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INTRODUCTION

The title of this dissertation 'aspects of two-tone per
ception' is ambiguous. For what is a tone? Generally, any 
auditory sensation having pitch is called a tone. But in 
this case the word 'tone' is used in the restricted sense 
of the sound produced by a sinusoidal vibration. Such a 
tone is an element of the auditory sensation. Its pitch is 
unequivocally related to the frequency of the vibration. A 
mixture of sinusoidal vibrations of various frequencies is 
perceived as a number of tones with pitches corresponding 
to the stimulus frequencies. It is a fundamental property 
of the ear that the frequency components of a stimulus are 
represented perceptually as tones. The ear acts as a spec
tral analyzer.

The close relation between a frequency component and a 
tone has become so self-evident that the word 'tone' may 
stand for both the frequency component of the stimulus and 
the percept. In the title of this dissertation 'tone' 
stands for frequency component; the perception of stimuli 
with two frequency components was studied. The distinction 
between the two uses of the word 'tone' is unimportant in 
so far the frequency component - tone relation holds 
strictly. However, the subject of this dissertation is that 
this is not generally true. The two-frequency stimulus 
f 1,f2 may evoke more than two tones in the ear. For exam
ple, a difference tone corresponding to the frequency com
ponent f2“fl may be perceived. Such a tone is conceivably 
the product of a nonlinearity of the ear. Frequency analy
sis by the ear succeeding the nonlinearity would reveal the
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distortion in the perception of additional tones. These ad- 
ditional tones are called combination tones.

The difference tone (f2~fl) is audible only at high 
stimulus levels. It can be described as the product of an 
overloading type of nonlinearity. The combination tones 
which are studied in this dissertation correspond to fre
quency components fi-k(f2“fi), where k is a small integer. 
These combination tones are audible even at very low stim
ulus levels which suggests that they are the products of a 
more essential nonlinearity. The reason for the study of 
these combination tones was the working hypothesis that 
such a study might help to understand the nonlinear detec
tion of the ear. Two-frequency stimuli were applied in 
this research since they have the smallest number of vari
ables.

This dissertation consists of three papers. The ab
stracts of these papers are given below.

ABSTRACTS

PITCH PERCEPTION OF TWO-FREQUENCY STIMULI

Experiments on the pitch of complex tones produced by 
two frequency components are reported. An exploratory ex
periment revealed that subjects perceive the pitches of in
dividual part-tones or the stimulus as a whole with a 
pitch corresponding to about the fundamental frequency.
The latter pitch was investigated more thoroughly. In case 
of adjacent harmonics, the pitch corresponded to the (ab
sent) , fundamental frequency. A shift of the frequencies 
away from such a harmonic situation while maintaining a 
constant frequency difference resulted in a pitch shift.
For higher harmonic numbers, the pitch shift was larger 
than could be met by current theories. The large pitch 
shift was explained by taking into account an auditory 
nonlinearity which generates combination tones of the type 
fl“k(f2-fl)- Sound-pressure level dependence of the pitch 
shift could be explained in the same manner. When the com
bination tones were masked, the large pitch shift dimin
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ished. With regard to the pitch mechanism, the results sug
gested that the detection of the low pitch of the complex 
tone requires spectral information.
{This paper has been published in The Journal of the Acous
tical Society of Anerica, Vol. 48^ 924-942^ October 1970.)

AUDIBILITY REGION OF COMBINATION TONES

This paper describes research on combination tones of 
the type f],-k(f2-fi). Such tones are audible during stim
ulation by the two frequency components f^ and f2» fi<f2- 
The results of the experiments suggest that these combina
tion tones are audible only in a restricted frequency re
gion below f}. The lower limit of this 'audibility region', 
for the combination tone 2fi~f2 (k=l), was determined pri
marily by the level of the lower stimulus component Li and 
additionally by L2. The width of the audibility region ap
peared to be highly subject dependent. The lowest stimulus 
level for which 2fi~f2 was audible ’was 15-20 dB SL if both 
stimulus components had equal levels. If the lower compo
nent .was set at 40 dB, then the higher one could be reduced 
to 4 dB before 2fi_f2 reached threshold. Higher order com
bination tones could be perceived up to k= 5 or 6. At 40 dB 
SL the lower limit of the audibility region was approxi
mately the same regardless of the order (i.e. independent 
of k). The width of the audibility region could not be ex
plained completely by the amount of interaction of the me
chanical stimulation patterns corresponding to f} and fo.
In addition, it is demonstrated that these combination 
tones may play a misleading part in masking experiments.
The detection threshold of a simple tone masked by another 
simple tone may be determined by the detection of a combi
nation tone of the type fi-k(f2-fi), even at a low level 
of the masker.
{This paper has been submitted for publication in The Jour
nal of the Acoustical Society of America.)



COMBINATION TONES AND THEIR ORIGIN

Combination tones corresponding to fi-k(f2-fi)> with k 
a small positive integer, are often audible during stimu
lation by the two frequency components fi and f2 (fi<f2)*
In this paper the Cubic Difference Tone 2fi~f2 (k=l) is 
studied mainly. The research reported is directed at the 
type of nonlinearity generating the CDT and at the site of 
CDT generation. The first experiment shows that the gen
eration of the CDT is affected by a dip (a threshold ele
vation in a narrow frequency region). The CDT was perceiv
ed only when the level of £2 exceeded the elevated thresh
old. In the second experiment the cancellation method is 
used. The results suggest that the high-frequency slope of 
the pattern of stimulation upon which the nonlinearity op
erates is comparable with the slope revealed in masking ex
periments. In the last experiments the cancellation method 
is reconsidered. Estimates of the CDT level found by vari
ous other measuring methods in which the probe tone was 
presented nonsimultaneously with the stimulus fi,f2 were 
all lower than the cancellation level. The results are 
discussed in terms of a nonlinearity intimately coupled 
with a frequency selectivity. A simple compressing type of 
nonlinearity is proposed which accounts rather well for 
the CDT data. The lower estimates of the CDT level found 
for nonsimultaneous probe tones are attributed to suppres
sion effects introduced by the nonlinearity.
(This is a preliminary version of a paper to be submitted 
for publication in The Journal of the Acoustical Society 
of America.)
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SAMENVATTING

Een belangrijke eigenschap van het gehoororgaan is fre- 
kwentieanalyse. Bij aandachtig luisteren naar een toon 
voortgebracht door een muziekinstrument is het meestal mo
gelijk een aantal deeltonen waar te nemen. Deze deeltonen 
korresponderen met frekwentiekomponenten van de door het 
muziekinstrument voortgebrachte trilling. Soms blijken er 
echter deeltonen waarneembaar te zijn die geen overeenkom
stige frekwentiekomponenten in de stimulus bezitten. Zo 
kan een stimulus bestaande uit de twee frekwentiekomponen
ten fi en f2 (fl^a)’ indien voldoende luid, een deeltoon 
voortbrengen die korrespondeert met de frekwentiekomponent 
f2~fl. Deze deeltoon wordt de verschiltoon genoemd. Het 
ontstaan van de verschiltoon wordt toegeschreven aan ver
vorming van het signaal door overbelasting van het gehoor
orgaan. Men neemt aan dat deze vervorming in het gehoor
orgaan voorafgaat aan de frekwentieanalyse zodat de door 
de vervorming geintroduceerde frekwentiekomponenten wor
den geanalyseerd en vervolgens hoorbaar worden als deel
tonen. Deeltonen die slechts hoorbaar zijn bij een gelijk
tijdige aanbieding van twee of meer frekwentiekomponenten 
worden kombinatietonen genoemd.

In dit proefschrift worden kombinatietonen bestudeerd 
die korresponderen met de frekwentiekomponenten fi-k(f2~fl), 
waarbij k een klein positief geheel getal is. Deze kombi
natietonen blijken reeds te worden waargenomen bij de zeer 
lage geluiddrukniveaus van 15 a 20 dB boven de drempel. Ge
zien deze lage niveaus kan in dit geval niet gesproken wor
den van vervorming als gevolg van overbelasting. Aangeno
men wordt dan ook dat deze kombinatietonen de Produkten 
zijn van een meer essentiële niet-lineariteit van het ge
hoororgaan. De experimenten hadden tot doel deze niet-li-
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neariteit langs psychofysische weg te bestuderen. De re
sultaten worden gepresenteerd in de vorm van drie artike
len. In het eerste artikel wordt de toonhoogteperceptie 
bestudeerd van een signaal dat uit slechts twee opeenvol
gende harmonischen bestaat. Voor hogere harmonischen blijkt 
de toonhoogteperceptie gebaseerd te zijn op de kombinatie- 
tonen van het type fi-k(f2-fi). Het tweede artikel laat 
zien dat deze kombinatietonen slechts voorkomen in een be
perkt frekwentiegebied onder f i. De niet-lineariteit blijkt 
gekoppeld te zijn aan de frekwentieanalyse. Het laatste ar
tikel gaat dieper in op de plaats waar deze kombinatieto
nen worden gegenereerd en cp de aard van de niet-lineari
teit.



STELLINGEN

1 De bestudering van kombinatietonen is een effektieve 
methode om langs psychofysische weg de niet-Iineaire 
signaalverwerking in het gehoororgaan te analyseren.

2 De in dit proefschrift gemaakte veronderstelling dat 
kombinatietonen het gevolg kunnen zijn van een kompri- 
merende mechanische niet-lineariteit impliceert dat de 
amplitude van de trilling der cochleaire scheidingswand 
op drempelniveau aanmerkelijk groter kan zijn dan de 
huidige onbevredigende schattingen van ongeveer 10 12m. *

3 De Boer's fase regel is slechts van kracht indien de in 
het gehoororgaan opgewekte kombinatietonen voldoen aan 
de bij de fase regel behorende stimulus voorwaarde.
Voor de kombinatietonen van het type fi-k(f2-fi) is dit 
het geval; voor do verschiltoon f2_fi niet.

E. de Boer, "A note on Phase Distortion and Hearing", 
Acustica 11, 182-184, (1961).

4 Niet-lineariteiten worden meestal mathematisch beschre
ven met Taylor reeksontwikkelingen. In geval van essen
tiale niet-lineariteiten biedt een beschrijving met. 
Tsjebysjev polynomen vaak een gunstig alternatief.

5 Een specifikatie van de vervorming van een elektroni
sche versterker voor slechts het grootste vermogen kan 
misleidend zijn.

6 Een korrelatie tussen het moment van optreden van ak~ 
tiepotentialen in de gehoorzenuw en de fase van een van 
de stimulus afgeleide frekwentiekomponent toont niet 
noodzakelijk aan dat deze frekwentiekomponent ook in. 
het gehoororgaan gerepresenteerd is. Intervalhistogram- 
men van de aktiepotentiaaltreinen bieden daaromtrent 
adekwatere informatie.

7



7 De omhullende van het tijdpatroon van een stimulus is 
geen eenduidige maat voor de waargenomen "ruwheid".

E. Terhardt, "Frequency Analysis and Periodicity De
tection in the Sensations of Roughness and Periodi
city Pitch", in "Frequency Analysis and Periodicity 
Detection in Hearing"jK. Plomp and G.F. Smoorenhurg 
Eds., A.W. Sijthoff, Leiden (1970).

8 Met stimuli bestaande uit twee frekwentiekomponenten 
kan worden aangetoond dat de positieve sompotentialen 
(+SP) zoals gedefinieerd door Kupperman de aktiviteit 
van de basilaire membraan niet volkomen representeren.

R. Kupperman, "The SP in Connection with the Move
ments of the Basilar Membrane", in "Frequency Ana
lysis and Periodicity Detection in Hearzng"3 R. Plomp 
and G.F. Smoorenburg Eds., A.W. Sijthoff, Leiden 
(1970).

9 Iedere onderzoeker doet er goed aan op de hoogte te 
zijn van de door Bacon beschreven 'idola' (vooroor
delen) die het verwerven van zuivere kennis van de na
tuur in de weg kunnen staan.

Francis Bacon, Novum Organum I (1620).
see Benjamin Farrington, Francis Bacon, Philosopher
of Industrial Science, Collier Books, New York (1949).

10 Het vak dat in dit proefschrift wordt beoefend zou men 
met "audionomie" kunnen betitelen.
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INTRODUCTION

The title of this dissertation 'aspects of two-tone perception' is ambiguous.
For what is a tone? Generally, any auditory sensation having pitch is called a tone. 
But in this case the word 'tone' is used in the restricted sense of the sound pro
duced by a sinusoidal vibration. Such a tone is an element of the auditory sensa
tion. Its pitch is unequivocally related to the frequency of the vibration. A mix
ture of sinusoidal vibrations of various frequencies is perceived as a number of 
tones with pitches corresponding to the stimulus frequencies. It is a fundamental 
property of the ear that the frequency components of a stimulus are represented 
perceptually as tones. The ear acts as a spectral analyzer.

The close relation between a frequency component and a tone has become so self- 
evident that the word 'tone1 may stand for both the frequency component of the 
stimulus and the percept. In the title of this dissertation 'tone' stands for fre
quency component; the perception of stimuli with two frequency components was stud
ied. The distinction between the two uses of the word 'tone' is unimportant in so 
far the frequency component - tone relation holds strictly. However, the subject 
of this dissertation is that this is not generally true. The two-frequency stimulus 
fpf^ may evoke more than two tones in the ear. For example, a difference tone cor
responding to the frequency component may perceived. Such a tone is con
ceivably the product of a nonlinearity of the ear. Frequency analysis by the ear 
succeeding the nonlinearity would reveal the distortion in the perception of addi
tional tones. These additional tones are called combination tones.

The difference tone audible only at high stimulus levels. It can be
described as the product of an overloading type of nonlinearity. The combination 
tones which are studied in this dissertation correspond to frequency components 
fl"k(fz'fl)9 where k is a small integer. These combination tones are audible even 
at very low stimulus levels which suggests that they are the products of a more 
essential nonlinearity. The reason for the study of these combination tones was
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the working hypothesis that such a study might help to understand the nonlinear 
detection of the-ear. Two-frequency stimuli were applied in this research since 
they have the smallest number of variables.

This dissertation consists of three papers. The abstracts of these papers are 
given below.

ABSTRACTS

PITCH PERCEPTION OF TWO-FREQUENCY STIMULI

Experiments on the pitch of complex tones produced by two frequency components 
are reported. An exploratory experiment revealed that subjects perceive the pitches 
of individual part-tones or the stimulus as a whole with a pitch corresponding to 
about the fundamental frequency. The latter pitch was investigated more thoroughly. 
In case of adjacent harmonics, the pitch corresponded to the (absent) fundamental 
frequency. A shift of the frequencies away from such a harmonic situation while 
maintaining a constant frequency difference resulted in a pitch shift. For higher 
harmonic numbers, the pitch shift was larger than could be met by current theories. 
The large pitch shift was explained by taking into account an auditory nonlinearity 
which generates combination tones of the type f-i-k^-f-^). Sound-pressure level de
pendence of the pitch shift could be explained in the same manner. When the combi
nation tones were masked, the large pitch shift diminished. With regard to the 
pitch mechanism, the results suggested that the detection of the low pitch of the 
complex tone requires spectral information.

{This paper has been published in The Journal of the Aioustical Society of Anerica, 
Vol. 48, 924-942, October 1970. )

AUDIBILITY REGION OF COMBINATION TONES

This paper describes research on combination tones of the type f^-k^-f-^)- 
Such tones are audible during stimulation by the two frequency components f]: and 

f?’ ^1^2* ^'e resu^s °f t*16 experiments suggest that these combination tones are 
audible only in a restricted frequency region below f-j. The lower limit of this 
'audibility region1s for the combination tone Zf^-f^ (k=l), was determined prima
rily by the level of the lower stimulus component L-, and additionally by Lg. The 
width of the audibility region appeared to be highly subject dependent. The lowest 
stimulus level for which Zf^-f^ was audible was 15-ZO dB SL if both stimulus com-
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ponents had equal levels. If the lower component was set at 40 dß, then the higher 
one could be reduced to 4 dB before Zf^^ reached threshold. Higher order combi
nation tones could be perceived up to k= 5 or 6. At 40 dB SL the lower limit of 
the audibility region was approximately the _same regardless of the order (i.e. in
dependent of k). The width of the audibility region could not be explained com
pletely by the amount of interaction of the mechanical stimulation patterns corre
sponding to f-^ and f^. In addition, it is demonstrated that these combination tones 
may play a misleading part in masking experiments. The detection threshold of a 
simple tone masked by another simple tone may be determined by the detection of a 

combination tone of the type > even a ^ow ^eve^ °f the masker.
{This paper has been submitted for publication in The Journal of the Acoustical 
Society of America. )

COMBINATION TONES AND THEIR ORIGIN

Combination tones corresponding to fj-k^-f^), with k a small positive integer, 
are often audible during stimulation by the two frequency components f^ and 
(fl<f2). In this paper the Cubic Difference Tone 2f^-f2 (k=l) is studied mainly.
The research reported is directed at the type of nonlinearity generating the CDT 
and at the site of CDT generation. The first experiment shows that the generation 
of the CDT is affected by a dip (a threshold elevation in a narrow frequency region). 
The CDT was perceived only when the level of f'2 exceeded the elevated threshold.
In the second experiment the cancellation method is used. The results suggest that 
the high-frequency slope of the pattern of stimulation upon which the nonlinearity 
operates is comparable with the slope revealed in masking experiments. In the last 
experiments the cancellation method is reconsidered. Estimates of the CDT level 
found by various other measuring methods in which the probe tone was presented non- 
simultaneously with the stimulus f,,f2 were all lower than the cancellation level.
The results are discussed in terms of a nonlinearity intimately coupled with a fre
quency selectivity. A simple compressing type of nonlinearity is proposed which 
accounts rather well for the CDT data. The lower estimates of the CDT level found 
for nonsimultaneous probe tones are attributed to suppression effects introduced 
by the nonlinearity.

{This is a preliminary version of a paper to be submitted for publication in The 
Journal of the Acoustical Society of America. )
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PITCH PERCEPTION OF TWO - FREQUENCY STIMULI

INTRODUCTION

The human ear able to analyze a stimulus consisting of two frequency com
ponents. If the frequency difference is not too small, a person can hear two part- 
tones with pitches corresponding to the individual stimulus frequencies. On the 
other hand, a set of harmonics gives rise to a single-pitch sensation, notwith
standing the analyzing faculty of the human ear. This single or over-all pitch, 
which corresponds closely to the fundamental frequency, will be designated as 
"the pitch of the complex tone". The present experiments were an attempt to study 
the properties of this pitch produced by a stimulus consisting of two frequency 
components.

Although data on this question are few, the experiments were thought to be 
fruitful for three reasons.

(1) Results of experiments on the spectral region dominant in the perception 
of pitch of complex tones show that the most effective spectral region covers 
only two low harmonics (Ritsma, 1967a).

(2) The time pattern of two summated frequency components is rather similar 
to the time pattern of a sinusoidally amplitude-modulated (SAM) signal, consist
ing of three frequency components, which gives rise to a clear pitch of the com
plex tone.

(3) The number of frequency components itself does not seem important. The 
marked difference for the signals in (2) -two versus three frequency components— 
is not recovered perceptually because of the introduction of combination tones 
such as 2f^-f2.

This paper has been published by The Journal of the Acoustical Society of 
America, Vol. 48, 924-942, October 1970.
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1. TERMINOLOGY

The applied terminology is, as much as possible, in line with the American 
Standard Acoustical Terminology (American Standard Association, 1960). Accord
ing to this standard, however, some terms have both a physical and a perceptual 
meaning. An attempt to a clearer distinction will be made here:

tone
simple tone

part-tone 
complex tone 
fundamental tone

combination tone

partial 
harmonic

an auditory sensation having pitch,
a tone generated by a sinusoidal vibration and character
ized by its singleness of pitch, 
a tone similar to a simple tone, 
a tone that is not a part-tone,
a part-tone, where the corresponding simple tone is gener
ated by the fundamental frequency component, 
a part-tone not present in the sensations produced by sin
gle constituent frequency components of a stimulus, 
a frequency component,
a partial whose frequency is an integral multiple of the 
fundamental frequency.

The word tone is used only in a perceptual sense because its origin is such 
and because a more specific word for the perceptual aspect is lacking. As for 
the physical aspect, one can dispense with the word "tone" because purely phys
ical terms suffice in describing a stimulus. The concept "partial" is also dual
istic. Hence, distinction is made between partial and part-tone for the physical 
and perceptual aspects, respectively. A part-tone is similar to a simple tone 
not only in regard to pitch but also, for instance, with respect to timbre. Thus, 
a set of high harmonics which is not analyzed into part-tones gives rise to a 
sensation that is not called a part-tone itself, although its pitch may match the 
pitch of a simple tone. The sensation of such a set of harmonics is an example 

a complex tone. A tone is called complex if it is not similar to a simple tone. 
This perceptual description is desirable -although "complex" may originally refer 
to the physical properties— in a framework where "tone" is used in a perceptual 
sense only. A certain stimulus consisting of several harmonics may be perceived 
in different ways; a part-tone may be noticed if the attention is drawn to it 
but it may vanish in a complex tone as well. These strict definitions are adopt
ed in this paper.
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2. PREVIOUS RESEARCH

The pitch of a complex tone produced by a complete set of harmonics, up to the 
10th or 20th, generally has been considered to be the pitch of the fundamental 
tone. This idea stems already from Ohm (1843, 1844) and from von Helmholtz (1863). 
Even then Seebeck (1841, 1843, 1844a, 1844b) objected that a periodic sound wave 
with a very faint fundamental partial has a pronounced low pitch. The important 
role ascribed to the fundamental tone becomes even more doubtful when one recalls 
that the human ear is relatively insensitive to the low frequency of a fundamen
tal partial. Some investigators (e.g., Schaefer and Abraham, 1904; Fletcher, 1924) 
tried to overcome the problem of "the case of the missing fundamental" by as
suming that the fundamental tone in case of an absent fundamental partial is re
introduced in the ear by a nonlinear distortion. Schouten (1938), however, dis
proved this assumption. He used a special complex stimulus which did not intro
duce a fundamental tone as was demonstrated by absence of beats when a simple 
tone, with a frequency slightly different from the fundamental frequency, was 
added. It appeared that the pitch of the complex tone was not affected by the 
absence of the fundamental tone. This leads to the conclusion that pitch of a 
complex tone is not necessarily determined only by the pitch of the fundamental 
tone. A detailed historical review was given by Plomp (1967).

As a consequence, the question of the relative contributions of the partials, 
the fundamental one included, to the pitch of an arbitrary complex tone arises. 
These contributions may, of course, depend on the spectral envelope. The ques
tion was investigated by Plomp (1967) with a method based upon conflicting pitch 
information. The harmonics of a stimulus were separated into two groups, after 
which the fundamental frequencies of each group were drawn apart to some extent.
The frequencies of the partials of both groups remained the same integral multi
ples of the group's fundamental frequency. Such a signal offers the opportunity 
to conclude from the pitch sensation of the total stimulus which group determines 
the pitch. An insight into the relative contributions of the partials was achieved 
by separating the set of harmonics at different frequencies. Plomp used a flat 
spectrum and a spectrum with a -6 dB/oct slope which more closely resembles the 
slopes found for speech vowels and for sounds produced by musical instruments.
The pitch of the signals with both slopes appeared to be determined by "the 
third and higher harmonics for fundamental frequencies up to about 700 Hz and 
by the fourth and higher harmonics for fundamental frequencies up to about 350 Hz." 
Ritsma (1967a) used this method of conflicting pitch information in experiments 
that led to the concept of dominant frequency regions in pitch perception of 
complex tones. He found that "for fundamental frequencies in the range of 100 to 
400 Hz, and for sensation levels up to at least 50 dB above threshold of the en
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tire signal, the frequency band consisting of the third, fourth, and fifth har

monics tends to dominate the pitch sensation as long as its amplitude exceeds 
a minimum absolute level of about 10 dB above threshold." Moreover, he found 
that the dominant frequency region most effective in determining the pitch covers 
only two partials. An earlier finding by Schouten and 't Hart (1965) agrees with 
these results. They reported that the primary pitch of the strike note of bells 
is determined by the second and third partial. A secondary pitch, which some
times occurs, is determined by the fourth, fifth, and sixth partial. This con
clusion could be drawn because partials of bells are not harmonically related, 
which gives a natural situation of conflicting pitch information.

However, the complex stimuli can be descibed by the frequency spectrum as well 
as by the time pattern, and there is evidence that the time structure is in
volved in pitch detection. Schouten (1940a, 1940b) reconciled the limited fre
quency-analyzing power of the human ear with pitch perception based upon period
icity detection. He stated:"The lower harmonics can be perceived individually 
and have almost the same pitch as when sounded separately. The higher harmonics, 
however, cannot be perceived separately, but are perceived collectively as one 
component the residue with a pitch determined by the periodicity of the col
lective waveform, which is equal to that of the fundamental tone".

The periodicity concept seems to be supported by a distinct class of experi
ments in which sets of inharmonic partials are used. Such experiments were ini
tiated by Schouten (1940c) and continued by de Boer (1956), who applied ampli
tude-modulated stimuli with seven and with five frequency components. De Boer 
got the impression that five is the lowest number of frequency components from 
which a stable and distinct residue could be obtained. The inharmonic signals 
were produced by shifting the carrier frequency away from a harmonic situation 
in which the carrier frequency is an integral (of four or more) multiple of the 
modulating frequency. Then, a clear pitch shift was perceived while the modula
ting frequency (or the envelope frequency) remained the same. On the basis of 
time intervals betv/een pronounced deflections of the time pattern, de Boer was 
able to predict this pitch shift to a first approximation. Yet, for spectra of 
widely separated components he also thought of a complementary mechanism like 
"the evaluation of an appropriate common divisor to the presented frequencies".
The small experimental deviations from the first approximation were explained by 
assuming a nonsymmetrical v/eighting of the frequency components involved: the 
lower frequency components should play a more important part. This tendency is 
understandable by now in terms of the dominant frequency region in pitch percep
tion of complex tones. Later experiments with SAM signals showed that three fre
quency components are already sufficient to achieve a tonal residue (Ritsma, 1962). 
In this case, the effect of pitch shift for inharmonic signals was established
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by Schouten, Ritsma, and Cardozo (1962). They described their results with a mod
el operating in the time domain.

An influence of phase upon pitch was demonstrated by Ritsma and Engel (1964). 
Without affecting the power spectrum, they changed the time structure from a SAM 
signal into a so-called quasi-frequency-modulated (QFM) signal by shifting the 
phase of the carrier frequency component over 90°. A QFM signal appeared to give 

rise to several pitches, all corresponding to time intervals between pronounced 
deflections that can be distinguished in the particular time structure.

The perception of pitch of complex tones has been discussed in terms of both 
frequency spectrum and time structure. Their relative contributions to pitch de
tection is still an open question. The problem was investigated by Flanagan and 
Guttman (1960a, 1960b), Guttman and Flanagan (1964), and Rosenberg (1965). All 
applied pulse trains of several polarity patterns, which in some experiments were 
filtered or partly masked by noise. Different polarity patterns can give differ
ent frequency spectra for the same pulse repetition frequency. For these signals, 
three modes of pitch perception could generally be distinguished. With increas
ing frequency of pulse repetition, the pitch appeared to be related, successively, 
to the pulse repetition frequency itself for pulse rates up to 100 Hz, to the 
fundamental frequency for pulse rates from 200 to 500 Hz, and to the lowest par
tial for pulse rates above 1000 Hz. The first transition region was found to be 
particularly interesting. Consistent pitch matchings made in that region did not 
correspond to either stimulus parameter of the three pitch modes. Starting with 
the assumption that pitch is related to time intervals between unilateral de
flections of the basilar membrane, an explanation was given by taking into ac
count the resonance properties of this membrane as described by Flanagan (1962). 
Responses of the membrane to pulses of opposite polarities are interspaced. De
flections of both responses in one direction differ in time by half a period of 
the resonance frequency. Thus, in case of bipolar pulse trains, the time inter
vals between unilateral deflections at successive points along the basilar mem
brane with their respective resonance frequencies will supply continuously var
ying pitch information. This explanation implies that a situation of conflict
ing pitch information arises if a wide-band stimulus is applied. The same rea
soning was used by Ritsma (1967b) to check the concept of dominant frequency re
gions in the perception of pitch of complex tones. Pulse trains of alternating 
polarity and with pulse repetition frequencies from 100 to 250 Hz appeared to 
give rise to pitch sensations corresponding to the time intervals between the 
pulses, plus or minus half an oscillation of a frequency, which was accepted as 
the central frequency of the dominant region. According to the findings of this 
experiment, the dominant frequency region appeared to be centered around the 
sixth to fifth harmonic for pitches corresponding to 100-250 Hz, respectively.



Ritsma discussed the results of his experiment in terms of time structure 
detection. Yet, Plomp (1964, 1968) has shown that the human ear easily ana
lyzes these dominant partials. If pitch is determined by the time structure, 
the problem arises of why harmonics, easily separable by the ear, dominate in 
pitch perception. A time-structure detection requires the cooperation (e.g., 
addition) of at least two frequency components in order to furnish the pitch 
information. One may defend the opposite statement that this very region is 
the dominant one because pitch is determined by frequency-pattern recognition 
requiring a good frequency resolution. The results of many experiments can be 
explained in terms of both ideas. Walliser (1968, 1969c) proposed a combined 
functional model in which the pitch of a set of high harmonics is determined 
roughly by the frequency of the envelope of the time structure and then deter
mined precisely by that subharmonic of the pitch corresponding to the lowest 
partial in the stimulus, which has a pitch corresponding as closely as possible 
to the envelope frequency. As more critical experiments on the relative contri
butions of frequency-pattern recognition and periodicity detection to the pitch 
of .complex tones are lacking, the results of the investigations reported below 
will be discussed in the light of both concepts.

3. DISPARITY AMONG SUBJECTS

The time-consuming pitch matchings reported in Secs. 4-7 were carried out by 
two observers, GS and TH. Their results showed a great deal of similarity. We 
noticed, however, that a two-frequency stimulus consisting of, for example, the 
eighth and ninth harmonic was not perceived similarly by every listener. Whereas 
some observers, GS and TH included, perceived the stimulus as a whole with a 
pitch corresponding to about the fundamental frequency, other listeners were able 
to hear only the pitches of individual part-tones. A closer look at this phenome
non of interpersonal differences was thought to be worthwhile, the more so as 
differences of opinion about the pitch produced by signals consisting of a few 
harmonics may be due to such a disparity in pitch perception among subjects.

3.1. Experiment

The way in which two-frequency stimuli are perceived with respect to pitch 
was studied with 42 subjects and a well-suited pair of signals. Each signal was 
produced by two sine-wave generators without mutual synchronization. One signal 
was composed of the frequency components f^~1800 Hz and f2=:2000 Hz, the other
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Signal of the components f^l750 Hz and f2=2000 Hz. If the two signals are pre
sented successively, one might expect that a pitch drop corresponding to the fre
quency drop of the lower frequency component would be heard. On the other hand, 
the pitch may rise because the first signal consists of harmonics with a funda
mental frequency of 200 Hz and the second signal of harmonics with a fundamen
tal frequency of 250 Hz.

Combination tones may play a part in these pitch judgments. According to Plomp 

(1965), a difference tone 1S not to be detected by any observer at
sensation levels of the stimulus components up to 30 dB. Because a higher sensa
tion level (SL) of 40 dB was used in the present experiment, an octave band of 
noise with a center frequency of 250 Hz was added to the stimuli. The noise band 
masked simple tones of 200 Hz and of 250 Hz at 30 dB (SL), which assured that no 
subject would hear a difference tone. All other distortion components that might 
be introduced by the ear at 40 dB SL are the combination tones of the type f^- 
k(f2-fi), fj<f2 (Plomp, 1965; Goldstein, 1967). This means that the pitches of 
all audible combination tones (the difference tone being masked sufficiently) 
will change in the same direction as the pitch of the part-tone corresponding to 
the lower frequency component. Taking into account the presence of combination 
tones, there is still the following unequivocal relation: if the pitch of the 
signal fpf2=1750,2000 Hz is judged to be higher than the pitch of the signal 
1800,2000 Hz, then the judgment must have been based upon the complex tone as a 
whole; if the pitch is judged to be lower, then the judgment must have been based 
upon one or more pitches of individual part-tones. However, the statement may be 
wrong if a person judging on the basis of individual part-tones does not follow 
the pitch change of a part-tone with a certain k (k=0 included), but rather com
pares pitches of part-tones with different k. For example, the pitch interval of 
a major third corresponding to the fundamental frequencies 250 and 200 Hz may 
also be heard if the pitches of the part-tone corresponding to 1750 Hz (k-0) and 
of the combination tone corresponding to 1400 Hz (k=2) are compared. This unlike
ly possibility was eliminated by interviewing the subjects.

Twenty-five times in one run the two signals were presented successively in a 
random order. The presentation times were 160 msec each with a pause of 160 msec. 
This situation resembles somewhat the dynamics of music. To avoid clicks, tran
sient times of 10 msec were applied. A new pair of signals was presented every 
4 sec. The octave band of noise was presented continuously. Distortion products 
of the apparatus itself were all well below the threshold of hearing. The experi
ment was completely autornized. The stimuli were presented binaurally through head
phones in a sound-insulated room.

The subject was told that he would hear two tone bursts with different pitch.
He had to make a forced-choice judgment of whether the pitch of the second burst
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was lower or higher than the pitch of the first. No information feedback was 
given. The 42 subjects were all coworkers of the Institute. Only a few listeners 
were acquainted with the background of the experiment; only seven were working 
in psychoacoustics. The experiment was repeated one month later.

3.2. Results and Discussion

Nearly all pitch judgments in any one run appear to be based upon either the 
part-tones or the complex tone perceived as a whole. Moreover, not a single sub
ject who had a stable criterion tn the first session reversed this criterion at 
the second session. This result is brought out in more relief by mentioning that 
between the two sessions a different experiment with similar stimuli was performed 
in which all subjects participated. The added data from both sessions are given 
in Table I.

No one reported an ambiguous pitch. Even the scores N=5-9, 10-15, and 16-20 do 
not seem to be caused by criterion reversals during one run. Half of the subjects 
(four) with these scores were not at all able to hear the direction of the pitch 
jump of simple tones of 1750 and 1800 Hz solely. The other subjects making these 
scores merely had difficulties in judging a pitch jump of a part-tone in the pres
ence of other part-tones.

Thus, it appears that one of the two criteria dominates for each subject; there 
is not just rivalry between the two possible ways of judging the pitch. The ratio 
of subjects judging on the basis of one or the other criterion is the same within 
the subset of subjects with musical interest. There also appears to be no corre
lation between either criterion and the group of psychoacousticians; out of a 
total of seven subjects, four were judging on the basis of individual part-tones 
and there were three who heard the pitch jump of the complex tone.

In order to be sure that the unequivocal relation between direction of per
ceived pitch jump and criterion holds generally, it still should be verified that 
there were no comparisons of pitches of part-tones with different k. Every subject 
with scores N=21-25 reported an interval of a major third. Some subjects were able 
to name the interval; others were asked to reproduce the perceived pitch jump by 
singing (cuckoo). Generally, the subjects making these scores judged the task to 
be easy. The pitch jump was their immediate impression: they generally did not 
report spontaneously that they perceived a compound stimulus. The subjects who 
scored N=0-4 reported a pitch interval that was usually estimated to be a minor 
second, or they reproduced vocally a slight pitch jump. The task was judged dif
ferently from being easy to being difficult. Most subjects reported that they 
could hear more than one tone; they never reported that they could also hear a
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major-third relation between pitches of some part-tones, not even upon request. 
Thus, subjects with good analyzing capabilities did not compare pitches of indi
vidual part-tones corresponding to frequencies equal to the same multiple of the 
two fundamental frequencies. In view of this, it is improbable that subjects with 
scores N=21-25 and who never reported the perception of part-tones did compare 
the pitches of these particular part-tones. We may infer that the perception of 
a pitch jump corresponding to the fundamental frequencies was based upon pitches 
of the complex tones perceived as a whole and that the judgments in opposite.di
rection were based upon the pitches of individual part-tones or perhaps just upon 
timbre.

Table I. Disparity among 42 subjects for pitch perception of two-frequency 
stimuli, added over two sessions. The subjects were presented with two successive 
stimuli in a random order. One stimulus consisted of the frequencies 1800,2000 Hz; 
the other of the frequencies 1750,2000 Hz. The table gives the number of subjects 
who perceived out of a total of 25 stimulus pairs a specified number of times N 
a pitch corresponding to the fundamental frequency, which means that N times "the 
pitch of the complex tone" was perceived. In the other cases, pitch jumps accord
ing to individual part-tones were perceived.

Score of "pitch of the complex tone" judgments N out of 25
N 0-4 5-9 10-15 16-20 21-25

Number of subjects 35 7 8 2 32

This experiment was not intended to obtain quantitative data on disparity a- 
mong subjects in pitch perception. It merely should demonstrate that there are 
important individual differences. The choice of parameters may influence the re
sults; perhaps both in the sense of a parameter-dependent criterion and in the 
sense of having or having not simultaneously two criteria at one's disposal. For 
example, presentation time, sound-pressure level (SPL) of each partial, and fre
quency difference may play a part.

These findings show some resemblance to the results obtained by Schodder and 
David (1960). They investigated the influence of a fixed-frequency component on 
the frequency discriminability of another component as a function of frequency 
difference. As we have done in this section, they chose the higher frequency to 
be fixed. Owing to this choice, they could find a similar disparity among subjects 
for frequency differences within the critical bandwidth. The just-noticeable fre
quency difference of the lower component appeared to be related to individual fre
quency components in some cases and to the "envelope frequency" in others. There
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was no effect for frequency differences that are large with respect to the criti
cal bandwidth.

4. PITCH PERCEPTION OF INHARMONIC STIMULI

It is apparent that for a two-frequency stimulus the primary pitch impression 
of about half the subjects was based upon the complex tone perceived as a whole 
and not on some individual part-tones. Inharmonic signals, as mentioned in Sec. 2, 
are well suited for further investigations into the pitch of these complex tones 
perceived as a whole. In the present experiment, the two frequencies are varied 
while the frequency difference is kept constant. All situations in which the fre
quencies of the two components are no integral multiples of the frequency differ
ence are usually designated as inharmonic although such an inharmonic signal may 
be composed, for instance, of the seventh and ninth harmonic. This designation is 
due to the properties of pitch of complex tones which will be established for the 
two-frequency stimuli.

4.1. Method

The pitch of a complex tone should be measured primarily by matching with a 
simple tone of a certain SPL. However, this appears to be a very difficult task 
for the kind of stimuli used and it requires much training. To avoid the diffi
cult interpretation of learning effects in such training -such as learning to rec
ognize pitch intervals between part-tones of the test signal and the simple tone— 
the principle of matching with a simple tone was abandoned except for some ref
erence measurements. A similarity of pitch is easier to recognize if the timbres 
of the two complex tones do not differ too much. For this reason, it was decided 
to match with a harmonic signal in the frequency region of the test signal.

Results of preliminary pitch matchings with harmonic 90%-SAM signals and with 
harmonic two-frequency stimuli were similar. The harmonic two-frequency signals, 
which produce a less pronounced but still distinct pitch for both observers, were 
adopted as a matching signal. But, if we accept such a harmonic signal as a pitch 
reference, then we have to know the pitch of these signals in relation to the 
pitch of simple tones. One can take the view that a harmonic stimulus and a simple 
sinusoidal stimulus give rise to the same pitch if the frequency of the sinusoid 
is equal to the fundamental frequency of the harmonic signal. But as long as this 
idea is not proved for all situations and, moreover, as long as discrepancies are 
reported (Walliser, 1968, 1969a,1969c), it is not justifiable simply to start with
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this idea. Therefore, the actual matching signals are given and it has been veri
fied whether the different harmonic stimuli with equal fundamental frequencies 
did produce the same pitch.

The comparison of pitches of complex tones with about the same timbre has the 
disadvantage that one cannot exclude the possibility that pitches of individual 
part-tones are matched. Of course, this may be done inadvertently. Sometimes, af
ter the pitches of the complex tones had been matched, an observer still noticed 
a pitch jump of a part-tone. Pitches of part-tones can be the changing element 
that remains and, consequently, attracts the attention. We are confronted here 
with an essential difficulty in the measuring procedure; a finished matching is 
not always totally satisfying, because the pitches of individual part-tones usu
ally do not coincide. Nevertheless, if one changes the fundamental frequency of 
the matching signal, the pitch difference of the complex tones is heard at once. 
One might try to eliminate the problem of interfering pitches of part-tones by 
using a matching signal in a frequency region adjacent to the test signal in order 
to avoid coinciding frequency components. But then one also has to think of the 
presence of combination tones. Exclusion of any two coinciding part-tones necessi
tates a large timbre difference between matching and test signal which makes the 
pitch matchings more difficult. In view of these problems, it was finally decided 
to use matching signals with different harmonic numbers. The numbers varied from 
those of the test signal to two or three higher or lower than the test signal.
The use of different matching signals offered the opportunity to check whether 
perhaps the pitches of individual part-tones were matched. If they were matched, 
the results would depend on the constituent harmonics of the matching signal.

The constant frequency difference used was 200 Hz, a value giving a distinct 
pitch over a wide range of stimulus frequencies. Moreover, this value was chosen 
to facilitate a comparison of the results with those of de Boer (1956) and Schou
ten et al. (1962). The SL of the individual components was 40 dB, a comfortable 
level and still low enough to avoid a significant influence of the difference tone 
(with a constant pitch).

4.2. Apparatus and Procedure

The test signal was generated by two free-running sine-wave generators (Hew
lett-Packard 200 CD). By means of a special trimming procedure, the harmonic dis
tortion was reduced to about -60 dB. After independent attenuation sufficient to 
avoid mutual synchronization, the two sinusoids were added with a passive imped
ance-matched mixer (Fig. 1). Next, the signal was led through the switch S into 
the headphone (Beyer DT 48 S) with a series resistance to match the low impedance
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Fig. 1. Block diagram of the apparatus.

of the headphones, 5q.

The harmonic matching signal was generated with a modulating procedure. The 
modulating frequency was derived from the carrier frequency by means of a special
ly designed frequency divider (Fig. 2) producing a sinusoid. The carrier and the 
modulating sinusoid were fed into an amplitude modulator producing an SAM signal 
which has three frequency components. The two-frequency stimulus was then obtain
ed by cancelling the carrier-frequency component. This was realized by adding to 
the SAM signal the carrier-frequency component in opposite phase. The frequencies 
of the two remaining components are given by the carrier frequency plus and minus 
the modulating frequency. This means that the divisor had to be an odd integer in 
order to obtain a matching signal harmonic in the sense of being composed of two 
frequencies that are integral multiples of their frequency difference. For exam
ple, if the divisor equals 2n+l and if the carrier frequency is (n+|).g, then the 
modulating frequency is given by |.g and the two frequency components are n.g and 
(n+l).g, g being the fundamental frequency. Owing to this divider, the frequencies 

of the matching signal could be varied over a large range (one to two decades) 
without requiring adjustments. The distortion components of the final signal were 
below -36 dB (worst case) with respect to the two remaining frequency components. 
The phase relation between these components was chosen in such a way that the top 
of an oscillation of the fine structure did coincide with the maximum of the enve
lope (cosine addition). This was an arbitrary choice; the pitch produced by a two- 
frequency stimulus is independent of the phase relation.

The observer was seated in a sound-insulated room. The signals were presented 

monaurally to avoid problems such as diplacusis. The test signal was compared with
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the matching signal by means of a three-position switch whose middle position was 
silent. Each series of pitch matchings was started with a harmonic situation in 
which the frequencies of the test signal are successive integral multiples n and 
n+1 of the difference frequency, 200 Hz. This was called a central harmonic situ
ation (n,n+l). The subject had to adjust the carrier frequency of the matching 
signal for equal pitches. Then the frequencies of the test signal were shifted 
upwards by 50 Hz and again an adjustment had to be made. This was repeated up to 
the next harmonic situation (n+l,n+2). Finally, a series was completed by lower
ing the frequencies in steps of 50 Hz from the initial central harmonic situation 
down to situation (n-l,n). Thus, a series consisted of nine .pitch matchings. Each 
session with three series lasted about an hour. Two subjects participated.

4.3. Results

Both subjects had the impression that the way in which the pitch was perceived

diode 
shopi ng 
network

modulator
amplitude
detector

integrator

Fig. 2. Block diagram of the frequency divider. A division by 2n-l is obtained 
directly with a scaler of n by counting n pulses, triggering a flip-flop, and us
ing the state of this flip-flop to switch between pulse trains triggered by posi
tive and by negative zero crossings of ehe input sinusoid. Next a triangular wave 
with a frequency-dependent amplitude is obtained by integration. A combination of 
a modulator, a special amplitude detector with minimal ripple at a reasonable in
tegration time, and a differential amplifier functions as an amplitude equalizer. 
Then the triangle is shaped into a sinusoid by means of a diode shaping network 
(function generator). In this way, filters are avoided so that a sinusoid with a 
constant amplitude and a fixed phase with respect to the input is produced over a 
wide frequency range without requiring adjustments. Distortion components are be
low -45 dB.
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depended on the harmonic numbers of the stimulus. With higher harmonic numbers, a 
rattlelike sensation gradually became a perceptually distinct element. The pitch 
of the complex tone seemed to be associated with this rattle. In addition to pitch 
it was also possible to attribute to this rattle a timbre which was lower than 
would be expected on the basis of the stimulus frequencies.

The results of the pitch measurements of the two observers are shown in Fig. 3. 
The pitch is expressed in the (absent) fundamental frequency P of the various har
monic matching signals. Each data point is the average of nine adjustments per
formed on different days. Three matching signals with different pairs of succes
sive harmonics were used, each three times. For test signals with central harmon
ic situations consisting of the frequencies up to the pair fl5f9=1600,1800 Hz, 
the harmonic numbers of the matching signal were the same or one or two higher 
than the harmonic numbers of the test signal. For test signals of higher frequen
cies, the harmonic numbers were the same or one or two lower. The standard devi
ation of each average pitch value was too small to plot in the graph; the stand
ard deviation of each adjustment amounted from typically 0.75 Hz in a central har
monic situation to 2.5 Hz in situations with maximal pitch shift. Nine independent 
adjustments rendered a standard deviation of the mean values that is a factor 
three smaller.

Figure 3 shows results in accordance with previous literature on inharmonic 
stimuli with more than two frequency components mentioned in Sec. 2. A pitch cor
responding to the frequency difference is found only in case of the central har
monic situations where the frequencies of the test signal are integral multiples 
of the frequency difference. In this case, practically the same fundamental fre
quencies were found for matching signals consisting of different pairs of harmon
ics. This suggests that it was permitted to express the pitch in the fundamental 
frequency of the matching signal irrespective of the harmonic numbers. A slight 
discrepancy was found which was only significant for low-frequency stimuli. The 
pitch seemed to decrease slightly with an increase of the harmonic numbers and a 
constant fundamental frequency. The deviation of P from 200 Hz for fpf2=800,1000 
Hz (Fig. 3) illustrates this effect. Larger effects might have been found if a 
larger difference between the harmonic numbers of the matching and the test sig
nal had been used.

A frequency shift Af away from a central harmonic situation is followed by a 
pitch shift Ap. The magnitude of the pitch shift depends on the frequencies of the 
test signal and will be compared with the solid lines in Sec. 4.4. The pitch shift 
follows the frequency shift over quite a range resulting in an ambiguity of pitch: 
a test signal with certain frequencies has more than one pitch. Notice that the 
pitch in, for example, the situation f^=(n-|).200 Hz and f2=(n+|).200 Hz does not 
correspond to the periodicity 100 Hz but to some values around 200 Hz. This illus-

1-15



trates why a stimulus whose frequencies are harmonically related but not integral 
multiples of the frequency difference is designated as inharmonic.

Figure 3 shows also that the frequency range over which adjustments were made 
is smaller for observer TH than for observer GS. The low-frequency side is limited 
by the prominence of the part-tones. Observer TH had more difficulties in matching 
the pitches without being diverted by the individual part-tones than observer GS. 
The high-frequency side is not limited by problems arising from the measuring 
technique but by the tonality of the stimulus. Above a certain frequency, the 
stimulus loses its tonal character abruptly and the standard deviation of the ad
justments increases progressively.

To complete the measurements, each observer also made adjustments with a simple 
tone as a matching signal. During this measurement, the frequencies were again in
creased in steps of 50 Hz, starting from a central harmonic situation up to the 
next harmonic situation, and then the reverse was done for the low-frequency side 
of the central harmonic situation. Some series of observer GS were replaced by a 
random sequence of frequency pairs. The results are given in Fig. 4. To enable an 
easy comparison, a solid line is drawn that represents the best linear fit to the 
matchings with two-frequency harmonic signals as given in Fig. 3. Accidental ad
justments belonging to other central harmonic situations are also given. The ad
justments are rather difficult, as mentioned before. Observer TH found the inhar
monic situations less clear, especially at the low-frequency side. At that side, 
his adjustments differ significantly from the results of Fig. 3. Perhaps this is 
linked up with a less-pronounced lower pitch in ambiguous pitch situations. The 
data represent first results. There was no prior training in order to avoid learn
ing effects.

The pitch in case of the central harmonic situation in Fig. 4 corresponds to 
frequencies lower than 200 Hz. Thus, the pitch of the harmonic signals does not 
only seem to decrease slightly with increasing harmonic numbers as mentioned be
fore, but the pitch of these harmonic signals appears also to be lower than the 
pitch of a simple tone of the fundamental frequency. The magnitude of this effect 
depends on the observer. The results from observer GS suggest that it is also 
present in inharmonic situations. This slight but consistent effect has been re
ported extensively by Walliser (1968, 1969a, 1969c). It will be disregarded in the 
following, where the slope AP/Af is important.

4.4. Discussion

The pitch of complex tones can be predicted on the basis of frequency pattern 
or of time structure. If it is assumed that pitch is determined by recognition of
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1600 1800 2000 2200 Hz
stimulus frequencies

Fig. 4. Pitch of two-frequency stimuli with a constant frequency difference of 
200 Hz expressed in the frequency P of a matching simple tone. For observers TH 
and GS, respectively, the solid lines represent the best linear fit to correspond
ing data from Fig. 3 obtained with a two-frequency harmonic matching signal.

a pattern arising from the projection of the frequency spectrum upon the auditory 
system, then the information of at least two frequency components should be pres
ent. The pitch of a tv/o-frequency stimulus may then be determined by the Projec
tions of f, and fp. They are to be compared with reference patterns, each pattern 
corresponding to n.P, present in the auditory system and connected with the sen
sation of a pitch "P". (The limited frequency-analyzing power of the auditory sys
tem may impede a pattern recognition at high harmonics; this question is discussed 
in Sec. 8.) In all harmonic situations, where f^n.g and fp^n+lj.g, a pitch cor
responding to the fundamental frequency g is predicted. After an increase of the 
stimulus frequencies with Af, small with respect to g, the pattern does not fit 
any reference pattern if the projections of the test-signal components must co
incide with successive components of a reference pattern. The restriction "suc
cessive" is reasonable because otherwise P may be identified with the greatest
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common divisor to the component frequencies. This identification would result in a 
very discontinuous pitch with varying Af and such a result was not found. To be 
able to predict the pitch, the principle may be introduced that the pitch corre
sponds to the best fit. If the two components are equally weighted, the best fit 
is found if AP=Af/(n+|). Then, n.AP and (n+l).AP deviate from Af by -Af/(2n+l) 
and +Af/(2n+l), respectively. The experimental results suggest that the relation 
AP=Af/(n+|) may be extended to larger values of Af with respect to g. Consequently, 
several fits for one stimulus are possible. This possibility corresponds with the 
ambiguity of pitch. The goodness of fit may possibly be related to the prominence 
of the respective pitches.

On the other hand, a relation between AP and Af may be derived from the time 
structure. The stimulus is described by

S(t) = Acos2irf^t+Acos2iTf2t = 2Acos2tt{ ^-f ^)/2}tcos27r{ (f^-f ^)/2}t.

As such, a certain phase relation between the two components is chosen in agree
ment with the actual harmonic matching signal. We can interpret this signal as a 
sine wave of frequency °f amplitude |2Acos2it|^-f•] )t| and with a phase
jumping 180° every time the amplitude is zero. In the harmonic situation (f^-n.g 

and f2=(n+l).g), the stimulus can be written as S(t) = 2Acos|.27rgt cos(n+|).2Trgt.
In Fig. 5, this signal is illustrated for n=7. It can be seen that in the harmonic 
case the periodicity of the collective waveform is indeed g, because in the time 
interval t the fine structure shows 1\ oscillations and the phase has once jumped 
180° at zero amplitude. This periodicity is lost if both frequencies are increased 

by Af (Af<g) away from the harmonic situation. Then the pitch can be predicted 
with the aid of a simple model proposed by de Boer (1956), which, of course, also 
holds for harmonic stimuli. The pitch is presumed to be related to the time inter
val between, for example, pronounced peaks of the waveform. Different time inter
vals (in the harmonic situation of Fig. 5: t, t1, and x") may be obtained by 
taking various peaks. This agrees with the ambiguity of pitch. The pitch corre
sponding to the time interval x is determined by (n+|) oscillations of a fre
quency (n+|).g in the fine structure. After a frequency shift Af, the time inter
val is determined by (n+|) oscillations of a frequency (n+|).g + Af. Thus, a pitch 
corresponding to Af/(n+|) may be expected. This model has the advantage (in con
trast to frequency-pattern recognition) that no approximation is involved in the 
prediction of the pitch of inharmonic stimuli.

Both theories, one based upon a frequency-pattern recognition and the other 
upon a detection in the time domain, predict a pitch shift corresponding to 
Af/(n+js). However, the results of comparable experiments with more frequency com

ponents in the stimulus suggest that the weighting of the frequency components is
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asynmetrical ( de Boer, 1956; Schouten et al., 1962; Fischler, 1967; Fischler and 

Gern, 1968; Walliser, 1968, 1969a, 1969c; Ritsma, 1970). Therefore, extreme situa
tions in which one frequency component of the stimulus practically determines the 
pitch will be considered. In case of frequency-pattern recognition, the asymmetri
cal weighting might mean that a certain imperfect fit counts more for one frequen
cy component than for the other. Then, if for the inharmonic situation a discrep
ancy at f^ is weighted much more heavily than a discrepancy at f^, a pitch shift 
corresponding to Af/n is expected. Walliser's model, in which the pitch is assumed 
to correspond with a subharmonic of the lowest frequency component of the stimulus 
that is closest to the frequency difference (envelope frequency), gives the same 
relation. The opposite weighting gives a pitch shift corresponding to Af/(n+l).
The pitch in the harmonic situation remains, of course, unchanged. In case of time 
structure detection, one can think of a place of detection where the amplitudes of 
the frequency components are not equal. This introduces a smaller amplitude modu
lation and a phase (frequency) modulation in the time pattern. It is easy to see 
that in the extreme situation where the amplitude of f-^ is much larger than the 
amplitude of f2, the time interval will be practically determined by n oscilla
tions of fp Thus, this model also gives the extreme AP=Af/n and analogously the 
other extreme AP=Af/(n+l). Both theories (and Walliser's model) predict a pitch in 
an area limited by the relations AP=Af/n and AP=Af/(n+l). The solid lines in Fig.3 
represent these limits.

Fig. 5. Waveform of a two-frequency stimulus consisting of the seventh and 
eighth harmonics with equal amplitudes. Between different peaks there are indi
cated several time intervals x, x', and x'' which can be related to pitches pro
duced by this signal.
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Owing to the small standard deviation of the average pitch settings, it can be 
concluded that most pitches deviate significantly from the predicted values in 
spite of the generality of the theoretical speculations which cover all theories 
mentioned previously. These significant deviations are not restricted to two-fre
quency stimuli. The results of Schouten et al. (1962) show significant deviations 
from the predictions of Fischler, which can be seen more clearly in the represen
tation of these data by Ritsma (1970). Moreover, a calculation similar to Fisch
ler1 s, but with an extreme weighting, does not result in a right prediction, be
cause for higher harmonics and for most observers the pitch shift found is signif
icantly larger than Af divided by the lowest harmonic number of the stimulus com
ponents. Also, the results of Walliser (1968; cf. Fig. 32A) obtained with inhar
monic stimuli consisting of more than three frequency components show this devia
tion from the general prediction, the prediction of his particular model included. 
We can infer that all theories yet presented in this paper fail to predict cor
rectly the pitch of inharmonic complex tones.

As the preceding speculations start from the assumption that the pitches of 
complex tones were matched, it should be checked that no pitches of some part- 
tones were compared. This may be examined by considering the individual adjust
ments. However, a statistically significant conclusion requires a standard devi
ation of the individual settings even smaller than was obtained. The possibility 
that part-tones were compared can also be examined by tracing the influence of 
different matching signals on the pitch adjustments. If the matching would be 
based on a comparison of the pitches of certain part-tones (combination tones in
cluded), then other matching signals missing the particular part-tone would give 
other adjustments or an impossibility of making adjustments. Increasing the har
monic numbers of the matching signal will result in a higher lowest part-tone of 
the test signal whose pitch can be matched with a part-tone of the matching signal. 
Thus, if part-tones were compared, a tendency of a decrease of AP (AP=Af/n) with an 
increase of the harmonic numbers of the matching signal is expected. Minute tests 
have shown that this tendency is significant only for observer TH at low stimulus 
frequencies. Slight tendencies in the same direction are present in some other 
situations but they are not systematic, since deviations in the opposite direction 
are found as well. The conclusion can be drawn that a comparison of pitches of 
part-tones may have influenced the pitch adjustments in a few cases, but it is 
generally of no importance. Moreover, the typical disparity among subjects, the 
significant deviations from the predicted pitch shifts, and the possibility of 
pitch matchings with simple tones show that we are dealing with a pitch character
ized by distinct properties.
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5. PITCH IN RELATION TO COMBINATION TONES

5.1. The Possible Relation

The deviations of the pitch shifts in Fig. 3 (and Fig. 4) from the prediction 
|Afj/(n+l)<|AP|<|Af|/n are all in the same direction; |aP| tends to be larger than 
expected. This is especially true for higher harmonic numbers. The results in the 
cited literature show the same trend.

The experimentally determined pitch shift is comparable with predicted pitch 
shifts for lower harmonic numbers. This raises tiie question as to whether perhaps 
combination tones play a part in.pitch detection. Recent publications (Zwicker, 
1955, 1968; Plomp, 1965; Goldstein, 1967; Helle, 1969/1970) show that a nonlinear- 
mechanism introduces a set of combination tones that can be described by f^-- 

k(f2“fi) if the stimulus consists of the frequency components f^ and f^, with 
f^<f2 and f^Vf^ n°t ^00 lar9e and k a small integer These combination tones corre
spond to lower stimulus frequencies in both harmonic and inharmonic situations; a 
simultaneous increase of f^=n.g and f2=:(n+l).g by Af gives combination tones that 
can be described by (n-k).g also increased by Af. Thus, the large pitch shift 
might be explained by taking into account combination tones. The import of this 
idea is investigated in Secs. 6 and 7.

A characteristic property of these combination tones is that, at moderate SPL, 
they are found in a restricted existence region below f^. (Extensive measurements 
on this subject will be reported soon.) In each stimulus condition, combination 
tones occur down to a certain frequency limit. Hence, |APj at a given |Af| should 
not exceed a value determined by this lower limit of the existence region for com
bination tones if the large pitch shifts are assumed to be introduced by combina
tion tones. In a different approach, an effective frequency determining the pitch 
may be derived from the experimental pitch shifts. Then the assumption is correct 
only if, for all stimuli, the effective frequency exceeds the lower limit of the 
existence region for combination tones. This requirement is investigated in this 
section.

The frequencies are expressed relative to the frequency difference though only 
one value was investigated. Thinking in terms of harmonic numbers gives a better 
over-all picture.

5.2. Existence Region for Combination Tones

The combination tones are found in the frequency region f^<f^-k^-f ^)<f-|, 

where the lower limit f^ of this existence region depends mainly on the SPL of fj
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and additionally on the SPL of and on k. The limit was determined for the 
SPL and for all f^-n.200 Hz used in the pitch-matching experiment of Sec. 3. We 
measured f^ by gradually decreasing starting from f2=2.fp and observing the 
appearance of successive combination tones described by successive k. This method 
turned out to be very reliable: the appearance of a new combination tone (crossing 
the lower limit of the existence region) is noticed easily and its recognition is 
facilitated because the pitch of the combination tone changes in a direction oppo
site to the pitch of the part-tone corresponding to f2* The frequencies f2' at 
which the successive combination tones appeared were noted. In addition, the pitch 
of a simple tone was matched to the pitch of each combination tone, raised above 
its threshold at f2' by introducing a small decrease of f2, in order to check the 
assignation of the correct value of k to the respective combination tones. Then 

was ca"!cu^ated for successive k.
In this way, f^ was revealed as a function of k and the associated values of 

fz'-fv The value of f^ appropriate to the pitch-matching experiment was obtained 
by interpolating f^ for the situation f2-f,=200 Hz. When was decreased, the ap
pearance of successive combination tones could be observed down to a certain 
before all part-tones merged into one beating sound. For the highest stimulus fre
quencies giving rise to a low pitch of the complex tone (f^=13.200-15.200 Hz for 
observer GS and f^l 1.200-13.200 Hz for observer TH), successive combination tones 
could be observed down to about f2~f^=Z00 Hz by observer GS and down to about 
f2~fi=180 Hz by observer TH. Then the highest values of k were 6 and 4-5 for ob
server GS and TH, respectively. Smaller frequency differences were found for lower 
stimulus frequencies. Thus, f^^-f^GOO Hz) could be obtained without extra
polations for all stimulus frequencies. The lower limit A relative to the frequen
cy difference fg-f^GOO Hz,A=f /^-fi), has been plotted in Fig. 6 as a function 
of fpf2‘ The standard deviation has not been given simultaneously because it is 
too small (one- or two-tenths of a scale unit).

This representation of the lower limit of the existence region for combination 
tones was preferred above a representation of the lowest-audible combination tones. 
In the latter case, the lower limit consists of segments of straight lines des
cribed by f^k^-fj), with k as high as possible but still f^(fp-f^)>f^. These 
line segments parallel f-^ and f2 in Fig. 6 and leap by 200 Hz at stimulus frequen
cies where such a line intersects A. Apart from the fact that, using A, these 
lines can be constructed in Fig. 6, the latter representation was rejected because 
it was considered to be too limited. For example, the time structure in channels 
with characteristic frequencies near the lower limit of the existence region for 
combination tones may have a component corresponding to a subthreshold combination 
tone. If pitch is related to the time structure, then this component may affect 
the pitch and the representation of the lower limit as given by A in Fig. 6 will

1-22



be more adequate.
This determination of the lower limit of the existence region for combination 

tones does not necessarily imply that all combination tones corresponding to fre
quencies within the existence region are actually present. The results of Gold
stein (1967) suggest that all these combination tones are really present with mono- 
tonically increasing loudness from the lower limit up to a frequency (about 10% 
below f-^) whose corresponding combination tone can still be distinguished from the 
part-tone corresponding to f^.

5.3. Effective Frequency for Pitch Detection

According to the pitch theories based upon frequency-pattern recognition as 
well as time-structure detection, Af/AP, the reciprocal of the slope of the ob-

a) obs- G 5 ( b) obs. T H
f 2 - fl = 200 Hz

o c

s_ O

stimulus frequencies / 200Hz

Fig. 6. Effective frequency n for pitch detection and lower limit X of the ex
istence region for combination tones as a function of Stimulus frequencies for 
stimulus components of both 40 dB SL. Frequencies are expressed relative to the 
constant frequency difference f2-fj=200 Hz; the stimulus frequencies f. and £2 are 
indicated by straight lines. If "pitch originates from primary tones and.combina
tion tones, then A<n<f„ should hold. If for observer TH two values of q are given, 
the upper curve holds for P<200 Hz and the lower for P>200 Hz.
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lique lines in Fig. 3 equals the number of the harmonic most effective in percep
tion of the pitch of the complex tone. Also, Af/AP may equal a noninteger result
ing from an appropriate weighting of several harmonics. Thus n> the effective fre
quency relative to the frequency difference, may be defined by n=&f/&P. The theo
ries predict n as a function of Af to be a constant determined by the weighting of 
the stimulus frequencies and characterized by the central harmonic situation: 
n<n<(n+l). Although the predicted constants of proportionality are mostly incor
rect, the linear relationship (n=const) may actually still hold. On the other hand, 
there may be a one-to-one relationship between n and the stimulus frequencies in
dependent of the initial central harmonic situation. If combination tones are in
volved in pitch detection, another possibility would be that their levels varying 
with the frequency shifts Af around a central harmonic situation affect n. An 
analysis of the data for individual Af values showed that as a first-order approx
imation r,(Af)=const. Thus, the effective frequency could be calculated from a best 
linear fit to experimental aP(Af). A best fit in the sense of least squares was 
applied with an appropriate weighting because the standard deviation of the pitch 
settings increased with Af. For several stimulus conditions, a small progressive 
increase of aP with Af was noticed. This suggested that a linear fit should also 
be tried, with the pitch expressed in 1/P, although then a time scale versus a 
frequency scale is considered. Yet, the pitch expressed in frequencies, P, ap
peared to give a much better linearity. Other experimental deviations from line
arity that can be distinguished in Fig. 3 are not systematic and were therefore 
regarded as being insignificant.

The calculated effective frequencies were also plotted in Fig. 6. The standard 
deviation was again too small to represent in the figure. The standard deviation 
was determined by 81 adjustments (nine series of nine frequency settings) and 
amounted typically from 0.05 for low stimulus frequencies up to 0.10 for the 
higher frequencies. Reproduction of the results could be examined by comparing 
these values of n with values revealed more than half a year later, in an experi
ment presented in Sec. 6. Differences of 0.21, 0.20, and 0.33 were found for three 
different situations, respectively.

For the situations with low harmonics of observer TH, one straight line does 
not fit the data satisfactorily (see Fig. 3). Two different values of n were 
found for each frequency pair; a higher one for pitches with P<200 Hz and a lower 
one for P>200 Hz, both plotted in Fig. 6(b). In the situations (n,n+l)=(6,7) and 
(n,n+l)=(7,8), the individual settings suggested that adjustments were made erro
neously between individual part-tones of the test signal and the matching signal 
for P<200 Hz. This may be caused by a less pronounced lower pitch of the complex 
tone eluding observation in the situations of ambiguous pitch. The bifurcation in 
case of (n,n+l)=(8,9) may be due to a dependence on Af of a combination tone near
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the lower limit of the existence region (if combination tones are involved in 
pitch detection).

5.4. Effective Frequency in Relation to Existence Region

In agreement with the requirement that combination tones play a part in pitch 
detection, the effective frequency n {?e 200 Hz) appears to lie above the lower 
limit x of the existence region for combination tones. Figure 6 shows also that 
the deviation of n from the stimulus frequencies f,, f^ (re 200 Hz) increases with 
increasing stimulus frequencies. Moreover, for both observers, it seems that n is 
limited by a value of about 8, resulting in coincidence of n and X. The coinci
dence occurs at the highest stimulus frequencies that still gave rise to the low 
pitch of the complex tone. This suggests that generation of this low pitch by two- 
frequency stimuli requires at least one stimulus-introduced part-tone (combination 
tones included) that corresponds to a frequency not exceeding about the eighth 
harmonic. (Actually, it should be the eighth to ninth harmonic because of the ap
plied frequency shifts Af.) However, it must be mentioned that in this experiment 
the upper limit to which stimulus frequencies generate the low pitch was not re
vealed by means of a clear-cut forced-choice procedure. Although a marked increase 
of the standard deviation of pitch adjustments at the highest stimulus frequencies 
indicated that the upper limit was reached, the limit was actually determined by 
the observers judging reliable pitch matchings to be impossible for higher fre
quencies .

5.5. Disparities among Subjects for Combination Tones and Pitch

In Sec. 3, a disparity among subjects was found in pitch perception of two- 
frequency stimuli. The disparity appeared to be consistent and this suggested we 
investigate whether there is a correlation with the existence region for combina
tion tones. Therefore, the lower limit of the existence region (for 2^^) was 
determined three times for each of the 42 subjects, at the SPL used in the pitch 
experiment and for f^=1800 Hz. The results showed quite a large variation among 
subjects; the lower limit varied from 1150 to 1550 Hz. This variability could not 
be explained by a different performance of "good" and "bad" listeners. Although 
the frequency distribution of the results looked unimodal, there appeared to be a 
significant correlation between the lower limit of the existence region and the 
two groups of subjects. Both the nonparametric Wilcoxon test and an application of 
student's t distribution showed with a significance of more than 99.5% that the
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lower limit of the existence region for combination tones was lower for subjects 
judging pitch on the basis of the complex tone perceived as a whole than for sub
jects judging pitch on the basis of individual part-tones. Yet, the difference of 
the mean lower limits, which are, respectively, 1267 and 1367 Hz for both groups, 
seems to be too small to account directly for the large disparity in pitch percep
tion.

6. PITCH AS A FUNCTION OF SPL

6.1. Introduction

The results of the preceding section support the idea that combination tones 
are involved in pitch detection. The relation between the effective frequency de
termining the pitch and the lower limit of the existence region for combination 
tones invites an additional investigation into the pitch shift of two-frequency 
stimuli as a function of SPL. The lower limit of the existence region rises (the 
existence region diminishes) with a decrease of SPL of f^. Owing to this depend
ence on SPL, a nice experimental situation can be created: An equal variation of 
both levels does not change the time pattern while the existence region changes 
and, vice versa, a limited change of the amplitude of f2 does not affect the 
existence region while the time pattern changes, especially with respect to the 
amplitude variations.

6.2. Experiment

The apparatus configuration of Fig. 2 was used again. In case of equal levels, 

the sensation levels of the individual part-tones of the stimulus were 25, 40, and 
55 dB. The pitch of the complex tone becomes rather weak at levels below 25 dB, 
and the highest SPL was mainly imposed by the level of the distortion components 
of the matching signal. The sensation levels of the test signal and the matching 
signal were always equal.

Particular aspects of pitch perception of two-frequency stimuli appeared to e- 
merge from conditions with different levels L-^ and L2 of f^ and f2, respectively. 
In the situations (n,n+l)=(8,9),(9,10), and (10,11) investigated in this section, 
both observers judged the pitch of the complex tone to be most pronounced for 
L2<Lp for example: L2=34 dB for L^=40 dB. In that case, we got the impression 
that the individual part-tones corresponding to f^ and f2 contribute equally to 
the complex tone. The asymmetry became even more marked when the conditions L.^2=
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40,25 dB and 1^,1.2=25,40 dB were compared. In the first condition, a pitch of the 
complex tone was perceived about as pronounced as the pitch in the condition 40,
40 dB, but the pitch in the second condition was hardly detectable. The part-tone 
corresponding to f2 dominated completely in the condition 25,40 dB. The amplitude 
variations of the time pattern are equal for both conditions. Hence, sounding more 
or less pronounced does not seem to be determined by the "modulation depth" of the 
acoustic waveform. The existence region for combination tones, however, is larger 
for the condition 40,25 dB because it is mainly determined by L^. Here, as well, 
there is an interesting connection between pitch of the complex tone and combina
tion tones.

The pitch was investigated for the conditions 1^,1-2=25,25; 40,40; 55,55 dB; and 
40,25 dB for (n,n+l) = (9,10) (observer TH) and (n,n+l) = (10,11) (observer GS). The 
method of Sec. 4 was used, employing stimulus frequencies with a constant differ
ence of 200 Hz, frequency shifts in steps of 50 Hz away from a central harmonic

(a) obs. G S (b) obs. T H
-• f o - fi= 200 Hzf,- f,= 200Hz

sensa t ion

Fig. 7. Effective frequency n for pitch detection and lower limit X of the ex
istence region for combination tones as a function of the sensation level of in
dividual stimulus components. Symbols o and e: L^L^; symbols (o) and (®): L^,L^= 
40,25 dB. Frequencies are expressed relative to the constant frequency difference 
f2~fj= 200 Hz; the stimulus frequencies fj and f2 in the central harmonic situa
tion are indicated.
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Situation up to +200 Hz or down to -200 Hz, and matching signals with different 
harmonic numbers similar to those of Sec. 4. The effective frequency n derived 
from experimental pitch shifts and the lower limit \ of the existence region for 
combination tones (measured as in Sec. 5) are both given in Fig. 7. The standard 
deviation of the effective frequency determined by 54 adjustments (six series of 
nine frequency settings) is typically 0.08 scale unit (harmonic numbers) except 
for the condition 25,25 dB of observer GS, as indicated. The standard deviation 
of the mean lower limit of the existence region is about 0.1 scale unit.

Again, the results show a relation between the effective frequency and the 
lower limit of the existence region. Generally^ an equal decrease of both and 

gives an increase of the lower limit and an increase of the effective frequency. 
A decrease of with constant L^=40 dB, which practically does not affect the 
lower limit of the existence region, results in a negligible change of the effec
tive frequency (see Fig. 7, symbols within brackets). This was also found in an 
additional experiment with the situation (n,n+l)=(8,9) and observer GS; stimulus 
conditions Lj,1-2=40,25 dB; 40,35 dB; and 40,45 dB gave effective frequencies of n= 
6.87+0.08, 6.71+0.07, and 6.81+0.09, respectively. The results of this section 
affirm that pitch theories based directly on the frequency pattern or on the time 
structure of the stimulus are too simple and that combination tones may play a 
part in pitch detection.

7. PITCH AND MASKED COMBINATION TONES

7.1. Introduction

Hitherto, it was only possible to conclude that combination tones are likely to 
play a part in pitch detection. This conclusion was based on a relation between 
the lower limit of the existence region for combination tones and the effective 
frequency determining the pitch, the latter element being factually not an experi
mental quantity. The effective frequency is derived from the experimental pitch 
shift by a formula based upon some possible theories. Thus, the results of the 
preceding sections have little conclusive force with respect to the question of 
whether the experimental deviations from the predicted pitch shift are really 
caused by combination tones. Suppose one of the proposed theories to be correct; 
even then, an effective frequency lower than the stimulus frequencies and always 
within the existence region for combination tones does not imply that pitch origi
nates necessarily from combination tones. A casual rather than a causal relation 
may exist or, as a third possibility, if pitch is determined by the time structure, 
then there may be transformations of the time structure accounting for the large
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pitch shift independent of the presence of combination tones while they both are 
introduced by a common nonlinearity.

Owing to the property that these combination tones can be masked selectively, 
the question can be examined more directly. The lower limit of the existence re
gion for combination tones can be increased in a certain situation by adding to 
the stimulus low-pass-filtered noise that masks the combination tones up to a new 
higher limit. If a pitch originates from certain combination tones, then we may 
expect that a proper masking of these combination tones affects the pitch. More
over, it is interesting to check whether the effective frequency derived from the 
pitch shift remains within the constricted existence region for combination tones.

7.2. Experiment

A noise generator producing pink noise with a slope of -3 dB/oct (Peekei R 230) 
and a digitally tuned active filter (Krohn-Hite 3342) were added to the apparatus 
of Fig. 1. The active filter consists of two eight-pole Butterworth networks which 
in the low-pass mode were both connected in series giving a 96-dB/oct slope. The 
filtered noise was fed into a third input of the passive mixer in Fig. 1. Its 
masking level was adjusted such as to mask simple tones up to 40 dB SL at the un
attenuated frequencies.

The situations (n,n+l)=(9,10), observer TH, and (10,11), observer GS, were in
vestigated. Sensation levels of the individual stimulus components amounted to 
40 dB. The pitch shift was measured in the same way as in Sec. 4 (and Sec. 6) with 
frequency shifts Af in steps of 50 Hz and -200 Hz<Af<+200 Hz. The cutoff frequency 
fc of the low-pass filter was also shifted by steps of 50 Hz around the cutoff 
frequency given along the abscissa of Fig. 8. In presence of the filtered noise, 
the lower limit of the existence region for combination tones was measured exactly 
in the same way as described in Sec. 5. Again, matching signals with different 
harmonic numbers similar to those of Sec. 4 were used.

The effective frequency n derived from the experimental pitch shifts in a way 
discussed in Sec. 5 is represented in Fig. 8 for several cutoff frequencies. The 
standard deviation, if not given in the figure, is smaller than 0.1 scale unit 
(harmonic numbers). The affected lower limit \ of the existence region for combi
nation tones is also given in Fig. 8. The standard deviation of the mean limit ap
peared to be smaller than 0.2 scale unit. The measurements at fc=0 were performed 
without noise and were intermingled with the other conditions.

During the pitch matchings, the observers noticed already that the noise af
fects the clarity of the pitch. The pitch becomes less pronounced for higher cut
off frequencies. The adjustments at fc=1400 Hz and fc=1700 Hz for observer GS and
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at fc=1400 Hz for observer Th were difficult, and it was impossible for observer 
TH to make pitch adjustments at fc=1700 Hz. This is remarkable because the noise 
hardly affects the region of the stimulus frequencies in these cases; only at the 
highest cutoff frequencies f =1700 Hz for observer GS and f =1400 Hz for observer 
TH does the noise give some masking at f^ of 10 dB and 6 dB above hearing thresh
old, respectively. Thus, the less pronounced pitch is likely to be caused by mask
ing of the combination tones and not by masking of the time structure or of the 
frequency pattern, both corresponding to the stimulus. Moreover, the increase of 
the effective frequency with increasing cutoff frequency is in agreement with this 
assumption. The effective frequency found remains within the constricted existence 
region for combination tones. Assuming that the nonlinearity itself is not af
fected by introducing the noise, which is yet most likely, it can be concluded 
that, for higher stimulus frequencies, the pitch of the complex tone originates 
from the combination tone region. As in Sec. 5, the effective frequency seems to

o C

(b) obs. T H(a) obs. G S
f, - f

y/ 200 Hcutoff frequenc

Fig. 8. Effective frequency n for pitch detection and lower limit X of the ex
istence region for combination tones as a function of the cutoff frequency of low- 
pass-filtered noise with a -96 dB/oct slope. In the passband, the noise masks sim
ple tones up to 40 dB sensation level; the sensation levels of stimulus components 
are also 40 dB. Frequencies are expressed relative to the constant frequency dif
ference f?-f =200 Hz; the stimulus frequencies f. and f„ in the central harmonic 
situation'are indicated.
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be limited to n<8 for observer TH. For observer GS, however, higher values were 
found, but together with a progressive increase of the standard deviation.

Noise-induced pitch shifts have been reported more than once. The pitch of a 
simple tone may change if a band of noise is introduced in a frequency region ad
jacent to the stimulus component. Comparable pitch shifts, which would show up as 
a parallel translation of the linear approximations, have not been found in these 
experiments. The noise affected only the slopes.

8. GENERAL DISCUSSION

The results of the preceding experiments on the pitch of inharmonic stimuli 
have shown that pitch theories based directly upon physical properties of the 
stimulus are inadequate. Both theories departing from either time structure or 
frequency pattern and Walliser's intermediate theory predict a smaller pitch shift 
than actually was found for stimuli of higher harmonic numbers, above a certain 
SL. This finding turns up through all literature available. A nonsymmetrical 
weighting of the spectral components cannot so much as account for all experi
mental pitch shifts. This paper demonstrates that an incorporation of combination 

tones of the type ^n1:0 can account f°r the pitch shifts
larger than predicted by former theories. For the effective frequency determining 
the pitch appeared to lie always within the existence region for combination tones. 
In addition, several effects which could not be explained by the unextended theory 
can now be explained. The pitch shift depending on stimulus SPL (while time struc
ture and frequencies were not changed (L^Lo)) can be explained by an SPL-depend- 
ent existence region for combination tones. "Also, the pitch shift independent of 
limited variations of can be explained by an unaffected lower limit of the ex
istence region for combination tones. Another effect to be mentioned is that a 
two-frequency stimulus with parti als in the region of the 10th harmonic and with 
successive component levels LpL^-AO dB,25 dB has a pronounced pitch of the com
plex tone, whereas a stimulus consisting of the same partials but with levels 
LpL2=25 dB,40 dB has a hardly detectable pitch. A mutual masking, if it would im
pede a frequency-pattern recognition asymmetrically, is expected to give rather 
the reverse result and, with respect to time structure, in both conditions the en
velopes are similar. The finding may be explained by a smaller existence region 
for combination tones in the condition dB,40 dB and masking from f^ in
the combination tone region. Finally, it has been found that a selective masking 
of the combination tones affects the pitch shift when there is hardly any masking 
at the stimulus frequencies. The effective frequency stayed above the lower limit 

of the existence region.
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Whether the mechanism of pitch perception is based upon temporal information, 
spectral information, or a combination of both, has not been specified with the 
introduction of combination tones as a possible means to explain the large pitch 
shifts. The experimental deviations from predictions may be explained equally well 
in terms of time or frequency as Schroeder (1966) has shown in particular for the 
results by Schouten et al. (1962). Schroeder postulated an internally generated 
sinusoidal phase modulation of the SAM signal antiphasic to the amplitude modula
tion. The experimental results may be predicted rather well if, in addition to 
his suggestion, the phase-modulation index is assumed to increase with the SPL 
and the harmonic numbers. Then, the instantaneous frequency at the crest of the 
envelope of the time pattern becomes lower, which gives time intervals between 
pronounced deflections that can account for the experimental pitch values. How
ever, this postulation leaves unexplained the specific dependence of the pitch 
shift on the SPL of f^ (for higher harmonic numbers). Besides providing an expla
nation in the time domain, Schroeder also showed that such a phase modulation in
troduces new spectral components mainly at the low-frequency side of the stimulus. 
These frequency components might be identified with the combination tones. A pitch 
mechanism based upon frequency-pattern recognition is equally well possible.

The preceding reasoning is in terms of a model. Experimental facts have to be 
examined. As for a possible frequency-pattern recognition, there are no problems. 
Combination tones behave like tones that are mechanically present in the ear 
(Goldstein, 1967). Thus, a pitch mechanism based upon frequency patterns may be 
simply extended to the distortion components and an appropriate nonsymmetrical 
weighting will predict the pitch correctly. As for a possible time-structure de
tection, the electrophysiological results of Goldstein and Kiang (1968) are impor
tant. They reported nerve spikes in primary fibers of the cat to be time-locked to 
externally generated frequency components corresponding to combination tones. Al
though the results have to be interpreted carefully (de Boer, Kuyper, and Smooren- 
burg, 1969), they support the idea that the combination tones are recovered in the 
timing of nerve spikes in primary fibers of characteristic frequencies in the com
bination tone region. The results by Brugge et a'l. (1969) and Rose et al. (1969) 
show a timing of the nerve spikes closely related to unilateral elevations of the 
basilar membrane. They did not need to take into account nonlinearities producing 
combination tones; probably because of their particular choice of the two stimulus 
frequencies, one at each side of the characteristic frequency of the fiber. Ac
cording to electrophysiological data, the timing of nerve spikes corresponds 
closely to the internal frequency pattern (combination tones included). Thus, the 
results of the present experiments can be explained as well on the basis of time- 
structure detection.

The large pitch shifts found in the present experiments can be understood on
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the basis of the afore-mentioned dominant frequency region in the perception of 
pitch of complex tones (Sec. 2). The effective frequency n determining the pitch 
will tend to the fourth harmonic. If the stimulus frequencies are all above this 
dominant region, then the pitch will be determined by the lowest frequency com
ponents present in the auditory system. These frequency components appeared to 
correspond often to combination tones. The partials in the dominant region are 
well analyzed by the human ear. This is illustrated by an aftermasking pattern of 
a complex tone found by Plomp (1964), which shows that harmonics up to the fifth 
are well separated. (Spectral aftermasking patterns are perhaps a good representa
tion of the projection of the frequency spectrum upon the auditory system.) Tenta
tive investigations into the aftermasking pattern of two-frequency stimuli re
vealed also a fast deterioration of component separation above the fifth harmonic. 
Thus, a pitch mechanism based upon frequency-pattern recognition, which requires 
a good separation of components, can explain satisfactorily the dominance of low 
part-tones and consequently the large pitch shifts. Frequency-pattern recognition 
can also account for the upper limit of the frequency region in which these two- 
frequency stimuli produce a low pitch (the region of tonality). The aftermasking 
patterns of the two-frequency stimuli show a deterioration of component separation 
in accordance with this upper limit. Plomp (1964) found that the ear is able to 
analyze tv/o adjacent harmonics up to the 10th, which suggests n<10 while n<8-9 was 
found experimentally. In the present experiments, the observers were able, in de
termining the lower limit of the existence region for combination tones, to per
ceive individually the combination tones near the effective frequency. The upper 
limit of the region of tonality coincided with a merging of these combination 
tones. All these findings suggest that the region of tonality is limited at the 
high-frequency side by the frequency-analyzing power of the human ear.

However, a simple frequency-pattern recognition supposed to underlie the per
ception of pitch of complex tones cannot account for all experimental results. It 
was reported in Sec. 3 that subjects perceiving a pitch jump of individual part- 
tones in case of successive presentation of two different two-frequency stimuli 
did not perceive the low pitch of the complex tone. Yet, the two-frequency stim
uli were best analyzed by these subjects. Thus, perception of the pitch of the 
complex tone seems to require more than information about individual frequency 
components present in the auditory system. The correlation between subjects per
ceiving the low pitch of the complex tone and subjects having a relatively large 
existence region for combination tones (Sec. 5.5) may contain a cue to this ques
tion. It is but an author's guess that the perception of the low pitch of the com
plex tone may be determined by the presence of a perceptually distinct low rattle 
and that the origin of this rattle may be linked with the nonlinearity generating 
combination tones.
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The perceptual rattle is likely to be related to the time structure. The upper 
limit of the region of tonality is likely to be related to the frequency-analyzing 
power. Thus, it is impossible to decide on whether the pitch mechanism operates in 
the time domain or in the frequency domain. In this connection, Ualliser's (1958, 
1969c) functional model is interesting, because both temporal and spectral infor
mation play a part in it. The model can account for the results of the present ex
periments if this rule: the pitch of a complex tone is determined by that subha?1- 
monio of the pitch of a part-tone corresponding to the lowest partial in the sti
mulus which has a pitch corresponding as close as possible to the envelope fre
quency, is modified for the part in italics into: that subharmonic of the pitch of 
an appropriate part-tone, combination tones included. The rule predicts the effec
tive frequency [re f2-f-i=200 Hz) to be restricted to integers. This prediction 
could not be tested conclusively because the standard deviation for individual 
frequency settings was too large. (Values of n given in the figures of this paper 
were obtained by calculations based upon more than one frequency setting, which 
means that these values may deviate from integers if individual settings do corre
spond to integer, but different, values of n.) Ualliser's functional model for 
pitch perception of complex tones is difficult to understand, however, in terms of 
a physiological mechanism.

The results of the present experiments support the view that frequency analysis 
plays an essential part in pitch detection, whereas Schouten et al. (1962), Ritsma 
(1962), and Ritsma and Engel (1964) concluded that pitch detection of three-fre
quency stimuli is based entirely upon time structure. It may be argued that these 
two conclusions do not necessarily contradict each other because of the different 
number of frequency components. The low pitch of the complex tone produced by 
three harmonics is more pronounced than the pitch evoked by two-frequency stimuli 
and phase effects are perceived only for stimuli with three or more frequency com
ponents. Yet, a closer examination of the arguments pleading for time-structure 
detection is interesting. The limited frequency resolution of the ear has been 
brought up as one of the arguments against a pitch mechanism based upon spectral 
information. Ritsma (1962) reported a region of tonality for SAM signals exceeding 
harmonic numbers of 20, which is rather high with respect to the frequency resolu
tion, even if in that case combination tones corresponding to harmonics down to 
about the 14th play a part. However, Ritsma's criterion was not based upon pitch 
matchings by adjusting frequencies but upon recognizing a pitch similarity of two 
complex tones produced by harmonic SAM signals with the same fundamental frequency 

One signal certainly had a tonal residue, and the modulation depth of the second 
signal had to be adjusted such that the tonal residue was just noticeable. Pitch 
matchings are only reported for harmonic numbers up to 12 (e.g., Schouten et al., 
1962). A further study of just-noticeable pitch differences of complex tones and
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of the relation between these differences and just-noticeable pitch differences 
of individual part-tones is necessary, especially for high harmonic numbers. Re
sults of another experiment by Ritsma and Engel (1964) on pitch perception of QFM 
signals (see Sec. 2) seem to support the theory in which pitch is related to time 
intervals between pronounced deflections of the waveform. However, it is uncertain 
whether it was permitted that they derived the time intervals from the acoustic 
waveform rather than from the actual cochlear waveforms. The cochlear waveforms 
are difficult to predict because these narrow-band signals are subject to a non
linearity which plays an important part in pitch detection, as this paper has 
shown. This nonlinearity introduces combination tones whose levels depend on the 
phase relation (SAM or QFM) of the three-frequency stimuli (Goldstein, 1970) such 
that an influence of phase upon pitch might be explained also by a pitch theory 
based upon a simple frequency-pattern recognition.

Evidently, the results do not allow a decision on whether the mechanism of 
pitch detection operates in the time domain or in the frequency domain. More like
ly it is a combination of both. In this respect, it is noteworthy that the domi
nant frequency region in pitch perception of complex tones centered around the 
fourth to fifth harmonic also offers temporal information. According to Zwicker 
et al. (1967), stimulation patterns of the basilar membrane in the dominant region, 
although relatively widely spaced, are likely to overlap so much at normal sensa
tion levels that they produce temporal information about the periodicity of the 
stimulus. This information is mainly determined by the addition of two frequency 
components. At Sis of 10-15 dB, the temporal information may just arise in the 
dominant region. Therefore, the supposition that the dominant frequency region is 
the optimal region for pitch detection of complex tones because it offers both 
temporal and spectral information is attractive. Experimental evidence, however, 
is necessary.

9. CONCLUSIONS

• There is a reproducing disparity among subjects in perceived pitch shift of a 
tone burst consisting of the frequencies 1750 and 2000 Hz followed by another 
burst of 1800 and 2000 Hz. Subjects perceive consistently either the pitches of 
individual part-tones or the complex tone as a whole with a pitch corresponding 

to the fundamental frequency.

• The pitch shift for inharmonic signals of higher harmonic numbers is signifi
cantly larger than any prediction from theories based directly upon physical pro

perties of the stimulus.

1-35



© The large pitch shifts can be explained on the basis of“time-oriented as well 
as frequency-oriented pitch theories if the nonlinearity generating combination 
tones of the type f^-k^-f^) is taken into account.

» Also, the dependence of the pitch shifts on SPL can be explained by taking into 
account this nonlinearity.

© Masking of the combination tones shows that, indeed, the large pitch shifts are 
connected with pitch detection in the frequency region of the combination tones.

• The results of these experiments suggest strongly that detection of the low 
pitch of the complex tone requires spectral information.
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AUDIBILITY REGION OF COMBINATION TONES

INTRODUCTION

A stimulus consisting of two frequency components f^ and f2 often gives
rise to tones with pitches that do not correspond to f^ and f2 but to frequencies 

such as f2~fp anc* 3f-^-2f2. These tones are called combination tones.
Among them the members of a distinct class are given by f’ where k is a 
small integer. Combination tones of this category are audible only in a restricted 
frequency region below f-^. This audibility region is the subject of the present 
paper.

Combination tones were first described more than two centuries ago. In 1714, 
Tartini reported the appearance of a third tone when two tones sounded simultane
ously (Jones, 1935). Since that time a number of experiments on the audibility of 
combination tones have been performed. An extensive historical review by Plomp 
(1965) shows that the most frequently reported combination tones corresponded to 

anc^ 2f^-f2- Also frequently reported were the combination tones correspond
ing to 3f^-2f2 and ^oniP's experiments following his historical review

show that the significant combination tones are given by f2“fp ^l-^2’ anc* 
3f1-2f2.

The first ideas about combination tones originated with theories of acoustic 
vibration. These theories proposed that the pitch of a tone was determined by the 
rate of vibration. When two tones are presented simultaneously beats are perceived 
(providing the frequency difference is small) which correspond to the amplitude 
modulations of the stimulus. The beat rate corresponds to the frequency difference 
between the two tones. At large frequency differences the beats blend and Romieu

This paper has been submitted for publication in The Journal of the Acoustical 
Society of America.
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(1751; see Jones, 1935) assumed that these blending beats give rise to a differ
ence tone. In 1843 Ohm introduced his acoustical law which states that, in a com
pound tone, a certain pitch can be distinguished only if the spectrum of the stim
ulus includes the corresponding frequency component. The perception of the differ
ence tone produced by a simple tv/o-frequency stimulus is difficult to reconcile 
with this law since the spectrum does not contain a component at the difference 
frequency. Von Helmholtz clearly recognized this problem.

Von Helmholtz (1863) introduced the concept that combination tones arise from 
a nonlinear stimulus transformation of the ear prior to the ear's frequency anal
ysis. Consequently, the waveform would be distorted and cochlear frequency analy
sis would reveal the frequency components introduced by the nonlinearity. Accord
ing to von Helmholtz the generation of combination tones was a high-level phenom
enon. He suggested that at high stimulus levels the tympanic membrane does not 
respond linearly because of its asymmetric attachment. This was described mathe
matically by a quadratic term in the membrane's equation of motion. The quadratic 
term becomes progressively important at higher levels. A perturbation solution of 
the quadratic equation of motion yielded not only the second order components but 
a complete series of combination components. This is easily seen if one realizes 
that the quadratic equation of motion corresponds to a square-root-like transfer 
function. The perturbation solution by von Helmholtz is similar to a series expan
sion of this transfer function with frequency-dependent coefficients. The ampli
tude of, for example, 2^^ is described principally by the third power term of 
this series expansion. Von Helmholtz's theory became widely accepted although some 
investigators disagreed with his view. One of their objections was that difference 
tones could be perceived at low stimulus levels and sometimes were rather intense. 
These opponents preferred the alternative explanation based upon temporal aspects 
of the stimulus.

When one listens to the sound produced by two sine waves it will be noticed 
that the beats perceived at small frequency differences change into a rattle-like 
sensation if the frequency difference is increased. This rattle can be perceived 
as an independent attribute of the complex tone. As such it might be called a dif
ference tone ^"fi) because this tone is related to the amplitude variations of 
the stimulus which rate is given by the frequency difference of the two sinusoids. 
The rattle can be perceived even at low stimulus levels. It has probably played a 
part in the formulation of the beat-tone theory. However, this rattle is not a 
difference tone according to the current definition. According to this definition 
only a tone which sounds like a simple tone produced by one frequency component 
(a part-tone, see terminology Smoorenburg, 1970) and which is not present in the 

stimulus is called a combination tone. Only the combination tones satisfying this 
definition will be examined in the next paragraphs.
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Recent research has shown that the difference tone, ^2“^!’ 15 audi^e only at 
stimulus levels above about 50 dB (Plomp, 1965). Moreover, the cancellation exper
iments of Zwicker (1955) and Goldstein (1967, 1970) suggest both that the differ
ence tone is rather weak, and that the relation between its level and the stimulus 
level is quadratic. This means that, in accordance with von Helmholtz's theory, 
the generation of the difference tone can be described by a quadratic term with a 
small coefficient in the transfer function. The site of the nonlinearity is not 
yet completely known; the difference tone may be generated in the middle ear, in 
the cochlea, or in both.

In marked contrast with the difference tons, the combination tone corresponding 

to 2f^-f2 and the higher order combination tones (f;[~k(f2-^l)’ vi°late von
Helmholtz's theory. These combination tones can be perceived at low stimulus lev
els and they do not seem to follow a (2k+l)th-power relation (Zwicker, 1955, 1968; 
Goldstein, 1967; Helle, 1969/1970). Moreover, the combination tones appear only 
in a restricted frequency region below f^ and their levels increase markedly with 
decreasing f^/f^ (Goldstein, 1967; Zwicker, 1968). This strong frequency depend
ence suggests that these combination tones are generated in the cochlea, because 
their production is subject to a frequency selectivity that is not found in the 
middle ear. Goldstein (1967, 1970) and Goldstein and Kiang (1968) have demon
strated that the combination tone ^f-^-f^ resembles in many respects a part-tone 
which has a corresponding frequency component in the stimulus. Therefore, Gold
stein suggested that von Helmholtz's idea that combination tones are produced by 
a nonlinearity of the ear prior to its frequency analysis can still be valid, but 
that the nature of the nonlinearity should be reconsidered.

This paper reports a systematic investigation of the frequency region in which 
the combination tones f^-k^-f^) can be heard. The restricted audibility region 
is a fundamental property of these combination tones. A subsequent paper will dis
cuss the nature of the nonlinearity and its origin (Smoorenburg, 1972). A few ex
periments on the audibility region have been reported before (Smoorenburg, 1970). 
The audibility region was then called the existence region for combination tones 
and the concept was used to demonstrate that combination tones may play a role in 
pitch perception of two-frequency stimuli.

1. AUDIBILITY REGION OF 2^-^

1.1. Method

The measurements were directed principally to a determination of the lower lim

it of the audibility region. For this purpose the method of adjustment was used.
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Before each measurement the lower stimulus component was fixed at a certain fre
quency fj and the higher component was set at f^Zfy Then the subject was in
structed to turn the dial of the oscillator producing f^ downward until a new part- 
tone just became audible. With this technique we took advantage of the particular 
properties of the combination tones under investigation. The appearance of a new 
part-tone (a combination tone entering the audibility region) was easily noticed. 
Also, it was easily recognized as a combination tone (of the type f-j-k^-f.,) ) 
since its pitch rose as f2 was decreased.

Usually, the combination tones described by k= 1, 2, 3, etc. became audible 
successively. The order, k, was determined by matching the pitch of a simple tone 
to the pitch of the combination tone. (If the order of the combination tone is 
defined as the lowest power term in a transfer function which produces 
the order should be 2k+l in stead of k.)

The stimuli were produced by two free-running sine-wave generators. After at
tenuation the two sine waves were mixed and the result was presented monaurally 
through a headphone (Beyer DT 48 S). Distortion components corresponding to com
bination tones were more than 75 dB down in the acoustic signal.

1.2. Audibility Region as a Function of SL

In order to be able to study the frequency selectivity involved in the genera
tion of the combination tone ^f-^-fg, The lower limit of the audibility region was 
measured as a function of the levels, L-^ and L^, of the stimulus components, f^ 
and f2- These measurements, then, give a relation between the stimulus frequencies 
and stimulus levels for which the combination tone has a certain level, the thresh
old of audibility. This method of studying the frequency selectivity supplements 
studies which include cancelling the combination tone with an externally intro
duced component of appropriate frequency,level and phase (Goldstein, 1967; Zwicker, 
1968). Different assumptions are required for an interpretation of the results 

obtained by the two methods. The present method requires an assumption about the 
threshold level of the combination tone whereas- an interpretation of the cancella
tion data requires an assumption about the relation between the level of the can
cellation tone and the level of the combination tone, a relation in which an es
sential nonlinearity is involved.

Each session was started with a rough measurement of the absolute threshold at 
the frequencies 300 Hz, 700 Hz, 1400 Hz, 2800 Hz, and 5600 Hz. For each session 
independently the average threshold found for 700 Hz, 1400 Hz, and 2800 Hz was 
defined as 0 dB SLq and L-^ and were adjusted accordingly. At the end of each 
session the thresholds were determined for the frequencies 500 Hz, 1000 Hz, 2000 Hz,
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4000 Hz, and 7000 Hz. The threshold values averaged over all sessions were used 
to transform sound pressure levels into sensation levels. The standard deviation 
of these average threshold values was typically 0.6 dB.

Using the method described above, the lower limit of the audibility region was 
determined as a function of Lp l^, with LpLg, and as a function of L^, with 
Lj= 40 dB SLq. The levels ranged up to 70 dB SLq in steps of 10 dB. In addition, 
the lowest levels Lp (LpL^) and (Lp 40 dB SLq) at which the combination 
tone could just be perceived were measured in steps of 1 dB. Measurements were 
made at 8 frequencies of f^ ranging from 500 Hz up to 5600 Hz in steps of half an 
octave. In one daily session four conditions Lp I2 (either LpLg or Lp 40 dB) 
were measured for all f^ in a random order. Three trained subjects participated.

The lower limit of the audibility region, defined here relative to fp was de
rived from the relation (2f,-f0 m,„)/fn where f0 is the highest frequency of

1 ^maX 1 £ 5niaX

the component f2 at which the combination tone could be perceived. The results of 
measurements of this lower limit by the three subjects are given in Fig. 1 for the 
conditions LpL2. Each data point represents the average of 5 adjustments. The 
standard deviation of the mean was typically 1%. Sensation levels are given in dB 
above the average threshold at fp The SLq values were transformed into SL values 
for each subject individually. The corrections used can be deduced from the filled 
symbols in Fig.1 which represent for all f-^ the stimulus condition LpL2= 40 dB SLq.

The curves in Fig. 1 are limited at the left by the lowest stimulus level at 
which the combination tone 2fpf2 could be perceived. This level, averaged over 
frequencies and subjects, was 18.9 + 5.3 dB. At this level the average lower limit 
of the audibility region relative to f^ was 0.82. The lowest stimulus level at 
which the combination tone could be perceived for any one frequency was 13.0 dB 
at fp 1400 Hz (averaged over the three subjects). This level increased to 23.0 dB 
at fp 500 Hz and to 20.9 dB at fp 5600 Hz.

Fig. 1 shows that as SL is increased the audibility region expands less at 
higher frequencies than at lower frequencies. Also, it is apparent that the rate 
of increase of the audibility region with increasing SL is not always constant.
For the middle frequencies particularly the audibility region increases more rap
idly above 50- 60 dB SL. These two effects are more apparent in Fig. 2. Here are 
shown the data for all frequencies and all subjects. The lower limit of the audi
bility region is plotted logarithmically in this figure. Because of this logarith
mic ordinate the large increase of the audibility region above 50 dB SL is more 
marked.

There is no apriori basis for predicting the change in audibility region with 
SL. But a closer look at Fig. 1 shows that the slopes of the curves tend to de
crease for increasing SL up to 50- 60 dB. This suggested that up to this level a 
better linear relationship would be found for a logarithmic rather than a linear
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5600 Hz K

S 0.3

sensation level in dB

Fig. 2. Lower limit of the audibility region of the combination tone 2f -f9 
relative to f^ as a function of sensation level (Lj~L9) collected for all f ^ and 
the three observers. The data are plotted on a logarithmic ordinate. The increase 
of the audibility region with SL is smaller for high f^ (filled symbols) than for 
low fj. Above 50 dB SL the audibility region increases often progressively.

ordinate. Indeed, linear regression analysis of the data up to 50 dB SL proved 

that this assumption was correct for all frequencies. The data are fit better by 
a logarithmic relation (constant fraction of octaves per dB) than by a linear one 
(constant frequency difference per dB). The slopes estimated from the regression 
analysis (in dB/oct, the inverted form) were: f^= 500 Hz, .43 dB/oct; 700 Hz, 38 
dB/oct; 1000 Hz, 62 dB/oct; 1400 Hz, 67 dB/oct; 2000 Hz, 83 dB/oct; 2800 Hz, 84 
dB/oct; 4000 Hz, 91 dB/oct; 5600 Hz, 169 dB/oct. The steeper slopes at higher fre
quencies reflect the decreasing expansion of the audibility region as a function 
of SL for higher frequencies.

The lower limit of the audibility region as a function of L^ (L^= 40 dB SLq) is 
plotted in Fig. 3. Again, each data point represents an average over 5 adjustments 
for a single subject. Fig. 3 shows that the lower limit of the audibility region 
is approximately constant for all L^ > 20 dB SL, and tends to rise somewhat for 
Lg < 20 dB SL. The results presented in Fig. 1 and Fig. 3 suggest that the audi
bility region depends mainly on L^.

The lowest at which the combination tone could be perceived averaged over 
all frequency conditions f\= 500- 5600 Hz and over the three subjects was 4.2 +
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5.0 dB SL. This value close to 0 dB SL shows that for L,= 40 dB SLq the leve! of
the combination tone Zf^-f^ is about the same as L^. In this case the sensation
levels were computed relative to the threshold at f0 found for the lowest l9$ m Q x
rather than to the threshold at f^ as for the data in Fig. 1. More precisely, the 
sensation levels are given relative to an estimate of the threshold at f9 ob-
tained by linear interpolation of the threshold data sampled at the half octave 
intervals. Small errors such as introduced by interpolating linearly, by small ir
regularities of the threshold as a function of frequency, etc. account for the few 
negative values of sensation levels plotted in Fig. 3. The corrections applied to 
transform SLq into SL can be deduced from the filled symbols in the figure which 
represent 40 dB SLq.

1.3. Discussion

The previous section reports data on the lower limit of the audibility region 
only. The full region was mapped out in separate experiments. The most important 
results of these experiments will be summarized here.

The combination tone Zf^-f^ could be perceived from the lower limit of the audi 
bility region up to about 0.9f^. The factor 0.9 was slightly subject dependent. It 
is conceivable that the fact that the combination tone was inaudible between 0.9f^ 
and f^ was a result of the limited frequency resolution of the ear. This 10% fre
quency difference was also implied by Plomp's data on the ear's frequency resolv
ing power (Plomp, 1964). The upper limit of the audibility region declined for L? 
low with respect to L^. Masking of the combination tone by f^ can account for this 
since the combination tone level decreases with L^ (L^cL,). This decrease of the 
combination tone level with I2 was found by the cancellation method (Goldstein, 
1967; Zwicker, 1968; Helle, 1969/1970) as well as by different techniques (Smoor- 
enburg, 197Z). At very high (L2>L1) the upper limit of the audibility region 
declined probably because of masking by It is not likely that a decrease of 
the combination tone level below absolute threshold causes either decline since at 

the same level of L^ the combination tone is perceived for larger ^2^1 anc* as a 
rule the combination tone level increases with decreasing ^2^1'

The level of the combination tone in the audibility region may also be of some 
interest. Goldstein (1967, 1970) reported a monotonie increase of the cancellation 
level with combination tone frequency (decreasing f2/f1). He suggested that the 

combination tone level in dB simply increases linearly with decreasing ^2^\ ^rom 
0 dB at the lower limit of the audibility region up to L^ (L^L^) for ^2^\~ ^' 
Zwicker (1968) also reported an increasing cancellation level for decreasing ^2^1 

He related the increasing level for L^L^ and L^;^, respectively, to the low-

11-47



frequency slope and the high-frequency slope of a presumed excitation pattern pro
duced by one frequency component. According to our findings the combination tone 
level does not always increase monotonically with decreasing Occasionally,
it drops below threshold for some ^as''s additional investigations
we were able to distinguish two types of non-monotonicities.

One type of non-monotonicity in the audibility region is revealed by the fact 
that the sensation level of a combination tone may be affected by a small dip (a 
threshold elevation in a small frequency region) at the frequency of the combina
tion tone or even that the combination tone may disappear in this dip. Higher order 
combination tones were affected at the same frequency of the combination tone, 
fl"k(f2-fi), and not at the same f2« Combination tone generation was also affected 
by a dip at f2 (see Smoorenburg, 1972).

The second type of non-monotonicity was more puzzling. Relative minima in the 
loudness functions of the combination tones were found which depended critically 
upon the stimulus conditions. In a case where the combination tone disappeared 
completely cancellation measurements as a function of showed a phase jump of
the cancellation tone of tt radians at the minimum (Smoorenburg, 1972). These results 
suggest that more than one nonlinearity contributes to the combination tone. If 
such were the case there is no reason to expect that the combination components 
produced by each nonlinearity would always add in-phase. For example, the individ
ual contributions may cancel each other. Then a phase jump of ir radians may be ex
pected. The minima could be related to out-of-phase addition of contributions to 
the combination tone from different places along the cochlear partition. Similar 
sudden drops of the cancellation level as a function of and have been report
ed by Helle (1969/1970).

The large increases of the audibility region above 50 dB SL (Fig. 1) may also 
be the result of the action of an additional nonlinearity. A nonlinearity at a more 
peripheral stage would probably generate combination tones in a much less frequency 
selective manner. If such a nonlinearity becomes effective above 50 dB SL then it 
could account for the large increases of the audibility region found above this 
level. As mentioned before the distortion components in the acoustic signal were 
more than 75 dB down. Thus, equipment distortion could not be the basis of the sec
ond nonlinearity.

At the lowest stimulus level for which the combination tone 2f1-f2 could just 
be perceived the average lower limit of the audibility region was 0.82f^ while the 
upper boundary was typically 0.9^. A few detailed measurements confirmed that at 
the lowest stimulus level the combination tone was audible in a small frequency 
region below 0.9f^. Thus, the audibility of the combination tone extends over a 
region of frequencies if the sensation level is just above a minimum level. This 
may suggest that the combination tone is generated only if a certain threshold is
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exceeded. But masking of the combination tone by also accounts for this result. 
For decreasing f9/f^ the combination tone level increases but masking of the com
bination tone by f^ increases too. Thus, if the combination tone is masked for 

some ^2^1 ^ien 1 ^ lively to be masked in a frequency region around this value 
of f2/fr If both masking and combination tone level were proportional to then 
it would not be the case that at low SL the combination tone is masked and at high
er SL not masked. We found that masking of a component at the combination tone fre
quency increases less than proportionally at these low sensation levels. Also, we 
found that the initial rise of the cancellation tone level is occasionally more 
than proportional. If tone-on-tone masking and tone-on-combination-tone masking are 
comparable, then the threshold for the combination tone is probably determined by 
the masking effect of f^.

The limited audibility region of the combination tone suggests that the level of 
the combination tone may depend on the amount of interaction of the cochlear stimu
lation patterns produced by the two stimulus components. Suppose the combination 
tone is generated by a nonlinearity operating uniformly, at each place in the coch
lea, on the stimulation produced by f^ and f^. Suppose also that the important con
tributions to the build up of the combination tone come from those places where the 
stimulation by f, and f0 is about equal. (This last supposition refers to studiesx u
of the combination tone level as a function of LpLg; Goldstein, 1967; Smoorenburg, 
1972). Thus, the same amount of overlap of the stimulation patterns would produce 
the same combination tone level. This means that for a constant combination tone 
level, the high-frequency skirt SH of the stimulation pattern of f-^ and the low- 

frequency skirt $1 of f2 intersect at a constant level. Thus, an increase of the 
audibility region with SL should follow a 1/S^ relation if is increased, a 1/S, 
relation if L2 is increased, and a 1/S^+l/S-p 1/S relation if both levels are in
creased, S in dB/oct.

The data of Figs. 1-3 can be compared with the previous predictions only if it 
is assumed that the threshold of audibility of the combination tone at the lower 
limit of the audibility region implies a constant combination tone level along this 
lower limit. Of course, this assumption neglects small frequency-dependent thresh
old differences. Also, this assumption does not allow for the possible masking ef
fects of f^ and f2-

Estimates of S derived from the present measurements increased from 40 dB/oct at 
500 Hz up to more than 100 dB/oct above 4000 Hz. But measurements of the movements 
of the basilar membrane by von Békësy (1960), by Johnstone et al. (1970a, 1970b), 
and by Rhode (1971) suggest that the shallow slope (S^) of the stimulation pattern 
is only 6 or 12 dB/oct. It might be argued that these measurements of basilar mem
brane movements are not representative of the actual stimulation patterns because, 
for example, they are done at high levels. Masking experiments often reveal a
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steeper slope Sh at low levels than at high levels (Zwicker and Feldtkeller, 1967). 
In addition, the nonlinearity may operate at a more central stage than the stage 
of mechanical stimulation and the stimulation pattern at this higher stage may be 
narrower because of an intermediate sharpening process. Values of S derived from 
the psychophysical measurements reported by Zwicker and Feldtkeller (1967) are 
30 dB/oct at 250 Hz, 50 dB/oct at 1000 Hz, and 45 dB/oct at 4000 Hz. There is no 
important difference between these values of S and our estimates at low frequen
cies. At higher frequencies, however, Zwicker and Feldtkeller do not estimate an 
increase in one of the slopes or whereas we do. On the other hand, Gold
stein's (1967) cancellation data also suggest a smaller audibility region for high
er frequencies. Also, the measurements of the movements of the basilar membrane 
with the Mössbauer technique (Johnstone et a!., Rhode) and by direct observation 

(von Békésy) suggest that the mechanical filtering may improve at higher frequen
cies. Thus, the concept of a nonlinearity operating upon overlapping mechanical 
stimulation patterns seems suggestive but it is necessary to postulate an addition
al filtering of the combination tone in order to account for the increase in the 
audibility region with 5L.

A good estimate of the slope of the low-frequency skirt S-j of the stimulation 
pattern is 100 dB/oct (Mössbauer measurements and psychophysical measurements).
This slope would imply a decrease of the lower limit of the audibility region with

of 30% over a 50 dB range. However, no clear decrease of the lower limit with
was found (Fig. 3). This important inconsistency also suggests that the width 

of the audibility region cannot be explained simply on the basis of the amount of 
interaction of the stimulation patterns.

The stimulation patterns of f^ and overlap at a place which is not maximally 
sensitive to the frequency of the combination tone but to frequencies between f^ 
and fp. If the combination tone is generated at this place of overlap then the ad
ditional filtering of the combination tone may be identified with the frequency 
selectivity at the place of overlap (cf Goldstein, 1967, 1970). The distinction be
tween the two frequency seiectivities will be discussed more extensively in a sub
sequent paper (Srnoorenburg, 1972).

1.4. Interpersonal Differences

The lower limit of the audibility region appeared to be subject dependent. 
Therefore, we decided to determine the audibility region for a large group of sub
jects. The measuring procedure described above appeared to be well suited for this 
purpose. For all subjects the lower limit of the audibility region of the combina
tion tone Zf^-f^ was measured with f^= 2000 Hz and both components at the same

11-50



fixed sound pressure level (SPL). The SPL used was about 40 dB above "normal" 
threshold (i.e. .40 dB SL). Each subject made three adjustments on each of two dif
ferent days. The measurements were preceded by a rough threshold determination. 
Forty subjects were used who had thresholds not more than about 10 dB above "nor
mal" in the frequency range 1000- 3000 Hz.

The 6 adjustments were averaged for each subject. Table 1 gives the number of 
subjects having an audibility region (defined here as. 2~f2 rnax^//^l =
(To -fil/fn ) between 0.00 and 0.05, 0.05 and 0.10, etc. The results show that v 2,max l" 1 '
the audibility region of the combination tone 2f-^-f2 for f^= 2000 Hz and L^= 1^=
40 dB SPL varies among subjects between 0.1 and 0.4.

Table I. The width of the audibility region of the combination tone 2f -f„ for 
40 subjects. Stimulus conditions: fj= 2000 Hz and Lj= L^= 40 dB SPL. The table 
gives the number of subjects out of the group of 40 for whom the width of the 
measured audibility region re f., (f -(2f -f ))/f , lies between 0.00 and 0.05,

----- i 1 1 Z« lüciX 1

audibility region re f 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

number of subjects 0 1 0 5 9 14 7 4

These interpersonal differences cannot be explained by interpersonal threshold 
differences. Data presented in Fig. 1 show that the audibility region re f-, de
creases at most 0.1 between 40 dB and 30 dB SL, and the audibility region is not 
likely to be much smaller for a subject with a threshold 10 dB above "normal" than 
for a subject with a normal threshold and a stimulus level, reduced by 10 dB. The 
following two arguments support the idea that the large interpersonal differences 
in audibility region are a result of large differences in the amount of interac
tion of stimulus components in the ear.

(1) There is a positive correlation within subjects between the width of the audi
bility region and the perceptibility of the low pitch which corresponds to the (ab
sent) fundamental of a stimulus consisting of two high adjacent harmonics.

In a previous paper (Smoorenburg, 1970) we reported a disparity among subjects 
in their pitch judgments of two 200 msec tone bursts, one consisting of the com
ponents 1^00,2000 Hz and the other of fpf2= 1750,2000 Hz. When these two
stimuli were presented successively about half of the 42 subjects perceived a pitch 
change corresponding to the change in fundamental frequency (200 Hz and 250 Hz, 
respectively). The other subjects perceived a pitch change corresponding to the
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change in the frequency of the lowest component (1800 Hz and 1750 Hz, respectively) 
The audibility region for Zf^-f^ was measured for these same subjects. The average 
audibility region found for the group which had perceived the pitch change corre
sponding to the fundamental frequency change appeared to be significantly wider 
than the audibility region of the group which had perceived the pitch change corre
sponding to the frequency change of the lower component.
(2) Within subjects 'phase susceptibility' and the width of the audibility region 
appear to be positively correlated.

Plomp and Steeneken (1969) studied the effect of phase on the timbre of complex 
tones. They used stimuli consisting of 10 successive harmonics with a -6 dB/oct am
plitude weighting. The harmonics were added in various phase relations. By means 
of the method of triadic comparisons the largest timbre difference between any two 
stimuli was found between a stimulus made up of sine (or cosine) components and 
one made up of alternating sine and cosine components. They also studied the mag
nitude of this timbre difference in proportion to the effect on timbre of changes 
of 1 dB/oct in amplitude weighting pattern. The ratio of the phase effect and the 
slope effect was clearly subject dependent. Assuming that this was largely due to 
a subject-dependent phase effect they defined 'phase susceptibility' as that change 
in slope which had an effect on timbre of the same magnitude as the change in phase 
In Fig. 4 the phase susceptibility of 8 subjects (in dB/oct) is compared with the 
width of their audibility regions (re f^). The audibility regions were measured 
again in the condition f^ 2000 Hz and 40 dB SPL. The symbols used in Fig. 4
correspond to the symbols used by Plomp and Steeneken in Fig. 5 of their paper.
The inverted triangle in Fig. 4 represents a subject with no measurable phase ef
fect. The audibility regions were compared with the phase susceptibility for the 
292 Hz fundamental condition because for this fundamental frequency the higher har
monics contributing most to the phase effect are situated at about 2000 Hz, which 
is the frequency for which the audibility region was determined. Fig. 4 shows 
clearly that subjects with a large audibility region (for 2f1-fr,) have a relatively 
high phase susceptibility.

A high phase susceptibility and a large audibility region may be related to a 
strong nonlinearity and/or to a low frequency-resolving power. A weaker nonlinear
ity and a higher frequency-resol ving power would suggest a lower phase susceptibil
ity and a smaller audibility region. The interpersonal differences in pitch percep
tion of two-frequency stimuli are not yet quite understood, but in so far as they 
are determined by peripheral factors the perception of the low pitch may be attrib
utable to relatively pronounced fused beats produced by the combined action of fre
quency components. On the other hand the perception of individual part-tones may 
be related to a relatively high resolving power in the subject's ear. The corre
lations found within subjects among the perceptibility of a low pitch in the com-
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the 'phase susceptibility1 as reported by Plomp and Steeneken (1969). The phase
susceptibility is expressed as that change in the slope of the amplitude pattern
(in dB/oct) which produced a timbre difference of the same magnitude as changing
the phase relation of the stimulus components from all cosine into an alternating
sine and cosine relation.

plex tone, the phase susceptibility, and the width of the audibility region, sup
port the view that the interpersonal differences are due to subject-dependent .re
solving power and/or a subject-dependent non!inearity. The direct mutual relation
ships between the three phenomena are still unclear.

1.5. Pure Tone Masking and Combination Tones

The measurements of the audibility region have demonstrated that for L^= 40 dB 
SL the combination tone Zf^-fg is audible at very low levels of Because of the
likely asymmetric stimulation pattern of fp may masked by f^ before the com
bination tone is masked. Thus, at least partly, a masked threshold may be deter
mined by the detection of a combination tone. This was investigated in an experi

ment reported here.
In the first part of the experiment the audibility region for one combination 

tone was mapped out in detail. Fig. 5 shows the results. The shaded area gives the 

various f2»L2 COITll:i'ina1:'ions f°r which the combination tone 2fpf2 could be perceiv-
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frequency in Hz
Fig. 5. Tone-on-tone masking in relation to combination tones. Masker is f ^, 

test tone is f^• The shaded area gives the combinations for which the com
bination tone 2f -f^ could be perceived. Above the solid line connecting the 
squares the part-tone with a pitch corresponding to £? was perceived. The thresh
old. of detection of anything and not in particular thé pitch corresponding to f„ 
is given by circles connected by dotted lines. Coincidence of this curve with the 
lower boundary of the shaded area suggests that the detection threshold is deter
mined by detection of the combination tone. After addition of noise which masked 
the combination tones (masking level indicated by thin dashed line) an increase 
of the detection threshold to the dashed curve connecting triangles proved that 
the threshold of detection was determined by the detection of combination tones.

ed (fb= 1400 Hz and L^= 40 dB SL). The measuring procedure was the same as before.
The boundaries of the audibility region were determined by 5 adjustments. The
standard deviation of the mean was 6 Hz. The right-hand boundary, f9 , corre-
spends to the lower limit of the audibility region, (Zf.-fr, )/fi5 as given ini L 9max' i
Fig. 3.

Next, we determined the region in which the part-tone corresponding to f2 it
self could be perceived. This was measured by fixing and decreasing until 
the pitch corresponding to disappeared. This amounts to a threshold of identi
fication for f2- For all ^2^2 comkinations above this threshold a pitch corre
sponding to fg was heard. The squares (connected by the solid line) in Fig.5 re
present the average of 5 adjustments of this sort; the standard deviation of the 
mean was 10 Hz. We also tried to measure the threshold of the pitch corresponding
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to by varying l0 at fixed with the Békésy tracking procedure. However, it 
could not be measured reliably in this way. At the left-hand side the solid line 
converges to a value of f2 (1490 Hz) which is probably determined by the limited 
frequency resolution of the ear. Of course, the curve should not be extrapolated 
vertically here because for l^L., the part-tone corresponding to f2 will be audi
ble at all frequencies. Note that the shaded area extends below the solid curve. 

This means that there were combinations ^or Par't_t°ne correspond
ing to f9 was not perceived (as a tone having a distinct pitch) whereas the com
bination tone was perceived. Evidently, masking of the pitch corresponding to f2 

does not prevent the generation of the combination tone.
In masking experiments the usual task is detection, .and not identification or 

recognition of the masked tone. If the level of the masked tone is increased inter
ference (roughness) will be noticed before the masked tone can be identified. The 
circles (dotted line) in Fig. 5 give an ordinary masked threshold where the in
structions were simply to detect anything. These thresholds (and those to follow) 
were measured using the Békésy tracking method. Eacn symbol represents the aver
age threshold obtained in 5 series of 50 trials. The standard deviation of the 
mean was typically 0.8 dB. Note that the detection threshold and the identifica
tion threshold are parallel and are separated by about 13.5 dB. Note also that the 
detection threshold coincides with the lower boundary of the shaded area. This 
lower boundary represents the lowest l^^) which the combination tone could be 
perceived. Thus, the detection threshold may be determined by the detection of the 
combination tone.

In a second masking experiment, directed specifically at this issue, low-pass 
noise was added to the tonal masker fp The cut-off frequency of the noise was 
just below f^ and the noise was intense enough to mask any combination tones which 
might be produced in these stimulus conditions. With the added noise the thresh
old for f2 was significantly higher (triangles and dashed line in Fig. 5). This 
could not have been a result of the masking effect of the noise at f2. With the 
noise alone (f^ absent) the threshold is given by the thin dashed line (no sym
bols) in Fig. 5. This result strongly suggests that combination tones (not neces
sarily only 2f,-f2 but possibly also the higher order combination tones f^-k^- 
fj) ) have played an important part in this masking experiment.

The possible role of combination tones in masking was discussed previously in 
the literature (Wegel and Lane, 1924; Egan and Hake, 1950; Ehmer, 1959). But these 
discussions concern irregular high-frequency skirts of masking patterns measured 
at high masker levels. The high-frequency skirts often showed relative minima.
These minima were explained by the difference tone being detected in stead of the 
test tone. Chistovich (1957) distinguished between the detection threshold (of any
thing) and the identification threshold for the masked tone, and reported that the
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irregular masking behavior was not found when the subjects were instructed to i- 
dentify the masked tone. Zwicker and Feldtkeller (1967) also show that the masking 
irregularities disappear if the subject is instructed not to listen to the combi
nation products. Recently, Greenwood (1970) has shown that the minima disappear if 
low-pass noise is added below the masker frequency in order to mask the combina
tion tones. In contrast to these previous experiments this section deals with a 
low level masking experiment in which only monotonie masking patterns were found. 
Even in this case the results clearly demonstrate the influence of combination 
tones. Of course, our data are based on only one observer and only one condition. 
The role of combination tones in masking experiments should obviously be investi
gated more extensively.

It might be argued that the addition of the low-pass noise to the tonal masker 
increased the detection threshold because the noise prevented the detection of 
splattered energy introduced by the transients of the test tone. Detection of en
ergy off the test tone's frequency is a nonneglegiole phenomenon ("off-frequency 
listening"; Leshowitz and Wightman, 1971). However, the frequency splatter of the 
test tone used in the present experiment was sufficiently small to avoid off-fre
quency detection. But, in a general sense, off-frequency listening was responsible 
for the detection threshold since combination tones were detected. Both, frequency 
splatter and combination tones may account for off-frequency detection.

2. AUDIBILITY REGION OF fj-k^-f^, k>l 

2.1. Experiment

In a separate experiment the lower limit of the audibility region for higher 
order combination tones was measured. The method was similar to that described in 
the previous section. Generally, the higher order combination tones became audible 
successively as f2 was decreased. In sec. 1.3 it was reported that in some cases 
the combination tone 2f^-f2 vanished and then reappeared as f2 was decreased. Since 
such reappearance could easily be mistaken for the appearance of a higher order 
combination tone (such as 3f^-2f2) every time any combination tone became audible, 
its pitch was matched with the pitch of a simple tone. This allowed us to determine 
the order of the combination tone (k) with some certainty.

The experiment was done with the same three subjects as before and at L-pl^
40 dB SLg for all frequencies. The results have been plotted in Fig. 6. Each data 
point gives the average of three adjustments made in different sessions. Data 
points connected by a dotted line to the lower order data point represent the com
bination tones that were perceived only twice. A combination tone perceived only
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as a function of the order k of the combination tone at 40 dB SL , The symbols de
noting subjects are the same as in Figs. 2 and 4. Each data point represents the 
average of three adjustments. If the combination tone was perceived only twice the 
corresponding data point was connected by a dotted line to the lower order data 
point.

once is not represented. This experiment was preceded by many pilot experiments.
The results of these pilot experiments suggested that three adjustments in each 
condition would suffice. For f^= 500 Hz only one subject (circles) perceived high
er order combination tones (data not shown). In this case the lower limit re f^ as 
a function of k was: k= ls 0.61; k= 2, 0.61; k= 3 (perceived only twice), 0.62.
For fj- 5600 Hz no higher order combination tones were perceived. (At 5600 Hz,
40 dB SLq corresponds to about 23 dB SL.)

The higher order combination tones were not always perceived from the lower lim
it of the audibility region up to, say, 0.9f^. With increasing order their sensa
tion levels decreased and became so low that small threshold differences might have 
easily affected the audibility of these combination tones.
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2.2. Discussion

Fig. 6 shows that, to a good first approximation, the lower limit of the audi
bility region does not depend on k. Any order combination tone is audible if its 
frequency exceeds a certain value. If the audibility of all order combination tones 
were determined by a certain amount of overlap of stimulation patterns (given by 
f2~fT) then the lower limit of the audibility region would correspond to a constant 

^2~^1 ^or ^ rather than a constant combination tone frequency, ^* 
Thus, as was shown earlier, this assumption is too simple. The constant lower limit 
may be explained by a second frequency selectivity (Sec. 1.3) which is involved not 
in the production of the combination tones (amount of overlap) but in their recep
tion (frequency selectivity at the place of combination tone generation). Another 
possible explanation is that the production of the combination tones depends not 

only on 5 a"*so on ^ in a way determined by the type of nonlinearity gene
rating the combination tones. The present data are insufficient to distinguish be
tween the two possible explanations.

An extrapolation of Goldstein's (1967, 1970) data on higher order combination 
tones (k= 1, 2, 3) also suggests that the lower limit of the audibility region does 
not correspond to a constant value of fo'^i f°r k. As a rough description of 
the data, Goldstein suggests that the level (in dB) of any order combination cone 
simply increases linearly with the combination tone frequency. For all k, then, the 
combination tone levels equal 0 dB SL at a certain combination tone frequency below 
f, and increase up to (L^L^) at f.. This implies that the lower l-’mit of the 
audibility region is determined by the combination tone frequency and not by 
However, in the limit, this implies that the levels of an infinite number of com
bination tones converge to as f2 approaches f^. This is obviously absurd. More
over, Goldstein's data suggest that as f2 goes to f- the cancellation levels go to 
about Lp 1-2-20 dB, and L^-32 dB for k= 1, 2, and 3, respectively. Thus,the cancel
lation level clearly decreases for increasing k. For increasing f2 extrapolations 

to 0 dB cancellation level give f2/'^l= 1.26, and 1.18 for k= 1, 2, and 3.
These values of f^/fj correspond to combination tone frequencies _re f^ of 0.59, 
0.48, and 0.46, respectively. The latter numbers are estimates of the lower limit 
of the audibility region based upon Goldstein's cancellation measurements. Together 
with the cancellation levels as a function of k for given above, they sug
gest that with increasing order there is less increase in the cancellation level 
with combination tone frequency. Indeed, Goldstein's data show that the frequency 
dependence of the cancellation level (Al^fg)) is described well by or
(Ai_/(f2-f-^) = const) for k= 1, 2, and 3. Thus, the dependence of the cancellation 
level on combination tone frequency diminishes by about 1/k for higher order combi
nation tones. This result has an important theoretical implication with respect to
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the role of the postulated second frequency selectivity in combination tone pro- 
duction. (Goldstein communicated privately that the data are plotted correctly in 
his papers and that his description of the data should be taken only as a rough 
characterization.)

This second frequency selectivity would correspond to an attenuation of the com- 
bination tone in accordance with the frequency selectivity at the place of combina
tion tone generation. The combination tones are probably generated in the region 
where the stimulation patterns corresponding to f^ and f^ overlap. With variations 
of fg this place of overlap shifts at most according to f^, whereas the frequencies 
of the combination tones vary by -k.f^. Thus, the difference between the combina
tion tone frequency and the frequency for which the place of generation is maxi
mally sensitive changes at most by (k+1). (f^-f-^). This implies that the assumed at
tenuation of the combination tone by the second frequency selectivity would depend

k
upon k. But Goldstein's data suggest that the frequency dependence of the combina

tion tones (k= 1, 2, 3) is described well by ^2^'^ or indepefident °f k. This
suggests that the second frequency selectivity would play only a minor role. How
ever, we postulated the second frequency selectivity in order to account for the 
increase of the audibility region of the combination tone 2f^-f2 with SL. A more 
quantitative treatment of this problem requires more data.

3. CONCLUSIONS

© The combination tone 2f,-f2 is audible only in a restricted frequency region be
low f^. The lower boundary of this region is determined primarily by

A

® The width of the audibility region differs significantly among subjects.

a The lowest stimulus level at which the combination tone ^f^-f^ can be perceived 
is 15-20 dB SL. The lowest level of the higher frequency component for which
the combination tone can be perceived with L^= 40 dB SL is L^= 4 dB SL.

e The lower limit of the audibility region is approximately the same for all au
dible combination tones of the type fi-k(f,,-f^) at L-^L^ 40 dB SLq. Higher order 
combination tones can be perceived up to k= 5 or 6.

© The restricted audibility region cannot be explained completely by the amount of 
interaction of the mechanical stimulation patterns corresponding to the stimulus 
components. The combination tones seem to be subject to an additional frequency se

lectivity.
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c The detection threshold of a tone masked by another tone may be determined by 
the detection of a combination tone of the type f^-k(f9-f^), even with a low-level 
masker.
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COMBINATION TONES AND THEIR ORIGIN

INTRODUCTION

This paper reports the results of psychophysical experiments on the combination 
tone Such a tone is often audible during stimulation by the two frequency

components f^ and f2, "^e combination tone Zf^-^ i$ the most important
member of a category of combination tones corresponding to f^-k(t2"^i^ ^ a
positive integer. The main features of these combination tones are that they can 
be heard at low stimulus levels and that they are found only in a restricted fre
quency region below fp the 'audibility region of combination tones' (Smoorenburg, 
1972). These properties indicate that the generation of these combination tones in 
the ear cannot be described by a simple frequency-independent» overloading type of 
non!inearity. This in marked contrast with the difference tone, fg-fp the level 
of which is rather independent of the stimulus frequencies and which is audible 
only at stimulus levels of 50 dB above threshold (Zwicker, 1955; Plomp, 1965; Gold
stein, 1967). The combination tone 2^^ will be called the cubic difference tone, 
CDT, since a cubic term in a transfer function introduces a difference component 
2frf2.

The present research is directed at the type.of nonlinearity generating the CDT 
and at the site of CDT generation. Four experiments are reported followed by a 
general discussion and some speculations. The first part describes how the audi
bility of the CDT is affected by a dip (a local elevation of the absolute thresh
old). The second part gives measurements of the CDT using the cancellation method. 
The level and phase of the cancellation tone (CT) are determined as a function of

This is a preliminary version of a paper to be'submitted for publication in ihe 
Journal of the Acoustical Society of America.
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stimulus levels and frequencies. In the last part the cancellation method is 
reconsidered. Cancellation measurements are compared with measurements of the 
effect of the CDT in gap masking (comparable with forward masking), loudness 
matches, and measurements of the GDI's 'pulsation threshold' (a type of loud

ness balance in which the stimulus anc^ ^ie re^erence 'tone alter
nate at 4 Hz).

1. EFFECT OF A THRESHOLD ANOMALY ON CDT GENERATION

1.1. Introduction

In many respects the CDT behaves like a tone produced by a stimulus component 
2fi“f2, though this component is not actually included in the stimulus. The CDT 
sounds similar to a tone produced by a stimulus component, it beats with a stim
ulus component of slightly different frequency and its pitch can be described by 
the frequency relation Zf^-f^. This suggests that the CDT is generated by a non
linear stimulus transformation in the ear and that the distortion product is sub
sequently analyzed just like a stimulus component. However, the CDT is perceived 
only at small frequency differences '^1's suS9ests that there also is a fre
quency selectivity which precedes the nonlinearity generating the CDT. Thus, the 
nonlinearity generates a component 2f^-f2 only if the frequency difference is small 
enough that both stimulus components f-^ and f^ are passed by the same filter. If, 
for large frequency differences, the stimulus components are separated into dif
ferent channels the nonlinearity in each channel operates upon either f. or f9. In 
this case, there is no channel in which f^ and f2 occur simultaneously at the in
put of the nonlinearity and, thus, combination components cannot be generated.

According to present knowledge, there is only one frequency analyzing element 
in the ear and that is the basilar membrane in the cochlea. Consequently, it ap
pears contradictory to assume that there must be a frequency selectivity which pre
cedes the nonlinearity as well as a frequency selectivity which succeeds the non
linearity. The most plausible inference is that- the frequency analysis and the non
linearity cannot be separated. This would mean that the nonlinearity operates at 
the same stage of auditory processing as the frequency analysis and, thus, that the 
CDT is generated at a cochlear level.

Physiological experiments have frequently revealed cochlear nonlinearities. Von 
Bëkêsy (1960) and Tonndorf (1970) observed fluid eddies in cochlear models. This 
nonlinear hydrodynamic phenomenon may account for several combination tones. How
ever, the eddies occur only above a certain sound'pressure level (SPL), and this 
level probably is greater than the stimulus level at which the CDT can be perceiv
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ed already. Recently, Rhode (1971) reported a nonlinearity of the mechanics of the 
cochlear partition measured with the Mössbauer technique. The amplitude of the 
partition's vibration (for maximally effective frequencies) appeared to increase 
less than linearly with stimulus level. This nonlinearity may account for a combi
nation component such as 2fj-f2 but the nonlinearity has not yet been demonstrated 
for the low SPL at which the CDT is audible. The combination component Zf^-f^ has 
been found also in cochlear microphonics (Newman et al., 1937; Wever et al., 1940a, 
1940b). However, Dallos (1969, 1970) pointed out that the behavior of thi.s micro- 
phonic component does not agree with Goldstein's (1967) psychophysical data on the 
CDT. Finally, Goldstein and Kiang (1968) have shown that acoustical nerve fibers 
may fire synchronously with ^f^-fg during acoustic stimulation by f^ and fp. Quan
titatively, these data closely resemble Goldstein's psychophysical data. The pres
ence of the CDT in the firing of primary nerve fibers suggests that the CDT is gen
erated in the cochlea.

1.2. Aim and Method

The introduction indicates that, most probably, the CDT is generated in the 
cochlea. But the precise site of CDT generation is not known. We studied this prob
lem by means of a psychophysical experiment with a subject who had a threshold el
evation in a narrow frequency region (a dip in the audiogram). Such a threshold 
elevation is probably due to a defect in tonotopic processing at some stage of the 
auditory pathway. If the nonlinearity generating the CDT acts after this defect, 
then the defect might prevent a stimulus component from reaching the nonlinearity 
and consequently no CDT would be generated. On the other hand, if the nonlinearity 
would precede the defect and if the defect does not include the CDT frequency, then 
even for stimulus frequencies in the region of the threshold elevation no effect of 
the threshold anomaly on the CDT is expected. In that case the combination compo
nent would bypass the defect. These considerations suggested the present experiment 
in which the effect of a threshold anomaly on the CDT was investigated.

The audibility of the CDT was measured as a function of the frequency fp. The 
frequency f-^ and the levels and Lp were fixed. The procedure was similar to one 
used in previous experiments (Smoorenburg, 1972). Each measurement was started with 
fp=2fi (CDT at zero frequency). Then fp was decreased to f^ and the range of fre
quencies of fp for which the subject perceived the CDT was recorded. The CDT was 
identified by means of pitch matchings with a simple tone.

The stimuli were produced by two free-running sine-wave, generators. After at
tenuation the two sine waves were mixed and the result was presented monaurally 
through a headphone (Beyer DT 48 S). Distortion components in the acoustical signal
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were more than 75 dB down. The subject and the experimenter were seated together 
in a sound-insulated room.

1.3. Experiment and Results

First, the hearing threshold was measured with the Bêkésy tracking procedure. 
This was repeated at the end of the experiment. The threshold values were sampled 
at 50 Hz intervals. An average threshold curve, fitted by eye to the data points, 
is given in Fig. 1 (solid line). The data points showed a spread of 1 or 2 dB a- ' 
round this curve. The stimulus levels are given relative to the subject's thresh
old- "normal" at 1000 Hz. This is indicated by SLq.

Next recruitment and diplacusis were measured. A complete recruitment (horizon
tal isophones) was found within 20 dB above the top of the elevated threshold and 
a diplacusis was found which is described by a pitch shift corresponding to -60 Hz 
at the steep skirt (between 2200 Hz and 2400 Hz) and to +105 Hz at the shallow

^ 60

2 000 3000
frequency in Hz

Fig. 1. Audibility of the CDT in relation to an anomalous threshold. The solid 
curve represents the absolute threshold. At a certain level of f^ given by the 
filled symbols, the CDT could be heard if f^ was in the frequency region below the 
same unfilled symbol and above about 2200 Hz. The dashed line indicates the upper 
limit of this region (Lj= 47 dB SL^) for the subject's normal ear. The standard de
viation per adjustment was typically 25 Hz. Small symbols represent the average of 
1-3 adjustments, large symbols the average of 4-7 adjustments.
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skirt (between 2800 Hz and 3300 Hz). Both pitch shifts were rather level-independ
ent. These were familiar results for dips.

After the measurements of the threshold anomaly we studied the effect of the 
threshold elevation on the generation of the COT. The stimulus frequencies were 
chosen in such a way that only the stimulus components were in the region of the 
threshold anomaly and not the frequency component corresponding to the CDT. This 
determined our choice of ^=2000 Hz. Five levels of f^ were used ranging from 
32 dB SLq to 72 dB SLq at 10 dB intervals. These conditions are indicated in Fig. 1 
by the different filled symbols. The audibility of the CDT as a function of f^ was 
measured for various at each L^. The results.of the adjustments to the highest 
f^ for which the CDT could be perceived at a certain are given by the unfilled 
symbols in Fig. 1. The type of symbol indicates in that condition. The measure
ments were completed in four sessions. The number of adjustments was not equal for 
all conditions. Small symbols in Fig. 1 represent the average of 1-3 adjustments, 
large symbols the average of 4-7 adjustments. The standard deviation of the indi
vidual adjustments was of the order of 25 Hz.

The range of for which the CDT was perceived extended from about 2200 Hz to 
the unfilled symbols. At frequency differences smaller than f^-f^ 200 Hz the CDT 
was not heard, probably because of the imperfect frequency resolution of the ear.
For 32, 62, and 72 dB SL^circles, squares, and diamonds respectively) was 
set at 10 dB intervals. Absence of a data point indicates that the CDT was not per
ceived at that L2. For 1^= 42,52 dB smaller intervals of l2 were used. In this case, 
the lowest symbol (triangle or inverted triangle) gives, within a few dB, the low
est l2 at which the CDT was perceived. In a few conditions the CDT was not audible 
for some f9 between 2200 Hz and the unfilled symbols: At L1,l-2= 62,52 dB SLq and 
L^,L2= 62,62 dB SLq the CDT was not heard for f2 in a small frequency region above 
the top of the threshold curve. At LpL2= 62,42 dB SLq and L^,L2= 72,42 dB SLq the 
CDT was perceived only for about f2>2700 Hz.

The audibility of the CDT as a function of was a^so measurec^ f°r -^e sul;)"
ject's other ear. For this apparently normal ear the highest f2 as a function of 
L2 for which the CDT could be perceived (L^ 47 dB SLq) is given by the dashed line 
in Fig. 1. This result shows that the highest frequency is almost independent of 
L2. This agrees with previous findings (Smoorenburg, 1972).

1.4. Discussion

The results presented in Fig. 1 show clearly the effect of the threshold anoma
ly. The CDT was perceived only when the higher stimulus component (f2) exceeded the 
elevated threshold. The f2>L9 region for which the CDT was audible differed consid-
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erably from the region measured in the normal, ear. Additional results on the com
bination tones w^h k= 2,3 showed that these tones as well were per
ceived only if f2 exceeded the elevated threshold. The same was found for f^= 1600, 
1700, and 1800 Hz at different levels. These results are not represented because 
the influence of the elevated threshold is less marked in these cases.

The results described above suggest that the defect which causes the elevated 
threshold precedes the nonlinearity generating the CDT. Thus, stimulus components 
below the elevated threshold do not reach the nonlinearity and, consequently, no 
combination components are generated. It is possible to extend this interpretation 
of the results. It might be assumed that the elevated threshold is caused simply by 
a complete lack of stimulus processing between about 2000 Hz and 3600 Hz. Further, 
it might be assumed that the slopes of the stimulation pattern (in dB/oct) produced 
by one frequency component are approximately constant. The threshold pattern then 
reflects the stimulation pattern. All stimulus components at the left of the steep 
skirt of this pattern and of the skirt's linear extrapolation would stimulate the 
low-frequency side of the gap and all stimulus components at the right side of the 
shallow skirt and its extrapolation would stimulate the high-frequency side of the 
gap (Fig. 2). Stimulus components in the region below the elevated threshold would 
not stimulate either of the two sides. According to this assumption f^ at 32, 
42, and 52 dB SLq would stimulate only the low-frequency side of the gap. Combina
tion components could be assumed to be generated only if both stimulus components 
reach the same nonlinear channel. Thus, the CDT would be generated only if f2 also 
stimulates the low-frequency side of the gap. This implies that the CDT would be

frequency in Hz

Fig. 2. The proposed influence of a gap in tcnotopic stimulus processing by the 
ear. The slopes of the stimulation pattern produced by one frequency component are 
assumed to be constant. Stimulus components at the left side of the dashed line 
would stimulate only the low-frequency side of the gap. Stimulus components at the 
right side of the dotted line would stimulate only the high-frequency side of the 
gap. Thus, a stimulus component at 2000 Hz and at a moderate level would stimulate 
only the low-frequency side of the gap whereas the same stimulus component at a 
high level would stimulate both sides.
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audible only for frequencies of f2 below the steep skirt and its extrapolation. In 
this way the experimental results are explained. At L^= 62 and 72 dB SLq f^ would 
stimulate also the high-frequency side of the gap. In that case the CDT may be au
dible also for higher frequencies of f9. This again is in agreement with the ex
perimental results. (Since the shallow slope of the stimulation pattern seems to 
decrease for increasing stimulus levels (Zwicker and Feldtkeller, 1967) the shallow 
slope of the threshold curve should really not be extrapolated linearly but it 
should decline for higher levels. Therefore, it may be assumed that the component 
fj, at 62 dB SLg (filled square in Fig. 1) stimulates the high-frequency side 
of the gap although the square lies just below the linear extrapolation of the 
shallow skirt of the threshold curve.)

Having deduced that the defect must precede the nonlinearity, we may speculate 
on the site of the nonlinearity. Goldstein (1967) distinguished between nonlinear 
basilar-membrane mechanics and inherently linear basilar-membrane mechanics sub
ject to a nonlinear hair-cell coupling of basilar membrane and tectorial membrane. 
The threshold anomaly is most plausibly not caused by a defect of cochlear hydro
dynamics or basilar-membrane mechanics but by a defect at a higher stage of audi
tory processing. This assumption is supported by the fact that the threshold el
evation is very frequency selective. There is histological evidence that thresh
old anomalies of this sort are caused by a sensorineural deficiency. An example of 
such a defect is broken stereocilia on the hair-cells. Thus, we might speculate 
that the nonlinearity resides at a hair-cell or higher level. According to Hoog

land (1953) the generation of the difference tone, no^ affected ^ a
threshold elevation at the frequencies of the stimulus components. Inaudible stim
ulus components may produce a difference tone at normal sensation levels. Hoogland's 
result supports the hypothesis that the origin of the difference tone is more pe
ripheral than the origin of the CDT and the higher order combination tones.

Our conclusion that the nonlinearity resides at a stage of auditory processing 
higher than cochlear hydrodynamics or basi1ar-membrane mechanics raises the ques
tion of what frequency-resolving mechanism analyzes the products of the nonlinear
ity (see also the introduction to this section). The only known frequency analyzer 
is the basilar membrane. This question might be answered by Goldstein's hypothesis 
of nonlinear hair-cell coupling. This implies that the distortion components are 
fed back to the level of the basilar membrane and thus subsequently spectrally re
solved. This idea was examined in an additional experiment in which the effect of 
the anomalous threshold on the CDT itself was investigated. The result was clear. 
Normally audible CDTs were not audible if their frequency was in the region of the 
elevated threshold. For sensation levels below 70 dB the CDT was not perceived for 
f1= 4000 Hz or lower frequencies but the CDT was perceived for f^ 4500 Hz (the 
next sample) and higher frequencies. This finding that the anomalous threshold af
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fects also the CDT and the results of the first experiment which suggested that the 
combination component is generated after the gap support the view that there is a 
bidirectional coupling between the frequency-resolving mechanism and the nonlinear
ity. However, this finding does not give conclusive evidence for the assumption of 
bidirectional coupling. It may be argued that there is a second frequency-resolv
ing mechanism at a higher stage of the auditory pathway which resolves the CDT nor
mally but which is defective in this anomalous case.

Since the results of the present experiment are based upon only one subject the 
conclusions must be tentative. Similar effects were observed for other subjects but 
in those cases systematic studies have not yet been accomplished.

2. CDT LEVEL AND PHASE BEHAVIOR

2.1. Introduction

The CDT is audible only for small frequency differences of the two stimulus com
ponents fj and fp. In a previous paper this frequency selectivity was studied by 
measuring as a function of the stimulus levels Lj^ the range of frequency differ
ences for which the CDT was perceived (Smoorenburg, 1972). In this section the fre
quency selectivity is investigated in more detail. This is done by cancelling the 
CDT with an externally generated combination component 2fj-f,, of appropriate level 
and phase. The externally generated combination component is called the cancella
tion tone, CT.

The cancellation method has been applied before to study the frequency selec
tivity. Goldstein (1967) and Zwicker (1968) measured the cancellation level and 
phase as a function of the frequency difference of the stimulus components. In our 
measurements L^ was varied with several fixed frequency differences. The reason we 
chose this approach was as follows: In the previous section it was pointed out that 

two frequency selectivities may be distinguished in the generation of the CDT. One 
frequency selectivity is involved in the generation of the CDT, and may be related 
to the amount of interaction of the stimulation patterns produced by f^ and fg.
The second frequency selectivity is involved in the reception of the produced com
bination component. The region of overlap of the stimulation patterns in which the 
combination component is probably generated is maximally sensitive to frequencies 
between f^ and As the difference between this frequency region and the combi
nation frequency increases the combination component might be increasingly attenu
ated. The two successive frequency selectivities cannot be separated when cancel
lation measurements are made as a function of For frequency variations the
combination component would depend on both frequency selectivities.
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2.2. Apparatus

In order to cancel the CDT a stimulus component (CÏ) was produced with
adjustable level and phase. The CT was derived from the stimulus components by 
means of analog multipliers. First, the component f, was squared. This gives the 
frequency component 2f^ plus a DC component. The DC component was removed by AC 
coupling of this output to a second multiplier. The stimulus component f2 was con
nected to the other input of this second multiplier. Thus, the frequency compo
nents 2f^-f2 and 2f1+f2 were obtained. The component 2f^+fo could be easily re
moved by subsequent low-pass filtering. The remaining component was led succes
sively through an adjustable phase shifter and an adjustable attenuator. Finally, 
it was mixed with the individually attenuated stimulus components f^ and f2. The 
resultant three-component signal was presented monaurally through a headphone 
(Beyer DT 48 S). Acoustic distortion components were sufficiently down.

The adjusted CT level was measured simply by means of an electronic AC volt
meter. Much attention was paid to a correct measurement of the adjusted phase.
The phase of the CT should be specified with respect to the stimulus components.
As the phase shift of the analog multipliers was negligible, it was sufficient to 
measure the phase of the CT with respect to the output of the second multiplier. 
This was done by comparing on an oscilloscope screen the superposition of 2f,-f2 
and 2f1+fp at the output of the second multiplier with the position of the wave
form of the component 2f1-f2 tapped just before it was mixed with the stimulus 
components. Of course, the phase shift could have been measured in a simpler way 
if the component Zf^+fg had been removed first by filtering. However, we preferred 
our method since the filtering may introduce phase drifts which then would not be 
included in the phase measurement.

2.3. Method and Procedure

2.3.1. Cancellation

The subject was seated in a sound-insulated room. He was able to adjust the lev
el and the phase of the CT simultaneously with two hands. His task was simply to 
remove the pitch of the CDT. In order to help the subject identify the CDT he could 
switch off the stimulus components fj and f2. Then the CT was perceived alone; this 
gave the subject a cue for the pitch of the CDT. The CT could also be switched off. 
At the point of cancellation this made the CDT reappear.

Cancellation measurements are accurate. Assuming linear superposition of the 
CDT and the CT, a CDT of 20 dB above threshold would be inaudible for CT levels
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between 19.1 and 20.8 dB. For a CDT level of 40 dB these limits are 39.9 and 40.1 
dß. However, the accuracy decreases markedly at very low levels. The cancellation 
level for a CDT at 6 dB above threshold could lie between 0 and 9.5 dB. (These 
limits show that adjustments with a logarithmic attenuator will give too low esti
mates of the CDT level.) We used a more accurate method for measuring very low CDT 
levels.

2.3.2. Miri’oring

The inaccuracy of cancellations at low CDT levels means that loudness matches 
may be more accurate. For low levels this suggested to change the cancellation 
procedure into a loudness match. Hov/ever, we discarded matching the loudness of a 
simple tone of frequency 2f^-f2 to the loudness of the CDT. Such a match may be 
biased by the absence of the components fpf^ in the matching stimulus. Therefore, 
the following method was chosen.

The subject started with an ordinary cancellation. The phase was adjusted as 
accurately as possible, for example, by minimizing the CDT level as a function of 
the CT's phase with a CT level somewhat lower than the cancellation level. Then 
the CT level was raised above the cancellation level and adjusted such that the 
loudness of the CDT plus the CT was equal to the loudness of the CDT alone.

The loudness match implies that the amplitude of the CDT produced by f^ and fg 
alone, arQy> equals the amplitude of the CDT plus the CT, a^-j- If linear super-

a^j. (The phase of the CTposition holds at these low levels, then a^y acDT’ 
and the CDT are opposite.) Thus, -a^-p agoT~aCT or aCT= ^aCDT' ^1's means i^at, 
in case of matched loudnesses, the level of the CT is 6 dB higher than the cancel
lation level at which a^p agDj- Since the loudness match implies opposite phases 
of the matched components it is called the mirroring method. In the transition re
gion where both methods were used (CDT levels of 10 to 20 dB above threshold) the 
results differed consistently by 6 dB. Thus, we decided to use the mirroring method 
for CDT levels below 10 to 20 dB above threshold. The resulting data points were 
appropriately corrected by 6 dB.

2.4. Experiments and Results

In all experiments the cancellation level and phase were measured as a function 
of Lp The levels are expressed relative to the absolute threshold at fp and the 
phases are given relative to the phase at which the CT is produced by the multi
pliers. (This phase with respect to the stimulus components +cos(2Trf^t+<tp) and
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Fig. 3. Cancellation level and phase as a function of with parameter Lj 
(subj. GS). The dotted lines in the upper subfigure are extrapolations to that 
at which the CDT was just audible.

+cos(2irf2t+cj>2) is given by +cos{2iT(2f ) Each data point represents
the average of three adjustments. The standard deviation of the averages of level 
and phase are smaller than 2 dB and O.lr, respectively.

Figure 3 represents the results from one subject for fixed stimulus frequencies 
f1= 1400 Hz and 1.2^= 1680 Hz. is the parameter. The dotted lines-in the 
upper subfigure are extrapolations of the curves to that at which the CDT could 
just be perceived. The results show that a CDT at the threshold of audibility does 
not always imply a cancellation level of 0 dB. Masking of the CDT by f^ and f2 may 

account for this.
Figure 4 represents the same subject's results for a fixed lower stimulus com

ponent f^ 1400 Hz and 1^= 52 dB SL. In this case f2 is the parameter. Two other
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Fig. 4. Cancellation level and phase as a function of L„ with parameter f^/f, 
(subj. GS).
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subjects measured in this condition with different frequencies Only the can
cellation levels are given in Figs. 5 and 6.

2.5. Discussion

2.5.1. The frequency selectivity in CDT generation

Figures 3 through 6 show an initial increase of the cancellation level which is 
proportional to L^. With a continued increase of the cancellation level appears
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Fig. 5. Cancellation level as a function of L2 with parameter f2/fi (subj. FW).

obs. TH

sensation level L2 in dB
Fig. 6. Cancellation level as a function of L2 with parameter f2/f] (subj. TH).

to reach an upper limit and then in some cases decreases. This finding agrees with 
results reported by Goldstein (1967), Zwicker (1968), and Helle (1969/1970).

Figure 3 shows that the cancellation level increases proportionally to until 
approaches L^. This result may be interpreted as follows. The proportional in

crease is found for L^cL^. For L?<L^ we might hypothesize that the stimulus com
ponents interact most at a place maximally sensitive to f^. Then, as l2 is raised, 
a critical point will be reached if the stimulation level of f2, S2(f2), equals 
the stimulation level of ^ at the place of f2, $1'(f2). (Note that the parenthe
sized frequency stands for the place of stimulation.) The bending of the curves
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might correspond to this condition S2(^2)~^i(^2)' "^s *'|yPot*'ies''s "i5 supported by 
studies of that nonlinearity which would generate an appropriate GDI. and which are 
presented in the general discussion at the end of this paper. The function relating 
cancellation level and can be predicted on the basis of the assumed nonlinearity 
and an assumed stimulation pattern by integrating over the contributions to the 
GDI from each place. If the shape of the stimulation pattern is both level and fre
quency independent, and if the contributions from all places add in-phase, then the 
shape of the function relating cancellation level and is determined. Only the 
position of the curve would depend on fr'’9ure 3 shows that this is too much
of an idealization. The difference L-^-L^ at which the cancellation level behavior 
departs from proportionality decreases for higher with frequencies fixed. We 
can account for this by assuming that the stimulation patterns are level dependent. 
According to Zwicker and Feldtkeller (1967) the slope of the high-frequency skirt 
of masking patterns decreases with increasing masker levels. The same may hold for 
the pattern of stimulation at the stage of the. nonlinearity. Then S^(f^)- S.,^) 
decreases for higher levels and consequently the bending of the curve (Sp^)- 

) would occur at smaller L^-Lp (smaller S^(f).
With the above assumptions we tried to estimate the high-frequency skirt of the 

stimulation pattern of f^, S^(f>f^), upon which the nonlinearity operates. This 

was done by measuring the cancellation level for several as a funct'>on of ^2'
The results for three subjects are given in Figs. 4, 5, and 6. Unfortunately, only 
for f2/fi<l-25 and at least for the subjects FW and TH do the individual curves 
have similar shapes. The change in shape in the other conditions may be due to 
out-of-phase addition of combination components from different places. This will 
be discussed further in the next subsection 2.5.2. A less important reason may be 
a 1evel-dependent high-frequency skirt of the stimulation pattern produced by fp. 
Although the data which support the original hypothesis concern only a small fre
quency region, we used these data to estimate the high-frequency slope. The bend

ing of the curves measured by subject FW (TH) for f2/f3= 1*1 (1-15) and f2/f^= 1-2 
(1.25) occurs at different Lp. The difference Al^fp^l. If^, fp=1.2fj) equals 
S^(l. lf^)-S^(1.2fj) since Lp-Sg^p^S-j^fp). The difference Alp was determined by 
parallel shifting of one curve such that the best fit of the two curves was ob
tained. Trie result was Alp (1. lfpl.2f^)= 7.3 dB (subj. FW) and Alp( 1.15fpl.25fp)- 
7.7 dB (subj. TH). (The amount of shift in the vertical direction, 14 dB for subj. 
FW and 11.7 dB for subj. TH, was not used since this shift is determined also by 
the second frequency selectivity succeeding the nonlinearity.) Thus, S^(l.lf^)- 
S1(1.2f1)= 7.3 dB (subj. FW) and S], (1.15f1)-S1 (1.25f1)= 7.7 dB (subj. TH). This 
gives estimates of the high-frequency slope (f>f^) of 59 dB/oct and 64 dB/oct, 
for the two subjects respectively. These values are considerably higher than the 
high-frequency slopes of the stimulation patterns of the cochlear partition (6 to
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12 dB/oct) measured by von Békésy (1960) and Johnstone (1970a, 1970b). However, 
recent measurements by Rhode (1971) at lower and more comparable sound pressure 
levels suggest that near the maximally effective frequency the high-frequency slope 
of the mechanical stimulation pattern may he„ considerably steeper than 6 to 12 dB/ 
oct. The slopes estimated from the present data agree with the slopes of masking 
patterns found by Zwicker and Feldtkeller (1967).

Zwicker (1968) also tried to estimate the stimulation pattern by combination 
tone measurements. He assumed that for cancellation level would be de
scribed by (f2)S2 (^2)- ^or constant (constant Sg (f2) ) ^2 was variec* anc*

(f^) was determined by settings (fg) equal to the change in cancellation level. 
However, only the proportionality of the cancellation level with (fg) was veri
fied experimentally. There was no experimental proof that the cancellation level 

2
increases with (f2). Moreover, since is proportional to L^, this implies 
that an increase of should be followed by a two-fold increase (in dB) of the 
cancellation level. Our data (Fig. 3), Zwicker1s own results, and data from Helle 
(1969/1970) show that this is not the case. The cancellation level tends to de

crease with increasing L-^ (L^L^). (A better description of these data is present
ed in the general discussion at the end of this paper.) According to our concept 
Zwicker's estimates of the high-frequency slope reflect mainly what we have called 
the second frequency selectivity, the frequency selectivity succeeding the nonlin
earity generating the CDT.

2.5.2. Other aspects of the cancellation data

The results of previous experiments on the cancellation level as a function of 
the stimulus levels (Zwicker, 1955, 1968; Goldstein, 1967; Helle, 1969/1970) and 
the present results may be summarized as follows. Generally, the increase of the 
cancellation level with stimulus level (L^-const+L^) is nearly proportional at low 
and moderate stimulus levels and less than proportional at high levels (>70 dB SL). 
However, with f2/f^>1.2 the increase is often much less than proportional for vari

ous levels.
An example from our results of a nonproportional increase of the cancellation 

level with Lpl^ are the data in Fig. 3. These data for the condition LpL^ are 
replotted in Fig. 7 (plusses). Further studies of the cancellation level as a 
function of Lpl^ (L^L^) revealed a highly irregular behavior at f2/fpl.3 
(crosses in Fig. 7). At a certain stimulus level the CDT disappeared completely.
In the region of disappearance of the CDT there was a rapid phase shift of tt ra
dians within 1 dB. This is represented in the lower graph of Fig. 7. Because of 
the obvious ambiguity of additive multiples of in phase measurements, the sign
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Fig. 7. Cancellation level and phase as a function of L ,L (L =L ) with para

meter (subj. GS).

of the phase jump was determined from the results in Fig. 4 for (single data
points in Fig. 7) and with additional checks in adjacent conditions.

Similar nonmonotonic increases of the cancellation level with 1^,1^ and the 
accompanying rapid phase shifts, were observed with three other subjects, FW and 
TH included. Helle (1970) has also described this phenomenon.

The irregular cancellation behavior for f2/f^>1.2 may be explained if we assume 
that combination components generated at adjacent places along the cochlear parti
tion do not add in-phase. The disappearance of the CDT in a particular stimulus 
condition would thus imply that the contributions from all places cancel each other 
In such a case the vector sum goes most probably through zero. Then the polarity of
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the vector sum changes. The jump of the cancellation phase by tt radians reflects 
this polarity change. Because of the possibility of out-of-phase addition one 
should be careful in deducing the frequency selectivity involved in CDT generation 
directly from the behavior of the cancellation phase with changes of t^/f^ (Schroe- 
der, 1969).

The cancellation phase as a function of depends on This suggests
that probably this phase behavior cannot be explained by one particular type of 
nonlinearity. This is true even though certain nonlinearities may account for a 
polarity change, and a nonlinearity which includes hysteresis may account for some 
continuous phase shifts. Thus,the cancellation phase must be determined mainly by 
the properties of the filters involved in the generation of the CDT. The depend
ence of the cancellation phase on stimulus level implies that the characteristics 
of this filter are level dependent. The decreasing influence of fg/f^ on the can
cellation phase at higher stimulus levels suggests that the filter is broader at 
these higher levels. This also is suggested by masking patterns which show a de
creasing high-frequency slope at high levels (Zwicker and Feldtkeller, 1967). The 
apparent broadening of the filter may be caused by an intimate coupling between 
the filter and the nonlinearity which generates the CDT. The idea of a broadening 
filter is supported by recent Mössbauer measurements of the mechanics of the coch
lear partition (Rhode, 1971). It is puzzling that Goldstein and Kiang (1968) did 
not find a phase shift with stimulus level for nerve discharges time-locked to the 
CDT frequency (see also Goldstein, 1971).

As the stimulus level increases, the cancellation phase seems to converge to 
one value independent of fo/fj (Fig. 7). This suggests that the phase shifts intro
duced by the filters involved in the CDT generation become small. In that case the 
phase limit, increased by it radians because of opposite polarity of CT and CDT, 
gives the phase at which the CDT is generated by the nonlinearity. Common (single
valued) nonlinearities generate combination components only with phases of 0 or tt 
radians. The results in Fig. 7 suggest that the cancellation phase converges to 
zero, the phase at which the cancellation tone was produced by the analog multi
pliers. Thus, the CDT is generated with a negative sign, -cos^a^-co^t, with stim
ulus components -i-cosu^t and +cosw2t (cf. Sec. 2.4). The same result was reported 
by Goldstein (1967) and Schroeder (1969). They measured the cancellation phase as 

a function of and extraP°1 atecl the d3121 t0 assuming a quadratic in
crease of the cancellation phase with f2-f1. Similar extrapolations of our data 
from Fig. 4 for L^,L2= 52,27; 52,52; and 52,77 dB SL resulted in estimates of the 
cancellation phase of O.SStt; 0.19tt; and O.GOtt, respectively. The data did not 
quite follow the quadratic relation.
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3. CDT MEASUREMENTS WITH DIFFERENT TECHNIQUES.

3.1. On the Cancellation Method

Essentially, one assumes linear superposition of the externally generated can
cellation tone (CT) and the internally generated CDT if at the point of cancella
tion the CT level is identified with the CDT level. However, the high cancellation 
levels found experimentally for the CDT indicate that the CDT must be generated by 
an important nonlinearity of the ear. Therefore, the equalization of the cancel
lation level to the CDT level is not obvious. The addition of the CT and the CDT 
was studied in the following experiment.

The experiment was started by finding the cancellation phase. At this phase the 
cancellation tone was added with various levels to the stimulus fpfg. A simple 
tone of frequency 2f1~f0 preceded and succeeded this stimulus. The subject was in
structed to match the loudnesses of both simple tones individually to the loudness 
of the internally generated CDT changed by the externally added CT. Two silent in
tervals of 0.4 sec were programmed between the three stimuli to avoid temporal in
teractions. The threefold sequence was repeated periodically. The adjustments of

-+ loudness match

ineor add.
obs. JV

? 40

t 20 <—--S-

__ I___________I___________ 1___________I___________ I_______:___ L__________ I___________ !_______ ___i_
-20 0 20 -40 60

level of cancellation tone in dB

Fig. 8. The addition of the CDT and the. cancellation tone (CT) as a function of 
the cancellation tone level. The resultant level was measured by loudness matching 
The thin curve represents the theoretical behavior if linear superposition of the 
CDT and the CT holds. Stimulus condition: 2000,2400 Hz and Lj ,L2= 45,45 dB
SL.
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the first and the second matching tone never differed more than 2 dB, which sug
gested that temporal interactions were indeed unimportant.

An example of the results is given in Fig. 8 (plusses) for the condition 
2000,2400 Hz and LpL^ 45,45 dB SL. Each data point represents the average of 
5x2 adjustments. The standard deviation of the mean is less than 1.5 dB. The thin 
curve is a theoretical one based upon the assumption of linear superposition of 
the CT and the CDT.

Figure 8 shows that the shape of the experimental curve found for loudness 
matching is similar to the theoretical curve. But the data points are all below 
the predicted values. A loudness match to the unaffected CDT (absent CT) revealed 
a value of 19.7 dB whereas the cancellation level was 26.2 dB. However, the low

y

loudness of the CDT does not necessarily imply a low level of the CDT. The loud
ness may be related to the amount of activity above the masked threshold. (A com
pletely masked tone of arbitrary level has zero loudness.) Thus, masking by f, at 
the place of the CDT may at least partly account foi the low loudness of the CDT. 
Therefore, we conducted new experiments with two other measuring techniques. These 
techniques were introduced by Houtgast (1972).

3.2. CDT in Gap Masking

3.2.1. Stimuli and Procedure

The temporal stimulus configuration is shown in Fig. 9. The masker was switched 
off every 200 msec during about 50 msec. Four successive times the probe tone was 
presented in the inserted gap after which it was left out twice. By leaving out 
the probe tone periodically the subject was given a reference of how the stimulus

masker probe masker probe masker

1 ____ . ■ ■____t------1-------U----- 1---- -J----- S------ !------ J-------1------ l_J-------1------- 1------- 1----- J-------1-------1-----J--------1------ 1------- 1------J_____I..... I I t____ I___ j___

10 msec time intervals

Fig. 9. Temporal stimulus configuration for gap masking. The masker is present
ed repeatedly.
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sounded without the probe'tone which made the probe tone easier to detect. The 
masked threshold-of the probe tone was measured with a simple Békésy tracking pro
cedure. After four successive probe tone presentations the level of the probe tone 
was decreased by 2 dB when the subject had»perceived the probe tone and increased 
by 2 dB when he had not. Each run consisted of 50 presentations of probe-tone four

somes .
The temporal envelope of the probe tone was gaussian. If time spread and fre

quency spread are defined as the second moment of the temporal and spectral power 
distribution, respectively, then the frequency spread of the probe tone at a given 
time spread (effective duration) is minimal for a gaussian envelope of the probe 
tone (Gabor, 1946). However, this does not imply that in a masking experiment the 
optimal envelope is gaussian. The primary concern in masking experiments is to a- 
void detection of the probe tone at another place than the place corresponding to 
the probe's frequency. Therefore, the frequency spread down to threshold level 
should be considered with respect to the internal filters. But this requires knowl
edge of the filter character!stics. For general purpose the gaussian envelope 
suits well. It produces a nice parabolic spectral probe (ordinate in dB). In our 
case the duration of the probe tone taken between the -la and +lo points of the 
envelope was 9.5 msec. The bandwidth between the la points of the amplitude spec
trum of the probe tone was 67 Hz. Mathematically, this bandwidth is in good agree
ment with the effective duration. At -50 dB the bandwidth was 230 Hz. Of course, 
the gaussian envelope did not extend to infinity. The probe tone was switched on 
and off at about of the maximal amplitude. The spectral distortion components 
corresponding to deviations from the ideal gaussian envelope were more than 48 dB 
down. The masker had the same transients as the probe tone. Both were led alter
nately through the same gate.

3.2.2. Introductory Experiment

An example of the results with gap-masking is given in Fig. 10. The thin curve 
shows the masking effect of one frequency component f^= 2000 Hz and L^= 60 dB SL. 
Addition of a second frequency component 2400 Hz and 1^= 60 dB SL gives the
heavily drawn curve. Besides the top at 2400 Hz two new tops appear in this curve 
at 1600 Hz (2^-^) and at 1200 Hz (3^-2^). Both curves were measured at 25 Hz 
intervals. The measurements were done in four series with 100 Hz steps. Each data 
point was obtained by one run only. The two stimuli f^ and were measured al
ternately.

The original reason to use gap masking in stead of simultaneous masking was to 
avoid beats between the masker and the probe tone. The results in Fig. 10 show an
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4000
frequency of test tone in Hz

Fig. 10. Comparison of the effects of maskers consisting of one and of two fre
quency components in gap masking. The thin curve represents the masked threshold 
of a one-component masker f1= 2000 Hz, Li= 60 dB SL. The heavy curve represents 
the masked threshold if the component fpj* 2400 Hz and L2= 60 dB SL is added to the 
masker. Note the two peaks at about 1600 Hz (2fi~f2) and 1200 Hz (3fi-2f2).

additional advantage of this method. The low-frequency slope of the masking pattern 
produced by f^ appears to be very steep in gap masking. Consequently, there is 
only minor masking by f^ at the place of the CDT. This allows for an accurate es
timation of the CDT level by measuring its masking effect with respect to the 
masking effect of reference maskers.

3.2.3. Experiment with, reference masker 2f^-f^,f^

Of course, the CDT level could be estimated by determining the level of a ref
erence masker of the CDT's frequency for which the amount of masking equals the 
masking effect of the CDT. However, in this first experiment the frequency compo
nent f^ was included in the reference maskers in order to get a good similarity 
between the reference maskers and the masker producing the CDT. In both types
of maskers the components f^ had equal levels. One advantage of including f-^ in 
the reference maskers was that this yielded for both maskers a similar residual 
masking by f-^ at the place of the CDT. Another advantage was that in this case both 
maskers had about equal loudness.

The stimulus components were f,= 1400 Hz and f^= 1.2f^= 1680 Hz with levels L^= 
L^- 50 dB SL. Three levels were used for the component Zf^.-f^ (1120 Hz) of the ref
erence masker; these 'reference levels' were I2 20, 25, and 30 dB SL. The mask
ed threshold was measured with five equally spaced probe tone frequencies at and
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around the CDT frequency. Per frequency the masking effect of the masker producing 
the CDT and of the three reference maskers was measured. The masker producing the 
CDT was always inserted between the second and the third reference masker. The 
measurements were done in four independent-series; with successively increasing 
and decreasing probe tone frequencies and with successively increasing and decreas
ing reference levels. A measurement of the masking effect of f^ alone at the CDT 
frequency preceded and succeeded each series.

The results averaged over three subjects are represented in Fig. 11a. The mask
ing effect of f^ alone at the CDT frequency is indicated by the horizontal bar.
(0 dB in Fig. 11 corresponds to the absolute threshold at the CDT frequency which 
was measured in the experiment reported next.) Also the asymmetry of the masking 
curves suggests that masking by f^ has played a role in the CDT frequency region.
An influence of f^ increases with increasing probe tone frequency. The similarity 
of shape of the masking curve of the CDT and the curves of the three reference

frequency of test tone in Hz
Fig. 11. Effect of the CDT in gap masking (solid curve) compared with the effect 

of three reference maskers of different levels (dashed curves). The masker produc
ing the CDT is fi,f2= 1400,1680 Hz and 1^= L2~ 50 dB SL. In Fig. 11a the reference 
masker consists of the components 2f1-f2 and fi. The levels of 2f1-f2 are 20, 25, 
and 30 dB SL, respectively. The level of f] equals 50 dB SL. The horizontal bar in
dicates the masking effect of fj alone. 0 dB on the ordinate corresponds to the ab
solute threshold at the CDT frequency. In Fig. lib the reference masker is the com
ponent 2fi"f2 only and its levels are 10, 15, and 20 dB SL, respectively.
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maskers suggests that the. role of f, at the GDI frequency was probably similar for 
both types of maskers. Thus, the GDI level can be estimated from the position of 
the GOT masking curve with respect to the reference curves.

The estimation of the GOT level was actually realized by interpolating the data 
of each set of three reference maskers for the masking effect of the GOT measured 
in the same set. Thus, four series with five probe tone frequencies gave twenty 
estimates of the GOT level. The average and standard deviation of these estimates 
for individual subjects are: GS, 24.1±0.4 dB; FW, 21.5±0.7 dB; and TH, 29.4±0.5 dB 

SL.
A similar measurement was made for a masker which was turned off 60 msec after 

its onset. This was the only difference from the previous experiment. Thus, in this 
case the masker followed the probe tone and the backward-masking effect was measured. 
Although we found a masking effect of only 2 dB the twenty estimates of the CDT lev
el gave an average value of 23.6±0.9 dB SL (subj. GS). This value is close to the 
gap-masking estimate. The small masking effect in this case with respect to the ef
fect found in gap masking (10 dB) shows that in gap masking the effect of forward 
masking of the masker prior to the probe tone dominates the backward-masking effect 
of the masker succeeding the probe tone.

3.2.4. Experiment with reference masker 2f ̂  ^

In the previous experiment the component f^ was added to the reference maskers 
in order to get the same amount of residual masking by f^ at the place of the CDT 
for both the masker producing the GDT and the reference maskers. In that case the 
masking effects of the CDT and of the component in the reference masker,
both superimposed on the residual masking effect of f^, are directly comparable. 
However, we became aware that the component f^ in the reference masker possibly 
suppresses the masking effect of the component 2f1-f2. Figure 10 shows that the 
masking effect of f^ alone decreases by adding f'2 to the stimulus. Therefore, the 
previous experiment was repeated with a reference masker consisting of the compo
nent 2fj-f2 only. In this second experiment the reference levels were 10, 15, and 
20 dB SL. The masked threshold was measured at somewhat smaller frequency inter
vals. The results averaged over the three subjects are presented in Fig. 11b. The 
absolute threshold at the GDT frequency (0 dB in Fig. 11) was measured before and 
after each series of this second experiment.

Figure 11b shows that with absence of f^ in the reference maskers the level of 
the component 2f^-f2 can be about 7.5 dB lower in order to give the same masking 
effect. The masking curves of these reference maskers appear to be more symmetric. 
This supports the view that masking by f^ at the place of the CDT accounts for the
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asymmetric masking curves. An estimation of the CDT level in this case requires a 
correction of the CDT masking effect for the masking by f^. However, we did not 
study how masking adds. Estimates of the CDT level based upon the lowest three 
probe-tone frequencies for individual subjecjts are: GS, 13.1±0.6; FW, 17.5±0.5; 
and TH, 18.1±1.3 dB SL. Comparison of these values with the results of the pre
vious experiment shows that the levels in this second experiment are significantly 
lower and that the difference is subject dependent. If corrections for the masking 
effect of f^ should have been taken into account also for these lowest three probe- 
tone frequencies, then the difference would have been even greater. Before discuss
ing the difference between the results for the two reference maskers another exper
iment will be described.

3.3. Pulsation Threshold of the CDT

In this experiment the stimulus fpf^ producing the CDT was alternated with the 
reference stimulus Zf.-fp. The alternation cycle was 4 Hz (on-time of each stimulus 
123 msec). The transients were cosinusoidal and, from 0% to 100% amplitude, 15 msec 
in duration. The transients of the stimulus fpfp_ anc^ reference stimulus Zfpf^ 
were complementary such that an alternation of the same stimuli produced a contin
uous signal.

The idea behind this method is that the CDT and the reference tone together 
would be perceived as a continuous tone if the level of the reference tone equals 
the level of the CDT. An increase of the level of the reference tone, then, pro-

40
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Fig. 12. The pulsation threshold compared with the cancellation level. The stim
ulus conditions and the cancellation results are the same as in Fig. 5.
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duces a 'pulsation' of this tone. The subject had to adjust the level of the ref
erence stimulus to the highest value at which the CDT did just not pulsate; 'the 
pulsation threshold'. Before each adjustment to the pulsation threshold a cancel
lation measurement was made. In the succeeding pulsation threshold measurement the 
phase of the reference stimulus was opposite to the cancellation phase and, thus, 
probably in-phase with the CDT. After a pulsation threshold adjustment a reversal 
of the polarity of the reference stimulus introduced audible clicks at the tran
sients •

In Fig. 12 the pulsation threshold is compared with the cancellation levels pre
sented before in Fig. 5. The measurements were made as a function of for 
1.1, 1.2, and 1.3 with f^= 1400 Hz and L^= 54 dB SL (subject FW). It is apparent 
that the pulsation threshold is significantly lower than the cancellation level.

In a separate experiment the cancellation level and the pulsation threshold were 
measured for the condition used in the previous gap-masking experiments 
1400,1680 Hz and 1^= 50 dB SL) and for the same three subjects. The results to
gether with the data from the gap-masking experiments for both reference maskers 
are given in Table I. Results of the same experiments for a fourth subject and the 
condition used in Sec. 3.1 2000,2400 Hz and L^= 1^= 45 dB SL) are added to
this table. For each experiment and subject the standard deviation of the mean was 
less than 1.5 dB.

Table I. Comparison of estimates of the CDT level obtained by different tech
niques. For the subjects GS, FW, and TH the stimulus condition was fi,f2= 1400,1680 
Hz and Li= L2~50 dB SL. The condition for subject JV was fi,f2= 2000,2400 Hz and 
Li= L2= 45 dB SL. The parenthesized value is the result of a loudness match (Sec.3.1)

subject cancellation
level

gap masking, ref. 
masker 2fi~f2»fi

gap masking, ref. 
masker 2fi~f2

pulsation
threshold

GS 24.2 24. 1 13. 1 17.3
FW 20.4 21.5 17.5 15.2
TH 28.4 29.4 18. 1 16.4
JV 26.2 26.8 20.9 21.7 (19.7)

3.4. Discussion

Averaged over subjects the pulsation-threshold estimates of the CDT level are 
about equal to the estimates revealed by gap masking with the reference masker 

2fl"f2‘ But the estimates based uPon 9aP masking with fj included in the reference 
masker are considerably higher. This difference may be explained by assuming that
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the component -f^ suppresses the weaker component 2^-1^ (cf. Houtgast, 1972). Then, 
the component 2f1-f2 has to be presented at a higher level in order to produce the 
same amount of masking. The cancellation levels are also considerably higher than 
the pulsation thresholds and the gap-masking.,data for the reference masker 2^-^. 
But the cancellation data are close to the gap-masking data with f-^ included in the 
reference masker. This suggests that the difference between the cancellation levels 
on the one hand and the pulsation thresholds and the gap-masking data obtained with 
the reference masker 2f-^-f2 on the other hand may also be explained by suppression 
effects. (The suppression effect of f^ is much smaller than the effect of f^ at the 
CDT frequency.) In the pulsation-threshold or gap-masking experiments the reference 
tone or probe tone is presented nonsimultaneously with the stimulus ^*iere-
fore, this reference tone or probe tone will not be suppressed if the suppression 
stops immediately after the termination of the stimulus (If the suppression
does not stop immediately and the probe tone is also somewhat suppressed, only part 
of the suppression effect would be measured.)

At this stage the question arises whether the CDT or the CT is suppressed. If 
the suppression precedes the generation of the CDT, then the CT would be suppressed 
before it cancels the CDT. But if the suppression succeeds the generation of the 
CDT, then the cancellation level is a good estimate of the CDT level and the CDT 
would be suppressed after its generation. This question cannot be answered by com
paring the data in Table I. We studied this problem by measuring the addition of 
the CDT and the CT as was done in Sec. 3.1. But this time pulsation thresholds 
were determined accurately as a function of the CT level. On the basis of tone-on- 
tone-suppression measurements slightly different results were expected for the two 
cases distinguished. If the suppression precedes CDT generation, then only the CT 
would be suppressed. If the suppression succeeds CDT generation, then the CDT plus 
the CT would be suppressed. Different results were expected since the suppression 
effect is somewhat dependent on the level of the suppressed component. However, 
two accurate experiments gave no conclusive results. We think it is probable that 
the generation of the CDT and the suppression are two phenomena which originate 
with one and the same nonlinear mechanism. This is further discussed in the next 
section.

A difference between the cancellation level and the apparent CDT level was found 
also for electrophysiological measurements of the CDT (Goldstein, 1970). The time 
locking of nerve discharges to the CDT was removed with an external frequency com
ponent 2f,-f2 of appropriate level and phase. The activity produced by this cancel
lation tone alone was higher than the activity produced by the CDT. Goldstein at
tributed this difference to a partial suppression by the primary tones f] ^ °f the 
response to the CDT.
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4. GENERAL DISCUSSION AND SPECULATIONS

4.1. The Site of the Nonlinearity

The fact that the CDT can be cancelled with an external component of frequency 
2frf2 and of appropriate level and phase indicates that the CDT is temporally 
coded in the auditory system. Probably, the CDT is derived from the stimulus 
by a nonlinearity of the ear. This nonlinearity must be an important one since the 
combination tones of the type f^-k^-f-^) are audible even at low stimulus levels. 
Is there any physiological evidence for such a nonlinearity?

Of course, the initiation of action potentials is a highly nonlinear process. 
This nonlinearity introduces many combination components in the neural signal. But 
how would these combination components be analyzed? There is no evidence for a fre
quency analyzer in the neural system of the ear. However, temporal analyzers de
tecting time intervals between action potentials have been proposed in models of 
pitch perception (Schouten et al., 1962). But time intervals corresponding to the 
frequencies fj-k^-f^) are probably not introduced by the mechanism initiating the 
action potentials, although there are many time intervals between the action poten
tials which do not correspond to the stimulus frequencies (Rose et al. , 1969). 
Moreover, the time intervals between the nerve discharges depend on the amplitude 
and phase relation of the stimulus components whereas the pitch of a combination 

tone does not.
Inevitably, the nonlinearity must be followed by a frequency analyzer in order 

to reveal the combination components. The only known frequency analyzing device in 
the ear is the basilar membrane. Thus, the nonlinearity of the initiation of action 
potentials may account for the generation of combination tones only if the nonlin
earity is coupled to the basilar membrane. For example, one might assume that the 
compliance of the stereocilia on the hair cells changes with the initiation of an 
action potential. However, the action potentials are most probably initiated out
side the cochlear duct (Spoendlin, 1970; and private communication). Therefore, 
this model does not seem to be very realistic. The compliance of the stereocilia 
may be affected also by the cochlear potentials, such as the CM or by the depolari
zation and hyperpolarization of the hair cell. If the speculation of a chemico- 
electric influence on the compliance of the stereocilia is wrong, then it is dif
ficult to see how the known chemico-electric nonlinearities would account for the 
generation of the combination tones. In that case mechanical nonlinearities may 
play a role such as a possible nonlinear hair-cell coupling of the basilar membrane 
to the tectorial membrane. The idea that the nonlinearity is imposed on the bas
ilar membrane by a non-constant compliance of the-stereocilia or by nonlinear hair

cell coupling was supported somewhat by the results of the exepriment described in
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Sec. 1 in which the GDI generation was studied in case of a threshold anomaly.
All these speculations on the origin of the nonlinearity were based upon the as

sumption that the nonlinearity must be coupled to the basilar membrane for frequen
cy analysis of the distorted waveform to be possible. Recently, measurements of the 
vibrations of the basilar membrane with the Mössbauer technique gave direct exper
imental evidence for a nonlinear relation between the movements of the basilar mem
brane and the acoustic stimulus (Rhode, 1971). However, these measurements could 
not be done at SPL's lower than 70 dB in spite of the high sensitivity of the Möss
bauer technique. Moreover, only one place of the basilar membrane was investigated. 
It is puzzling that Dallos (1969, 1970) did not.find combination components in the 
CM which correspond to the psychophysical combination tones. The psychophysical 
data suggest that the combination components are present in the cochlea as ordinary 
traveling waves and in that case corresponding CM components are expected.

4.2 The Nature of the Nonlinearity

The nature of the nonlinearity generating the CDT is best studied with small 
frequency differences between the stimulus components. In that case the contribu
tions to the CDT from different places along the cochlear partition probably add 
in-phase. This implies that only the amplitude patterns of the stimulations by f, 
and f2 have to be considered in order to relate the CDT data to the nonlinearity 
operating at each place. For these small frequency differences our cancellation 
results (Sec. 2.4) are in agreement with the results reported by Zwicker (1955, 
1968), Goldstein (1967), and Helle (1969/1970). The cancellation level increases 
proportionally to with a simultaneous increase of and also proportion
ally to Lg if ^L-^. For the cancellation level decreases with an increase
of 1-2 according to a slope between 0 and -1. These results for small frequency dif
ferences will be discussed here. The irregular data for large stimulus-frequency 
differences (Fig. 7), attributed to out-of-phase addition of the contributions to 
the CDT from different places, are not discussed any further.

The authors who studied the CDT previously w-ith the cancellation technique tried 
to describe their results with a nonlinear transfer function f(x) including a third 
power term, f(x)= c^x + c^x . According to this function the amplitude of the CDT 
is given by Ic^a^ if the stimulus components are a^cosZirf^t and a?cos2T7f2t. They 

concluded that the cancellation results disagree with this relation. For a simul
taneous increase of cance^ation level does not increase proportionally
to the third power of the stimulus amplitude and as a function of a,^, only, the can
cellation level does not increase monotonically with an increase of but it 
reaches an upper limit at about a2=ai- The mathematical description was modified
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by normalizing the nonlinearity with respect to the peak amplitude of the stimulus 
(a^-i-ag). After this modification the amplitude of the CD! was described by ca^aQ/ 
(3^+32)^ (c a constant value). This relation is in better agreement with the can

cellation data. (The word 'level' always refers to the logarithm of the amplitude.)
The introduced normalization may represent an adaptive nonlinearity. We investi

gated the nonlinearity for adaptiveness by measuring the forward-masking effect of 
the CDT as a function of the duration of the masker Similar to the procedure
used in Sec. 3.2.4 the level of the CDT was expressed in that level of a reference 
masker of frequency Zf^^ which gave the same amount of masking. The duration of 
the reference masker was always equal to the duration of the masker f^^. Three 
subjects participated in this experiment. For two subjects the estimated CDT level 
with'a 20 msec masker was about 3.5 dB lower than the estimated CDT level with a 
150 msec masker. For the third subject there was no difference with these two du
rations. These results do not suggest that the non!inearity.is adaptive. In case of 
an adaptive nonlinearity rather an increase than a decrease of the CDT level is ex
pected at shorter durations since the normalizing factor would not rise to its top 
value in a short time interval. Thus, we did not find evidence for a mechanism 
which is described by the normalized nonlinearity.

So far in this discussion, the cancellation level was identified with the CDT 
level. Implicitly, it was assumed that the nonlinearity does not affect the cancel
lation tone. This is true if the linear term of the transfer function is the most 
important one. However, the high cancellation levels revealed experimentally sug
gest that the nonlinear term must be very important. In that case also the cancel
lation may be affected by the nonlinearity. One might better understand the propor
tionality of the increase of the cancellation level with simultaneously increased 

L-^,1-2 if the nonlinearity operates upon both the stimulus components anc* the
cancellation tone. This will be illustrated on the basis of a vth-law device de
scribed by the odd transfer function f(x)= xv if x>0 and f(x)= -lxv| if x<0; v>0, 

v^l. Suppose that the CDT is cancelled with the cancellation tone amplitude aCT and 
the cancellation tone phase A cancelled CDT means that the Fourier component 
2f].-f2 at the output of the vth-law device equals zero:

+ 00
/ (a 1 cosZirf j t + a^osZir^t + a^cosl 2ti(2f j-f 2) t+<j>CT}) V. cos{2rr (2f j-f p t+i|j}dt = 0
— CO arbitrary)
If both the stimulus amplitudes ay.ag and the cancellation tone amplitude aCT are 
multiplied by A, then:

+00
ƒ (a]Acos2iif jt + a2Acos2rf2t + a^Acosf 2tt (2f j-f 2> t+cj)^})V. cos{ 2tt (2f j-f 2) t+<j;}dt =
— CO

+ 0° VAV ƒ (a]cos27rf1t + a2cos27rf2t + a^cosl 2tt (2f j-f 2) t+f))^})V. cos{2ir(2f j-f 2)t+iJj}dt = 0
— CO
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Thus, the amplitude of the Fourier component 2^-^ at the output of the vth-law
device remains zero if the cancellation tone level is increased proportionally to
a^.a^. This example shows that for a large class of essential nonTinearities the
cancellation level increases proportionally ^to a},a2 if tile cancellation tone is
considered properly as an input signal which is used to eliminate the combination
component 2^-^ at the output of the nonlinear device. Moreover, in this case the
cancellation amplitude as a function of a. and a9 individually is described rather

i z 2 2
closely by the emperical relation mentioned above 03^32/(3^+32) . According to this 

relation the cancellation level would increase proportionally £0 if a2<ai anc* 
would decrease inversely proportionally to if a2>al* canceliation Most
ly show a less than inversely proportional decrease for a2>a^. This discrepancy can 
be attributed to the fact that the CDT is built up by contributions from different 
places along the cochlear partition. If a2>ai> f^en not at each place the stimula
tion by f2 is higher than the stimulation by f^.

The vth-law device generates the combination component 2f,-f? with an amplitude 
2 p v x 1 c

proportional to a^a^ ^ if a^^ and proportional to a^ 32 if a2<a^. (See note.)

The loudness of the CDT diminishes with increasing a-^ (a^^). This indicates that
v-l<0 or v<l. For v<l the combination component is generated by the vth-law device
with a polarity opposite to the polarity of the stimulus components. This is in
agreement with the experimental results of Sec. 2.5.2. The results of the Mössbauer
measurements of the vibration of the cochlear partition also suggest v<l (Rhode,

1971).

If the input to the vth-law device consists of two frequency components, one 
with a low amplitude a and one with a high amplitude A, then the output amplitude 
of the weak component is given by caAv ^. There is a linear relation between the 

input amplitude a of the weak component and its output amplitude. This linear in
put-output relation holds generally for weak input components. It is an important 
property of nonlinearities called 'linearization'. The linearization effect vali
dates the mirroring procedure introduced in Sec. 2.3.2. The output amplitude of 
the weak component is determined also by the input amplitude A of the strong com
ponent. If v<1, then the strong component suppresses the weak component. This is a 
general property of signal-compressing types of-nonlinearities. The decrease of 
the CDT level, if the amplitude of one of the stimulus components is raised above 
the other, can be interpreted as suppression of the CDT by the stronger stimulus

Mote. The amplitude of the combination component 2fi~f2 generated by the vth-law 
device can be derived analytically by Laplace transformation of the transfer func
tion and a Jacobi-Anger expansion of the transformed function (Davenport and Root, 
1958). The terms of the expansion give the distortion components. Calculation of 
the amplitudes of the distortion components requires the evaluation of an integral 
over a product of two Bessel functions; the WebervSchafheitlin integral (Abramowitz 
and Segun, 1968, p. 487). See also Spekreyse (1970). Blachman (1964) gives another 
evaluation for a2<<a^.
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component. Probably, the different estimates of the GDI level reported in Sec. 3 
are also due to this suppression effect. The cancellation tone would be suppressed 
by the stronger stimulus components f^ and f^ whereas the nonsimultaneously pre
sented probe or reference tones in gap-maskijig, loudness-matching, and pulsation- 
threshold experiments would not be suppressed. Also the tone-on-tone suppression 
effects measured by Houtgast (1972) might be explained on the basis of this type 
of non!inearity.

An important property of the suppression mediated by a signal-compressing type 
of nonlinearity is that a strong component suppresses a weak component instantane
ously. On the contrary, time constants are involved in inhibition mediated by neu
ral networks. The inhibition effects found in primary nerve fibers are instantane
ous (Nomoto et at., 1964; Arthur et al. , 1971). Thus, these results support the 
idea of suppression mediated by a nonlinearity. Pfeiffer (1970) proposed the same 
signal-compressing type of nonlinearity as proposed here to account for the sup
pression effects found in the primary neurons. Hind (1970) showed that the non
linear function relating the probability of firing to the stimulus accounts al

ready for suppression effects.
The -Jth-law device was introduced in this discussion merely as an example. The 

essence of the discussion is that a signal-compressing type of nonlinearity proba
bly accounts for both the generation of the combination tones of the type 
fl-k(f2-fi) and suppression effects. New experiments are started which hopefully 

will contribute to a more quantitative description.

5. CONCLUSIONS

o The generation of the CDT is affected by a dip. Since a dip is probably due to 
a sensorineural deficiency this result suggests that the nonlinearity generating 
the CDT resides at a hair-cell or higher level.

o Results of cancellation experiments suggest that the high-frequency slope of the 
pattern of stimulation upon which the nonlinearity generating the CDT operates is 
comparable with the slope revealed in masking experiments.

o The CDT level found with experiments in which the reference tone is presented 
nonsimultaneously with the stimulus f^^ producing the CDT is significantly lower 
than the cancellation level. The difference is probably due to suppression effects.

o Both the generation of the CDT and the suppression effects might be explained 
by a signal-compressing type of nonlinearity such as f(x)= xv if x>0, = -|xvj if x<0; 

0<v<l.
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SAMENVATTING

Een belangrijke eigenschap van het gehoororgaan is frekwentieanalyse. Bij aan
dachtig luisteren naar een toon voortgebracht door een muziekinstrument is het 
meestal mogelijk een aantal deel tonen waar te nemen. Deze deel tonen korresponde- 
ren met frekwentiekomponenten van de door het muziekinstrument voortgebrachte 
trilling. Soms blijken er echter deeltonen waarneembaar te zijn die geen overeen
komstige frekwentiekomponenten in de stimulus bezitten. Zo kan een stimulus be
staande uit de twee frekwentiekomponenten ^ en f2 (fi<f2)> indien voldoende luid, 
een deeltoon voortbrengen die korrespondeert met de frekwentiekomponent f2-f1.
Deze deeltoon wordt de verschil toon genoemd. Het ontstaan van de verschil toon 
wordt toegeschreven aan vervorming van het signaal door overbelasting van het ge
hoororgaan. Men neemt aan dat deze vervorming in het gehoororgaan voorafgaat aan 
de frekwentieanalyse zodat de door de vervorming geintroduceerde frekwentiekompo
nenten worden geanalyseerd en vervolgens hoorbaar worden als deeltonen. Deeltonen 
die slechts hoorbaar zijn bij een gelijktijdige aanbieding van twee of meer fre
kwentiekomponenten worden kombinatietonen genoemd.

In dit proefschrift worden kombinatietonen bestudeerd die korresponderen met 
de frekwentiekomponenten fi-k(f2-f1), waarbij k een klein positief geheel getal 

is. Deze kombinatietonen blijken reeds te worden waargenomen bij de zeer lage ge- 
luiddrukniveaus van 15 ä 20 dB boven de drempel. Gezien deze lage niveaus kan in 
dit geval niet gesproken worden van vervorming als gevolg van overbelasting. Aan
genomen wordt dan ook dat deze kombinatietonen de Produkten zijn van een meer es
sentiële niet-1ineariteit van het gehoororgaan. De experimenten hadden tot doel 
deze niet-1ineariteit langs psychofysische weg te bestuderen. De resultaten wor
den gepresenteerd in de vorm van drie artikelen. In het eerste artikel wordt de 
toonhoogteperceptie bestudeerd van een signaal dat uit slechts twee opeenvolgende 
harmonischen bestaat.' Voor hogere harmonischen blijkt de toonhoogteperceptie ge
baseerd te zijn op de kombinatietonen van het type fi-k(f2-f1). Het tweede arti-
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kei laat zien dat deze kombinatietonen slechts voorkomen in een beperkt frekwen- 
tiegebied onder fi. De niet-1ineariteit blijkt gekoppeld te zijn aan de frekwentie- 
analyse. Het laatste artikel gaat dieper in op de plaats waar deze kombinatietonen 
worden gegenereerd en op de aard van de niet-1ineariteit.
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