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Pitch Perception

Introduction
  Pitch may be described as “that attribute of auditory sensation in terms of which sounds may 
be ordered on a musical scale”. Pitch is related to the repetition rate of the waveform of a 
sound; for a pure tone this corresponds to the frequency, while for a periodic complex tone 
this corresponds to the fundamental frequency. Of course, there are exceptions to these 
simple rules. Pitch, being the subjective attribute that it is, is difficult to measure directly. 
Assigning a pitch value to a sound is generally understood to mean specifying the frequency 
of the pure tone having the same subjective pitch as the sound.

Theories of Pitch Perception
  Two predominant theories for pitch perception exist: the “place” theory and the “temporal” 
theory of hearing.
  Place theory suggests two different hypothesis. The first is that the stimulus undergoes 
some sort of spectral analysis in the inner ear, so that different frequencies (or frequency 
components) excite different places along the BM, as well as neurons with different CF's. The 
second hypothesis suggests that the pitch of a stimulus is related to the pattern of excitation 
produced by that stimulus, so that for example, a the pitch of a pure tone corresponds
to the position of maximum excitation. While the first postulate is well established and 
confirmed in numerous independent ways, the second is still a manner of dispute.
  Temporal theory suggests that the pitch of a stimulus is related to the time pattern of the 
neural impulses evoked by that stimulus. Nerve spikes tend to occur at a particular phase of 
the stimulating waveform (phase-locking), and thus, the intervals between successive spikes 
approximate integer multiples of the period of the stimulating waveform. However, temporal 
theory cannot work for sinusoids at very high frequencies, since phase locking does not occur 
for sinusoids with frequencies above 5kHz. Sound produced by musical instruments, the 
human voice, and everyday sound sources have fundamental frequencies below this range.
  
  Place theory cannot explain the perception of pitch for complex sounds. These sounds 
produce patterns of excitation along the BM which do not show a single maximum; rather, 
there is a distribution of excitation with many maxima. The largest maximum may not be 
heard at the CF corresponding to the fundamental component. However, the perceived pitch 
of the complex sound will correspond to to this component. 



The Perception of the Pitch of Pure Tones
  Let us distinguish frequency selectivity and frequency discrimination. The former refers to 
the ability to resolve the frequency components of a complex sound. The latter refers to the 
ability to detect changes in frequency over time. For place theory, frequency selectivity and 
frequency discrimination are closely related; frequency discrimination depends upon the 
filtering which takes place in the cochlea. For temporal theory, frequency selectivity and 
frequency discrimination are not necessarily closely connected.

The Frequency Discrimination of Pure Tones
  There are two ways in which frequency discrimination can be measured. The first involves 
the presentation of two successive steady tones with slightly different frequencies. The 
subject is asked to judge whether the first or the second has the higher pitch. The order of the 
tones is varied randomly from trial to trial and the frequency DL (difference limen - smallest 
detectable change in frequency) is taken as that frequency separation between pulses for 
which the subject achieves a certain percentage of correct responses. This measure is called 
the difference limen for frequency (DLF).
  The second method uses tones that are frequency modulated at a low rate. For two 
successive tones, one modulated and the other not, the subject has to indicate whether the 
first or the second tone is modulated. The amount of modulation required for detection of the 
modulation is determined. This measure is called the frequency modulation detection limen 
(FMDL).
  Results of these measurements show the data of the DLF as a function of frequency. If this 
plot is expressed in Hz, the DLF is smallest at low frequencies and increases with increasing 
frequency. If this measurement is expressed as a function of center frequency, the DLF tends 
to be smallest for middle frequencies and larger for very high and very low frequencies.  The 
FMDL varies less than the DLF, but both tend to get smaller with increasing sound level.

  One proposed model predicts that the frequency DL should vary with frequency in the same 
way as the ERB of the auditory filter and that random variations in level should markedly 
increase frequency DL's. However, the results of the DLF's are not consistent with these 
predictions because DLF's vary more with frequency than the ERB and the effects of 
randomizing level is smaller than predicted, except at higher frequencies.  
  All place models have a difficulty in accounting for DLF's. They predict that frequency 
discrimination should be related to frequency selectivity; the sharper the tuning of the 
peripheral filtering mechanism, the smaller the frequency DL should be. All place models 
predict that the frequency DL should vary with frequency, however, this failure in prediction 
suggests that other mechanisms are involved.

  FMDL results propose a model in which a similar mechanism as the excitation pattern is 
involved. In this model, listeners do not monitor a single point in the excitation pattern; rather 
information is combined from all parts of the excitation pattern that are above absolute 
threshold. This is known as a “multichannel excitation pattern model”. While this model 
accounts for the detection of mixed modulation at 10 Hz, it does not work for very low 
modulation rates. At this low rate, it is proposed that FM is detected by the changes in the 
phase-locking to the carrier that occur over time. Because this mechanism is considered to be 
“sluggish”, it cannot follow the rapid oscillations in high frequencies; hence, it played little role 
for high modulation rates. 
  



  Overall, the results are consistent with the concept of DLF and FMDL for very low 
modulation rates, are determined by temporal information (phase-locking) for frequencies up 
to 4-5 kHz. With increasing frequency, above 1-2 kHz, the precision of the phase locking 
decreases and completely disappears for frequencies above  5 kHz. This can be used to 
explain why DLF's increase markedly above this frequency. A place mechanism (detection of 
changes in the excitation pattern) is used to determine FMDL's for medium to high modulation 
rates. This mechanism also accounts for DLF and FMDL for low modulation rates, when the 
carrier frequency is above 5 kHz.

The Perception of Musical Intervals
  If a tone evokes a pitch, then a sequence of pitches can evoke the percept of a melody. One 
way of measuring this aspect is to require subjects to make judgments about the musical 
relationship of a sequence of two or more pure tones. For example, two tones separated in 
frequency by an interval of one octave sound similar. They are judged to have the same name 
on the musical scale. This fact has led theorists to suggest that there are at least two 
dimensions to musical pitch. One being related to frequency (tone height) and the other 
related to pitch class (note name or tone chroma).
  Above 5 kHz a sequence of pure tones does not produce a clear sense of melody, although 
differences in frequency can be heard. Subjects in this study show an abrupt break point 
above this frequency and have an erratic transposition behavior. Also, subjects with perfect 
pitch are very poor at naming notes above this frequency. Tonal pitch above and below 5 kHz 
is determined by different mechanisms, specifically, by temporal mechanisms at low 
frequencies and place mechanisms at high frequencies.

The Variation of Pitch with Level
  While the pitch of a pure tone is mainly determined by its frequency, sound level also affects 
its perception. On average, the pitch of tones below about 2 kHz decreases with increasing 
level, while the pitch of tones above 4 kHz increases with increasing level. Tones between 1-2 
kHz show a change in pitch with increasing level of less than 1%. For tones of lower or higher 
frequencies, changes can be up to 5% (much less than half an octave). 
  Although there are several explanations of this phenomena, in general, there is no single 
accepted one to account for the shift in pitch with level.

General Conclusions on the Pitch Perception of Pure Tones
  Evidence suggests that place mechanisms are not adequate to explain the frequency 
discrimination of pure tones. Contrary to the predictions of place theories, the DLF does not 
vary with increasing frequency in the same way as the ERB. The DLF is smaller than 
predicted by place theories except for frequencies above 5 kHz, suggesting that this values is 
determined by temporal mechanisms at low frequencies and by place mechanisms at high 
frequencies. Above this frequency, the perception of pitch sequences tends to affected. If 
these pitches are below this range, they will evoke a sense of musical interval or melody.  Fm 
for rates above 10 Hz may be coded by changes in the excitation pattern evoked by the FM; 
this is a place mechanism.



The Pitch Perception of Complex Tones
  Classical place theory has difficulty in accounting for the perception of complex tones, 
because these sounds the pitch does not correspond to the position of maximum excitation in 
the BM. An example of this is the “phenomenon of the missing fundamental”. This missing 
component is also called the “residue”, “periodicity”, or “virtual” pitch. One demonstration in 
which the complex sound is presented along with low frequency noise, the residue pitch is still 
heard. Thus, low pitches may be perceived via neural channels that normally respond to the 
high- or middle-frequency components of a signal. Even when the fundamental component of 
a complex tone is present, the pitch of the tone is usually determined by harmonics other than 
the fundamental. The perception of a residue pitch should be considered normal when 
listening to complex tones.
  Several models have been proposed to describe the residue pitch. Early models are divided 
into two classes: the first class, or pattern recognition model, assumes that the pitch of a 
complex tone is derived from neural information about the frequencies/pitches of the 
individual partials. The second class assumes that the pitch of a complex tone is related to 
the time intervals between nerve spikes in the auditory nerve.

Pattern Recognition Models
  This model proposes two stages in the perception of the pitch of a complex tone. The first 
stage is a frequency analysis which determines the frequencies of some of the individual 
sinusoidal components of the complex tone. The second stage is a pattern recognizer which 
determines the pitch of the complex from the frequencies of the resolved components. Early 
models of this type are rather vague regarding how the recognizer works, but it is thought that 
it tried to find a fundamental frequency whose harmonics matched the frequencies of the 
resolved components of the stimulus as closely as possible.
  One proposed model does not specify the mechanism by which the pitch of a complex tone 
is perceived, but it does provide a two-part rule for determining the residue pitch. 1) The pitch 
corresponding to the frequency difference between neighboring partials is approximately 
determined. 2) A subjective subharmonic of the lowest present partial is found, such that the 
pitch of this subharmonic lies as closely as possible to the pitch determines in the first part of 
the rule. A subharmonic has a frequency which is obtained by dividing the original frequency 
by an integer.
  One modification to this model is that the residue pitch will always be a subharmonic of a 
dominant partial (easily resolvable partial) rather than the lowest partial. Another extension to 
the model involves a learning phase. The prolonged exposure to complex harmonic tones 
creates an association of the given frequency component with its corresponding subharmonic. 
  For non-harmonic complex tones there are no exact coincidences, but the frequency at 
which there are several near coincidences predicts the perceived pitch quite well. In this case, 
it is required to analyze more than one partial from the complex tone in order to perceive a 
residue pitch.

   Another model, still dependent on the resolution of individual frequency components in a 
complex tone, states that the pitch in a complex tone is derived by a central processor which 
receives only frequency information (ignores amplitude and phase). The processor presumes 
that all stimuli are periodic and that the spectra comprise successive harmonics. The 
processor them finds the harmonic series which provides the “best fit” to the series of 
presented components.

  



  All of the previously described models rely on spectral resolution, thus if no frequency 
components can be resolved, no residue pitch will be perceived. The mechanism of analysis 
is based on the activity of the BM and by temporal mechanisms. 

Temporal Models
  Let us summarize the main points of the theory:

1. A number of different pitches may be heard when listening to a complex sound.
2. Some of these pitches correspond with individual partials present in the input 

waveform. The pitches sound like pure tones.
3. One or more pitches may be perceived which do not correspond with any single partial, 

but which result from an interaction of several partials. These pitches (residues) have 
an impure and sharp tone quality. For a harmonic complex sound, these residues are 
produced by upper harmonics which are not well resolved by the ear, but interfere on 
the BM.

4. The value of the residue pitch is determined by the periodicity of the total waveform of 
the partials which are responsible for this residue. In other words, it is determined by 
the time pattern of the waveform at the point on the BM where the partials interfere.

5. The pitch ascribed to a complex sound is the pitch to which the attention is most 
strongly drawn, by virtue of loudness or of contrast with other sounds.

  In general, the residue pitch is the most prominent component in a complex sound and as 
such, determines the pitch of the whole sound. Thus, a low pitch may be signaled through 
those neural channels which normally respond to the high- or middle-frequency components 
of a complex sound.

  Consider two sounds with the same envelope, their components are slightly different. The 
time interval between between peaks in the fine structure of the waveform is slightly different. 
The waveforms on the BM would not be greatly different from those of the physically 
presented signals; the BM would not separate individual components. Thus, if nerve spikes 
tend to occur at peaks in the fine structure of the waveform close to the envelope maxima, the 
timing of the spikes will convey slightly different pitches for the two stimuli. 
  The pitch of the residue is determined by the time interval between peaks in the fine 
structure of the waveform (on the BM). If more than one possible time interval is present, the 
pitch corresponds to the interval which is most prominent, although ambiguity may occur. In 
this case the inter-spike intervals are important, rather than the overall firing rates.

  
A Schematic Model for the Pitch Perception of Complex Tones
  It is clear that the perception of a particular pitch does not depend on a high level of activity 
at a particular place on the BM or in a particular group of peripheral neurons. The pitch of a 
complex tone is mediated by harmonics higher than the fundamental, so similar pitches may 
arise from different distributions of neural activity. For stimuli containing a wide range of 
harmonics, the low harmonics up to the 5th, tend to dominate the pitch percept. These 
harmonics have to lie within range where it is possible to hear them out as individual tones. 
This fact supports the pattern recognition models of pitch perception. However, it is possible 
to hear a residue pitch even when the harmonics are to high to be resolved. In this case, the 
temporal model of pitch recognition explains the phenomenon. Temporal models cannot fully 
account for the fact that it is possible to hear a residue pitch when there is no possibility of the 
components of the complex tone interacting in the peripheral auditory system.



  So far, any of the proposed theories can fully account for all of the experimental data. Moore 
suggests a schematic model that incorporates features of both models and that can account 
for the experimental data.
  The first stage is a bank of bandpass filters with overlapping passbands (auditory filters). 
The output of these, in response of a complex sound, show that for low frequencies the output 
is approximately sinusoidal and the individual harmonics are resolved. The filters responding 
to higher harmonics have outputs corresponding to the interaction between several 
harmonics. The complex waveform has a repetition rate corresponding to that of the input.
  The next stage of the model is the transformation filter outputs to neural impulses. The 
temporal firing pattern in a given neuron reflects the temporal structure of the waveform 
driving that neuron. 
  The next stage in the model is a device which analyzes, separately for each CF, the 
interspike intervals which are present. The range of intervals is limited and varies with CF. For 
a given CF, the device would probably operate in a range of 0.5/CF to 15/CF.
  The next stage is a device that compares the time intervals present in the different channels 
and searches for common time intervals. The device may integrate information over time. In 
general, the time interval which is found most often corresponds to the period of the 
fundamental component. Finally, the time intervals which are most prominently represented 
across channels are fed to a decision mechanism which selects one interval from among 
those passed to it. This device incorporates memory an attention processes and may be 
influenced by immediately preceding stimuli, context, conditions of presentation and so on. 
The perceived pitch corresponds to the reciprocal of the final interval selected. 

  If a small group of very high harmonics is presented, then they may fail to evoke a sense of 
musical pitch. This can be explained in terms of the limited range of time intervals which can 
be analyzed at each CF. For harmonics above the 15th, the time interval corresponding to the 
fundamental falls outside the range which can be analyzed in the channel corresponding to 
those harmonics. Another factor limiting the existence region of a tonal residue is the absolute 
upper limit for phase locking. If the harmonics lie above 5 kHz, the fine structure of the 
waveform at the filter output is no longer preserved in the temporal pattern of neural impulses. 
Resulting that in later stages of analysis of interspike interval do not reveal the regularities 
necessary to determine the fundamental. While it may be possible to extract information from 
phase locking to the envelope, but it does not give a clear pitch.

  For the pitch perception of non-harmonic complex tones, this model depends on the spacing 
of the components relative to their center frequency. If the components are widely spaced 
(resolvable), the pitch of the complex is determined by the potential subharmonic pitches of 
each partial. If there are many subharmonic coincidences, then the pitch is given by the 
common subharmonic.
  If the components are closely spaced (unresolvable), then the pitch is derived from the time 
interval which is most prominently represented in the pattern of neural impulses evoked by 
the complex. The perceived pitch corresponds to the time interval between peaks in the fine 
structure of the waveform (at the output of the auditory filter) close to adjacent envelope 
maxima. The pitch is ambiguous since several “candidates” time intervals may be present.

  In this model combination tones may play a role determining the pitch percept (especially for 
closely spaced components). The combination tones act like lower partials and are more 
resolvable that the partials physically present in the stimulus.



  The pitch for stimuli without spectral peaks (noise) are explained by the models as arising 
from the time interval information present primary in the channels with high CF's, where the 
filter bandwidths are larger. For these type of filters, the temporal structure of the input is 
preserved at the output. However, the time intervals between spikes for noise are somewhat 
irregular; the only regularity is in the envelope and not in the fine structure. Thus, the pitch 
tends to be weak.

The Perception of Pitch in Music

Musical Intervals, Musical Scales, and Consonance 
  Tones separated by an octave (2:1 frequency ratio) sound similar and are given the same 
note name in the musical scale. For musical intervals corresponding to simple ratios, such as 
3:2 (P5), 5:4 (M3), and 6:5 (m3), the sound of the notes played simultaneously is considered 
pleasant (consonant). A departure from simple (integer ratios) result in a less pleasant or 
dissonant sound. This does not hold for pure tones, since a pair tends to be judged as 
consonant as soon as their frequency separation exceeds more or less one ERB. 
  Complex tones tend to blend harmoniously and tend to produce chords only when their 
fundamental frequencies are in simple ratios. Thus, several harmonics coincide, whereas 
non-simple ratios the harmonics differ in frequency and produce beating sensations. Part of 
the dissonance can be explained by this beating. However beats cannot account for the 
whole effect. 

  One proposed theory suggests that we learn about octave relationships and other musical 
intervals by exposure to harmonic complex sounds (usually speech) early on in life. In other 
words, we learn to associate harmonics with particular frequency ratios by exposure.

  Another theory suggests that we prefer pairs of tones for which there is a similarity in time 
patterns of neural discharge. The pitch of a complex tone results from an analysis and 
correlation of the temporal patterns of firing in different groups of auditory neurons. Such an 
analysis would reveal similarities between different tones when they are in simple frequency 
ratios. Above 5 kHz our sense of musical pitch and octave matching disappears and the 
frequency at which neural synchrony no longer appears to operate. 
  Interestingly enough, the highest note for an orchestral musical instrument lies just below 5 
kHz. It could be argued that the lack of musical pitch at high frequencies is a result of a lack of 
exposure to tones at these frequencies. However, these instruments do have harmonics lying 
above 5 kHz. Thus, if the learning associations between harmonics were the only factor, the 
there would be no reason for the change at 5 kHz.

  Individual differences and cultural background can significantly influence the musical 
intervals that are judged to be “pleasant” or otherwise. 



Absolute Pitch
  Faculty of some people to recognize and name the pitch of a musical tone without a tonal 
reference. It is quite rare occurring in less than 1% of the population. It seems to be distinct 
from the ability which some people develop to judge the pitch of a note in relation to, say, the 
lowest note which they can sing (relative pitch).
  Also, it is thought to be acquired through “imprinting” in childhood a limited number of 
standards.

The Pitch of Vibrato Tones
  Many common sounds, such as musical tones and speech, can be characterized as 
complex tones in which the fundamental frequency undergoes quasi-periodic fluctuations 
(vibrato). In other words, the tones are frequency modulated and can be accompanied by 
amplitude modulation. 
  If the fluctuations are moderate in depth, the fluctuation rate not too high, and the tones 
reasonably long, then the tones are perceived as having a single overall pitch known as the 
“principal pitch”. It has been assumed that the overall pitch is a simple average of the pitches 
derived from brief samples of the sounds, although it has been suggested that the overall 
pitch is computed as a weighted average of brief samples. 
  The rate of frequency change has been shown to have a role in how samples are weighted. 
The overall pitch of a frequency-modulated sound is determined from a weighted average of 
short-term estimates of the period of the sound. Simply put, the more rapidly the period (or 
frequency) is changing during a given brief sample of the sounds, the less weight does that 
sample receive. This reduced weighting for sounds whose period is rapidly changing may be 
related to the “sluggishness” for the detection of frequency modulations.
  

  
  

  
  


