Psychoacoustics: Perception of Sound

Figure: Human ear cross-section (outer, middle, and inner ear). The
outer ear (pinna, canal) funnels sound to the eardrum, the middle ear
ossicles (malleus, incus, stapes) transmit vibrations to the cochlea,; and

the inner ear (cochlea, nerves) transduces sound into neural signals.
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Psychoacoustics studies how physical sound waves become perceptual

experiences enwikipediaorg . IN Other words, it is the scientific branch of psychophysics that
examines sound perception by the

human auditory system enwikipediaorg . The field is highly interdisciplinary, drawing on psychology,
physics, engineering, biology and neuroscience. It covers everything from basic tones and
noise to complex signals (speech, music) and considers not only the mechanics of sound, but
how ear physiology and brain processes give rise to pitch, loudness, timbre, and other percepts

en.wikipedia.org .

Key Concepts and Perceptual Phenomena
Pitch Perception

Pitch is the auditory attribute that allows sounds to be ordered from low to high, roughly
corresponding to frequency. Pure tones (sine waves) are heard as high pitch when frequency
is high and low pitch when frequency is Iow phonudacu. Complex tones (like musical notes)
contain harmonics of a fundamental frequency; remarkably, even if the fundamental is
missing from the waveform, listeners still perceive its pitch (the missing-fundamental
phenomenon) enwiipediaorg . IN Other words, when all present harmonics share a spacing with an
implied fundamental, the brain infers that tone’s pitch enwiipediaorg . Physically, pitch cues come
from place coding (cochlear tonotopy) and temporal coding (phase-locking in nerves), but

how exactly the auditory system combines these cues is an active research question.

Loudness Perception

Loudness is the perceived strength or intensity of a sound. It depends on physical sound
pressure but is processed nonlinearly by the ear: a small increase in intensity can produce a
disproportionately large change in loudness around mid-levels, and sounds at different

frequencies require different intensities to be equally loud. For example, humans are most
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sensitive around 2-4 kHz, and need much higher sound levels for very low or very high tones
to sound equally loud. This nonlinear intensity response is fundamental to psychoacoustics.
The ear's loudness response is exploited in technology: telephony and audio coding systems
apply nonlinear compression of signal levels (using perceptual models of loudness) to
remove inaudible information enwikipediaorg . LOudness is often measured in phons or sones, and
psychoacoustic models (e.g. Fletcher-Munson curves) describe how intensity and frequency

combine to produce perceived loudness enwikipediaorg .

Masking (Spectral and Temporal)

Sounds can mask each other in frequency or time. Simultaneous (spectral) masking occurs
when one sound makes another at a nearby frequency inaudible. For example, a loud tone at
1000 Hz will mask a softer tone at 1010 Hz if they sound together enwiipediaorg . This happens
because the cochlea’s frequency filters (critical bands) respond to overlapping frequencies.
Temporal masking (non-simultaneous masking) occurs when a sound is masked by another
that occurs immediately before or after it enwikipediaorg . A brief loud burst can make a quieter
sound inaudible if it starts within ~20 ms after the burst (forward masking) or up to ~100 ms
before it (backward masking) enwicipediaorg. These masking phenomena reveal the ear’s
timefrequency analysis: only sounds in the same critical band or close in time can interfere.
Masking underpins audio compression (removing masked components) and affects speech

intelligibility in noise.

Simultaneous (spectral) masking: A sound of a given frequency range is made inaudible
by a concurrent louder sound in the same frequency band enuicipediaorg . This defines the

effective critical band width of hearing.

Temporal masking: A sound is obscured by another immediately preceding (backward
masking) or following it (forward masking) enwiipediaorg . FOr instance, a click can mask a
tone that ends just before it, and a loud noise can mask a tone that follows it by a few

tens of milliseconds.

Critical Bands and Frequency Resolution

The cochlea behaves like a bank of overlapping band-pass filters, each with a certain
bandwidth. The critical band is the range of frequencies that excite one such filter. It was
characterized by Fletcher in 1933: roughly, two tones within the same critical band will mask
each other enwikipediaorg . Beyond that band (one Bark or more apart), they are heard separately.
Critical bandwidths grow with frequency (about 100 Hz at 500 Hz to several hundred Hz at 5

kHz). This limited frequency resolution also manifests in pitch
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discrimination: in the mid-audio range (1-2 kHz), the just-noticeable frequency difference is
on the order of 3—4 Hz enwiipediaorg . In Other words, small changes above ~3.6 Hz at 1-2 kHz
can be perceived. Sounds closer than a critical band or finer than the ear’s resolution will

tend to fuse or produce beating and roughness rather than distinct tones.

Binaural Hearing (Localization: ITD and ILD)

Binaural hearing uses differences between the two ears to locate sound in space. The main
cues are interaural time difference (ITD) and interaural level difference (ILD). If a sound
arrives from one side, it reaches the nearer ear slightly earlier than the far ear — this time
difference (up to ~0.6 ms) provides a cue to azimuth enwikipediaorg . ITD is most effective at low
frequencies, where the waveform’s phase differences can be tracked. At higher frequencies,
the head creates an acoustic shadow: the far ear receives a weaker (lower-level) signal. This
ILD cue grows with frequency (low frequencies diffract around the head, so ILD is small
below ~200 Hz; above ~1 kHz the level difference can be tens of dB) enwikipediaorg  enwikipediaorg .
The brain combines ITDs and ILDs (and spectral cues from the pinna for vertical localization)
to pinpoint sound direction. Neural mechanisms in the brainstem (Jeffress-like delay lines for
ITD, and level-comparison circuits for ILD) extract these cues. For example, ITD provides

left/right cues across the horizontal plane enwipediaorg, While ILD tells which ear is closer at

h|gh frequenCieS en.wikipedia.org en.wikipedia.org .

Auditory Illusions

Various illusions illustrate how perception interprets sound. The missing fundamental
(virtual pitch) is one such effect: if a complex tone contains harmonics of 100 Hz (say 200,
300, 400 Hz) but omits the 100 Hz component, listeners still hear a 100 Hz pitch enwiipedia.org .
The brain infers the missing pitch from the spacing of harmonics enuicipediaorg . ANOther is
binaural beats: when each ear is played a slightly different tone (e.g. 300 Hz in the left ear,
310 Hz in the right), the listener perceives a "beating” tone at the 10 Hz difference — even
though no physical 10 Hz tone is present iwsionsindexorg . Other classic illusions include the
Shepard tone (an endlessly rising pitch) and the auditory continuity illusion (a tone
interrupted by a burst of noise is often heard as continuous). These phenomena highlight

the assumptions and processing in auditory perception.

Measurement Techniques

Psychoacoustic research uses both behavioral and physiological methods. Behaviorally,
classic psychophysical procedures determine thresholds and perceptual limits. For example,
absolute thresholds (the quietest detectable sound) and differential thresholds (justnoticeable

differences, JINDs) are measured by varying stimulus parameters (frequency, amplitude) until
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a subject reports a change pluraipubiishing.com . Fechner’s classical methods — the method of limits,
method of adjustment, and method of constant stimuli — remain fundamental piuraipubiishing.com
. Modern studies often use adaptive tracking (e.g. staircase procedures, forced-choice tasks)
to efficiently estimate thresholds or JNDs. Other tasks measure loudness scaling (e.g.
magnitude estimation of loudness), pitch matching, or speech intelligibility under various
conditions. Physiological techniques supplement these:

otoacoustic emissions (OAEs) and auditory brainstem responses (ABRs or EEG/MEG) probe
the ear and neural encoding non-invasively. Imaging (fMRI, PET) and electrophysiology can
localize auditory processing in the brain. In short, psychoacousticians manipulate sounds and
measure perceptual outcomes, often using objective tasks that map stimulus differences to
SENSOry resPONSES pluralpublishingcom  pluralpublishing.com . 1 hese methods quantify how humans detect

and discriminate sound in a reproducible way.

Applications
Audio Compression (MP3, AAC)

Psychoacoustic principles are central to modern audio codecs. Formats like MP3 and AAC
include a psychoacoustic model that removes or coarsely represents sound components that
are inaudible due to masking. Because the cochlea cannot hear tones masked by louder
nearby frequencies, these codecs discard masked frequency bins, greatly reducing data
without perceptible loss. In effect, the encoder mimics the ear’s filtering and masking

enwikipediaorg . FOr example, Fletcher’s work on auditory filters and masking laid the
groundwork for MP3: the encoder splits the audio into critical-band-like bands, applies a fast
Fourier transform, and allocates bits preferentially to the most perceptually relevant bands.
The inner ear’'s own signal processing (transforming waveforms into spikes) was literally
exploited in MP3 algorithms enwikipediaorg . PSychoacoustics also informs bitrate selection and
noise-shaping; the goal is to maximize compression while keeping artifacts below perception
thresholds.

Hearing Aids and Cochlear Implants

Hearing devices rely on psychoacoustic insights to compensate for impaired hearing.
Modern hearing aids use dynamic-range compression (nonlinear gain) based on loudness
models: soft sounds are amplified more than loud sounds to fit into the reduced comfortable
range of a hearing-impaired ear. They also employ directional microphones and noise
reduction algorithms that exploit binaural cues to improve speech intelligibility in noise. For

cochlear implants, sound processing strategies (like CIS, ACE) map frequencies to electrode
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places in the cochlea, leveraging place-pitch perception and envelope coding. Signal
processing is guided by psychoacoustic goals: e.g., preserving modulations important for
speech. In all cases, the design of these aids depends on how users perceive pitch and
loudness, and how masking and frequency resolution are altered in hearing loss. (Subjective
factors matter too: listeners with hearing loss, aided or implanted, often require
individualized settings, reflecting that "hearing aids or cochlear implants also impact how

much the average person perceives from their sound environment" eurekaertorg .)

Sound Design in Gaming, Film, and Virtual Reality

In entertainment and multimedia, psychoacoustics shapes immersive audio experiences.
Sound designers use equalization and spatialization based on human hearing: for example,
emphasizing frequencies to which listeners are most sensitive, or simulating Doppler shifts
and reverberation to match visual action. In video games and VR/AR, spatial audio is
especially important. Systems use head-related transfer functions (HRTFs) so that sounds
appear to come from specific 3D locations; binaural rendering over headphones can make
users feel surrounded by sound. Ambisonics and object-based audio (used in cinema and
gaming engines) rely on psychoacoustic localization cues. Spatial audio “seeks to replicate
these natural psychoacoustic phenomena to convincingly immerse users” ses2org, giving a
sense of presence. The AES notes that VR/AR are “killer apps” for binaural surround sound

and Ambisonics, enabling billions of users to experience realistic 3D sound zes2org .

Architectural Acoustics and Soundscaping

Architectural design increasingly incorporates psychoacoustic measures to create
comfortable indoor soundscapes. Beyond traditional metrics (reverberation time, STI),
designers consider psychoacoustic parameters like perceived loudness, sharpness (a
measure of high-frequency content), and roughness (fluctuation strength). For example, a
recent study of airport terminals found that variations in architectural form and materials
directly affect these perceptual metrics megaronjoumalcom . LOuder spaces (e.g. hard surfaces, tall
ceilings) increase overall loudness, while soft absorbent materials reduce sharpness and
roughness. By “integrating psychoacoustic parameters such as loudness, roughness, and
sharpness into the acoustic design framework,” architects can better predict how passengers
will feel about the sound environment megaronjounalcom . This psychoacoustic approach informs
noise control, sound masking (e.g. introducing low-level ambient sounds), and the zoning of

spaces (quiet areas vs. busy zones) to optimize comfort and functionality.
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Current Research Trends and Open Questions

Al-driven auditory models: Modern research increasingly uses machine learning to
model human hearing. For example, new deep-learning models incorporate human
listeners' subjective ratings to improve audio processing (e.g. speech enhancement)

eurekalertorg eurekalertorg . BY training on perceptual data (mean opinion scores), these

models learn to “tune out” noise in ways aligned with psychoacoustic criteria eurexalertorg
eurekalertorg . SUCh @approaches blur the line between human perception and algorithmic
hearing, raising questions about how to encode perceptual cues (pitch, timbre, spatial
cues) into Al systems. Deep neural networks have also been used to simulate sound
localization and pitch perception, offering insights into auditory processing and

suggesting new perceptual experiments.

Spatial audio and VR/AR: Immersive media remain a hot area. Spatial audio research is
focusing on individualized binaural reproduction (personalized HRTFs) and dynamic
scene analysis. As AES notes, VR/AR is driving demand for advanced spatial audio tools
(binaural surround, Ambisonics, object-based mixing) ses20rg. Studies are exploring how
people perceive sound in virtual environments, how head-tracking affects localization,
and how room acoustics are modeled psychoacoustically. Developing efficient real-time
spatialization algorithms that match human localization limits (ITD/ILD cues, precedence
effect) is an ongoing trend.

Inclusive psychoacoustics: There is growing attention to individual differences and
accessibility. Recent work emphasizes testing diverse populations (e.g. children, elderly,
people with disabilities) to understand how cochlear impairments, aging, or
neurodiversity alter basic psychoacoustic functions researchgatenet . FOr instance, researchers
are building ADA-compliant anechoic chambers to safely test people with mobility
impairments researchgatenet . Studies also look at how cognitive factors (attention, memory,
language) influence perception in complex scenes. An open question is how to adapt
psychoacoustic models for hearing-impaired listeners or hearing-aid users, who may

have different loudness growth and pitch discrimination patterns.

Fundamental science: Despite advances, many core questions remain. How exactly
does the brain encode complex pitch (beyond place vs temporal theories)? How do we
segregate overlapping sound sources in a “cocktail party” using both binaural cues and
higher-level context? What is the neural basis of timbre and auditory scene analysis?
Psychoacoustic phenomena like the octave illusion, missing fundamental, and others
still challenge comprehensive theories. Research continues to probe these issues with
new methods (e.g. neuroimaging, modeling) and stimuli (e.g. stochastic sounds), aiming

to bridge perceptual data with biological mechanisms.
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In summary, psychoacoustics is an evolving field at the intersection of science and
engineering. It spans from classic experiments on thresholds and masking to cutting-edge
studies of auditory brain function and immersive audio technology. By grounding
applications (codecs, aids, VR audio, architecture) in human hearing principles,
psychoacoustics ensures that sound systems align with perception. Ongoing trends leverage
computational methods and broader testing, but the quest to fully understand hearing -
from sub-millisecond time perception to the richness of musical experience — remains rich

with open questions.

Sources: Authoritative reviews and texts (e.g. Fletcher/Munson; Lentz Psychoacoustics;

Acoustics Today; JASA articles) were used. Key facts and figures are cited from
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