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Temporal Theory

Temporal Theory of Hearing

Primary Disciplinary Field(s): Neuroscience, Auditory Physiology, Psychoacoustics

Proponents: August Seebeck, Ernest Rutherford, Charles Wever, and Merle Bray

1. Core Principles

The Temporal Theory of Hearing, often grouped conceptually with the earlier Frequency Theory or
Telephone Theory, posits that the perception of sound pitch is primarily determined by the timing
pattern of neural firing in the auditory nerve, specifically how these neurons synchronize their
activity to the period of the sound wave. Unlike spatial theories, such as the Place Theory
championed by Helmholtz, the Temporal Theory holds that the location of excitation along the
basilar membrane is less critical for pitch detection; instead, the rate of impulses transmitted to
the central nervous system dictates the perceived frequency. This framework suggests that the
cochlea acts less as a frequency analyzer separating spectral components spatially, and more as a
transducer that converts sound wave frequencies into corresponding electrical signal frequencies.
The perceived pitch is thus encoded through a time-based code, where the brain interprets the
periodicity of the incoming neural signals as the pitch of the original acoustic stimulus.

This approach hinges on the physiological capacity of auditory neurons to engage in a
phenomenon known as phase-locking. Phase-locking means that a neuron tends to fire action
potentials at a specific, consistent phase of the stimulating sound wave, even if it does not fire on
every cycle. For low-frequency sounds, the periodic nature of the sound pressure wave is directly
mirrored in the periodic firing patterns of the afferent nerve fibers. The intervals between
successive neural impulses are thus integral multiples of the sound wave period. A sound wave
oscillating at 500 Hz, for example, would ideally cause a high probability of neural firing every 2
milliseconds, creating a highly regular temporal pattern that the auditory cortex can decode as a
distinct pitch of 500 Hz. This direct temporal correlation is the fundamental mechanism proposed
by the theory for pitch coding below approximately 4 kHz.

A key implication of the temporal coding mechanism is its universality across the auditory range
where phase-locking is possible. Since the periodicity is preserved regardless of which specific
neuron is firing, the theory elegantly accounts for certain complex psychoacoustic phenomena,
such as the perception of the missing fundamental. If a complex tone lacks its fundamental
frequency component, listeners still perceive the pitch corresponding to that missing fundamental
because the residual harmonics create a common temporal periodicity (a common envelope
repetition rate) that drives the neural phase-locking patterns at the fundamental frequency's rate.
This ability to explain complex pitch perception cemented the Temporal Theory's importance even
as its limitations became apparent regarding high frequencies.
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2. Historical Development

The origins of the Temporal Theory trace back to the mid-19th century, predating the sophisticated
physiological understanding of the cochlea we possess today. The initial conceptualization is often
attributed to the German physicist and instrument maker August Seebeck in the 1840s. Seebeck's

pioneering work involved studying complex tones generated by sirens, where he observed that
pitch perception was tied to the overall period of the complex wave, even if the wave shape
changed dramatically. His observations suggested that the ear was analyzing the time-domain
characteristics of the sound rather than relying solely on the spatial decomposition of frequencies
later advocated by Helmholtz. Seebeck’s findings laid the groundwork for considering the temporal
regularity of sound as the primary determinant of perceived pitch.

The theory gained formal structure and notoriety in the late 19th century through the work of
physiologist Ernest Rutherford (not the chemist). In 1886, Rutherford proposed the "Telephone

Theory," arguing that the basilar membrane vibrates as a whole in response to sound, much like
the diaphragm of a telephone receiver. He posited that the auditory nerve simply transmitted the
frequency of the mechanical vibration as a series of electrical impulses directly to the brain, which
was then responsible for interpreting the frequency, hence the pitch. This simple model was
appealing due to its elegance and directness, aligning the mechanical input directly with the neural
output frequency. However, this early version suffered from a significant biological constraint: the
refractory period of neurons meant that a single nerve fiber could not fire fast enough to track
frequencies above approximately 1,000 Hz, rendering the theory incomplete for the full range of
human hearing.

The major evolutionary step for the Temporal Theory arrived in the 1930s with the development of
the Volley Principle by Charles Wever and Merle Bray. Recognizing the physiological limitations
imposed by the refractory period, Wever and Bray hypothesized that while a single neuron could
not fire at, say, 5,000 Hz, groups of neurons could operate in concert. These neurons would "take
turns,” or fire in volleys, synchronized to the peak of the stimulating sound wave. Each individual
neuron might fire intermittently, but the collective pattern of the group would maintain the overall
temporal periodicity of the sound up to much higher frequencies (around 5,000 Hz). This
refinement reconciled the temporal approach with known neural biology, making the Temporal
Theory a viable and essential component of modern auditory science, especially for mid-range and
low-frequency pitch perception.

3. Key Concepts and Components

Phase-Locking: This is the most crucial physiological mechanism underlying the Temporal
Theory. Phase-locking describes the phenomenon where auditory nerve fibers fire their action
potentials preferentially at a specific phase of the stimulating acoustic waveform. This consistency
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ensures that the periodicity of the physical stimulus is accurately translated into the periodicity of
the neural code, providing the brain with the precise timing information required for pitch
discrimination. Phase-locking is highly reliable for frequencies below 1,000 Hz and gradually
degrades as frequency increases.

The Volley Principle (Wever and Bray): Addressing the inherent limits of neuronal firing rates,
the Volley Principle proposes that high frequencies (up to approximately 5,000 Hz) are encoded by
the collective activity of multiple auditory neurons. While no single fiber can fire on every cycle of a
high-frequency sound, staggered groups of neurons fire in synchronized bursts, or volleys. The
sum of these asynchronous yet phase-locked individual firings maintains the overall temporal
pattern corresponding to the stimulus frequency, extending the viability of the temporal code into
the mid-frequency range.

Temporal Coding vs. Rate Coding: Temporal coding, as utilized by this theory, focuses on the
timing of spikes (the inter-spike intervals) as the carrier of information (pitch). This contrasts with
simple rate coding, where the total number of spikes per unit of time typically signals intensity or
volume. In the Temporal Theory, while firing rate increases with intensity, the specific timing
structure remains crucial for encoding pitch, thus requiring the brain to decode sophisticated
patterns rather than simple counts.

Basilar Membrane Oscillation: In the original simple Frequency Theory, the basilar membrane
was believed to vibrate uniformly. While modern understanding confirms that the membrane is
tonotopically organized (Place Theory is correct regarding spatial separation), the Temporal
Theory component emphasizes that the low-frequency vibrations are still conducted along wide
sections of the membrane, providing necessary input for widespread phase-locking across many
fibers, regardless of precise location.

4. Applications and Examples

The Temporal Theory, particularly in its refined form incorporating the Volley Principle, provides
robust explanations for several complex auditory phenomena that the purely spatial Place Theory
struggles to account for. One of its most powerful applications is explaining the perception of low-
frequency tones. Below 1,000 Hz, pitch discrimination is exquisitely fine, and temporal precision
allows the auditory system to differentiate between frequencies separated by only a few Hertz. The
fidelity of phase-locking in this range means that the temporal code is the dominant and most
accurate mechanism for pitch encoding, far surpassing the spatial resolution provided by the
basilar membrane displacement for such low tones.

A classic example demonstrating the necessity of temporal coding is the phenomenon of the
periodicity pitch or the missing fundamental. When a musical instrument produces a note, the
sound contains a fundamental frequency and a series of harmonic overtones. If the fundamental
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frequency is filtered out, a listener still perceives the original pitch. This occurs because the
remaining harmonics synchronize their excitation patterns in the cochlea, creating a repeating
pattern in the neural firing that occurs at the rate of the missing fundamental frequency. The
Temporal Theory accurately predicts this perceived periodicity, demonstrating that pitch is not
solely reliant on the physical presence of the fundamental frequency component but rather on the
overall temporal structure imposed by the harmonics.

Furthermore, temporal precision is absolutely critical in binaural hearing, which allows for sound
localization. The ability to locate a sound source horizontally relies on processing interaural time
differences (ITDs) and interaural level differences (ILDs). For low-frequency sounds (below 1,500
Hz), ITDs are the primary cue. The neural system must compare the arrival time of the sound wave
at the two ears with microsecond precision. This comparison is facilitated entirely by the temporal
coding mechanism, where the phase-locked firing patterns arriving from each ear are compared in
the superior olivary complex. Without the high temporal fidelity provided by phase-locking, precise
sound localization in the horizontal plane at low frequencies would be impossible.

5. Criticisms and Limitations

Despite the successes of the Volley Principle, the Temporal Theory faces definitive biological
limitations, primarily centered around the constraints of neural firing rates. The most severe
limitation relates to the encoding of high-frequency sounds. Neurons require a short recovery
period, or refractory period, after firing an action potential, which restricts their maximum firing rate
to approximately 1,000 Hz. While the Volley Principle extends the effective range of temporal
coding up to around 4,000 to 5,000 Hz by staggering the activity of multiple neurons, it fails
completely for frequencies above this threshold. Human hearing extends up to 20,000 Hz, and
temporal coding simply cannot account for pitch perception in the high-frequency range. In these
regions, the Place Theory, which relies on the specific spatial location of maximal basilar
membrane vibration, becomes the dominant and biologically confirmed mechanism.

Another significant criticism leveled against the pure Temporal Theory (prior to the Volley
refinement) was its inability to robustly explain intensity coding. While an increase in sound
intensity does increase the number of action potentials (a form of rate coding), it also affects the
precise phase-locking behavior, introducing complexities. Early models struggled to separate the
neural code for pitch (timing) from the code for loudness (rate/number of fibers activated). While
modern understanding integrates both temporal and rate codes, the initial, simpler models lacked
the explanatory power to fully describe how volume is processed concurrently with pitch.

Finally, the reliance of the Volley Principle on the precise coordination of numerous neurons raises
guestions about the robustness of the system in the face of neural noise or damage. While the
system is highly effective, the complexity of decoding a collective, staggered firing pattern
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contrasts with the simpler, passive frequency separation mechanism proposed by the Place
Theory for high frequencies. Critics argue that relying on such a highly coordinated and time-
sensitive code across a large population of neurons might be too biologically expensive or
susceptible to interference compared to relying on inherent mechanical properties of the basilar
membrane. Ultimately, the consensus in auditory science is that neither the Temporal Theory nor
the Place Theory is complete on its own; human pitch perception relies on a dual mechanism
utilizing the strengths of both temporal coding (for low frequencies) and place coding (for high
frequencies).

6. The Volley Principle Refinement

The introduction of the Volley Principle by Wever and Bray in the 1930s was crucial for the
continued relevance of temporal approaches to hearing. Recognizing that individual neurons are
physiologically limited to firing rates far below the upper range of human hearing (e.g., maximum
sustained rates typically less than 1,000 Hz), the Volley Principle proposed a mechanism of
synchronous, yet staggered, neural activity to overcome the refractory period bottleneck. In this
arrangement, multiple nerve fibers innervating the same region of the cochlea respond to the input
sound wave. Although each fiber can only fire periodically at a fraction of the input frequency, the
population of fibers, when viewed collectively, maintains an overall firing rhythm that accurately
reflects the frequency of the acoustic stimulus.

Imagine a 4,000 Hz sound wave. No single neuron can fire 4,000 times per second. However, one
group of neurons might fire on the first peak of the wave, another group on the second peak, and a
third group on the third peak, and so on. Because these firings are all phase-locked to the specific
peaks of the incoming wave, the total ensemble of impulses arriving at the brain maintains a 4,000
Hz periodicity. This ensures that the essential temporal information is preserved, even though the
rate of individual fibers is low. The Volley Principle thus became the crucial physiological bridge,
allowing the Temporal Theory to successfully explain pitch coding up to the critical frequency
boundary of about 4 kHz, where the mechanical resolution of the basilar membrane starts to
become more dominant.

The experimental evidence supporting the Volley Principle derived from early neurophysiological
recordings which demonstrated that synchronized discharge patterns existed in the auditory nerve
corresponding to the stimulus frequency. This phase-locking behavior is the hallmark of temporal
coding and provided the necessary empirical validation that the timing of neural events, not just the
location of those events, carries vital information. The Volley Principle moved the Temporal Theory
beyond the simplistic 'telephone’ model and solidified its position as an indispensable half of the
complete theory of pitch perception.
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7. Temporal vs. Place Theory (A Dual Mechanism)

The history of auditory science is often framed as a debate between the Temporal Theory and the
Place Theory, initially proposed by Hermann von Helmholtz. The Place Theory argues that
different frequencies cause maximal vibration at different locations along the basilar membrane
(high frequencies near the base, low frequencies near the apex). The brain determines pitch by
identifying which specific set of nerve fibers (i.e., which "place" on the membrane) is most active.
For many decades, scientists attempted to prove one theory correct over the other.

Modern consensus, however, embraces a Dual Mechanism Theory, recognizing that both
temporal and place codes are utilized across the auditory spectrum. The two systems are highly
complementary, each compensating for the limitations of the other. For frequencies below
approximately 4 kHz, the mechanical tuning of the basilar membrane is broad, making it difficult to
distinguish subtle pitch differences based on location alone. In this range, the high precision of the
Temporal Theory (via phase-locking and the Volley Principle) is paramount for fine pitch
discrimination.

Conversely, for frequencies above 4 kHz, the phase-locking mechanism fails due to neural
refractory periods. However, in this high-frequency range, the basilar membrane's mechanical
tuning becomes extremely sharp and specific, allowing the Place Theory to accurately encode
pitch by location. Therefore, the auditory system employs a hybrid strategy: temporal coding
dominates the low-frequency domain, and place coding dominates the high-frequency domain.
This combined approach offers a complete and robust explanation for the entire audible frequency
range and is the accepted framework in contemporary auditory neuroscience.

Further Reading

Auditory system - Wikipedia

Psychoacoustics - Wikipedia

August Seebeck - Wikipedia

Place theory - Wikipedia (for comparative context)

Ernest Rutherford (Physiologist) - Wikipedia
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