Chapter 7

Toward a unified view of coherence

"It seems however that the best way to reach a conclusion in the near or far future is to try and
apply to optics the central problem of communication theory. In order to do this one should not
indulge too much in dealing with coherent or semi-coherent illumination, frequency analysis and
all straightforward translations of well-known radio communication results into optical terminology.
Such topics have been perhaps a little overstressed in optics. The eye is not the ear and any
interpretation of vision in terms of frequencies is really too far-fetched.” (Giuliano Toraldo di Francia,
1955)

7.1 Introduction

Hearing science is manifestly interdisciplinary and as such it has absorbed ideas and methods from
numerous fields in science and engineering. As every hearing researcher brings their own expertise and
perspective into the science, the collective knowledge about hearing has a distinct richness to it. This
has meant that the different inputs from all these fields have often been introduced independently
of one another, so they do not always readily coalesce into a coherent whole. A key example is the
concept of coherence in hearing (no pun intended), which has been imported to auditory science
from several different disciplines—optics, communication, and neuroscience are the primary ones—
each at a different period, and often without consideration of one another. Therefore, coherence
has become an ambiguous term that is not well-defined within hearing, despite its widespread use.

On an intuitive level, coherence quantifies how closely related two (or more) signals are. This
can be applied to observations of the same signal at different coordinates, which correspond to
different signal evolution or processing. It can also apply to different signals that originate from the
same source, or to different signals that are subjected to common modulation. Essentially, coherence
provides information about the identity of different signals or measurements—an identity that may
be difficult to ascertain using other measures. Coherence theory has been developed mainly with
respect to optics and is critical in imaging theory, as imaging is usually classified as either coherent
or incoherent. It has also been used in a more ad-hoc way in communication engineering with the
design of receivers that employ either coherent or noncoherent detection, which depend on whether
they contain a local oscillator that can be made to track the carrier phase. In acoustics and hearing,
coherence theory has been adopted in a rather sporadic manner in physical and room acoustics,
signal processing, and hearing.

Synchronization is the effect of binding together the outputs of independent oscillating systems,
in a way that confers the temporal pattern of one oscillator to the other. Synchronization effects have
been used extensively in engineering, including in coherent detection in communication systems. Just
like coherence, synchronization has also become more prominent in neuroscience as a likely universal
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Optics Acoustics

Temporal coherence Temporal correlation
Spatial coherence Spatial correlation
Cross-spectral density / Mutual spectral density  Coherence
Coherence length Correlation length
Coherence time Correlation time

Table 7.1: A jargon “thesaurus” for coherence functions used in optics and their most common
counterparts in acoustics, where the optical terms were not employed. The terms from optics
are adopted in this work and are explained in §8. For a few additional terms in optics see
Goodman (2015, Table 5.1, p. 185).

feature of the brain operation. In parallel, synchronization effects have been identified throughout the
auditory pathways as a hallmark of hearing and are gradually being recognized for their significance.
From the definition of coherence above, we can see that when an output is synchronized to the
input, then the two are effectively coherent. Indeed, when referring to neural transmission it is
nearly synonymous to talk about it as being coherent or synchronized.

In order to track the coherence properties of the acoustic source all the way to the brain, it is
necessary to have a unified view of what it is exactly that is being tracked. However, none of the
available coherence theories can continuously map the entire auditory processing chain. Classical
coherence theory in optics, for example, deals mostly with stochastic and stationary processes that
do not represent very well the dynamic nature of the kind of signals that are regularly encountered
in acoustics and hearing. Acoustic theory has a few tools that are useful in room acoustics and
reverberation, but not elsewhere. Communication engineering methods may provide an adequate
classification for the detection and signal processing that is desirable, at least at the interface of
the auditory system with its environment, but requires committing to a specific modulation and
detection method. Finally, synchronized brain activity models (auditory and others) have been
completely divorced from these disciplines and they tend to remain confined to the neural domain,
which makes their connection with realistic acoustic environments weak.

The following contains short quasi-historical and conceptual reviews of coherence in the different
domains that are relevant to hearing, which have also guided this work, to a large degree. The
reviews enable the synthesis of the various perspectives, which can then form a basis for a unified
understanding of the topic in general. In §8 and §9 we will provide more detailed accounts of
coherence theory and synchronization, with the phase-locked loop as a primary component that is
at the heart of the mammalian auditory system.

7.2 Perspectives on coherence

Because the concept of coherence has been used in somewhat different contexts within communica-
tion, optics, physical acoustics, hearing, and neuroscience, it is instructive to trace back a few of the
milestones in its development in these disciplines. The short introductions below are not intended
to be thorough reviews, but rather provide vignettes on different needs and systems that motivated
the development of this important concept. It will turn out that hearing theory requires a hybrid
approach, with elements borrowed from all the particular coherence theories. The development of
optical coherence theory is reviewed in Born et al. (2003, pp. 554-557), but no such historical
accounts were found for any of the other fields.

The first technical use of the term coherence appeared in one of the earliest inventions of the
radio days—the coherer. It was invented by Edouard Branly in 1890, and was perfected by Oliver
Lodge who patented it in 1898 (Dilhac, 2009). Lodge called it “Branly’s coherer” (from Latin:
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cohaere—to stick). The coherer was capable of remotely detecting a spark discharge by a change in
resistance of a tube filled with granules of oxide metal, as a result of an electric charge, which made
metal surfaces in the vicinity of the charge momentarily “fuse together” (Garratt, 2006, p. 64). This
device was widely used by Guglielmo Marconi in his early attempts for radio transmission, until more
suitable inventions became available that enabled continuous wave transmission and reception at
practical power levels.

7.2.1 Optics

Interference of waves was widely known since Thomas Young's famous slit experiments, and the
observation of a limited region of coherence with polarized light modes has been recognized already
by Verdet (1865). But coherence as a dedicated term describing waves that possess the ability to
interfere may have appeared much later (Schuster, 1909, p. 60): “ Two centres of radiation emitting
vibrations which are related in phase owing to their having originated at the same ultimate source
are said to be “coherent”” Schuster also defined the contrary, which he did not name, but was later
referred to as incoherent: “Independent sources of light even when emitting quasi-homogeneous
light do not give rise to interference effects.” The coherence between two point sources that belong
to an extended light source at a distance was explored by Pieter Hendrik van Cittert using statistical
correlation and ideal imaging conditions, which yielded a theorem that has been used extensively in
astronomy (van Cittert, 1934, 1939). The most formal introduction of coherence into optics was
done by Frits Zernike (1938), who tied it to a quantity introduced by Albert Michelson (1890) earlier
to analyze interference patterns, using the intensities of two beams of light—uvisibility®®
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where I,,,,, and I,,;, refer to the maximum and minimum intensity of the fringes in the interference
pattern measurement (see example in Figures 7.1 and 7.2). Zernike referred to visibility as the
degree of coherence, or partial coherence, which is the important state between complete coherence
and complete incoherence. He then generalized the theory and defined the complex degree of
coherence and mutual intensity, and showed how they propagate to point images from a common
distant source, validating earlier results by van Cittert. The theory was further simplified and was
formulated using more deterministic (less statistical) principles by Pierre-Michel Duffieux (1946 /
1983) and independently by Harold Hopkins (1951), who introduced very useful connections between
the degree of coherence and image formation theory. Importantly, they showed how an amplitude
image is obtained with fully coherent objects, whereas in incoherent imaging, it is an intensity image
that is independent of the phase. Finally, over several publications, Emil Wolf further generalized
these tools to polychromatic waves and introduced more rigor to the theory, as in proving that
coherence propagates according to the wave equation, amongst other contributions (Wolf, 1954,
1955). An alternative version of the theory based on the cross-spectral density instead of the cross-
correlation function was also developed by Wolf (1982, 1986) and provided tools to express partially
coherent fields as incoherent sums of coherent modes.

As the optical applications were primarily concerned with static spatial images and interference
patterns, and given that light frequency is very high, coherence theory was safely formulated using
stationary signals and corresponding statistical tools®®. This renders the theory ideal for time-
invariant signals and systems, but is inadequate to deal with non-stationary signals and dynamic

65This expression is identical to the definition of modulation depth in amplitude modulation that is often used in
auditory stimuli, Eq. 6.33.

66These conditions entail that at light frequencies (of the order of 10'* Hz) the electromagnetic wave would
require umpteen periods to lose its degree of coherence.
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Figure 7.1: Michelson interferometer. A beam of light from a coherent source is split evenly
in the beamsplitter, with one beam going toward mirror 1 and the other continuing to mirror
2. The returning beams are united at the beamsplitter and are measured at the detector,
where they form an interference pattern. The interference pattern photo at the detector was
obtained from a He-Ne Laser (633 nm), by FLO, https://en.wikipedia.org/wiki/File:
Interferenz-michelson. jpg.
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Figure 7.2: A simulated example of an interference pattern in Michelson interferometer. A
monochromatic and coherent green laser beam is split in two and the beams meet at the
same point on the screen (see Figure 7.1). The interference of the two fields produces the
visible fringes of light intensity. The projection of the interference pattern on a flat screen is
shown as a function of the angles from the optical axis (left). The one-dimensional profile of
the intensity is shown on the right. The simulation was produced using a Matlab code by lan
Cooper (2019).
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systems. A rigorous adaptation of optical coherence theory to nonstationary signals was introduced
much more recently (Bertolotti et al., 1995; Sereda et al., 1998; Lajunen et al., 2005).

7.2.2 Communication

From the communication engineering side, a fundamental distinction is made between coherent
and noncoherent modulation detection methods, which influences the complexity of the design and
many of its characteristics (§5.3.1). The principles were discussed in some depth in Lawson and
Uhlenbeck (1950), but this terminology appears to have been introduced earlier—perhaps by A. G.
Emslie in 1944 (Lawson and Uhlenbeck, 1950, p. 331). This distinction exists because there are
inevitable fluctuations in the carrier frequency and phase when it is generated using equipment that
can drift around the channel frequency, and is transmitted over long distances in variable atmospheric
conditions, and likely undergoes multipath propagation. These fluctuations amount to noise on the
receiver's end, whose impact should be minimized, ideally.

In noncoherent detection, the modulation band is recovered without using the carrier phase,
which is assumed to be random and uniformly distributed between 0 and 27 (Viterbi and Omura,
1979, pp. 103-107, Couch I, 2013, p. 277). Noncoherent detection implies that the envelope is
squared to remove all phase effects, and its most basic implementation is completely passive. The
simplest example is an envelope detector that tracks the real envelope of the an amplitude-modulated
carrier.

In contrast, coherent detection always requires harnessing a local oscillator in the detector that
ensures that the carrier phase is tracked on a cycle-by-cycle basis, so that any phase errors are
minimal. Different schemes have been devised to detect the phase, depending on the modulation
method used, which often implies the use of a phase-locked loop (see §9.3).

In general, not all modulation techniques are suitable for both types of detection. The choice
between coherent and noncoherent detection technique is not trivial and it depends on the specifi-
cations of the system being designed, such as the type of signaling (modulation technique) applied
and the target error rate of the demodulated message.

7.2.3 Acoustics

Despite being applicable to all wave phenomena, application of coherence theory has been somewhat
sporadic in acoustics and hearing research. Moreover, the terminology used in acoustics usually draws
on that used in stochastic processes instead of wave theory. This is inconsistent with the optical
and communication terminology and may have created some confusion (Table 7.1).

The first usage of the term coherence for sound waves may have been in the context of room
acoustics. Morse and Bolt (1944) analyzed the steady-state response of point sources in rooms
and drew the distinction between coherent and incoherent waves. Coherence here relates to the
direct sound from the source and (and sometimes to the first reflection), which has a deterministic
direction. Incoherence is the residual sound that is reflected from the walls. It does not have a
deterministic direction and has to be analyzed in terms of its power—neglecting the phase. This
distinction underlies the treatment of wave acoustics (coherent) versus statistical and geometrical
acoustics (incoherent), which is often not clear-cut. Typically, in the statistical approximation rooms
are taken to be large, highly reflective, and irregular in shape.

Several additional studies about coherence appeared somewhat later. Cook et al. (1955) in-
vestigated the effect of a reverberation chamber acoustics on random sound fields using cross-
correlation®”. The authors defined a random sound field as one that has uniform probability to

67Cook et al. (1955) cited S. G. Hershman, Zhur. Tekh. Fiz. 21, 1492 (1951), who originated the idea to use
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Figure 7.3: Simplified cartoon representation of key types of coherence using arbitrary
source(s) S and receiver R.

propagate in any direction and with any phase around a frequency band over sufficiently long time.
They derived the theoretical correlation coefficients as a function of distance for fields in two and
three dimensions. These expressions were then compared to measurements of a broadband source
in a reverberation chamber, which had to be averaged over a duration of 12 s in order to match the
theoretical prediction. Save from the finite integration time, the correlation coefficient of Cook et al.
(1955, Eq. 1) is identical to the real part of the degree of coherence in optics (e.g., Born et al., 2003,
Eq. 10.3.10, and Eq. 8.9). Similarly, Schroeder (1962) obtained an expression for the autocorre-
lation of the frequency response functions of large rooms (with high modal density), as a function
of spectral distance. Morse and Ingard (1968, pp. 329-323) introduced expressions for acoustic
sources that fluctuate too randomly to be modeled using anything but their autocorrelation function.
They provided an estimate for the source correlation length and correlation time—quantities that
indicate how far and long the spatial and temporal correlations remain high, respectively. While
these definitions convey the same information as the coherence length and time in optics (e.g.,
Born et al., 2003, p. 554), they have considerably fewer applications. Coherence of acoustic fields,
however, finds a greater role in the analysis of propagation and scattering in random media (e.g.,
turbulence), where acoustic and electromagnetic waves have been often treated together (Tatarskii,
1971; Ishimaru, 1978a,b).

The standard definition of coherence adopted in acoustics is taken from signal processing theory.
It follows Norbert Wiener's coherency matrix theory, which was defined using the linear combination
of the cross term between a set of complex time signals (Wiener, 1928, 1930, pp. 182-195). When
the functions do not interfere, the coherency matrix is diagonal, which can then represent incoherent
waves that do not interact. If the functions are not independent, their coherency matrix can be
diagonalized. Similarly, the squared coherency function is defined in the context of spectral analysis
methods in order to deal with stochastic signals and linear systems (Jenkins and Watts, 1968). The
coherency function gives a dimensionless measure of the correspondence between the output and

cross-correlation measures in acoustics.
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the input (between 0 and 1, for completely uncorrelated and completely correlated, respectively).
Along with the phase spectrum, coherency gives a complete description of the system. Coherency,
which is also referred to as the normalized cross-spectral density function, is related to the standard
coherence measure in acoustics today simply by squaring (e.g., Shin and Hammond, 2008, pp. 284-
287). For systems with additional inputs, partial coherence designates the contribution of each input
to the total coherence function of the output (Shin and Hammond, 2008, pp. 364-370), which is
unrelated to the definition of partial coherence in optics. See also Paez (2006) for a historical review
of stochastic signal processing concepts.

Notably, Derode and Fink (1994) suggested a correction to the standard optical definition of
coherence that makes it suitable to be adopted in acoustics, by generalizing it to nonstationary
signals (e.g., pulses). This correction mainly targets applications in ultrasound.

7.2.4 Hearing: Psychoacoustics

In hearing, the coherence terminology has been used in two somewhat different contexts. Initially,
it was applied to binaural processing, which is thought to cross-correlate between the left- and the
right-ear signals, corresponding to the interaural phase difference (Licklider, 1948). Listeners are
remarkably sensitive to changes in the interaural coherence, which also affects the perceived source
size (the apparent source width) (Jeffress et al., 1962).

The second context in which coherence is used in hearing emphasizes the simultaneity of sound
components or events, regardless of whether they are monaural or binaural. The term “coherence”
was used by Cherry and Sayers (1956) for discussing dichotic signals that were played with variable
delay between the two ears. The stimulus coherence (perceptual fusion or integration) was de-
termined according to how its perceptual location moved on the horizontal plane (instead of being
perceived as separated). Temporal coherence was later defined as “the perceived relation between
successive tones of a sequence, characterized by the fact that the observer has the impression that
the sequence in question forms a whole which is ordered in time” (van Noorden, 1975). McAdams
(1984, p .181) further defined, “It is possible to focus one’s attention on a given stream and follow
it through time; this means that a stream, by definition, exhibits temporal coherence.”

Unlike optics and communication, coherent events in the psychoacoustic parlance entail that
different frequency components of a broadband sound have exactly the same envelope—that they
are comodulated (Figure 7.3)—even if the carrier phases are unrelated (inharmonic). This defini-
tion of temporal coherence found extensive use in auditory scene analysis (Bregman, 1990) and is
conceptually closer to the modern use of the term in auditory research, which is itself influenced by
similar ideas in neuroscience®.

7.2.5 Neuroscience

An influential brain function theory, the temporal correlation hypothesis, argues that synchro-
nized activity in networks of neurons (cell assemblies) can explain how the brain recognizes and
attends to visual objects, by enhancing their features using neural networks with feedback (Milner,
1974). In his independent formulation of this theory, Malsburg (1981) generalized the hypothesis
to arbitrary modalities and included processes between perception and thought. According to his

%8Handel (2006) dedicated an entire book to “perceptual coherence” in visual and auditory phenomena, where
commonalities in the processing of the two are contrasted. Unfortunately, the term is not explicitly defined in that
work and seems to be used in more than one meaning throughout the book, which makes it difficult to exactly state
what it means. It appears to measure how clearly mental objects are perceived—how sharp, differentiated from their
surroundings, or stable they are.
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theory, the dynamics of the network activity is determined by the synaptic conductivity that may
be modulated on very short time scales (< 1's). Such dynamics may also be suitable for forming
mental objects and separating them from the background. The main motivation was to explain how
the brain produces specific responses to a nearly infinite set of possible objects in the external world.
Initially, Malsburg used the term “correlation”, which was not well-defined, but later became more
concrete with the requirement that cross-correlated cortical neural activity should be synchronized
on a millisecond time scale (Singer and Gray, 1995). The temporal correlation hypothesis has been
developed mainly with respect to cortical processing and to the binding problem® of different fea-
tures within one modality that are thought to be processed in localized areas of the visual cortex.
However, coherence at different frequencies over large distances between different brain areas has
been demonstrated (Varela et al., 2001). These ideas were further generalized to account for binding
of multisensory features (Senkowski et al., 2008). In quantifying neural synchrony between different
cortical assemblies, a distinction has been made between phase-locking or temporal synchronization
and amplitude correlation (Lachaux et al., 1999). According to Lachaux et al, coherence captures
both phase and amplitude similarities, but temporal synchrony is a much more sensitive and critical
quantity in the brain.

7.2.6 Hearing: Neurophysiology

The amalgamation of the second coherence meaning in psychoacoustics and ideas from neuroscience
have heralded a refined usage of the term in auditory neurophysiology. Here, the perspective of neural
temporal correlation has been applied to auditory object-formation models as well, which, inciden-
tally, may have started with an early attempt to account for the cocktail party problem (Malsburg
and Schneider, 1986). What may be unique in auditory temporal coherence, unlike spatial images
in vision (and most other modalities), is the highly dynamic nature of sound streams that allows
direct correlation at the scale of temporal unfolding of stimuli and their corresponding synchronized
brain response. Synchronized cortical processing is thought to manifest through selective attention
to specific sound events, which exhibits synchronization across different channels following tonotopy
(Elhilali et al., 2009). This is expected to be representative of many spectrally-rich natural stimuli,
whose spectral components are comodulated (Nelken et al., 1999) and are preferentially processed
together in the auditory cortex (Barbour and Wang, 2002). This was referred to, yet again, as “tem-
poral coherence”, which was redefined—"temporal coherence between two channels ... denotes the
average similarity or coincidence of their responses measured over a given time-window" (Shamma
et al.,, 2011). The latter definition specifically refers to cortical (i.e., slow) neural synchronicity
between common features of acoustic events, which is perceived on scales of 50-500 ms (< 20 Hz)
and can be made more coherent through attention. It is distinguished from incoherent responses
that may be part of the same auditory stream, but are not attended to. Although the cited research
mainly discussed processing in the cortex or thalamus, we will be more interested in the upstream
temporal activity that precedes these high-level effects—something which has been highlighted in
the context of temporal coherence in recent studies as well (Viswanathan et al., 2022). See Elhilali
(2017, pp. 115-122) for a recent review of auditory temporal coherence and alternative object
formation models.

%9The binding problem refers to the computational task of producing unified perceptual objects from various
features that are recognized using different circuits (e.g., color, shape, location). The task often takes place in several
modalities simultaneously—each with its own characteristic processing time. Binding is generally attributed to the
cortex.
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7.3 Synthesis

The quote by Toraldo di Francia (1955) that was cited in the preamble provides an ironic historical
vignette that is triply wrong. The author suggested to not dwell on the question of coherence
and frequencies in optics as would be more relevant for communication and for the ear. Since
then, Fourier optics has been vindicated and become much more mainstream, so that the question
regarding the relevance of coherence to imaging is no longer in doubt’®. But the reader of this quote
may also get the false impression that acoustics and hearing science had been invested in the study of
coherence back in the 1950s, which was barely the case, save for a handful of studies that were cited
above. Moreover, the author compared the spatial frequencies of optics to the audio frequencies of
hearing, which are two separate domains that should not be compared (although they often are).
However, the reviews above should enable us to pick up from the point where di Francia left us, and
motivate us to strengthen some of the connections between optics, acoustics and communication.

The six perspectives on coherence that were outlined above are at least partially incongruent.
The definitions in optics and acoustics are easily merged, as long as we are careful to use a common
terminology. In most (but not all) texts in acoustics, acoustical correlation is the same as optical
coherence, whereas acoustic coherence is the cross-spectral density in optics (see Table 7.1). Simi-
larly, the interaural cross-correlation is functionally identical to spatial coherence in optics (§8.5). In
this work, we shall adhere to the optical terminology, which will be elaborated in §8 with emphasis
on points of intersection with acoustic theory.

In communication, the concept of coherence has a narrower scope, even though the wave the-
oretical coherence from optics applies just as well. Coherent detection implies that there is a local
oscillator that is capable of synchronizing (phase locking) to an external carrier. Once the internal
and external oscillations are synchronized, they are effectively coherent as well, just as in optical
coherence theory. We shall retain the communication jargon of “noncoherent” only in the context of
communication reception and modulation detection, but refer to “incoherent” signals in other, more
general contexts.

The psychoacoustic and neurophysiological definitions of coherence are looser, but appear to be
synonymous with comodulation of the envelope domain of different bands of a broadband input. In
order for it to coincide with the optical theory, the stimulus has to be demodulated first as a multi-
carrier signal, so that each channel is demodulated independently, and the outputs from the different
channels are used as inputs to the coherence function. In the brain, the latter operation is thought
to be accomplished using coincidence detectors, which perform an instantaneous cross-correlation
operation in neurons with multiple inputs (see §8.5). In this text, we generally refrain from using
the term “coherence” if it refers to the envelope domain only, unless it is made explicit.

Similarly, neural synchrony can be recorded in different time scales. Synchronization (phase
locking) to carrier frequencies takes place at low frequencies (estimated to be < 4-5 kHz in humans,
§9.7.2). In higher-frequency channels, only slow-varying modulation information can be synchronized
to. Low-frequency channels can be tracked both in the carrier and in the modulation domains.
However, in the strict communication theory usage of the term, only the carrier tracking is real
synchronization. We will nevertheless resort to talking about “envelope synchronization”, if only to
to distinguish it from carrier phase locking.

What the brain theory and its auditory variations give us, which the wave theories do not, is the
insight that synchronization can be linked to object formation and to selective attention. In other
words, if these theories are correct, then synchronization to the stimulus on different levels in the

"This point was made by the unnamed translator in the “Translator's Preface” of Duffieux (1983).
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brain may imply that it is being actively perceived, or is in attentional focus.

Cascading all these coherences into a continuous chain of processes, we see how coherence may
propagate from the physical source of waves, through the medium, into the auditory system, and
culminating in the conscious brain. As the brain processing speed is limited to low frequencies,
it may not be able to fully synchronize to arbitrary stimuli, but there can still be low-frequency
components that are tracked in the brain. Some of these points will be revisited in the chapter
about the auditory phase locked loop (§9).
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