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Volley Principle

Primary Disciplinary Field(s): Auditory Neuroscience, Sensory Psychology, Physiology

Proponents: Ernest G. Weaver and Charles W. Bray

1. Core Principles

The Volley Principle is a foundational hypothesis in auditory theory, proposed by Ernest G. Weaver

and Charles W. Bray in 1937, aimed at reconciling the limitations inherent in both the classical

Frequency Theory and the Place Theory of hearing. At its core, the principle addresses the

physiological constraint known as the absolute refractory period of neurons. It posits that while a

single auditory neuron cannot fire rapidly enough to encode every cycle of a high-frequency sound

wave, groups of neurons--or auditory nerve fibers--can work in synchronous alternation to

collectively represent the sound's frequency. This synchronized, sequential firing pattern is termed

a "volley."

The central mechanism described by the Volley Principle involves the pooling of neural resources

within the auditory system, particularly originating from the Organ of Corti within the cochlea. When

the frequency of an incoming sound exceeds the maximum firing rate of an individual neuron

(approximately 1,000 Hz), different groups of nerve fibers fire in a staggered sequence, with each

group responding to specific peaks of the sound wave. For example, if a 3,000 Hz tone is

presented, Group A might fire on the first peak, Group B on the second, and Group C on the third,

with Group A ready to fire again on the fourth peak. Although no single neuron fires 3,000 times

per second, the pooled output of the entire population achieves a cumulative firing rate that

accurately mirrors the 3,000 Hz stimulus frequency.

This collective neural action ensures that the temporal characteristics of the acoustic stimulus--

specifically the periodicity or frequency--are preserved and transmitted to the brainstem and cortex.

The Volley Principle, therefore, extends the explanatory range of temporal coding mechanisms

beyond the approximately 1,000 Hz limit imposed by individual neural biology, allowing the auditory

system to precisely track tones up to about 5,000 Hz. Above this frequency, pure temporal coding

becomes unsustainable, and the system relies entirely on the spatial coding mechanisms defined

by the Place Theory.

2. Historical Context and Development

Prior to the introduction of the Volley Principle, the perception of pitch was largely explained by two

competing, yet inadequate, theories. The older **Frequency Theory** (or Telephone Theory),

championed by Rutherford, suggested that the basilar membrane vibrates as a whole, and the

auditory nerve transmits impulses that perfectly match the frequency of the stimulus. This was

easily refuted by physiological data demonstrating the limitation of neural firing rates due to the
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refractory period, making it impossible for single neurons to track frequencies above 1,000 Hz,

while humans can hear up to 20,000 Hz.

Conversely, the **Place Theory**, primarily developed by Hermann von Helmholtz and later refined

by Georg von Békésy, proposed that pitch is determined by the specific location on the basilar

membrane that is maximally stimulated. High frequencies stimulate the base (near the oval

window), and low frequencies stimulate the apex (near the helicotrema). While the Place Theory

successfully explained the perception of high frequencies and accounts for frequency selectivity, it

struggled to fully explain the perception of low frequencies, where the basilar membrane

displacement pattern is too broad and indistinct to provide precise pitch localization.

The Volley Principle emerged in the 1930s as a sophisticated attempt to bridge the explanatory

gap between these two models, particularly in the mid-frequency range (approximately 1,000 Hz to

5,000 Hz). Weaver and Bray's seminal work involved recording electrical activity from the auditory

nerve of cats while presenting pure tones. Their findings showed that the nerve impulses followed

the periodicity of the stimulating tone, even when the tone frequency far exceeded the firing

capacity of any single fiber, thus providing empirical evidence for the collective, staggered firing

mechanism--the "volley"--that accurately encoded the sound frequency.

3. Mechanism of Volleying and Phase-Locking

The physiological basis of the Volley Principle relies critically on two related phenomena: the

absolute refractory period and **phase-locking**. The refractory period is the brief time following an

action potential during which the neuron cannot fire again, setting the upper limit for individual

neural activity. Since this limit is around 1,000 Hz, complex coordination is necessary for higher

frequencies.

**Phase-locking** is the specific mechanism of synchronization observed in auditory neurons

participating in a volley. It describes the tendency for individual auditory nerve fibers to fire their

action potentials at a specific, consistent phase of the sound wave, typically coinciding with the

maximal displacement of the basilar membrane or the peak of the stimulus cycle. Even though a

neuron may skip several cycles due to its refractory period, when it does fire, it maintains a precise

temporal relationship with the stimulus waveform.

The Volley Principle leverages this phase-locking property across a population of neurons. While

Neuron 1 fires only on every third cycle, and Neuron 2 fires on every fourth cycle, the combined

pattern of their firing maintains the overall temporal structure of the stimulus. The resulting train of

neural impulses, when viewed collectively across the entire population, retains the frequency

information of the incoming sound wave, providing the central nervous system with the necessary

temporal cues for pitch perception in the mid-range frequencies. This mechanism is primarily

effective because the auditory system processes frequency information not from the rate of single
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fibers, but from the aggregated periodicity across the nerve bundle.

4. Integration with Modern Hearing Models

Modern auditory neuroscience recognizes that hearing is not explained by a single, monolithic

theory, but rather by a synthesis of temporal and spatial mechanisms. The Volley Principle,

combined with the Place Theory, forms the highly successful **Place-Volley Theory** (or Duplexity

Theory). This integrated model provides a comprehensive framework for pitch perception across

the entire audible spectrum.

In the low-frequency range (below 500 Hz), pitch perception is dominated by temporal coding,

where the entire basilar membrane vibrates nearly synchronously, and pitch is determined almost

exclusively by the frequency of neural volleys. In this range, the temporal pattern is highly precise

because individual neurons can easily track the slow rate of vibration.

In the mid-frequency range (500 Hz to approximately 5,000 Hz), pitch is determined by a crucial

interaction between spatial location (Place Theory) and temporal synchronization (Volley Principle).

The basilar membrane shows distinct tuning curves (spatial coding), but the precise pitch

discrimination is enhanced by the temporal pattern provided by the neural volleys firing

synchronously at that specific location. This dual mechanism ensures robustness and high fidelity

in pitch perception within this essential range for human speech and music.

Finally, in the high-frequency range (above 5,000 Hz), the period of the sound wave becomes

shorter than the absolute refractory period of most neural fibers, making precise phase-locking

impossible. Consequently, temporal coding breaks down, and pitch perception relies almost

entirely on the spatial mechanisms of the Place Theory, determined solely by the point of

maximum mechanical displacement on the basilar membrane. The Place-Volley Theory thus offers

a continuous and physiologically plausible explanation for how frequency is processed across the

entire range of human hearing.

5. Experimental Support and Limitations

The initial experimental evidence provided by Weaver and Bray used gross electrode recordings

from the auditory nerve, demonstrating that the overall electrical activity mirrored the frequency of

the sound stimulus. Subsequent, more refined studies utilizing intracellular recording techniques

have confirmed the phenomenon of phase-locking in individual auditory nerve fibers. These studies

show that while any single fiber might skip cycles, its firings are indeed locked to the phase of the

stimulating waveform, precisely supporting the foundational tenet of the Volley Principle.

Despite its success, the Volley Principle is subject to inherent physiological limitations. The primary

constraint is the frequency ceiling of temporal coding. Even with multiple fibers contributing to a
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volley, the necessary precision for phase-locking becomes biologically difficult, if not impossible,

above 5,000 Hz. While there is evidence of some phase-locking up to 8,000 Hz in certain animal

species, the effectiveness and precision of the volley mechanism rapidly diminish as frequency

increases toward the upper boundary of human hearing (20,000 Hz).

Furthermore, the mechanism requires complex signal processing in the brain to decode the

staggered firing pattern back into a unitary frequency percept. While the concept of pooling is

straightforward, the precise neural computation required to read the periodicity from the combined

output of asynchronous neurons remains an active area of research. Critics occasionally point out

that while the volley explains *how* the temporal information is preserved, it does not fully detail

the subsequent central auditory processes that interpret this information as perceived pitch.

Nevertheless, the principle remains indispensable for understanding temporal coding in the

cochlea.

6. Further Reading

Volley Theory (Wikipedia)

Place Theory of Hearing (Wikipedia)

Frequency Theory of Hearing (Wikipedia)

Phase Locking in Auditory Systems (Wikipedia)

Cochlea and Auditory Physiology (Wikipedia)
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