) =Vf f2)+

When the vectors representing. the components are

projected ona coordinate system that rotates with an an-

gular velocity w the length of the sum vector is found to

be
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ale ME RMnaini hyde (A)

e envelope ta thie found from tR. uate at aeaedco rom the magnitude af the

“(ue Oy oxp (npl + Py) © CC) exp iycy

fee N

ii many inatanoes the enveloy ipe ie easily obtained
wiypicaly from the vector representation ofc(t), es

iw original aignal (1) ean be rewritten as

HW) * OCD. exp twl + e%(1), exp (-twt)

where e'7) la the complex conjugate of c(t).
It teria of the amplitude C(/) and the phase y(t) of the

oomplex funetion e(f) the signal (1) can be expressed by

S(t) = C(t). cos with Wt) >.... (3)

The complex function e({) is a: ) generalized modulatio
finelion., Ite magnitude represents the amplitude ae
tailon and it# phase the phase modulation of the signal,

iH eee ee modulation c(t) is real sinee the
f “plitides and phases of the components ar sstricte

ly the symmetry conditions; . a

Can * Ctn

Y-n -Yin

4.8, An increment of the frequency of a pure tone is
equivalent to the addition of a phase angle that in»

creases proportionally with time. A slightly inharmonic
signal can thus be regarded as a harmonic complex in
which the phase of the centre tone varies continually.
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Different phase relations between the centre and basis

tones alternate.

Experimentally, loudness and tone quality are constant.

Loudness and tone quality are thus independent of the

phase relation between centre and basis tone. This prop-

erty is based upon experiments on pure amplitude modu-

lation.

For a general type of signal the phases Vn (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-

ereased 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 zero.

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. For further experiments a greater versatility of the

apparatus was desirable. Accordingly, aunit 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 described. Thefilter has a pass

band from 60 to 64 kc/s *), and the oscillators providing

*) Thia filter was again put at our disposal by Dr. Schouten as is

gratefully acknowledged here

 
 

the modulation and demodulation frequencies are adjust

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 per

form additional functions like modulation with partial

sideband suppression and heterodyne filtering.

When used as a modulator the suppression of the basis

signal is improved. This is advantageous in exploring

"low" complexes. The modulators can, if desired, be

used separately.

4.5. Alsointhe experiments of section 3.6 a loudaponikor

was used for the sound production,
Although the frequency characteristic shows anirreg

ular shape (mostly due to room acoustics) it is remark

able that a close correspondence between electric ul

and subjective impression is indicated, The mol pro

 

nounced residue is usually produced when the electro

signal shows an impulsive pattern,

It is, of course, necessary to check this correspond

ence by measuring the actual sound pressure at the ear

More easily, a high quality earphone can be ted

This eliminates the sound measurement because the

substantially flat transmission makes the sound wave

a nearly exact replica of the applied vollage (ee mea

tion A. 7 of the appendix).

In all further experiments such an earphone has been
used.

 



  

Chapter V

EXPERIMENTS II

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 to 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 outputof 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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tien of the etandard @ignal but alao for the laharmonio

comple under atudy
A block diagram of the setup for piteh determination

ja plotuvedin Wig, O18

iy means of the pushbotton labelled (Xx) the tone gener

atoy A ia oonneuted to the modulator M to provide the

carrier, and in addition the tone generator Bin made to

pravide the bawia aignal by way of the frequency divider

and the filter I
The pushbutton (8) connects the third tone generator ©

io both the carrier input of the modulator and the input of

ihe frequency divider in order to create a harmonie oor

pariaon complex,

Hinee but one tone generator (Radiometer) with a oall

brated dial for frequency increments ia available, thts

unit ja ueaed aa the Cegonerator,

1 frequencies of A and B are adjusted by oseillo

graphic comparison with C, After adjustment the aignale

(%) and (8) ave presented alternately, The liatener then

adjusta C until the pitches of the two soundea are heard
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Fig. 5.1.1 Operation of the Fig. 5.2.1 Pitch versua centre

frequency divider frequency (b * 400)

(trigger signal as
reference).

The number of components is five, this being the lowent

number from which a stable and distinct residue can be

obtained.

For the electroacoustical conversion a Permoflix ear

al



 

 

  

                

phone type PDR-10 was used (see Appeniix, geetion At).
The earphone is connected via10 kd) to the final ampli-
fier in order to avoid any possibility of damaging the ear=
phone during the adjustment. The voltage across the oul»
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 c/s of
the subject. The second-order sidebands are usually leas
than 2 db weaker.

 
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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Wy rN ud teed fil anda of the filler used

= he hasia #ighal gela A limit to the numberof

haele frequencies, when ane wants to Keep the number of

mayen oof the bawia aignal constant,
6, #1 depiota a typloal result obtained for the

jioh a# a function of the centre frequency,

Phe diateibution of judgements indicates a nearly near

dependence of piteh on centre frequency,

fhe second feature ja theApesus widening of the dia«=

tribution when the point half-way the interval i# ap~

rouohed, It ia very difficult to judge pitch in this region

cause the attention awitches suddenly during measures

ment,
it seem that, whenever the pitch of the comparison

signal approaches one of the two possible pitches of the

reaidue, the attentionis forced to switch to the other one,

Wig, 6,%.2 depicts the course of the residue piteh in

the. whole centre-frequency range for a basis frequency

of 200 c/a, The dotted lines correspond to the "firat ap»

proximation" as described in section 3.4,

or the higher centre frequencies the judgements fail

to be consistent. Just before the end point the judgements

sometimes tend to separate into clusters corresponding

lo different curves.
it is suggested that the effect is due to a wrong choloe

of periodicity by the ear (see Chapter VIM, seation U, 5),

Itis nearly impossible to investigate this effect further,

aa it cannot be elicited intentionally, For a few other

basis frequencies from 100 to 400 ¢/# the resulta are
very similar whenthe pitch scale of Fig. 5.4.2 1s mule

tiplied by an appropriate number,

he dependence on the basis frequency is measured by

essentially the same method. Since greater variations of

basis frequency are involved the basis signal is produced

in a different way. The differentiated output of the {rae

quency divider is filtered so as to obtain the fundamental

only. 'This sinusoid is fed to both inputs of a separate

modulator that produces frequency doubling, A combing

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. 5.2.2 Pitch versus centre frequency (0 = 200).
Each point mean of 5 judgements.
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BASIS FREQUENCY 4
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.

phase conditions can be obtained, The sideband suppres

sion is provided by the band pass filter of the double mo~

dulator unit, The gecond modulator carries the speotrum

da

back to the audible frequency range. Experiments with

the so-obtained signals yield the result that the signals

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 95.2 applies to the more jfen=

eral signals. It must be noted, however, that the piteh

matches involving signals without pronounced peaks are

slightly less consistent. When tonality is defined as the

reciprocal of the standard deviation of pitch judgements,

the tonality is maximal when the residue has the sharpeatl

timbre.

5.4. The deviations of the residue pitch from the "frat

approximation" (see section 3.4) may be due to

some asymmetric weighting of the components.

When the higher components do not contribute as much

as the lower ones to the determinationof pitch the higher

pitch shifts of the inharmonic signals can be explained,

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 measure greater

than the corresponding carrier shift and the piteh mhift

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 baaisemig

nal filters. A great numberof determinations wat needed

in order to obtain sufficient accuracy. This effect, though

not proving the above explanation, makes it highly prob

able.

-§.5. We turn now to the phaseeffects indicated in seetion

8.6. It was shownthat incoherent signals show var

iations in loudness and quality. Loudness and quality

are thus dependent on the phases of the components (see

section 4, 3).

We now try to investigate this effect more closely,

The experiments will be performed in auch a way that

different phase relations alternate, This is the easlemt

way to observe the phase effects,

iratthe experiment with an incoherent Lwoecomponent

basis aignal is repeated in order to investigate the cor
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respondence between tone quality and envelope shapeof
the signal as it enters the ear.

The instantaneous phase relation of the basis compo-

nents is determined from the Lissajous pattern of the mee ee

basis components. The phases of the signal components OSC

can be derived easily from the phases of the basis com- 220 - r

ponents. a

The result confirms the prediction that the residue is 210 +9 ror AMP

loudest and sharpest when the phases of the outer side- FIRST APPROX

bands are zero. This condition involves an envelope with 200 +

the most pronounced peaks. : a’

It is observedthat the phase effects disappear when the oO| fei aica. is 6.oN ih WA

ratio of basis and centre tone is increased beyond a cer- I 1

tain value. The limiting points (basis-phase limits) where

aeeceeribie wate piven sn) Table 1. Wig. 5.4.1 Effect ofthe spectrum Fig. 5,6,1 Set-up for contra

width (b=200, k#8,0,* phase effect eres

0,3), Hach point mean See legend to Mig.

Table I (section 5.5) of 20 judgements. 5.7. 1,

asia frequency Critical centre frequency Ratio

b a 6 by oscillographic examination of the sum. of carrier

a und pseudo-carrier it is found that the residue ia moat

= haat F I pronounced when they are in phase and when they are

LOO 440 0,23 180° out of phase. In both cases the waveformof the

150 670 0,22 “4 dis of a pure amplitude-modulation character, thie

200 1000 0,20 ( ‘ming Mathes and Miller's finding and justifying the

a BDO 0,18 : periodicity hypothesis of the envelope in seetion 4,2

400 2000 0,20 By a variation of the basis frequency it is found that  
 

     

beats disappear whenthe separation between oome

a becomes too great.
5.6. We will now study the phase changes of the centre ible IL shows these limits for some centre frequen

component. The simplest case is a three-component

complex as used by Mathes and Miller (section 1.6). The
OLe8 
 

set-up is shown in Fig. 5.6.1. A tone @of e.g. 1600 c/s Table Il (section 5, 6)

is modulated by 200 c/s (0). The carrier is suppressed =
and replaced by an alien tone @' of, say 1600,5 c/s. The Centre frequency Critical basis frequency Ratio
latter will be called pseudo-carrier. * b

All components are adjusted to 30 db (referred to the : a b 7]
threshold for 1000 c/s of the subject). Al

The beats are heard with a frequency twice the fre- 600 110 0,48
quency difference between carrier and pseudo-carrier. 800 Lad 0748

This shows that the beats are not caused by some in- 220 et bd

complete suppression of the carrier. 320 via
Moreover, this suppression could be measured by the 300 v,av  

 
 

wave analyser to be more than 50 db relative to the side-
bands.
46 at
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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 c/s) with the basis signal while suppressing the car-
rier. By suitable connections of the filter F1 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 secondis
thus equal to the frequency difference between A and A'.
Now this signal is modulated with a frequency f] of

60,5 kc/s by modulator Il, so that the higher sidebands
lieinthe centre of the pass bandof filter Ig (60-64 ke/s).
The envelope is thus retained,
Demodulation is pert ed by modulator Ill, with a
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Fig. 5.7. 1.Set-up for centre-phaseeffect (N>1),

TG = tone generator, MOD » modulator,

D = frequency divider, F = filter,

G = oscillator, M * mixer,

OSC « oscillograph, AMP * amplifier,

WA « wave analyser, S* standard for

frequency measurement.

 

demodulation frequency fg. The net result ia that the

‘trum haa shifted towards the lower frequencies over

fy «Af,

Itis observed that ineveasing Af! sto pradual disap.
pearance of the beats, The centre frequency where the

beatae become indiscernible la tabulated in Table Tl for

various basia frequenales
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Table III (section 5. 7)

 

 

 

Basis number of critical centre ratio
frequency} A components] Af frequency ;

b 2N+1 a a

187,5 1500 5 -800 700 0,27

355 1420 5 -160 1260 0,28

230 1840: 7 ~930 910 0,25     
 

oolDOAK
Fig. 5.7.2 Envelope of five-component signal.

A: carrier and pseudo-carrier in phase,
B: carrier and pseudo-carrier in opposite phase,

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

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 between the peaks.
On the one hand this may point toward a mechanism

with some inherent d jing (MMe), On the other hand
it should be remembered thatatthe aame time the centre

h0

   

component reduces to the same order 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 are In=
dependent of the harmonicity orinharmonicity of the #ip-
nals. .

5.8. Atthe critical points given in Tables,I, II and III the

residue loudness is nearly independent of the planes
of the components. The impression is then of a contiti-
uous sound (continuous residue).

In the region of degeneration, when the complexes are
very high relative to the fundamental the phase effects
are such that the residue appears intermittently. In the
gaps between favourable phase conditions the complex if
heard as consisting of high frequencies.
When the sound is gradually varied between these limits

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 conlinu=
ous residue.
We can determine the points where the continuous pou

idue is no longer perceived. In Table IV the resulta are
tabulated. ,
When expressed in the ratiob/a a remarkable oonsiat-

ency of the determinations is again noted.
[t seems safe to describe the various stages of the rea

idue with the rank number of harmonics involved

Table IV (section 5,8)

Limit of continuity
 

Set-up Basie T atle
of study frequehey

section
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Chapter VI

EXPERIMENTSIII

6.1, The separation of continuous and intermittent resi-

due implies not only a difference in their time

eourses for incoherent signals. A difference in perceived

lly is present as well.

Ihe continuous residue sounds smooth but is of weak

lonality, the impression being that the complex is near-

ly resolved into its components.

he intermittent residue is of a sharper character,

both in thimbre and tonality.

All evidence indicates that the latter kind of residue is

brought about by a peaked waveform. ;

One may imagine that the continuous residue can be

elicited by the use of a signal without peaks, yet contain-

ing equally spaced Fourier components.

Such a signal ean be produced by frequency modulation.

When the modulation frequency is 6 and the maximum

frequeney deviation is Aa, the modulation index

determines the distribution of the spectral components

(v.d, Pol, P-1).

The frequency-modulated signal with mean frequency a

oan be expressed by

    

fil) = Coexp (wt + m sinyl)

(w = 27a, M = 27d)

The factor exp tm singl is expanded into a Fourier

werles;

hoo

> Jy (m), exp imple

n=a-aO

unexp tm ainpl

The co®fficients are Bessel functions of order n.

The Fourier analysis of f becomes:

+00

fly=co Dy Intm) expt (w + mat
nh=-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 c/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 alow 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-

sponding 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-

riments a corresponding phase condition prevails only

between successive bursts of the intermittent residue.
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Table V (section 6.1)

Limit of f.m. residue (7 = 0.9)
 

 

Basis frequency Carrier frequency Ratio
b

b a Hi

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 contrib-

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
ig 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 equalto 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 numbers, Com-
pare sectiona 2,3 and 3, 7,

ba

period is two hence the pitch corresponds to the frequen»

cy of the maxima of the envelope.

It is interesting to study approximate frequency modu=
lation somewhat further.

6.3. In Fig. 6.3.1-A the principal components of a fre~

quency-modulated signal for small m (section 0. |)

are given in a vector diagram. The rotation of the oar~
rier component with an angular velocity w is represented
by a corresponding rotation of the projection axis on

which all components areto be projected. Figure 6, 3.191
shows the same condition at a time wherethe firal side~

bands are in phase. The property that the residue i@ in~
dependent of the phase of the centre tone (#eotiona 4.

and 5.3) makes that the initial angle of the projection

axis can be chosen deliberately. Hence the condition of
Fig. 6.3.1-Bis equivalent to that of Fig. 6.3,.1°C,
The latter figure shows clearly how the situation oan

be approximated by a modification of the amplitude»mod»

ulation method, namely by a phase change of 90° of the

carrier component (compare Mathes and Miller), The

simplest way of obtaining gradually changing phase rela»

tions is provided by the use of an incoherent two-compo»

nent basis signal. One can then investigate which phase

of the second sidebands produces the most audible real»
due (Fig. 6.3.1-D).
The experimental set-up is shown in Fig, 6,5,2, The

carrier phase shift is obtained by using an RC -network

fed by a push-pull amplifier, The produced signal ean be

represented by

\
f(t) = Co sin wl + 2 cos wl ¢C) cospl+cg cos(2mul We

(compare formula | of section 4, 4),

in which ¥ denotes the phaseof the highest basis compo

nent (see Fig. 6.3, 1D).
rhe instantaneous value of ~ can be found from the

jajous pattern producedby the basis components,

The experiment ylelda a rather weak phaseeffect, The

reaidue ia found to be the most pronounced when y la

around 90°, This veault seema independent of the free

  

   

bb



  

 

 

— — 902°

fsa ol -_| pies
= 2 i 135°

1809eteeth
225°

2 ¢

eT | ws ex fyoh = _— 270°

Fig. 6.3. 1-A,B,C Equivalent vec- ane 315?
tor representations of yop
frequency-modulated-
signal.

Fig. 6.3.1-D: Vector represen-
tation of the signal
used inthe experiment Fig. 6.3.3 Envelope of the signal
on approximate fre- of Fig. 6.3.1-D for
quency modulation. various values of ¥.

 

quency region of the complex provided the frequencies
are not chosen too high. The range of the optimum is not
materially influenced by the amplitude distribution of the
components when the carrier component contributes
audibly to the sound.
The shape of the envelope for various values of yp is

depicted in Fig. 6.3.3. For the calculation (see section
4.2) the values of Cg, & and C2 are taken equal to 2, 1
and 1 respectively.

It is observed that the experimental optimum around

wW = 90° is present once in a period where y changes over
560°. However, similar envelope shapes are present:
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= J cosl apt+y)

r r

Wig, 6.4.2 Set-up for approximate frequency modulation,
TG * tone generator, MOD « modulator,

OSC » oscillograph, AMP * amplifier,
WA ® wave analyser,

twice in this range of ¥. Here we meet a case where the
envelope shape does not correspond to the pereeived
quality,

This deficiency of the envelope concept does not appear
unexpected. The envelope has been introduced as a lea.
ture that facilitates the separation into pitch and phase
effects (sections 4.2 and 4, 3), It is not surprising to find
(hat its value is restricted,

In the present case the signal is a hybrid waveform
with amplitude as well as frequency modulation,
The signals with y = +90° and y » -909 diffor with rae

spect to the time relation between amplitude and pee
modulation. The tone quality thus seams to depend hon
this relation.

It is suggested that the pitch of inharmonic signala with
both amplitude and frequency modulation might al#o be
dependent upon this relation. This constitutes an interest»
ing subject for future research.

   

 

  

 

6.4. When a signal with nearly constant amplitude ia
used, the residue is very weak. The phase elfects

can only be studied by very attentive listening. In these
experiments it is sometimes found that an inharmonic

complex produces beats in the residue ("inharmonicily
beats").
The frequency of these beats corresponds to the repo~

tition rate given by the deviation of the centre frequency

from a harmonic value relative to the basis frequency
(see section 3. 6).
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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 thethird 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 numberof 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

Ls:7).
Inthe experiment the modulator is used as an electron-

ic switch. White noise is modulated by a pulse signal of

200 c/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

purposea filter is used that provides deliberate control

of the frequencies and dampings of two zeros and two

Wh

 

poles in the complex-frequency plane (#ee Appendix,

section A. 6).
Experimentally, no change in the general pleture be

found up to the point where the bandwidth of the nol#ae be»

comes smaller than the basis frequency. When the priv

mary bandwidth is a fraction of the basis frequency the

sound displays a pitch-like character (though still it vee

mains noisy). In this condition the modulation process

has profoundly altered the spectrum.

6.6. It is interesting to investigate whether a pulsed

noise signal might influence the perception of a

gound that can be expected to have an inherent unstable

pitch. A "symmetric signal" consisting of odd harmonios

of a frequency of 200 a is produced by modulating 100

cfs with the first and second harmonics of 400 e/a, The
two possible residue pitches are, as reported, olose to

400 c/s, namely 460 and 350 c/s. The repetition rate,
however, is 200 c/s. The addition of a pulsed noise wilh

a repetition rate of 200 ¢/s might be imagined lo force

the residue mechanism to determine a pilch of 200 o/ a.

A preliminary experiment shows that the rosidue tea

easily masked by the pulsed noise. In order lo decrease

this effect the bandwidth of the noise, prior to the modu:

lation process, should be restricted as much af posable,

Renewed investigation shows that the addition of the two

signals produces no audible interaction other than maak

ing of the weaker of the two.

The pitch of the residue is not influenced by the pres

ence of the noise signal, neither is the piteh Lmpresalon

of the noise signal enhanced by the residue signal.

6,7. Experiments on binaural interactions are enerally

considered to give evidence on the preservation of

time relations in the auditory system.

Miller and Taylor report binaural beats when coherent

noise signals are modulated by twoslightly different fre

quencies and the two signals thus obtained are fed eneh

to one ear,

This experiment has been repeated by uaing two mod

ulatora fed by identical nolee signala as carrier, The

modulation signala are obtained from two channels of the

pulse generator, fed by two slightly different frequenales,

On Listening the binaural beats are easily peroelived

The listener notes the peoullarity that the beata 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 section 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 a1 with the basis fre-

quency 61, whereas ag 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 aj and by were chosen first equal to

1000 and 200 c/s respectively.

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

quencies are some 4 c/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 e/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 "centre beats".

2. The centre frequencies are chosen equal, the basis

frequencies differ slightly. Beats are again audible

put 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 b2 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 jhto a flutter, The

basis frequencies are chosen slightly different,

It proves to be very diffueult to concentrate upon the

"bagia beatae" in this case, The ability of a teat person

0

for correction of the basis-frequency difference is @X*

tremely poor.

4. In this experiment the conditions are reversed, ‘The

basis frequency difference is chosen at aboul 30 c/a,

so that the "basis beats" are weakly audible. A #mall

difference in centre frequency is easily perceived, The

effect is not as distinct as in experiment 1. The experi

ment is repeated with the aim to investigate the polnt

where the pitches of the two signals are judged equal, It

turns out that on binaural listening the pitch judgements

are difficult to make.

This is due to the combined influence of the baaia and

centre beats which gives the total sound a fluttering aha

acter.
It is almost certain that no peculiar effect is expert=

enced at the setting which makes the two tones of equal

pitch.

5. The experiment on centre beats is repeated with the

initial centre frequencies chosen equal lo adjacent

harmonics of the basis frequency. The parameter dy 7)

chosen 1200 so that the pitches of the sounds are equal,

An additional increment of dg is again perceptible by the

production of binaural beats (centre beats).

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

ence between 01 and 62 the basis beats were audible to

a degree comparable to that of experiment 2. From @x:

periments 2,3 and6 we conclude that the ability for hear»

ing basis beats is restricted to the case where the inithal

signals have a few components in common,

7. The experiments 1 to 6 inclusive are repeated with

inharmonic signals in the same range, The resulta

are found completely identical, hence it is slated that

centre 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 parameters

ay and dg,

8. The experiments 1 to 7 are repeated in the range

where the residue is degenerated, By chosing @ vaiie

of 2400 c/a for a, one observesthat the beating a Wwatlons

are confined to the high tones that can be heard in the

algnal,

In fact the abstraction of the high tones from the vague

O1



 

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 possi-
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
ear were displaced the same amount so that binaural
beats are considerably facilitated.
The result that centre beats were more easily per-

ceived than basis beats is clearly in favour of the above
assumption.

9, As a final check binaural interaction of harmonic sig-
nals is investigated. The two signals consist each of

\hree components and are produced by modulating the
cenive tone with the lowest component of the output sig-
nul of the frequency divider. The generation of com-
pletely independent signals is made possible by building
the frequency divider in duplicate.

In this case beats corresponding to the centre beats
ia well as the basis beats can be heard. For small dif-
feronces in centre frequency the frequency of the beats
corresponds lo the centre frequency difference.
When this difference is above 4 c/s the centre beats

become progressively weaker. At still higher values
heals with a frequency equal tothe difference of the basis
frequencies (basis beats) become apparent.

In fact these beats are far more pronounced than the
centre beats appearing for small centre-frequency dif-
ferences. This is just opposite to the results of experi-
ments 1 and 2 where the centre beats are found more
pronounced,
The discrepancy is clearly in favour of the explanation

that the centre beats are due to binaural interaction of
aorresponding components, In experiment | a frequency

‘rence equal to the centre-frequency difference is
found between each pair of corresponding components. In
experiment 9 this frequency difference is only found be-
tween the centre components of the signal.
The basis beats are probably due to comparison in

lime of events evoked by the envelopes of both signals
(compare the "precedence effect", aee Maas, H-1), In

   

ain

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 increased.

The experiments 2 and 9have been repeated with five and

more components and the expected effect is confirmed.

We may thus postulate that stimulation patterns accord-

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 and the remaining discrepancies explained

as much as possible. The most important divergence 1s

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.

fletcher's experiments were performed at a time when

the problem of aural distortion was in the focus of atten-

tion and it is not surprising that he adopted the hypothe -

wis 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 as 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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Thie Where he |. Pwo tones, one of

whtol Nas ab THOORMTANE PPeRMenOY, ahow @ varying phase

relation, aa Wat ihe arplitide of tie combination varies

an well, ‘The beatae in the deavohe tole experiment will be

ivrogular but juee ae pronounoed aa for fonea with cone

avian frequenoy,

in addition tt ia difficult to #ee how the anomalous be»

haviour of ‘action could be restricted to the differ

ence tone only, The fundamental, when added to the come

plex, will show aimilar frequency variations, while it ie

reported by Schouten to behave normally in every rer

apedt,

Irregular frequency was introduced in our experiments

deliberately (section 3.1), and it proved to cause severe

impairment of the residue tonality. Since Schouten's rele

idue was highly tonal, the frequency of his signal must

have been sufficiently constant,

    

 

4.4, The explanationof Hoogland's negative results aa ree

gards the residue is to a great extent given by Lialke

lider, He argues (L-3, page 16) that from the researell

of Mathes and Miller the conclusion must be drawn that

the residue is much enhanced by the appearance of peal

and valleys in the waveform.

In Hoogland's experiments the relative ages of the

components, though nearly constant, could net be chomen

at will. The experimenter had to accept the cond

they presented themselves. Hence the phase Gon

necessary for production of an accentuated wavel

will in general not prevail.

According to Licklider, "it appears likely vse that

Hoogland missed the residue because he did not control

the phases of his five sinusoids in such a way as to ap

proximate an impulsive waveform".

The effect of changing the phase relations is invest

gated by Licklider in a direct way (section 1.8), and iho

results fall. in line with his suggestions (L-3s, page ty

L-4).
Our experiments confirm the phase effects found by

Licklider (see section 3. 6). In conditions corresponding

to Hoogland's the residue is only rarely 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 explore the 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 c/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. Before
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 residue arising from a large

OO

   

number of components with small relative separation if
proven by Rosenblith (R-2).

This experiment is duplicated by Licklider (l=) for
demonstration purposes. A series of equidistant pulsem

is filtered so that only the components above 4000 o/s
are passed. The pulse repetition rate is varied from 100
to 1000 c/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 is equal to

that of the following pure tone and that both show the

same musical intervals.

A divergence that is more difficult to explain away
bears on the crucial experiment for Schoulen's theorel

ical discussion. He found a signal consisting of pulses
of alternating signs to have a pitch equalto the repetition

period even when the lower components were suppressed,

In our experiments a corresponding signal always had

one of two pitches both deviating somewhat fromthe dil:
ference frequency (section 3, 3).

In order to investigate the discrepancy our experiment

was extended to the case of a wide spectrum nol unlile

that used by Schouten. No tendency for perception of a
pitch corresponding to the repetition rate was notioed,
however.
The discrepancy was further investigated by diuplioal

ing Schouten's experiment as closely as possible,
This is done by synthetizing directly the signal oon

sisting of alternating pulses. The fundamental is cancel
led by the addition of a sinusoid of the same frequenay,
When the production of additional components ia careful

ly avoided, a pitch corresponding to the repetition period

is never perceived. This result is not altered when the
signal is filtered by the continuously adjustable filler #o
that only a part of the components is passed,

It is suggested that Schouten's result may have bean
due to a slight asymmetry in the waveform is hin algnal

7.5, From our experiments it is evident that tonality of

pulsed noise is nearly absent, This diverges fram

the results of other investigators.

Miller and Taylor report that the frequency of pulsed

noise can, thor poorly, be matched to a pure tone,

    

  

   

   

 

yvence limen for pulae frequency ia surpriatigly
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gmall. 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 discrimination

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).
Our 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 30c/s toa
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. Whatis 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 thepitch of an inharmo-~

nic signal deviates from the modulation frequency,

In his paper on pitch effects of amplitude modulated

signala Small reporte that, the ease with which the perio-

dicity pitch is heard is in no way dependent upon having
components of the pulsed tone at frequencies correspord-
ing to harmonics of the repetition rate" (reference §-«%,
page 757). 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 bein con-

tradiction with our results.
Small's figures reveal that he used carrier frequencies

higher than the tenth harmonic of the modulation frequen=

cy. Under comparable conditions our pitch experiments

suffer from decreased accuracy. Pitch shifts due lo in-

harmonicity could even no longer be determined,
For constant centre frequency a change of basis fre»

quency causes a corresponding variation of pitch ime-
pression. In this light Small's results are in agreement

with our experiments.

7.7 It has often beentried to trace the "Fourier frequene

cy" of a complex sound as distinct from the subjee=

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 missing fundamental

of the complex sound.

Sometimes a preference was indicated for matahing

the pure tone to the frequency region of the components
presented. The conclusion was drawnthatfor such sounds

two pitches are perceived, one corresponding to the rep

etition frequency, the other to "Fourier frequenay" (8°17,

DSM-1, L-2).
Once it is realized that this is incorrectly expreamed,

the inherent limitations of the method become apparent,

or the phenomenon under concern the purely su ive

method of Schouten's is to be preferred, Only when the

fundamental evidence is clear to the experimenter he

may design psychophysical methods for evaluation of

quantitative data,
_ These shouldinvolve the matching of nottoo far differ

ent sounds.

The impossibility ef even crude determination of
Fourier frequeney of a complex yielding a residue ia ob

vious. The frequeney region of the complex ia perceived

ig a vague timbre,
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The only way of determining it is comparison with nar-

row kand 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.
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Chapter VIII

THEORETICAL ASPECTS

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

the Fourier spectra. These constitute two aspects of the
signals that may both be relevant in determining pilah.
Waveform and spectrum properties will in thia chapler

be worked out separately so as to give rise to two basic
schemes of the determination of the residue pitch, Those
will be called waveform and spectrum deseriptions re»
spectively.
For harmonic signals the residue pitch corresponds to

the repetition rate of the waveform and also to the great
est common divisor of the component frequencies,
We will try to find extensions of the concepts of period

and fundamental frequency that apply to inharmonic sipf~
nals as well. These extensions will be called paeudo~
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 gom-=
pared with the experimental data given in section 6,2,
When the agreement is reasonable a tentative Pesidue
theory can be proposed that has its basis analogue in
either the waveform or the spectrum deseription, Ny
taking into account the physiology of the ear as far ag tt
is known to-day, a choice between the two posalbilitios
may be attempted.

8.2. The period of a harmonic signal js the #mullent
time separation after which the waveform repeats

itself. For a slightly inharmonic signal there ia still a
similarity between the waveforms in successive periods

-of the envelope, This leads to the concept of paeudo»
period,

Consider a harmonia complex, the centre tone of whieh
ia the kth harmonic of the basia frequeney b, The period
ia 1/0. The complex ia made inharmonia 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. 5. 2.1-A. It

is a continuous function of d and, consequently, of a,

(which is equal to d/6).
It becomes equal to the true periodicity 1/6 when a), 18

Zero.
In general there is an ambiguity in the choice of the

pseudo-period. This is easily demonstrated when a, is

increased beyond 4. 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-E))

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 aj is zero. One of these indicates maximal sim-

ilarity. This is called the principal pseudo-period. In

view of the definitions: given in section 2.5, it will be

denoted by Px.
Notwithstanding the crude definition of pseudo-period

given above, a good estimate of the dependence on centre

and basis frequency can be obtained. When the envelope

is a slowly varying function of time, the pseudo ~-periods

are nearly completely determined by the fine-structure

of the waveform, which in its turnis given by the centre

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

ent of the basis frequency. For a harmonic complex, the

centre tone of which is the kth harmonic of the basis

tone, the parameter a, is zero. Hence the principal

pseudo-period P, is equal to the basis period. It is then

reasonable to assume that the pitch of an inharmonic

complex with small a, corresponds to P,. (waveform de-

seription).
Fig. 8.2.1-C reveals that P; is nearly equal to j times

the centre-tone period. This ‘applies to P, as well. The

expected pitch for small a, will thus be equal to a/k.

This corresponds to the "first approximation" of the res-

idue pitch (section 3. 4).
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Fig. 8.2.2 Expected piteh as de=
rivedfrom the paeudo-

B period,

2345678

PIT)

 

Fig. 8.2.1 Waveforms and pseu-

monic signals.
A: ag = -0,4; the arrow 3 KAAS t

_ indicates Pg
B; oe +0,8; the arrow Fig. 8.3.1 Typical
i a eeree g(r). The dotted lines

2 OB 4; arrows indicate the envelope
indicate Py, Pg, and C(r)
Po inorderof increas-
ing length.

example of

Fig. 8.2,.2.shows the expected pitch forpec pitch for various values
of a/. The full lines indicate pitches derived from |
cipal pseudo-periods. The dashed lines are contin
eee which correspond to the other pseudo=per
10as,

   

8.3. A more accurate definition of pseudo-period can be
provided by the concept of autocorrelation.

When the signal is represented byf(t), the autocorre
lation function g(r) is defined ag

 

 



 

+7

gtr) 24 poee | f(t-7) fiat
oT

This function represents an average degree of simi-

larity of signal values separated by a time T.

The pseudo-periods shall be taken to be the values of

for which g(7) has a (relative) maximum.

For the signal

+N

Rd = > Cyn cos (kta, tn)eet ¥n (1)

n=-N

(compare equation 1 of section 4.2)

the autocorrelation function is

+N

o(r) = > c,2 cos (kt ay + Ber (2)

n=-N

The phases Vn of the components of (1) do not appear

in (2) since according to the Wiener -Khintchine theorem

the autocorrelation function is the Fourier transform of

the power spectrum of the signal. : :

The donsvataed amplitude (see section 4.2) of e{r)is

given by the complex function

+N

c(r) = Peat exp 7 nur.

n=-N

When c(7) is written as

o(r) = C(7) exp @ W(r)

74

’ the. autocorrelation function can be expressed by

o(r) = C(r) cos ¢(k+a,)ur + ¥(r) (3)

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

 

C@) = Va Cy2 cos npr)? + (Den sin npr)*

(compare section 4, 4)

The envelope has a maximum at

and is symmetric with respect to this point. Since the

envelope is periodic the curvature at T= To is equal to

that at 7 = o.

Hence the curvature at 7 = 7, is always negative, The

phase-modulation term (7) is zero at T*® To, For aalg-

nal with symmetric spectrum (C-n ® C4n) it is Zero 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 r for which

g(r) has an absolute maximum in the range around fq.

When @, is zero this maximum coincides with that of the

envelope at To. For small O). the value of P, is close to

To:
In order to obtain a crude estimate of Py we introduce

two approximations. First, the phase modulation ir) ie

taken zero. This is fully legitimate in the case of a sym

metric spectrum. Second, the envelope C(r) is taken as

constant in the range around ro. It is now easily seen

that P. is found by putting the argument of (3) equal to

2m kk:

(Kk + a.) M P. = ark (4)

Thus P, is equal to k times the centre-tone period,

The expected pitch level ta then a/k, ‘This corresponds

to the "firat approximation" introduced in section 9.4.

Vb



A more accurate solution can be obtained by taking in-

to account the curvature of C(7) in the range of 7 around

To. This curvature is negative so that the maxima of

g(r) are displaced from the value given by (4) in the di-

rection of rg. 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 g(r).

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 Cy of y(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).

8.4. 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 + a, +n) 0 (1)

(ie =N, “NEL, ..

<c,

ENGL, th):

The frequency P, for which the harmonics

(k +n) Dy (2)

approximate the given frequencies as much as possible

is the pseudo-frequency. In the spectrum description we

assume that the pitch is equal to the paeudorfrequency.

van

As a quantitative measure of the accur pal| acy attained we

aeermine the sum S ofthe squared differences of (1) and

(2), each term containing a positive weighting factor Wy,

which includes the amplitude of the corr Ai }mere p corresponding Gom=

The sum S$ is now given by

+N

S = a Wy

4

(k + n+ a)b - (Ie + n) Py,
n=-N

ye

The given frequencies (1) are approximated by the hare

monic series (2) with maximal accuracy when § is mint:

mum (method of least squares).
Solving the equation

 

See 0

dp
for P,. yields

+N
n

> ee Ci)
n=-N

jae ba.
k kk +N

4, Thy 2
> Wy (1 + Fe)

n=-N

The second term represents the expected piteh shill

due to inharmonicity. The second factor of this term ia

in most cases nearly equal to unity.
my : ops A

The formula can be simplified by the introduction of

the effective k. This is defined by

tN

D wntee
le na-N

Kory (IN

az Wy, (14 ny)
neeN (S0mpare section 6, 4)

Cn



 

Substitution into (3) yields

 
is

Poe Eon

WhenKeg 18 taken equal to k, as is admissible in many

cases, this reduces to

py '*
(5)

8

This is a pseudo~frequenc
y corresponding to the ap-

proximate principal pseudo-period given by equation (4)

of section 8,4.

This reault does not appear unexpected. Due to the

relation between power spectrum and autocorrelation

function the derivations of this and the preceding sections

eswentially similar. A separate treatment is given

are

a basic analogue of a possible hearing mecha-

here as

nha,
When the summations in (3) are carried out under the

asaumption that -n © Wun, Kett is found higher than k.

This means that the expected pitch shifts due to inhar-

moniaily are aynaller than those predicted by (5)- The

agreement between pseudo-frequenc
y and the experi-

mental residue pitch can be improved only when “py is a

decreasing function of frequency, such that Keff becomes

amatler than k.

Ginee the dependence of pitch upon the complex width

ia small, the effect of the presence of one particular

coroponent 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 4 physical picture of the weighting factors

can be obtained.

In order to show the effect of various gubstitutions we

take Wy, as

sig We xe
eT k+n .

fede ie shows for various values of z the correction

peee cases corresponding to the experimental

eae s. For comparison the corresponding data of

neo atio of measured pitch shifts and "first ap roxima-

tion" values is included. i

Table of k/kgg (section 8.4)
 

Nene
k/kese

exp.
theor.

z=9 zZ=1 Z=2 z=3

 

: 5 1,15 *) 0,93 1 1,09

|

1,19

2 g

|

1,25 *)

|

0,97 1 1.03

|

1,07
12

|

1,17*)

|

0,99 1 1.01

|

4,63
> >

: | 9 1,15 **)

|

0,98 1

9 1,24 **)_|:.0,92 1 :

% 9 1,76 2k) 0,81 i 1,10 eigak      
 

*) average of measurements on basi i ;
150, a ake eae a n basis frequencies of

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

fectne ee difference limen is taken as proportional to

ieuae Migey the exponent z is two. From the

atthe correction f j i Ss

tooo for the experimental eo:eea

e experimental values of the corr iLe: ection f

nearly independent of k when the number ofee

is constant. In i j jorder to explain this z must increase with

8.5. oa3 theprincipal pseudo-period is calcu-

hene : maximum that is closest to the maxi-

prs eewhocpesadonpert function. The

cy ime e 2 e pseudo-period :j -

Sead8.2 with j differing heen k, InSe

oe ation #j is equal to j times the centre-tone nee

nis ambiguity of the paeudo-periodis introduced upon
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the consideration that the problem under concern may

not have a unique solution.

A similar plurality of sol

ment of section 8.4 when

frequencies

ution emerges fromthe treat-

it is realized that the given

(k + a, +n) b (lard< 3)

can be approximated by the harmonic series

K+) pj Gt.

Solution of pj yields

+N

2 Ww, (1 + *)

n=-N.

j j +N

Zeer
n=-N

When again the correction factor is taken unity the ap-

proximate solution is

pe
a
=

Still other pseudo-frequencies can be obtained wees

the given frequencies are compared to a series of har

monics which are not adjacent to each other. vale

The resulting pseudo-frequencies correspondto pseu-

do-periods appreciably larger than the basis pex iod. a

These extended solutions can describe the mutual cor

respondence between different properties of thea

which are at first sight not related, This is illustratec

by the following treatme nt of inharmonie signals. Me

“Gonsider an inharmonie signal the centre tone of which

ia kb + dy When dis a submultiple of b, may

       

uo
 

d = Be (m integer,

all components are harmonics of the frequency b/m, The

signal has then an exact repetition period m/b which te

equal to (mk + 1) times the period of the centre tone.

When m is large this period is long, it may he of the
order of seconds.
The sound is expected to be perceived as fluctuating

according to this period of repetition ("inharmoniolly
beats", see sections 3.6 and 3.7).
Experimentally, inharmonicity beats are absent wher

exceptional circumstances (section 6,4) are excluded),

When d is increased from the value b/m one oanfine

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 0;

ar

a new pseudo-period, nearly equal to (mk = k + 1) timer
the centre-tone period, indicates a better approximation

of long-time periodicity.
When dis increased from zero, the submultiples of

are lying close together and the long-time period im or
the average equal to 1/d. As said above, it ia found thal
the auditory sensation generally does not repeat tiselt

with a frequency nearly equal to d.
Forstill higher values ofd the frequency correspond

ing to this pseudo~period enters the auditory range

The experiments show that a corresponding piteh wen

sation does not arise,
Even when d= 4b, where the components become odd

multiples of $6, the pitch certainly does not correspond

to the exact repetition rate #5 (aee sections 3,3 and 7,4),
From thia derivation it follows thatthe absence of "in

harmonicity beats" ia related to the absence of a pitah
sensation corresponding to the exact repetition period of
a "symmetric aignal", One can eonolude that the experi»

ui
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ments indicate that the pseudo-grequencies pb; and the

pseudo-periods P; 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 principal solutions p;, and

P constitutes a separate problem.

Kin view of the definition, Py indicates the largest max-

imum of the autocorrelation function in the range around

To. The pseudo-frequency py given by equation (3) of

section 8.4 leads to a smaller value of the function Sthan

the solutions Pj given by equation (1) of this section, pro-

vided that the absolute value of a, is smaller than 3, and

j is of the same order of magnitude ask. Thus px indi-

cates the closest approximation of a fundamental fre-

quency.
From 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

closely to P;, or P,-

The only occasion where experimental evidence fora

pitch corresponding to the other solutions (Pj and Pj with

j #k) might be present is found at the high end of the

centre-frequency range (see section 5.2). The accura=

cy of the experiments is, however, insufficient to dis-

close 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 relevant to a neural;

mechanism that acts upon a cochlear vibration more or

less similar in waveform to the presented signal. The

pseudo-frequency as an approximate fundamental fre-

queney could describe the ultimate result of an action

elicited by completely resolved components. Since the

theoretical results of both types of description are so

highly similar, no further light is shed uponthe actual

mechanismthat 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 resolutionis carried out by nearly

linear means such as mechanical filtering. Supposing

thatthe resolution ia inaufficient for separating the come

ponents, a residue theory can be developed according to

 

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

the spectrum description emerges.

Data on the over-all discrimination powerof the @
(discrimination of pitch, critical bandwidth for maskit

indicates that the relative discrimination is in arude a
proximation independent of frequency. It seemm rouse

able to suppose that the resolution of the ear before t

residue pitch is determined can be described hy # 00
stant relative bandwidth. ,
The components of a complex with low ratio k of cent

and basis frequencies are then nearly completely aap
rated. This means that for this case the speotrum d

scription applies.
For complexes with high values of k the relative sep

ration is so small that separation by nearly linear moan

is improbable. These signals can be treated In lorie
the waveform description.

8.7. In the experiments it is observed thal beata ar
, when the spectrum of an inharmonic signal ox

into the region of "negative frequencies" (see sant!
3.7). These inharmonicity beats are generally not hea

when the spectrum is confined to positive frequencle

When the number of components is low, thia dille
of properties can be demonstrated only when the ratic
of centre and basis frequencies is low. ‘This implien th
the relative separation of the components ia large, It

reasonable to suppose that here the resolution of 0
components is nearly complete.
The effect is easily explained in terms of the apeahm

description, namely by taking into account that eomy

nents of nearly equal magnitude of frequeney Inlerar

Of course the effect can theoretically be explained

  
 

 

terms of the waveform description as well. It la, la

ever, unreasonable to sup} » that the signal, witha

substantial filtering, is subjected to autocorrelation ana
ysis.

7" ” . ‘A » +o r fFor complexes of low k the theory based on the ape

    
      

         

explained in terme of the place
neural connections between the p

harmonically related frequencies, These
nections can be thoughtto be organised by ‘the repeith

  

 



 

excitation by harmonia sounde dich a# Gaour in every®
day life, ‘Thiw concept of gelf-organivation je fol near

mon in modern neurophyslology,
The residue for inharmonic signala can be explained

as well, namely by taking into account that the acouraey

of the connection scheme is necessarily limited, The

pitch will correspond to the frequency the harmonicas of

which approximate the given tones. The common divisor

method describes the result of this comparison,

This explanation of the residue does not contain phase

effects, which is in agreement with the experimental re»

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 centre 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 synchronized

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 a, 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. Jt 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 inversely proportional to tiie time separation be-
cause the theory Nae to apply ta purestone ae well as
vomplen alimull, ‘The Pitoh lw then found elose to the
fivel approxtmation" value
Vor an inharmonio complex the pulwea willnot be equi

(iatant, ainee the in@lantaneous phawe of the fine=atruc
lure With reapeetta the envelope varies continually, The
concept of pattern«recognition, proposing that the most
numerable time diatances are utilized, is introduced in
order to explain the stability of piteh for an inharmonie
complex. Due to the natural lack of synchronization and
to inconstant synaptic delay, a similar irregularity will
appear when a harmonic signal is presented. Fromthia
oe that a process of averaging must be involved aa
CLL.

The task of the mechanism is considerably simplified
by the appearanceof peaks in the envelope. When onthe
contrary the amplitude is constant, the neural pulses will
be nearly random with an average distance of about the
centre~tone period. This may give rise to the perception
of an impure pitch corresponding to the centre frequen«
cy. In this way, the extreme phase effects of a complex
with small ratio of basis to centre frequency are under
stood.
A signal the envelope of which has two or more peaks

perbasis period of about equal height is expected to have
a pitch close to a harmonic of the basis frequeney. In
our experiments on approximate frequency modulation a
corresponding trend has been observed when the relative
one is small (also compare Mathes and Miller,

8.9. For signals with larger relative bandwidths the
cochlear filtering process takes part in the mecha-

nism. At acertain place of the cochlea only a few com»
ponents 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 to
the basis period.
Weassume now that pitch is determined from a weight=

ed average of these approximate periods over the places
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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 wn, (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 actionis 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-

uo

pected properties. Yet we have to discuss the bandwidth
of the mechanical analysis of the cochlea.
The bandwidth found by von Békésy is commonly con-

sidered too wide to be relevant to direct explanation of
aural discrimination. Improved resolution can bea ob
tained by assuming that actual stimulation involves the
higher derivatives of the vibration pattern. This implies
a great accuracy and in addition, the process is susce})
tible to interference by noise of physiological origin.
fven mechanical sharpening up to a point where the
mechanical bandwidth becomes comparable to the erition|
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 to
several critical bandwidths. The resulting pattern is in
its turn analysed by the lower neural parts of the sys
tem. There is ample anatomical basis for this assump
tion (Ranke, R-3). It seems almost inevitable lo aasume
thatthe sharpening process utilizes repetition propertios
of the signal, or in other words that neural pulses are
synchronized at least at this intermediate stage, It is not
possible to state explicitly whether the information about
pitch is ultimately transmitted tothe brain as a sequence
of nerve discharges or as a specific pattern of neural
activity.
We turn now to the case of a coherent complex, When

the bandwidth of the signal is comparable to the mechan
ical bandwidth of the cochlea, the stimulation patlerna
overlap a gooddeal. It follows that the neural mechaniam
for perception of single pure tones is impossible, ‘4
perception of a residue may now happen in a way orudely
described in section 8.8. Unless we specify the netions
elicited by a pure tone, we cannot be precise in the de
scription of residue perception, It is, however, evident
that the residue phenomenon is closely conneeted with
insufficient mechanical analysis. For a "high" complax
with nearly constant amplitude something analogous to
pure-tone perception remains possible as is evident from
our results.
When the basis frequency is increased, the overlap

ping of the stimulation areas of the components ia dimin
ished, Such ‘a change may lead to the peraeplion of a
(continuous) residue for all phase relations, When the
basis frequency ia higher than the mechanical bandwidth
of the coal » the stimulation patterns do no loner
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overlap, and the situation is in favour of determination
of residue pitch according 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 correspondto the critical ratios given in
Tables I, Il 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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SUMMARY

The research reported in this thesis is devoted to the
auditory phenomenon of the residue (defined by Sehouten
as the combined impression of unresolved components)
The tone complexes have been produced mainly by am
plitude modulation. The residue of a harmonic signal has
a pitch that corresponds to the fundamental frequency.

Particular attention has been paid to the perception of
inharmonic signals. An inharmonic signal consisting of
equidistant components sounds as smooth as a harmonta
one with similar parameters. The piteh level of such
signals is determined by matching a harmonic complex
with variable fundamental frequeney. For constant mod
ulation frequency the pitch is found dependent upon the
carrier frequency. The relative pitch shifia due to in
harmonicity are slightly larger than the relative yvarin
tions of the carrier frequency. When pitch ia plotted
versus carrier frequency one finds a gaw-tooth curve of
which each segment is centered avround a harmonie alt
ation.
Inharmonic complexes whose frequencies are not equi

distant show beats which correspond to the continual
phase variations involved. These phase effects are io
lated to changes in the envelope of the waveform, This
correspondence is found to apply in all cases studied ax
cept for conditions of approximate frequeney modulation
Complexes with a wide relative separation between ad

jacent components exhibit somewhat different propertion
Such signals show small or negligible susceptibility to
phase changes and, in addition, the rmonie gomplexean
tend to produce beats related with the deviations from
harmonicity.
The results of other authors in the field of subjective

tones are discussed and most of the divergences explain
ed.

Ina theoretical discussion it is concluded that the moat
probable theory of the residue post 8 that approx)
mate periods in the signal are the | a for piteh deter
mination, ‘The fundamental properties of inharmenio
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signals as well as the deviations of plteh from the ax~
pected values are attributed to a weighed average of the
information coming from partially resolved vibrations.
The phase effects are explained in part by the facilitation
of this process when special phase relations prevail,
For spectra of widely separated components a mech~

anism like the evaluation of an approximate common di-
visor to the presented frequencies is suggested. Both
mechanisms are supposed to complement each other so
that no sharp transition is found,
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SAMBNVAT TING

Dit proefachrift bescehrijfM een onderzoek naar het #4.
,reaidu", door Schouten gedefinieerd als de gewaarwor-
ding van een groep tonen, die door het oor niet gosehel-
den worden, Voor de productie van de signalen is gebruik
femaakt van amplitudes modulatie, De toonhoogte van het
rosidu van een harmonisch complex komt overeen metde
frondtoontrequentia.

Bijzondere aandacht is geschonken aan de waarneming
van anharmonische signalen, Hen anharmonisch complex
waarvan de componenten cen constant frequentieveraahtl
hebben, i8 qua klankkleur en tonalitelt niet te onder-
scheiden van een harmonisch complex. De toonhoogte van
de gebruikte signalen is gemeten door als vergelijkinga~
object eenharmonisch complex met instelbare grondtoon-
frequentie te gebruiken, Bij constante modulatiefrequon~
tie is de toonhoogte afhankelijk van de draaggolffrequon-
tie. In de nabijheid van een harmonische situatie veran-
dert de toonhoogte iets sterker dan evenredig met de
draaggolffrequentie. De kromme van toonhoogle ltewon
draaggolffrequentie heeftde vorm van een zaagtand wit’
van elke opgaande tak rbndom een harmonische situalio
ligt.
Anharmonische signalen, waarvan de componenten niet

equidistant zijn, geven zwevingen te horen die overcean=
komen met de voortdurende veranderingen van de fazen
der componenten. Tussen deze faze-effecten en de goll-
vorm van de omhullende van het signaal kan een weder:
kerige samenhang gevonden worden. Deze is onafhanke~
lijk van de anharmoniciteit van het complex. Slechts# in
experimenten met signalen die frequentie-gemoduleerde
golfvormen benaderen kunnen afwijkingen van deze reel
gevonden worden.
Complexen met een relatief grote afstand tussen de

componenten onderscheiden zich experimenteel door ul-
wijkende eigenschappen. Het residu is weinig of niel pu:
voelig voor faze-verhoudingen en anharmonische com
plexen geven aanleiding tot het waarnemen van zwevin
gen.

Hh

  



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 voer 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 wordenverklaard door

aan te.nemen, dat de taak van het mechanisme verge-

makkelijkt wordt voor signalen met gepiekte golfvorm.

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.
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Appendix

DESCRIPTION OF APPARATUS

A.1. Pulse generator, single modulator, frequeney dle

vider, noise generator and continuous filter have &

common supply unit. This unit is of the electronically

regulated type and delivers voltages of +340 V and -80 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 reati=

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 aotue

al and reference voltages and for driving the regulation

valves.
A similar unitis used for the supply of the double mod

ulator.

A.2. The pulse generator consists of three nearly iden

tical channels. In the schematic diagram (see ip

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 for

triggering the channels of the pulse generator. The seo

ond stage consists of a discriminator circuit which eon

verts the trigger signal into an approximate square wive

The time of the steep rising and falling phases is con

   

  

trolled by the bias setting (potentiometerI) of the dis

criminator. The output signal is fed to a Schmitt trigges

circuit (Elmore and Sands, BS-1), The ne y per

square wave thus obtained is sometimes used in the ox

periments with pulsed noise,

When shorter pulses or greater facilities of control of

length and amplitude are required the remaining parte ol

the cireult can be used. The square wave initiates the

 

action of a phantasatronelike elr The pentode eom-

monly used in this type of elreull is replaced by three
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triodes in a Yrarrangement (Mig. A.2.2), The anode
current of the lower triode (A) is allowed to flow through
one of the upper triodes (B and C) which are in turn
connected to each other to forma bi=stable eireutt,

In the quiescent state the left triode (B) is conducting,
The anodeof the other one (C) is connected via a cathode
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 ine
tegrator (Elmore and Sands, #S-2). The charging our-
rent igs determined by the setting of potentiometerI (wae
Fig. A.2.1). The circuit constants are chosen such that
at the end of the cycle valve C starts to draw grid our
rent. This causes the cathodes of B and Cto drop in volt
age, so that fly-back actionis initiated, Someof the voll-
ages occurring in the circuit are depicted in Fig, A, 8.2,
The advantage of this systemis that the form and alge

of the triggering impulse are not critical and that diffi-
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 at the
anode of valve B. The top of the pulse is perfeetly flat
At the end of the action there is a negative overahoot
caused by grid current of valve B.
The final amplifier controls the intensity of the output

pulse. The valve is normally cutoff, only during the pulae
the anode voltage drops over a predetermined amount
(potentiometerIII). All irregularities of the pulaes due
to the capacitive coupling to the preceding stage are
smoothed out by a clamping diode.

A.3. A schematic diagramof the basic modulator elreult
is shown by Fig. A.3.1. The alternating current |

is divided in two parts, flowing through the valvea A and
B. When V = O both parts are equal and no difference
voltage is developed between the terminals X and ¥
When the division is such that one of the valves is eon
ducting the greater part ofI, a signal proportional to Tia
developed between X and Y, This voltage is also propor
tional to V if the mutual conductance is proportional ta
the grid voltage, It is thus advantageous to use valves
with a nearly quadratic anode current versus avid volt
age characteriatic

For suppression of the voltage V two olireulta of the
type indicated by Fig. A.3.1 are combined, The current

Wh



I for the second part has the opposite polarity. The com=

plete circuit diagram of the prototype is given in Wig,

A.3.2. It is geen that conventional phase inverters are

used for the two input voltages andthat a difference time

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 is controlled by a potentiometer that acta

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 distortion

products associated with the V-signal are minimized.

The upper input (V-signal) is normally used for the car

rier signal.

 

 
Fig. A.2.2 Phantastron circuit. Fig. A.3.1 Basic modulator

circuit.

A.4. The modulator circuits usedinthe double modulator

; differ only in minor aspects from the prototype de-

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 drawh

from the stabilized supply via two incandescent lamps of

220 V, 40 Wconnected in series with the series heater

circuit. Some circuit elements are adapted to the higher

frequencies used and in the final modulator a preampli-=

fier ig 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 the

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 modulator

valves. Ample ventilation makes the drift of the oscilla

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) whieh

1 produces a signal with frequency equal to the differencei
E83F ou 28k }iev frequency. In order to reject high-frequency signala a

— third-order Butterworth filter is provided, It is of the

= wn? lou > R-C type with feedback from the eathode-follower output

atage (compare Thiele, T2), The mixer stage allows

Mig, A,3,a Modulator, direct measurement of the net frequency shift
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Fig. A.4.1 Circuit diagram of the oscillators andthe mixer section.
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Fig. A. 7.2 Circuit diagram of the noise generator,

A.5. The action of the frequency divider is described in
section 5.1. Little is to be added tothis on consid»

ering the circuit diagram (Fig. A.5.1).
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Fig. A.5.1 Frequency divider.

The principal capacitor C is divided in two parla in
order to reduce the output voltage. This allows us lo une
a cathode follower for separating the actual cireull and
the load. Capacitor Cis charged by the combined action
of a trigger circuit T, a capacitor D, a clamp! diode

A and the earthed-grid triode B. The trigger clrouil con
verts the input signal into a square wave at the point &

In the positive-going phase the capacitor D is charged
through the diode A. In the negative-going phase
pacitor discharges through the cathode cireuit of
B. The cathode resistor limits the discharge current and
prevents grid current, The charge of capacitor D la thus
transmitted to capacitor C.
A configuration similar to the Puckle time-base elreull

to dis when a eertalny
old is determined

  
  

  
  

 

The discha t be relatively slow in or
der to ensure that no remaining charge on C ia left, due
lo the remainder of the initiating pulae, Mor thia reason
the reaiator in the cathode of valve B ia el n ae low aa
ja compatible with absence of grid current. Sinee only
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small time constances are involved the adjustment needs

no correction over a wide range of frequencies.

A.6. 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.

  -< |
lte ue

2

Maver fisqr

Fig. A.6.1 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 Vi, V2, and W.

When x + y = 1 the response is a rational quadratic func-

tion of the complex-frequency variable s:

Vi + 2Ws/x + Vos?

1 + 2s/x +s?

 

v=

The absolute value of the zero's is

v4

Vy

Fig. A.6.2.Division circuit.

”

and the decrement

i aw /x

Viva

When V1V2 is constant the decrement can be controlled

by W and the absolute value by V1/V2 Fig. A. 6.2 shows
a configuration for realizing a constant product V; V9.

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 cireult

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 reais=

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 cir-

cuit is not an ideal one. For the functions here described

no difficulties were encountered.

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

a cold-cathode discharge valve of type 85 A @

(Philips) is used as the noise source for the noise gener

ator, The noise obtained in this way has a flat spectrum

extending to over 16.000 c/s as is revealed by the spue

trum depicted in Fig. A. 7.1.
The noise source is followed by a two-stage differential

amplifier with feedback (Fig, A.7.2). At the output the

noige ean be taken off in push-pull, a feature that ia con

venient in some experiments planned for the future

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

ensure that the signal is tranamitted to the ear with

fair fidelity, The frequency response, measured with an

artificial ear (6 ee cavity), is plotted in Fig. A.8.1, The

earphone is connected via 10 kQ to an audio amplifier of
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Fig. A.7.1 Noise spectrum as Fig
recorded from wave
analyser.
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Fig. A.6.3 Circuit diagram of the continuously adjustable filter,

All triodes type 12AT7, the pentode is of the type EF 86.  

conventional design (provided with 20 db voltage feed
back). This amplifier can, if desired, drive a loudspeak
er for demonstration purposes. The normal load resia~
tor of 8Q can be replaced by the 10 k{) of the receiver
circuit without causing instability due to the feedback.
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STELLINGEN

I

Het is onjuist alleen uit het Haas~effect en het bestaan van binau-

rale zwevingen teconcluderen, dat de frequentie van signalen tot

in hogere zenuwcentra behoudenblijft.

II

De indruk, dat regressie aanwezig is alleen op grond vanbepaling

van aangename luidheid en pijngrens, dient, vooral in het geval

van hardhorende kinderen en bij reeds lang aanwezige doofheid,

met reserve te worden aanvaard.

Iti

Als uitbreiding van de ijking met behulp van een radioactief pre-

paraat kunnen proportionele telbuizen, bedoeld voor kosmische-

stralenmetingen, geijkt worden door het invallen van enkelvoudi-

ge deeltjes met energieén in het gebied van minimum ionisatie te

registreren.

IV

De manier waarop van Dranende rotatie-energie van CO? in het

eritische punt afleidt, is aan bedenkingen onderhevig.

J.van Dranen, J.Chem.Phys. 21 (1953), 1404.

Vv

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.

Vil

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,

Vill

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.

O_O



 

rx

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 Engineering

XI
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

opperviak 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.

XI

Integenstelling tot de gebruikelijke uitvoering dient de zoekerlens

van een twee-ogige reflexcamera uitgerust te zijn met een dia-

fragma, dat centrale stralen tegenhoudt.

XH
Ben mogelijke verklaring van de intervallen, voorkomendein een

exotische toonladder, ligt besloten in de boventonen-structuur van

de gebruikte muziekinstrumenten.

XIV

Bij het beoordelen 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-

youdiger 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.


