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Our perceptual experience is not purely driven by the information our senses receive but is an active combination
of prior experience and the sensory information that we receive. This is promisingly demonstrated by an illusory
experience. Particularly in the auditory domain, we encounter illusions that serve as a tool to understand the
more holistic and bigger umbrella of auditory processing. In the current manuscript, we review spectral, tem-
poral, spatial auditory and multisensory processing through the lens of auditory illusions. We review examples of
auditory illusions that could serve as models to better comprehend these sub-domains of auditory processing. We

also explore the literature where these illusions have been used as a causal human model to unravel mechanisms
behind neuropathology and conclude with futuristic applications of auditory illusions.

1. Introduction

We hear the world so effortlessly, but the intricate mechanisms that
underlie this process is still poorly understood. The apparently coherent
and seamless perceptual experience must be assembled from the
discontinuous and ambiguous information reaching our senses. This
way, auditory perception is a complex process through which the brain
interprets sounds by analysing various features including spectral,
temporal and binaural information to recognise auditory objects, predict
when an auditory event is happening, and identify the source of the
auditory object respectively (Oxenham, 2018). Notably, each of these
dimensions plays a crucial role in how we make sense of the sounds
around us.

The most fundamental auditory process is to discriminate objects
based on its spectral profile. As the complexity of this profile increases,
the ability to process fundamental frequencies becomes key in com-
prehending speech, music and environmental context (Oxenham, 2012).
In music, sequences of pitches create melodies, while harmonies arise
from simultaneous pitch combinations. In spoken language, pitch vari-
ations establish prosody, and in tonal languages like Mandarin and
Cantonese, pitch contours convey distinct word meanings. In complex
auditory environments, pitch differences help listeners distinguish and

interpret overlapping sound sources (Oxenham, 2012). Temporal pro-
cessing forms the foundation for capturing the timing of sounds, which is
essential for tracking rhythm in speech and music. This ability allows us
to differentiate between rapid and slower sequences of sounds (Bizley
and Cohen, 2013) which is important for the categorisation in auditory
perception. Parallelly, temporal integration and continuity is also key to
assimilating categorical components into a seamless perception of
continuous speech and melody (Jain and Nataraja, 2019). This pro-
cessing of auditory categorisation and integration in its temporal
structure is crucial in parsing information into the auditory sensory
memory (Rimmele et al., 2015). Auditory spatial processing enables the
determination of a sound source’s location, which is vital for auditory
stream segregation. The brain accomplishes this by analysing intra-aural
time differences—the difference in time it takes for a sound to reach
each ear—and interaural level differences, which involve variations in
perceived loudness between the ears (Shamma, 2001).

In addition to processing spectral, temporal and spatial information,
the ability to integrate sensory inputs—known as multisensory inte-
gration—is crucial for effective auditory perception and cognitive
functioning (Stein and Stanford, 2008). Multisensory information is
combined at various processing levels to enhance stimulus detection,
localization, and response accuracy, as well as to accelerate reaction
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times (Wallace et al., 2020). At the lower processing levels, the physical
characteristics of stimuli from different sensory modalities are aligned,
ensuring spatial, temporal, and intensity coherence (Stein and Meredith,
1993). In contrast, higher-order multisensory integration involves the
interaction and mutual influence of different sensory modalities, which
is essential for adaptive behaviour (Wallace et al., 2020).

Recent research involving clinical populations has provided valuable
insights into the functioning of these processes and the underlying
mechanisms that support them. For instance, disrupted temporal pro-
cessing is commonly observed in individuals with dyslexia or schizo-
phrenia, affecting the ability to perceive and interpret speech correctly
(Carroll et al., 2008; Casini et al., 2018). Patients with stroke or lesions
affecting the auditory system or its associated pathways frequently
demonstrate impairments in sound localization, offering deeper insights
into the mechanisms of spatial segregation and speech perception in
noisy environments (Griffiths et al., 1997). On the other hand, hearing
loss and cochlear implantation provide a window to study the mecha-
nism of pitch perception and how pitch processing is disrupted, partic-
ularly in complex auditory environments like music (Oxenham, 2008).

Alternatively, auditory illusions—experimentally induced percep-
tual distortions of auditory stimuli—serve as a compelling model for
causally investigating the behavioural relevance and the psychophysical
characteristics of different auditory processes in the spectral, temporal,
spatial and multisensory domains. By exploring these phenomena, we
can gain deeper insights into the complexities of auditory processing,
from basic perceptual functions to higher-order cognitive mechanisms.
In some cases, manipulations of auditory stimuli are sufficient to
generate different auditory illusions e.g., auditory continuity illusion
(Miller and Licklider, 1950), the Precedence Effect (Wallach et al.,
1949), and Zwicker Tone illusion (Zwicker, 1964). Alternatively, audi-
tory illusions can also be perceived as a result of conflicting information
from different sensory modalities, such as McGurk effect (McGurk and
MacDonald, 1976) and ventriloquist’s illusion (Thurlow and Jack,
1973).

Despite extensive research, current studies often treat auditory illu-
sions in isolation, leading to fragmented insights that fail to fully capture
their broader implications for auditory processing. This presents a sig-
nificant gap in the literature when it comes to synthesizing this knowl-
edge and leveraging these phenomena to enhance our understanding of
auditory perception. A comprehensive discussion that integrates these
individual findings is crucial for constructing a more cohesive under-
standing of how auditory illusions can inform the mechanisms under-
lying perception. By unifying these knowledge fragments, we can better
appreciate the role of auditory illusions as a powerful tool for modelling
and exploring the complexities of auditory perception. This approach
not only advances theoretical frameworks but also has practical impli-
cations for improving auditory interventions and technologies.

Thus, this review aims to highlight key examples of auditory illusions
which have been extensively studied in the fields of psychoacoustics,
and to underscore their significant value as models for understanding
auditory processing across temporal, spatial, spectral and multisensory
domains. Additionally, a narrative review on auditory illusions is timely
and relevant, as it consolidates existing knowledge, identifies gaps in
current research, and provides a comprehensive framework for future
studies, ultimately advancing our understanding of how the auditory
system operates under both typical and atypical conditions.

2. Understanding auditory spectral domain processing through
illusions

The most basic function of the auditory system is to recognise sounds
based on its frequency profiles. Each sound — a man/woman/child’s
voice, the growl of an animal or the tune of a song has a very specific
spectral profile and has both an ecological and evolutionary validity
which triggers a particular kind of behavioural response. The perceptual
correlate of the frequency of the sound or “pitch” depends on where the
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sound vibrations are encoded on the basilar membrane in the inner ear
and the amplitude of these vibrations encodes the perceptual correlate
of the intensity of the sound or “loudness” (Frank and Jane, 2020).

2.1. Understanding the tonotopic pitch organisation of the auditory
system

A purely spectral illusion that utilises this frequency-specific orga-
nisation of the inner ear is the Zwicker Tone illusion (Fig. la). The
Zwicker Tone illusion is an auditory after-image induced following the
presentation of a notched noise (i.e. broadband noise with a spectral
gap) (Zwicker, 1964). The width of the notch and the frequency of the
missing centre entails an essential characteristic and success of the
afterimage perception (Zwicker, 1964). From previous studies, it is
shown that a central frequency between 4000 — 6000 Hz and a notch of
width 0.75 - 1 octave may be ideal to reliably produce a Zwicker Tone
illusion (Leske et al., 2014; Mohan et al., 2020; Norena et al., 2000). The
Zwicker Tone illusion highlights the role of lateral inhibition in auditory
processing (Norena et al., 2000; Pantev et al., 1999; Rhode and Green-
berg, 1994). When a band of frequencies is suppressed, the excitation of
the neurons tuned to neighbouring frequencies tend to “fill-in” for the
missing information (Franosch et al., 2003). Recent studies showed a
varied susceptibility of Zwicker Tone illusion across subjects even when
using the optimal noise characteristics (Leske et al., 2014; Mohan et al.,
2020), suggesting an involvement of other mechanisms during the
perception of the illusion (Hullfish et al., 2019; Schilling et al., 2021).
Furthermore, there is an ongoing debate as to whether the Zwicker Tone
illusion is induced by bottom-up peripheral processes or also accompany
top-down central processes in its generation (Leske et al., 2014; Mohan
et al,, 2020; Norena and Eggermont, 2003). Given these different
characteristics, the Zwicker Tone illusion is proposed to be a human
model for tinnitus (Norena et al., 2000) — the perception of a continuous
tone in the ear in the absence of an external stimulus (Baguley et al.,
2013). Thus, the Zwicker Tone illusion illustrates the brain’s ability to
generate perceptual experiences that extend beyond the immediate
physical stimulus, highlighting the significant role of higher-level pro-
cessing and compensatory mechanisms in shaping auditory perception.

2.2. Comprehending the complexity of understanding natural sounds

However, natural sounds including speech, music and vocalisations
do not contain one frequency but are organised in harmonics where
frequency components are multiples of a common fundamental fre-
quency (fp). By controlling the phase and amplitude of these different
frequency components, one can modulate the interacting effects of the
fundamental frequency with its harmonics to modulate the perception of
the pitch thereby producing three illusions — periodicity pitch, circular
pitch and tritone paradox illusions.

2.2.1. Periodicity pitch or missing fundamental illusion

Periodicity pitch or missing fundamental illusion refers to the auditory
illusory phenomenon where the perceived pitch of a sound remains the
same even when the fy fundamental frequency is absent or masked
(Licklider, 1954) (Fig. 1b). To induce the missing fundamental illusion,
complex harmonic tones are first created with the f; removed from the
complex tone, leaving only the higher harmonics (e.g., f1, f2). Interest-
ingly, when exposed to the manipulated tone, participants are still able
to perceive the fundamental pitch as if it was present, even in its physical
absence. When the tone is played, although there is a lack of energy at fo,
the combination of the other harmonics creates a series of periodic peaks
whose frequency corresponds to f (Chialvo, 2003; Plack et al., 2005).
This phenomenon is hypothesised to occur based on the brain’s ability to
the infer the fundamental frequency from the resolved harmonics of the
sound, which are multiples of the fundamental frequency (Oxenham,
2012; Plack et al., 2005). Furthermore, the tonotopic organization of the
auditory cortex is based on pitch rather than frequency and therefore
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Fig. 1. Examples of auditory spectral-based illusions. (a) The Zwicker Tone illusion, where a broadband spectrum with a gap around a central frequency produces an
afterimage of the missing frequency, (b) Periodicity pitch, where the deleted fundamental frequency is still perceived when the higher harmonics are present in a
complex sound, (c) Shepard Tones, the illusion of an ever increasing or decreasing pitch generated by 12 tones that are a semitone apart.

this signal periodicity is transmitted to the brain (Pantev et al., 1989). A
direct application of the periodicity pitch illusion is the use of analogue
telephone lines which typically transmit frequencies between 300 —
3000 Hz, thereby cutting off fundamental frequencies of human voice
between 125 — 200 Hz. Nevertheless, we are able to identify the talker
and hold seamless conversations.

2.2.2. Circular pitch illusion (Shepard tones) and the tritone paradox

The circular pitch illusion is particularly used in Western music. Based
on the 12-tone sequences, Roger Shepard and James Tenney developed
what are called Shepard tones or Shepard staircase (Fig. 1c). Shepard
tones are a special type of complex sound consisting of 12 tones span-
ning 1 octave, each of which is a semitone apart (i.e. differ by 6 % in
fundamental frequency) (Shepard, 1964). This, described by Shepard in
1964, creates an auditory illusion of a tone that seemingly ascends or
descends endlessly with a distinctive timbre, without it physically
becoming higher or lower (Shepard, 1964). This is a “musical” analo-
gous to the spinning barber pole where the stripes appear to be traveling
up or down the length of the pole. The amplitudes of individual Shepard
tones is determined by a Gaussian spectral envelope distributed on a
logarithmic frequency scale, through which middle frequencies are
emphasised while gradually decreasing the volume of extremely high
and low frequencies. However, since the spectral envelope maintains a
consistent shape, when the component frequencies shift beyond the
audible range, they are replaced by new components at the lower end of
the spectrum, effectively creating a seamless loop. This illusion can be
reversed to perceive a decreasing pitch when the tones are circled the
other way (Shepard, 1964). This complex auditory perceptual model has
inspired numerous studies to investigate the active and predictive nature
of auditory perception (Chambers et al., 2017; Chambers and Press-
nitzer, 2014). Rather than passively registering incoming acoustic in-
formation, the brain utilizes prior context, expectations of continuity,
and adaptive mechanisms to shape its interpretation of sound, even for
basic perceptual features like pitch. The tritone paradox is a variation of
the Shepard tones, wherein the change in fundamental frequencies be-
tween each Shepard tone is half an octave, rather than 1/12 of an octave
(Scharine and Letowski, 2009).

3. Understanding auditory temporal domain processing using
illusions

Recognition of sounds from an evolutionary standpoint or compre-
hending speech and music is not just a spectral phenomenon. Timing of
when the different sounds occur is key to segregating and passing them
into memory or assimilating them into one seamless perceptual expe-
rience. Temporal processing is one of the most fundamental function-
alities of the auditory system. Temporal processing involves a multitude
of sub-domains (Shinn, 2003) including (i) temporal ordering or
sequencing — the processing of multiple auditory stimuli in the order of
their occurrence, (ii) temporal discrimination or resolution — this refers
to the shortest time in which a person can discriminate between two
stimuli, (iii) temporal integration — the time period in which the audi-
tory system assimilates the sound energy and affects the loudness
perception of the sound based on its duration and (iv) temporal masking
— the ability of an auditory stimulus to change the perception of other
sounds that precede or succeed it.

3.1. Exploring temporal discrimination and sequencing using illusions

The temporal discrimination threshold (TDT) is the minimum time
required by a person to perceive two sounds or two stimuli from
different sensory modalities as asynchronous - i.e. not occurring at the
same time (Artieda et al., 1992; Conte et al., 2017). This is also called
“simultaneity judgement” and works together with the ability to
temporally order different sounds or stimuli from different sensory do-
mains. TDT is shown to be shorter in women <40 years, however, it is
shown to decline three times faster in women than in men after 45 years
(Mc Govern et al., 2017; Williams et al., 2015). TDT also changes in
different disorders of the basal ganglia (Conte et al., 2017). Interest-
ingly, TDT is smaller in musicians compared to non-musicians and also
declines slower in musicians with age (Rammsayer et al., 2012). This
means that musicians are able to discriminate sounds that occur much
closer in time compared to non-musicians.

3.1.1. Time shrinking and time stretching illusions

Temporal discrimination and ordering become crucial in the cate-
gorical perception of speech and music. Temporal discrimination can be
modulated when sounds are presented in a stream of stimuli and sepa-
rated by temporal gaps. Short time gaps between stimuli (< ~ 200 ms)
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are considerably underestimated when preceded by shorter time gaps —
i.e. when three stimuli are presented in a sequence, the perception of the
time gap between sound 2 and sound 3 (tp) is significantly under-
estimated when the time gap between sound 1 and sound 2 (t;) is lesser
than t,. This phenomenon is called time shrinking (Nakajima et al., 2004).
The crucial factor controlling this illusion was the time difference be-
tween t; and t; when it is ~100 ms. When a model was fit to understand
the dynamics of the time shrinking illusion, it was found that t; was
assimilating on top of t;. In contrast, an overestimation of the second
interval was achieved when t; — t; > 240ms. This was termed time
stretching illusion (Nakajima et al., 2004). In fact, the two-time intervals
could even be perceived as equal or isochronous when it satisfied the
criteria —80 ms < t; — tp < 40ms. Time stretching could also be observed
when a sinusoidal wave was followed by a noise stimulus, resulting in an
overestimation of the duration of the sine wave (Sasaki et al., 2010)
(Fig. 2a).

3.1.2. Isochronicity illusions

Isochronous sounds — or sounds that are equally spaced in time —
form the basis of rhythm, both in speech and music (Ravignani and
Madison, 2017). Our ability to order sounds in regular, recurring units is
the most fundamental principle of Gestalt perception which posits that
global perceptual organisation is achieved on the basis of similarity and
the spatial and temporal proximity of units (Wertheimer, 1938). The
temporal structure of speech and music spontaneously triggers percep-
tual grouping aiding in efficient processing. It is interesting to note that
this rhythmic Gestalt is differently organised in musicians vs
non-musicians. A version of the time-stretching illusion was observed in
non-musicians when asked to estimate the time gap between two
different rhythmic sequences, where musicians performed better, and
non-musicians overestimated the difference (Geiser and Gabrieli, 2013).
Such an ability to temporally categorise sound sequences is particularly
necessary to memorise, imitate or respond quickly to what people are
listening in a conversation.

Time shrinking and time stretching illusions
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3.2. Understanding temporal masking and integration using illusions

3.2.1. Auditory continuity illusion

As much as categorising auditory stimuli is important, integrating
them is equally important. Similar to the visual domain — when pictures
are presented faster than the threshold of simultaneity, they are
perceived as a continuous motion picture — the auditory domain also
produces an illusion of continuous perception of speech and music
thereby “blurring” the categorical transition between different syllables.
Furthermore, perceptual “filling-in” is a phenomenon that our sensory
system uses to actively compensate information that is masked by other
competing signals, in order to maintain a coherent perceptual repre-
sentation of the current state (Komatsu, 2006). In the auditory modality,
one illustration of this mechanism is the auditory continuity illusion which
leverages the ability of the temporal masking in the auditory system
(Fig. 2b). During the auditory continuity illusion, an auditory stimulus
that would typically be discontinuous due to a temporal gap, can be
perceived as continuous when the gap is obscured by a loud masking
noise (Bremer et al., 1977; Miller and Licklider, 1950; Warren et al.,
1988). This phenomenon, often referred to as "perceptual restoration"
(Warren, 1970) or "auditory induction" (Warren, 1970), highlights the
auditory system’s ability to reconstruct a seamless perceptual experi-
ence by integrating the segments preceding and following the occluded
signal. Experiments on continuity illusions using non-speech sounds
provide a more detailed exploration of the underlying mechanisms. For
example, similar illusory phenomena have been experimentally induced
with simple tonal stimuli, offering insights into the fundamental pro-
cesses that govern auditory perceptual continuity (Warren et al., 1988).

3.2.2. Gap transfer illusion

Continuity illusions have been observed not only in complex sounds
like speech, familiar music clips and sound textures (Miiller et al., 2013),
but also in scenarios involving multiple sound sources, such as rainfall or
crowds. These illusions can occur in both temporal and spectral domains
(McWalter and McDermott, 2019), as demonstrated by the gap transfer
illusion (Nakajima et al., 2000), where a temporal gap filled by a brief
tone can create the perception of a continuous pitch path. Remarkably,
spectral continuity can also be perceived without a bridging tone when

Auditory continuity illusion

lllusion of continuity of
tone/speech

(b)

(e)

Saltation illusion

Fig. 2. Examples of temporal and spatial auditory illusions. (a) Time shrinking and time stretching illusions where the difference in the temporal gaps between three
tones determine if the second time gap is perceived as shorter, longer or the same duration as the first time gap. (b) Auditory continuity illusions, where speech or
pure tones separated by a temporal gap filled with a loud noise is perceived as a continuous stimulus. (c) Franssen illusion, where the onset and steady-state parts of a
stimulus are played separately, the participant localises the sound to be coming from the source playing the onset, (d) Transverse and bound illusion where a sound
that is increasing or decreasing in volume between two speakers each placed in front or behind a person is perceived to be approaching or receding respectively, (e)
Saltation illusion, where different stimuli played through different sources are perceived as interleaved.
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two frequency glides with overlapping spectral edges are presented
sequentially (Remijn and Nakajima, 2005). Overall, auditory continuity
illusions reveal how the auditory system integrates stimuli over time,
maintaining perceptual continuity even amid interruptions (Riecke
et al., 2008). This phenomenon, commonly experienced in noisy envi-
ronments like restaurants, underscores the auditory system’s resilience
to noise and its ability to "fill in" missing sensory information. The core
principle of perceptual restoration is that once the context of a sound is
established, a stimulus that sufficiently masks a temporal gap or
discontinuity and contains relevant spectral information can trigger the
"filling-in" process and sustain the continuity illusion (Bregman, 1990;
Bregman and Dannenbring, 1977; Warren et al., 1972).

4. Understanding auditory spatial localisation using illusions

Another fundamental function of the auditory system is auditory
spatial awareness — the awareness of the presence, distribution and
interaction of sound sources in the surrounding space. The entire
experience of auditory spatial awareness depends on the physiological
state of the listener’s hearing abilities, their auditory exposure, knowl-
edge of listening strategies, familiarity with the surrounding environ-
ment and degree of involvement in the listening activity. There are
primarily three characteristics of auditory spatial awareness (Letowski
and Letowski, 2012) (i) auditory localisation — the ability to determine
where a particular sound is coming from, (ii) auditory distance estima-
tion — the ability to make a judgement on how near or far the source of
the sound is from the listener and (iii) spaciousness perception — the
perception of the size, type and number of sound sources along with
where it’s coming from in 3-dimensional space.

4.1. Understanding the fundamentals of auditory spatial localisation
using illusions

Unlike pitch and rhythm, spatial localisation in not processed by the
inner ear itself. It heavily depends on the size and shape of the head and
external ears that create a very specific head-related transfer function
(HRTF) for each person customising the characteristic directional
properties of each person’s auditory spatial perceptual experience
(Letowski and Letowski, 2012; Mgller et al., 1995). The location of the
ears on either side of the head creates a difference in timing in which the
stimuli arrive at the two ears. This is called intra-aural time difference
(ITD) and intra-aural phase differences for sine waves (IPD). A very basic
illusion perceived by participants when sound is presented through
headphones without pre-processing using the HRTF is called in-head
illusion, where participants localise the source of the sound as coming
from within the head. This is also perceived in sound field in an anechoic
chamber when there is a single sound source or multiple sound sources
at equal distances. It can also be manipulated to be perceived on one side
(Letowski and Letowski, 2012). Although there is not a lot of research on
these in-head phantom sounds, future research could delve into whether
they be used as another model to study clinically present in-head
phantom sounds such as tinnitus.

4.2. Understanding auditory spatial localisation across different planes
using illusions

4.2.1. The precedence effect

One of the ways the auditory system localizes sound sources is to rely
on its response to sound cues that arrive first, which typically correspond
to the direct path from the sound source to the ears (Brown et al., 2015;
Wallach et al., 1949). Similar sounds that follow closely, often arriving
milliseconds later as reflections, are generally suppressed by the audi-
tory system in favour of the first-arriving sound. This phenomenon is
exemplified by the precedence effect or law of the first wavefront
(Wallach et al., 1949) — which is a psychoacoustical phenomenon of the
brain to make decisions on sound and echo perceptions and locations of
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sounds coming from a source beyond a certain distance. The precedence
effect is particularly important when hearing in enclosed spaces wherein
the location of the primary sound may be accurately localised without its
interference by the sound’s echoes.

4.2.2. Haas illusion

The precedence effect is leveraged in a spatial illusion called the Haas
illusion (Haas, 1951). In this auditory localization illusion, two identical
sounds presented in rapid succession (the lead sound followed by the lag
sound) are perceived as a single, fused sound, with the perceived source
location determined by the lead sound (Wallach et al., 1949). Further
research confirmed this effect using a single coherent sound reflection,
reinforcing the concept that the auditory system prioritizes direct sound
for spatial localization (Haas, 1951, 1972). Psychophysical studies have
systematically explored factors influencing the precedence effect,
consistently highlighting the dominance of initial direct sounds in
determining sound source locations (Brown et al., 2015). The Haas effect
is primarily used in music production to create a widened stereo sound
out of a mono recording.

4.2.3. The Franssen illusion

Another illusion leveraging the precedence effect is the Franssen
illusion which underscores the auditory system’s reliance on onset in-
formation for sound localization. This illusion involves two loud-
speakers placed in front of a participant, where one (left) speaker only
plays the onset of a sound, while the remainder steady-state part of the
sound is emitted from the other speaker (right) in such a way that the
sum of the two is a sine wave with a regular onset. When the steady-state
part is turned off, the left speaker plays a complimentary transient signal
such that the sum of the left and right is zero. Remarkably, participants
perceive the sound as originating from the left loudspeaker only, despite
the majority of the sound coming from the right, demonstrating the
overriding influence of onset cues in auditory localization (Franssen,
1962) (Fig. 2c). A second version of the Franssen illusion has the right
speaker go on indefinitely, and the participants perceive that the sound
on the left speaker is playing indefinitely (Hartmann and Rakerd, 1989).
However, it was also found that the Franssen illusion failed in an
anechoic chamber (Hartmann and Rakerd, 1989). This was attributed to
the “plausibility hypothesis” that participants subconsciously reweigh-
ted the steady-state intra-aural cues since they don’t know how to
compensate for room reflections in localisation of sounds without an
onset. In an anechoic chamber with no echoes and room-reflections,
participants are able to perfectly locate sounds without an onset
showing the importance of room’s acoustical design in the localisation
of sounds. Furthermore, the Franssen illusion was also shown to fail for
noise stimuli showing that the localisation also depended on the spectral
density of the signal (Hartmann and Rakerd, 1989).

4.2.4. Transverse-and-Bounce auditory illusion

ITDs and ILDs provide left-right localisation cues at low and high
frequencies respectively. However, binaural cues are limited in local-
isation in the vertical and front-back cues inducing illusions in these
planes. The Transverse-and-Bounce auditory illusion, observed by Bain-
bridge et al. (2015), exploits the inherent ambiguity in localizing sounds
from front versus back, due to similar ITDs and ILDs. In their experi-
ment, a sound with varying volume was played through two speakers
positioned in front of and behind participants. When the volume
increased from the front to the back, participants perceived the sound as
approaching, and when it decreased, the sound was perceived as
receding (Fig. 2d). By synchronously varying the volume in both
speakers, the researchers created the illusion of four possible move-
ments: front-to-back, back-to-front, front-to-front (bouncing off the
participant), or back-to-back (bouncing behind the participant). The
participants showed a significant preference for perceiving the sound as
moving in a transverse manner—either front-to-back or back--
to-front—suggesting a bias towards interpreting continuous trajectories
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(Bainbridge et al., 2015). Additionally, participants often alternated
between perceiving the sound as moving front-to-back and then
back-to-front, which may reflect the auditory system’s tendency to
maintain a consistent interpretation of sound movement over short pe-
riods (Spelke et al., 1995).

4.3. Understanding auditory distance estimation with the auditory
distance illusion

In addition to ITD cues, the difference in loudness of the sound that
reaches the two ears — called intra-aural level difference (ILD) — plays a
crucial role in estimating the distance to a sound source. This ability is
further mobilised by the auditory distance illusion, as demonstrated by
Butler and Naunton (1964). Their study revealed that the perceived
auditory distance can be manipulated through the interplay between
loudness cues and the brain’s interpretation of auditory space (Butler
and Naunton, 1964). Generally, louder sounds are perceived as closer;
however, this perception can be altered by the presence of other sounds.
By varying the loudness relationship between sounds emitted from a
loudspeaker and those delivered through headphones, Butler and
Naunton induced an illusory shift in perceived distance. Specifically, an
increase in overall loudness in the auditory environment caused the
perceived location of the sound source to move farther away, and vice
versa. This auditory distance illusion highlights the reliance of the
auditory system on relative loudness cues to shape our perception of
sound source distance.

4.4. Understanding auditory spaciousness perception using illusions

4.4.1. Auditory saltation illusion

Other aspects of spatial perception such as localisation of multiple
sound sources is also studied through an illusion exposing the con-
straints of auditory spatial perception. The auditory saltation illusion, first
observed by Bremer et al. (1977), illustrates the reduced precision of
spatial localization for sounds presented in rapid temporal succession
(Bremer et al., 1977). In this illusion, when brief sounds are presented in
rapid succession from two distinct locations, listeners perceive the
sounds as jumping across intervening spaces (Fig. 2e). For example,
when a series of clicks lateralized to the left by an ITD is followed by
another series of clicks lateralized to the right, participants perceive
them as originating from a smoothly varying series of locations spanning
the true source locations (Bremer et al., 1977; Hari, 1995; Shore et al.,
1998). The distinct sources of the two stimuli are perceived as fused,
with the sound seeming to move between anchor points and emit clicks
periodically as it does so (Hari, 1995). Research has shown that this
illusion is more pronounced when the sounds are difficult to individu-
alize and localize, and it is highly dependent on the inter-stimulus in-
terval (ISI) between the sounds. Consistent evidence indicates that the
auditory saltation illusion is strongest when sounds are presented with
an ISI of <200 ms (Hari, 1995; Phillips and Hall, 2001; Shore et al.,
1998). This phenomenon highlights the temporal constraints of the
auditory system in accurately localising sounds, particularly when
dealing with rapidly sequential stimuli from different locations, leading
to this illusory spatial perception.

4.4.2. Solitaire illusion

Understanding spatial perception with respect to the number of
sound sources and type of sounds can be studied using the solitaire illu-
sion. The solitaire illusion is a visual illusion where the arrangement of
elements influences perceived numerosity (Frith and Frit, 1972). In the
auditory domain, Prpic and Luccio (2016) reported a similar illusory
perception. They created audio sequences with piano and drum sounds,
manipulating the pitch arrangement of the piano tones. Participants
perceived more drum sounds when piano tones were perceived as
separated by drum sounds, suggesting they were grouped into smaller
units, whereas they perceived more piano sounds when piano tones were
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perceived as a single group (Prpic and Luccio, 2016). The principles of
contiguity and spatial separation, first proposed by Wertheimer, are
thought to explain the Solitaire Illusion. According to the hypothesis,
elements that are spatially clustered or contiguous are perceived as a
single large unit, whereas those that are separated are individual small
units (Wertheimer, 1923). The number of elements in several small units
is underestimated when compared to a single large unit of elements. This
difference in grouping explains why more drum sounds were perceived
when they were arranged as a single unit separating the piano tones,
which were perceived as several small units.

5. Understanding interactions between spectral, temporal and
spatial domains using illusions

Spectral, temporal and spatial processing in the auditory system is
not always independent. The different components interact with one
another and influence the perception in these domains. The following
illusions illustrate this interaction resulting in a percept combining the
different domains as seen in the different types of auditory movement-
based illusions. Movement-based illusions use ITD and ILD cues
together with other spectral cues to perceive the illusion of continuous
movement of sound across space that is segmented by an array of
segregated speakers.

5.1. Octave illusion

A well-studied auditory illusion induced by harmonic complex tones
is the octave illusion. Although the illusion is itself may be considered
spectral, it is induced by combining binaural perceptual cues. First re-
ported by Deutsch in 1974, the octave illusion was induced when two
tones separated by an octave, such as 400 Hz and 800 Hz, were pre-
sented dichotically and simultaneously through stereo headphones in a
repeating pattern (i.e., right ear receives high tone while left ear receives
and then switches) with each trial lasting 250 ms (Deutsch, 1974). This
pattern resulted in the perception of a single tone that alternated be-
tween ears but also a fixed localisation of the high pitch even when the
headphones were reversed (Deutsch, 1974).

The octave illusion reveals important insights into the complexities
of auditory perception, particularly the interplay between pitch
perception (“what”) and sound localisation (“where”): The perceived
pitch, “what”, is determined by the dominant ear, whereas sound source,
“where”, is located in the ear receiving a high tone (Chambers et al.,
2004; Deutsch and Roll, 1976). While the octave illusion highlights the
intricate nature of how the auditory system determines the location of a
sound source, there is evidence that shows that individuals localised the
illusion toward the lower frequency component (Chambers et al., 2002).
In addition, right-handed individuals showed a strong tendency to
localize the higher tone in the right ear, while left-handed individuals
did not demonstrate this preference (Deutsch, 1974), suggesting a
relationship between the perceived location of the tones and hemi-
spheric dominance that is often linked to handedness. Thus, these
inconsistent findings prompt further investigation into the interplay of
different localization cues and a more unified model.

5.2. Auditory motion illusion

One of the well-studied aspects of auditory illusions in the spatial
domain is the perception of speed and movement. Examples of these
would be the auditory motion illusion, auditory flash-lag illusion and the
infamous Doppler Illusion. Auditory motion illusion involves the percep-
tion of speed, manipulated through amplitude modulation (AM) fre-
quency. Senna et al. (2017) demonstrated that AM frequency serves as a
cue for perceiving auditory speed. In their study, moving rattling sounds
were generated by applying AM to pink-noise carrier signals and played
through a circular array of eight loudspeakers, creating the perception of
circular motion. Sounds with higher AM frequencies were perceived as
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moving faster than those with lower AM frequencies. Furthermore,
higher AM frequencies induced a stronger motion aftereffect, where a
subsequent stationary sound appeared to move in the opposite direction.
These findings suggest that the auditory system uses AM frequency as a
relative cue for interpreting perceived auditory motion, with differences
in AM frequency directly correlating with perceived speed (Senna et al.,
2017). This aligns with the concept that the perceptual system exploits
natural scene statistics to infer the state of the world (Parise et al., 2014;
Senna et al., 2015).

5.3. Auditory flash-lag illusion

The "flash-lag" illusion was originally studied in the visual domain
where a moving object and a stationary object that flashes in the same
location are perceived as misaligned (Nijhawan, 1994). In the auditory
"flash-lag" illusion, a 1 second tone was swept over a two-octave fre-
quency range (from 1 to 4 kHz) in a log-linear frequency glide in one ear.
In the middle of this sweep, a brief 40 ms tone burst was played to the
other ear. This tone burst was initially 2 kHz, and the task was to judge if
this tone was higher or lower than the sweeping frequency. An adaptive
staircase using Quest is used to adjust to the point where the swept
frequency and the tone burst are perceived to be at the same frequency.
However, the perception of equality of the sweeping frequency and the
tone burst does not occur at the physical equality of the frequency
characteristics of the two stimuli thereby creating the illusion (Alais and
Burr, 2003; Arrighi et al., 2005). This auditory illusion can also be
induced by a translating sound across space and a static tone. Hubbard
(2014) categorized potential factors influencing the visual "flash-lag"
illusion into two main categories: characteristics of the stimuli (e.g.,
speed, duration, distance, direction, luminance, and contrast) and
characteristics of the observers (e.g., attention, movement, perceptual
organization, perceptual set, and conceptual knowledge) (Hubbard,
2014). However, research into the characteristics of the auditory
"flash-lag" illusion remains limited and thereby the understanding of
how it may be applied to understand auditory perception.

5.4. The Doppler effect

In 1996, Neuhoff and McBeath observed the Doppler illusion — the
perception of a rising pitch as a sound source approaches, even though
the frequency actually decreases (Neuhoff and McBeath, 1996). This
phenomenon stems from the Doppler effect, which is the change in
perception of the frequency of a wave (increase or decrease) that arises
when there is relative motion between a wave source and an observer
(approaching or leaving). This effect is more pronounced in dynamic
tones compared to static tones. Notably, while complex sounds could
lead to a stronger illusory perception compared to the pure tones, the
intensity of the stimulus also has been shown to produce a pronounced
effect for pure tones but less pronounced for complex sounds (Mcbeath
and Neuhoff, 2002). In addition, the Doppler effect is not uniform across
the entire auditory frequency range. The effect is stronger at higher
frequencies and for more complex waveforms (Valjamae, 2009; Vesely
et al., 2018). Overall, the Doppler illusion indicates that the perception
of pitch is not solely determined by the frequency of a sound but can be
influenced by the relative motion between sound source and listeners.

6. Understanding higher-order auditory and multi-sensory
processing through illusions

Higher order auditory processing involves not only the comprehen-
sion of hearing and speech but also the interaction with other sensory
modalities. For example, understanding speech and more particularly
conversation is not just a purely auditory phenomenon, but also com-
bines visual cues about lip movements, facial expressions and other non-
verbal cues to produce a continuous and information-rich perceptual
experience. By the virtue of integrating inputs from different sensory
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modalities, the perception of one sensory modality can be altered or
misinterpreted due to the influence of another which can help under-
stand the mechanism behind different higher order processes. The illu-
sions explained below demonstrate this phenomenon:

6.1. Sound-induced flash illusion

The interaction between the auditory and visual modalities is a long-
researched topic. Simple illusions like the sound-induced flash illusion
(SIFD) and conditioned hallucination bring out the multisensory interac-
tion between audio-visual domains showing how one modality can
trigger illusion in another (Hirst et al., 2020). It also showcases the
ability of the brain to integrate multisensory objects into a model which
allow for prediction of the occurrence of the object itself. When one of
the components is not presented, the brain computes the optimal
probabilistic occurrence of the multisensory object itself and induces an
illusion of one or the other. The SIFI entails the rapid presentation of a
single visual stimulus, a “flash” with two auditory stimuli, “beeps”
resulting in the perception of two flashes (Hirst et al., 2020) (Fig. 3a).
Several theories have supported the generation of this illusion including
the directed attention hypothesis that proposes that the attended mo-
dality drives the perception, the modality-appropriateness hypothesis
suggesting that the sense most appropriate for the task drives the
perception and maximum likelihood estimation model that proposes
that the sensory information is weighted according to its relative reli-
ability and precision (Hirst et al., 2020).

6.2. Conditioned hallucination

In the conditioned hallucination illusion, a suprathreshold auditory
target embedded in a noise floor is presented together with a visual cue
(Powers et al., 2017). This presentation is repeated through a non-linear
process where, through the course of the experiment, the proportion of
subthreshold and absent target trials were increased. It was observed
that when only the visual cue was presented, an illusory experience of
the missing target tone was perceived (Fig. 3b). This is based on the idea
that a pavlova-type conditioning of perceiving a tone when a visual cue
is presented is built through the course of the experiment, and when only
the cure and not the target is presented, it is expected or predicted to be
present, and the brain perceives the missing stimulus as a conditioned
response (Powers et al., 2017). It is also shown that people who tend to
build stronger associative models of audio-visual integration are more
likely to perceive the illusion (Kafadar et al., 2022). This illusion has
been used as a model to study its related hypothesis in different clinical
populations, particularly with auditory hallucinations (Yasoda-Mohan
et al., 2024).

6.3. The McGurk effect

One of the most notable illusions that arises from multisensory
integration in the speech domain is the McGurk effect. McGurk and
MacDonald (1976) observed that a visual cue of /ga/ paired with the
auditory stimulus of /ba/ could lead to the illusory perception of /da/,
whereas the responses to the opposite pairing of visual /ba/ with
auditory /ga/ contained combination responses such as /bga/ (McGurk
and MacDonald, 1976) (Fig. 3c). Even though there is a physical
discrepancy of /g/ being a velar consonant with mouth open and /b/
being a bilabial consonant with mouth closed, the participants do not
detect intermodal conflict but experience a phoneme that does not
represent the played auditory signal. McGurk and MacDonald (1976)
argued that: “... In a ba-voice/ga-lips presentation there is visual informa-
tion for [ga] and [da] and auditory information with features common to
[da] and [ba]. By responding to the common information in both modalities,
a subject would arrive at the unifying percept [da]...”. This is consistent
with the finding that task-relevant visual information could enhance the
auditory perceptual performance (Mgller et al., 2018; Su, 2014).
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Fig. 3. Examples of multisensory illusions. (a) Sound induced flash illusion, where a multisensory stimulus (sound + flash) followed by a single sound induces the
illusion of a flash, (b) Conditioned Hallucinations, where the association of a visual cue and auditory target produces the illusion of the target when cued only by the
visual stimulus with an absent auditory target, (c) McGurk Effect, where the auditory input of /ba/ combined with the visual cue of /ga/ produces the percept of /da/
, however when combined with the visual cue of /ba/ produces the percept of /bga/, (d) dynamic visual capture illusion, where the visual trajectory of a stimulus
combined with an auditory stimulus gives the illusion of the movement of the sound.

Essentially, the McGurk effect demonstrates that speech perception is
not solely driven by acoustic signals; instead, it’s a multimodal process
where visual cues from a speaker’s mouth movements contribute
significantly to our understanding of spoken language, particularly in
noisy environments where the acoustic signal might be ambiguous (Getz
and Toscano, 2021). Therefore, it highlights the influence of
higher-level cognitive processes on auditory perception.

6.4. Speech illusion with concurrent texts

The speech illusion with concurrent texts is another auditory illusion
that is largely rooted in the brain’s multisensory integration capabilities.
This auditory illusion, first observed by Frost et al. (1988), arises when a
spoken word is masked by noise having the same amplitude envelope,
but a concurrent printed version can enhance the clarity (Frost et al.,
1988). Following studies reported the similar illusory phenomenon by
using the corresponding video records of a speaker’s mouth (Repp et al.,
1992). The audiovisual integration can occur even if the auditory and
visual signals are not perfectly synchronized, as long as the temporal
shift is within a certain threshold (e.g., 50-100 ms) (Repp et al., 1992).

The generation of the speech illusion with concurrent texts heavily relies
on the contextual association or congruency and is automatically pro-
cessed (Frankish, 2008; Frost et al., 1988), which can be supported by
the reduced illusory perception if used auditory inputs with no envelope
information or visual nonwords (Frost et al., 1990). A version of this is
that even when the same auditory stream is presented with different
visual textual sentences, the observer hears the vocalisation of the visual
text. Analogous to the McGurk effect, this auditory illusion highlights
that the auditory perception, particularly of speech, is largely shaped by
top-down influences, such as lexical knowledge and phonetic encoding,
which interact with bottom-up acoustic information to generate the final
percept. Additionally, visual information also biases the perceptual
auditory experience to expect to hear what they see.

6.5. The ventriloquist’s illusion

Audio-visual disintegration could also arise where the perceived
location of a sound is misattributed to a visible but soundless source, as
known as the ventriloquist’s illusion (Bertelson and Radeau, 1981; Driver,
1996; Radeau and Bertelson, 1974; Thurlow and Jack, 1973). This
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illusion exemplifies how the brain integrates the conflicting information
between different sensory modalities by prioritizing the more reliable or
dominant ones, in which case the visual over auditory (Bruns, 2019).
Ventriloquism exploits this by synchronizing the movements of a pup-
pet’s mouth with the speech of the ventriloquist, leading the audience to
perceive the voice as being produced from the puppet rather than the
ventriloquist. The ventriloquist’s illusion has been experimentally
explored. Specifically, participants are exposed with a synchronous but
spatially discrepant audiovisual stimulus and are required to localise the
source of auditory cues. The ventriloquist’s illusion occurs when they
perceive the auditory stimulus closer to the visual stimulus rather than
the actual source (Bertelson and Radeau, 1981). Following studies
further investigating the psychoacoustic characteristics of the ventrilo-
quist’s illusion, can be broadly categorized into contextual, spectral,
spatial and temporal elements.

6.6. Dynamic visual capture illusion

The dynamic visual capture illusion is an auditory illusion where an
auditory stimulus is perceived to be moving in the same direction as a
visual stimulus, even though the auditory stimulus is static or even
moving in the opposite direction (Mateeff et al., 1985). Such an illusory
movement of auditory source was first observed by Mateeff et al. (1985)
and validated by following studies (Alink et al., 2008; Kitajima and
Yamashita, 1999; Soto-Faraco et al., 2002; Vroomen and de Gelder,
2003). The velocity of sound movement is positively associated with the
sense of speed of the visual movement (Kitajima and Yamashita, 1999).
Thus, this visual capture effect on auditory motion might be a strong
indicator of direct cross modal interactions in motion perception
(Hidaka et al., 2015) (Fig. 3d). Taken together, compared to other
spatial auditory illusions, these two illusory models probe the auditory
spatial perception as an active process that incorporates visual infor-
mation for localisation, highlighting the brain’s tendency to integrate
information from different senses to form a coherent perception of the
environment.

6.7. Speech-to-song illusion

Deutsch et al. (2011) reported an intriguing auditory illusion where a
repetitive speech segment is able to induce a perceptive transformation
from speech to song. They created this speech-to-song illusion without
altering any signals or adding any musical components but simply by
repeating the speech phrase (Deutsch et al., 2011). Notably, the
speech-to-song illusion was observed not only in other languages such as
German, Mandarin and Thai (Falk and Rathcke, 2010; Jaisin et al.,
2016) but also in other nonspeech sounds, such as sequences of tones
(Margulis and Simchy-Gross, 2016) or environmental sounds
(Simchy-Gross and Margulis, 2018), confirming the robustness of this
auditory illusion. The underlying mechanism of the speech-to-song
illusion may lie on the distinct perceptual processing of speech and
music. Exact repetition of stimuli may cause the disinhibition of the
pitch processing during the perception, which renders the pitch more
salient that sounds like a song (Deutsch, 2019).

Previous studies have investigated the psychoacoustic characteristics
of the speech-to-song illusion, including the linguistic factors, acoustic
factors and individual differences. For the linguistic factors, individuals
with tonal native language (e.g., Mandarin, Thai) experience a signifi-
cantly weaker speech-to-song illusion compared to those with non-tonal
native languages (e.g., English, German) (Jaisin et al., 2016). In addi-
tion, the pronunciation difficulty of the speech phrase relative to their
native language is positively linked with the strength or susceptibility of
the illusory perception, which might result from the decreased capa-
bility to capture acoustically complex languages (Margulis et al., 2015).
Similarly, the speech-to-song illusion is stronger if the participant does
not understand the language of the speech phrase (Jaisin et al., 2016).
For the acoustic factors, syllables with greater fundamental frequency
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stability and favouring a metrical interpretation are associated with
speech samples that tend to elicit the speech-to-song illusion, though it is
not a primary driver and does not guarantee the illusion (Tierney et al.,
2013). Alternatively, one study also demonstrated that individuals who
are more sensitive to rhythmic cues are more likely to experience the
speech-to-song illusion (Falk et al., 2014). However, the strength of the
speech-to-song illusion is not affected by music training (Falk et al.,
2014) or aging (Mullin et al., 2021).

Table 1 provides a summary of all auditory illusions described in this
manuscript.

7. Discussion

Ilusions have been historically used to understand the functioning of
sensory domains because of their ability to resolve conflicts when the
brain receives contradictory sensory information. Illusions are usually
experimentally induced however, our everyday perception itself may be
argued to be an illusion (Tiehen, 2023). In the visual domain, it is well
known that although the blind spot in the retina receives no input
creating a sensory discrepancy to the input to the brain, this blind spot is
not perceived in the visual field (Spillmann et al., 2006). Another
example is the perception of a motion picture — where individual cate-
gorical images when rolled at 24 frames per second, it is perceived as
continuous motion (Anderson and Anderson, 1980). Similar examples
are also showcased in the auditory domain with the perception of
speech. The categorical changes in different phonemes although
extremely critical are not noticed leaving a seamless perception of a
person’s speech (Massaro and Cohen, 1983).

In the current manuscript, we build on the work done by Scharine
and Letowski in using auditory illusions to understand different psy-
chophysical characteristics of the auditory system in the spectral, tem-
poral, spatial and multisensory domains (Scharine and Letowski, 2009).
Although illusions have been studied independently, bringing them
together under the umbrella of auditory processing and their related
psychoacoustics has broadly three reasons — (i) using them as proxies or
causal human models for understanding neuropathology with and
without a psychiatric component, (ii) using them as causal models to
understand the mechanisms of aesthetic perception (iii) leveraging the
working of the auditory system to enhance perception of sounds, either
in everyday life or in an aesthetic context and (iii) expanding perception
beyond the realm of conventional human perception using virtual
reality.

7.1. Use of auditory illusions to understand mechanisms of clinical
pathologies

The use of auditory illusions to study neurological disorders has been
implemented in several occasions. It was shown that perceiving the
missing fundamental frequency was impaired in patients with Alz-
heimer’s disease (AD) (Abe et al., 2018). The accuracy on the task
correlated with changed in grey matter volume in the insula, temporal
pole, inferior frontal gyrus and entorhinal cortex, some of which are
known to be impacted in AD. Similarly Shepards Tones have been uti-
lised in understanding the development of cognitive skills in children
where authors found that receptive language and abstract reasoning
increased with age and correlated with the strength of the Shepards
tones perception, however not more than the effect of maturing auditory
processes (Chouinard et al., 2020). Similarly, different types of auditory
temporal domain illusions and effect of ordering of auditory objects may
be used in the study of mechanism involved in central auditory pro-
cessing disorders (Chowsilpa et al., 2021) and autism spectrum disorders
(Kwakye et al., 2011) whereas auditory spatial domain illusions may be
employed to test the effect of age and hearing loss on auditory pro-
cessing (Roberts Richard and Lister Jennifer, 2004).

Furthermore, the Zwicker Tone illusion, conditioned hallucination
and McGurk effect, to name a few, have been extensively studied under



A. Yasoda-Mohan et al.

Table 1

Summary of auditory illusions across spectral, temporal spatial and multisensory domains.
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Auditory domain

Auditory sub-domain

Name of illusion

Explanation

Application

Spectral

Temporal

Spatial

Interaction
between
spectral and
temporal

Tonotopic pitch
processing

Processing sound
harmonics

Temporal
discrimination and
ordering

Temporal masking
and Temporal
integration

Sound localisation

Distance estimation

Spaciousness

Movement

Multi-sensory processing

Zwicker tone illusion
Periodicity pitch or
missing fundamental
Circular pitch
illusion or Shepards
Tone

Time shrinking
illusion

Time stretching

illusion
Isochronicity illusion

Auditory continuity
illusion
Gap transfer illusion

In-head illusion

Precedence Effect
Haas illusion

Franssen illusion

Transverse-and-
Bound illusion

Octave illusion

Distance illusion

Auditory Saltation
illusion

Solitaire illusion

Auditory motion
illusion

Auditory flash-lag
illusion

The Doppler Effect

Sound-induced flash
illusion

Conditioned
Hallucination

The McGurk Effect

Speech illusion with
concurrent texts

Auditory after-image of missing central frequency
following continuous exposure of broadband noise
with a spectral notch

Perception of fundamental frequency even when it is
deleted from a complex harmonic tone

12-tone sequence spanning one octave separate by a
semitone presented with a progressively decreasing/
increasing volume producing an illusion of one pitch
that is continuously increasing/decreasing

Short time gaps (< 200 ms) preceded by shorter time
gaps is perceived shorter than original

When difference between the two gaps > 240 ms, the
second gap is perceived to be longer than original
When the difference between two gaps is between
—80 ms to 40 ms the two gaps are perceived as same
length even when it is not. This can also happen
when sounds are presented within and outside a
particular context

A sound with a temporal gap when played with a
loud masking noise is perceived as a continuous tone
A temporal gap filled by a brief tone creates the
perception of a continuous pitch

Perception of sound inside the head when sound
play is customised with a head-related transfer
function

The echoes of a sound is automatically reduced by
the ears and only the dominant sound is perceived
Based on the precedence effect — rapid sounds in
succession is perceived as one

When onset and steady state portions of a tone are
separated and played through different speakers,
participants localise the sound to that playing the
onset

Varying volume between two speakers placed in
front and behind a participant produces an illusion
of sound approaching and receding when played
from the front and back speakers respectively

Two tones separated by an octave presented
dichotically in a repetitive pattern of high and low in
either ears results in the perception of a single tone
that alternates in ears and pitch

The illusion that louder sounds feel closer and softer
sounds feel farther away

The perception of reduced spatial localisation when
tones are presented from different sources but in
rapid succession

When different types of sounds are played together,
manipulating the pitch of one groups their
perception in into sub units and separates them from
other sounds

Amplitude modulated pink noise when played
through a circular array of eight speakers creates the
illusion of circular movement

A one second tone swept over two octaves in a log-
linear frequency glide is played in one ear and a
short burst is played to the other ear. When this set
up is modulated to until when the perception of
pitch of the tone and the burst are equal, when in
real they are not

When the frequency of a tone is increased or
decreased across an array of speakers, this creates an
illusion of a moving sound

When two tones are played synchronously with one
flash, the participant perceives two flashes

When a tone is played together with a visual cue
repetitively, and when the cue is played by itself
without the tone, an illusion of the tone is perceived
A visual cue of a talker saying /ga/ together with an
auditory stimulus of /ba/ produces a percept of /da/
The same auditory stimulus paired with a noise
masker cued with different visual texts, produces a
percept of the different texts

10

Postulated as a human model for tinnitus —
continuous ringing in the ear

Seamless speech perception through analogue
telephones lines which cuts off fundamental
frequency of human voice

Understanding adaptive mechanisms of the brain
that is involved in perception of auditory features

Music production particularly in the digital space

Example of how the brain “fills-in” for missing
information

Applied in customising sound play in AirPods to a
person’s head size

These are particularly important phenomenon when
designing acoustic environments such as recording
studios, movie theatres, concert halls etc.

The experience of sitting in a crowded café or bar
and unable to place where someone else is talking
from

Digital music production where instrument levels
have to be adjusted to produce a coherent
perception of song.

These types of illusions are used to produce special
effects in movies and animations. The Doppler effect
has been adapted in ultrasound to measure the
distance of moving objects.

These illusions may be used as causal models to
understand multisensory integration in different
populations — both healthy and patient groups.

(continued on next page)
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Table 1 (continued)
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Auditory domain Auditory sub-domain Name of illusion Explanation

Application

Dynamic Visual
capture

An auditory stimulus is perceived to move in the
same direction as the visual stimulus even though

the auditory stimulus is static.

Ventriloquist’s
illusion

An audio-visual disintegration illusion where a
puppet’s mouth movements combined with the

Famously used in puppetry

auditory stimulus creates an illusion of the puppet
talking rather than the artist.

Speech-to-song

illusion as a song

Repetitive categorical speech stimuli are perceived

Maybe used to understand the basis of aesthetic
perception in the brain

different pathological contexts. The Zwicker tone illusion has been
studied as a proxy for tinnitus, the continuous phantom auditory
perception given its psychoacoustic characteristics (Leske et al., 2014;
Mohan et al., 2020; Norena et al., 2000). Similarly the conditioned
hallucination paradigm has been applied to understand the mechanism
of action of generating hallucinations both in a healthy adult group and
in a group with schizophrenia (Kafadar et al., 2022; Powers et al., 2017).
Interestingly, it has also been used to disentangle the mechanism of
hallucinations in people with and without psychosis (Powers et al.,
2017). The McGurk Effect has been used to study audio-visual speech
integration in children with learning disabilities (Boliek et al., 2010),
adolescents and adults with schizophrenia (Pearl et al., 2009; White
et al., 2014) and bipolar disorder (Yordamli and Erdener, 2018). Simi-
larly, the Ventriloquist effect has been used to understand if the absence
of visual input due to hemispatial neglect can still direct people’s
perception towards the illusory location of the auditory stimulus giving
us a deeper understanding of audio-visual integration (Bertelson et al.,
2000; Calamaro et al., 1995). Multisensory integration has also been
studied using the sound induced flash illusion in both patients with
multiple sclerosis (Yalachkov et al., 2019) and healthy adults induced
with parietal lobe disruption through TMS (Kamke et al., 2012) as a
lesion deficit model. Finally, increased sensitivity to movement in the
flash-lag illusion has been associated with symptom severity in patients
with schizophrenia (Zeljic et al, 2021), although it is debated
(Kaliuzhna et al., 2020). In this way other illusions could also be used as
either a human model or as a causal tool to understanding the mecha-
nisms of a disorder. Furthermore, the Doppler Effect has been studied to
trigger an instantaneous escape mechanism in bats (Yoshida et al., 2024)
in addition to being used in radar, particularly in the ultrasound
frequencies.

7.2. Use of auditory illusions to understand the mechanisms of aesthetic
perception

From an evolutionary perspective, music is viewed as a by-product of
natural selection in cognitive domains such as language, auditory scene
analysis, habitat selection, emotion and motor control (Hauser and
McDermott, 2003; Pinker, 2005). The importance of aesthetics in
perception is an increasingly studied topic, especially from a
neuro-aesthetic perspective. Particularly, while scanning the external
world, aesthetics adds an important dimension of valence which is
foundational to how we evaluate objects (Hellstrom, 2024). In this re-
gard, an aesthetic sense to perception is key to assigning value, salience
and determining stimulus selection. This is demonstrated by Zaidel who
stated, “The human-specific aesthetic response itself likely rests on evolu-
tionary modification of the biologically tuned attentional system” (Zaidel,
2020). From this angle, illusions like the speech-to-song gives us insight
on the importance of aesthetics in making sense of the world. This has
also been demonstrated in both treatment and educational spaces —
music therapy has been used as a treatment for stuttering (O’ Donoghue
et al., 2020), Parkinson’s Disease (Machado Sotomayor et al., 2021),
aphasia (Schlaug et al., 2010) and autism spectrum disorders
(Marquez-Garcia et al., 2022). Furthermore, arts-based practices are
now increasingly used in developing pedagogies in basic (Ward, 2013)
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and higher education streams (Rieger et al., 2016). Therefore, illusions
of an aesthetic nature can give us a causal tool to delve into the neural
mechanisms underlying aesthetic perception.

7.3. Use of auditory illusion in entertainment — design of sound and
acoustic environments

A third way we might leverage the power of auditory illusions, as we
have, is in the entertainment business. Different illusions like the cir-
cular pitch illusion (Shepard, 1964), time-stretching, time-shrinking and
isochronous illusions (Nakajima et al., 2004; Sasaki et al., 2010) are
crucial concepts to keep in mind while producing music, particularly in
the digital space. Taken together with the Franssen effect (Hartmann
and Rakerd, 1989) and Haas illusion (Haas, 1972) which are variations
of the precedence effect, they determine how sound travels in different
spaces. Particularly, the Franssen effect is highly dependent on the
auditory steady state responses of the room and therefore become a
crucial perceptual point to be considered during music production and
acoustic environmental design. Similarly, other illusions such as the
Transverse-and-Bounce (Bainbridge et al., 2015) which impacts the
perception of front vs back, the auditory Saltation illusion (Kidd and
Hogben, 2004) which produces a fused percept of different moving
components, the Solitaire illusion (Prpic and Luccio, 2016) that biases
the perception of one type of source vs the other and the different
auditory movement-related illusions that utilise a combination of
spectral and temporal components to create a spatial illusion are
important variables to be considered when designing a surround sound
design. Furthermore, the ventriloquist illusion (Bruns, 2019) as the
name suggests, relies on our ability to fuse the lip movement from
puppet with the auditory information skilfully delivered by the
performer with minimal lip movement and attribute it to the puppet
rather than the speaker. This is similar to the famous rubber-hand illu-
sion (Kammers et al., 2009) where ownership of one’s own extremity is
transferred to a rubber-hand through the integration of visual and so-
matosensory information.

7.4. Use of illusions in expanding human potential of perception and
futuristic technology

Finally, auditory illusions may be a key to expanding our perceptual
experience beyond everyday level. In today’s fast growing technological
world, virtual reality is gaining serious traction. From being used for
entertainment and recreation to being used in treatment (Kwon et al.,
2023) and educational spaces, virtual reality is starting to become a tool
to unlocking new realms and levels of human perception. In the
multi-sensory reality of the virtual world, auditory experiences play a
crucial role in integration of our sense of self into a human-made envi-
ronment. From the above examples we understand the importance and
our reliance on auditory illusions to create our perception of our audi-
tory environment. Therefore, understanding the psychoacoustic prop-
erties of auditory illusions and how they impact spectral, temporal and
spatial auditory processing is crucial to creating a virtual world that is
closest to the one we live in.

To summarise, auditory illusions offer us an avenue to understand
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the psychological and neurophysiological implications of manipulating
fundamental aspects of the auditory system. It provides us with a direct
tool to causally investigate neural mechanisms of health and disease
while also enabling us to technologically advance our pursuit of
enhancing our perception educationally and recreationally while also
pushing boundaries of pre-conceived notions of human perception.

8. Conclusion

The current manuscript therefore explores different domains of
auditory processing — spectral, temporal, spatial and multisensory —
through the lens of auditory illusions. We go through the experimental
and behavioural characteristics of these illusions and their application in
different domains. Particularly we stress their importance as causal
human models to understand different pathologies. Finally, we also
provide other applications to auditory illusions. This way we encourage
future research to invest further in this field.
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