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11
Measuring Consonants
Mauricio Figueroa and Young Shin Kim

11.1 Introduction
At first glance, the task of measuring consonants might appear to be
straightforward: something has to be quantified, by the means of an instrument or method, and then the result has to be provided in a standardised
unit. Things, unfortunately, are not quite that simple. The problem lies not
in the word ‘measuring’, but in defining what that ‘something’ will be.
Studying speech sounds generally takes place in terms of three domains
or aspects: how they are articulated, how they manifest acoustically, and
how they are processed auditorily. While for most readers the activity of
measuring consonants will probably seem more naturally close to obtaining
information about their acoustic domains, in practice, it is very difficult to
address one of these three aspects without also having to consider the other
two. One clear example of this is the way in which the scientific community
has arrived at a relatively fixed set of acoustic measurements to describe
each consonant type: most of the time the selection has been guided by
information about which acoustic variables are better at encoding differences that exist in the articulatory domain and that are also perceived by
listeners, often, contrastively. Of course, it is not possible to cover all the
possible ways in which consonants can be measured in one chapter, so this
one will address the issue of how to measure consonants from an acoustic
standpoint, while making some references to the articulatory and perceptual domains. More specifically, this chapter sets out to: (a) identify the
acoustic variables most often targeted for measurement, (b) discuss the
links between these variables, measurements and research questions,
(c) explain how to implement said measurements, and (d) provide guidance
regarding novel approaches to measuring consonants acoustically. For readers more interested in the articulatory domain, please see Chapter 14 (we
can also recommend Gick et al., 2012). Also, we expect the reader to have
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a basic understanding of acoustic phonetics; if this is not the case, we can
recommend Johnson (2012) and Stevens (2000).
Another important issue that needs to be considered before we can begin
pertains to assumptions regarding how to best organise a discussion on how
to measure consonants. Given that consonants vary in the types of acoustic
measurements relevant to their characterisation, the discussion could be
organised either by the families of acoustic measurements (e.g. measurements of the spectral properties of consonants, measurements of the temporal properties) or by manners of articulation, the latter being the more
traditional approach. Both options have advantages and drawbacks. For
example, organising the content by the families of acoustic traits avoids
having to reiterate properties that are common to several types of consonants; on the other hand, organising the content by the manner of articulation allows the presentation to be more grounded and practical. We have
chosen to organise the chapter’s core sections by manner of articulation,
primarily because this chapter is about measuring consonants, and not
about the acoustic domains related to consonants or speech. In order to
minimise the drawbacks, the chapter has been organised in such a way that
different families of acoustic properties are discussed more thoroughly
within the manner for which they are particularly relevant. Also, the discussion will make explicit the unavoidable overlap between some of the
acoustic properties of different consonant categories.
The chapter begins by providing a very brief historical overview of how
some important methods and signal processing techniques relevant to
measuring consonants have been adopted within the phonetic sciences,
and the impact that they have had in the types of research questions
explored. Next, the chapter addresses the central issue of measuring the
acoustic properties of consonants in six subsections, one for each manner
of articulation: fricatives, stops, affricates, nasals, approximants, and
trills, taps and flaps. Naturally, consonants that have received more attention in the literature are discussed in more detail; for example, we devote
considerably more time to discussing pulmonic stop consonants than nonpulmonic stops. The chapter continues by introducing some recent
research centred around measuring consonants. Then, it provides some
practical recommendations to aid teaching and learning about this topic.
Finally, the chapter closes by identifying some future directions in which
the issues discussed here are likely to move.

11.2 Historical Overview
There are a number of ways in which the acoustic properties of consonants
can be measured, most of which rely on, or derive from, a relatively small
number of fundamental physical properties, whose measurement has
become possible after the advent of key technologies and signal processing
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techniques. In practice, besides some crude estimates of duration, relative
amplitude and pitch, it was not possible to measure the acoustic properties
of consonants as precisely as we do today until the following three conditions were met: recordings could be made, they could be inspected, and the
signals could be mathematically processed to reveal their harmonic and
spectral properties. This is not to say, of course, that, before these conditions
were met scholars did not have a relatively good understanding of the
acoustic make-up of some speech sounds (e.g. Modell & Rich, 1915), but
instead that those measurements were still somewhat impressionistic.
The aforementioned requirements came together first in the
measurement of the acoustic properties of vowels as early as 1864 in the
studies of Donders (also 1870) and Jenkin and Ewing (1878), but more
clearly so in Bevier (1900), and then in a plethora of other publications
relying on the examination of waveforms to obtain the fundamental
frequency (f0) and to derive aspects of the harmonic structure of different
vowels (e.g. Crandall & Sacia, 1924). These were some of the first instances
in which signal processing techniques such as the Fourier transform – an
algorithm to decompose a signal into its frequency components (Fourier,
1822) – were applied to the systematic study of speech (see Chapter 10, this
volume).
Some of the first attempts to measure the acoustic properties of consonants followed from the methods applied to vowels and investigated the
nature of loci and transitions to and from stops, laterals and nasals (e.g.
Paget, 1924); around the same time, as electric and electronic devices became
more sophisticated, the foundations for the systematic use of spectra in the
study of speech were laid. Regarding the quantification of duration, precise
measurements first became available after the development of devices
which could control the speed at which waveforms were registered, such
as the kymograph (e.g. Parmenter & Carman, 1932) and the oscillograph (e.g.
Eliason, 1942). By the early 1950s, narrow- and wideband spectrograms were
being used regularly to investigate the harmonic and temporal properties of
speech, enabling a more detailed understanding of how speech sounds occur
over time. From then onwards, the fundamental acoustic properties of
different consonant types were rapidly laid out, and the methods to measure
them described. For example, detailed measurements of spectral properties
of English fricatives were first provided in studies by Hughes and Halle (1956)
and Heinz and Stevens (1961). Along the same lines, a better understanding
of the role of the temporal properties of different types of stops was achieved
after the seminal studies of Lisker and Abramson (1964), in which voice onset
time was first defined, measured and applied.
What followed was an exponential growth in the number and type of
research questions being investigated, and a steady expansion of the
availability of signal processing algorithms to a broader (albeit still specialised) audience. Without attempting to be exhaustive, some examples of
new topics that began to be investigated using these methods were the
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acoustic properties of consonants of an array of languages (e.g. Garnes,
1975), and of different populations such as infants during language acquisition (e.g. Kewley-Port & Preston, 1974), and of clinical populations (e.g.
Blumstein et al., 1977), as well as formal attempts to determine which
metrics or set of metrics were better at revealing linguistic information
from consonants (e.g. Lisker, 1986). As to technological developments,
from the early 1990s, signal processing algorithms became available in
software with user-friendly graphical interfaces and which could run on
personal computers; still more recently, new metrics which rely more
heavily on computational power are being developed and their usefulness
discussed in the contemporary specialised literature (for some examples,
see Section 11.6).

11.3 Critical Topics
The following subsections address the specific topic of measuring consonants. Each one starts with a brief articulatory description of the manner of
articulation at hand, followed by a review of the acoustic properties relevant
to its description, the methods employed to measure them, and some of the
main findings resulting from using these measurements in research.

11.3.1 Fricatives
Fricative consonants are articulated by forming a very narrow opening
between an active and a passive articulator. When a stream of air escapes
through this channel with sufficient speed, its movement becomes turbulent in the vicinity of the constriction, and friction noise is generated. While
the size and shape of the oral cavity in front of the constriction play an
important role in determining the spectral shape of the noise, the velocity of
the airstream helps to determine its amplitude, and the neighbouring segments contribute to shape the properties of formant transitions in and out
of the consonant (Reetz & Jongman, 2009). Most of the research devoted to
measuring fricative consonants has aimed to find sets of acoustic measurements – linked to the properties mentioned above – able to reliably classify
them by place of articulation and voicing. While doing so, researchers have
had to address three main challenges: first, which acoustic properties
should be prioritised for measurement; second, where exactly within the
target consonants these measurements should be made; and, third, which
methods should be employed.
11.3.1.1 What to Measure
The biggest challenge so far has been determining what exactly to measure. Firstly, many metrics have been derived from the spectral properties
of the friction noise, including observations of the overall shape of the
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spectra, identification of the location of energy peaks and extraction of
spectral moments. Regarding observing the overall shape of spectra, systematic differences in their distribution have served to classify most fricatives, although this task tends to be performed only in preliminary
analyses (e.g. Chodroff & Wilson, 2014). Research has shown that the
longer the cavity in front of the constriction, the clearer and more distinct
is the spectral shape of friction noises, given the resonating properties of
the anterior chamber (see Figure 11.1 for an example); consequently, front
fricatives are harder to tell apart using this method, although visual differences in spectral shapes tend to be maximised when psychoacoustic scales
such as Bark are used to represent loudness (Spinu & Lilley, 2016).
Regarding energy peaks, whose measurement involves identifying relatively high concentrations of energy at given frequency bands, it has been
shown that there is a correlation such that more posterior articulations
tend to display lower spectral energy peaks (Johnson, 2012), and also that
voiceless fricatives have energy peaks at higher frequencies than voiced
ones (Jongman et al., 2000). Furthermore, it has been shown that energy
peaks are important in distinguishing voiceless sibilants from non-sibilant
fricatives, and voiceless alveolar fricatives from post-alveolar ones (Reetz &
Jongman, 2009). Regarding spectral moments, these have been used extensively in research related to the classification of fricatives. They consist of
the spectral mean – also known as the ‘centre of gravity’, ‘centroid’ or
‘centre of area’ – variance, skewness and kurtosis of the energy distribution. The spectral mean has been shown to be a robust classifier of
fricatives: sibilant fricatives tend to have higher centroid values and
voiced fricatives tend to have lower centroids than their voiceless counterparts, given the presence of low-frequency energy in their distribution
(Bjorndahl, 2015). Variance, a measurement of the spread of the energy
in the spectrum, has been identified as a good classifier for place of
articulation in voiceless fricatives (Nissen & Fox, 2005). When it comes to
skewness, more sibilant fricatives tend to display a negative skew, and
voicing has the effect of skewing the energy distribution to lower frequencies (Bjorndahl, 2015). As to kurtosis, which indicates the relative peakedness in the signal, positive kurtosis values suggest well-defined spectra
with clear peaks (Jongman et al., 2000). From a practical standpoint, given
that spectral moments rely on the assumption of a unimodal distribution
of energy, they might not be well suited to modelling fricatives that have
more than one energy peak, such as voiced fricatives, unless lower-energy
concentrations are filtered out beforehand.
Secondly, another set of measurements pertains to the amplitude of
the noise. Both absolute and relative amplitude measurements have
been used in research. It has been shown that sibilant fricatives display
greater absolute amplitude than non-sibilant fricatives (Strevens, 1960),
and that voiceless fricatives display lower absolute amplitude than
voiced fricatives (Tabain, 1998). The relative amplitude has sometimes
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Figure 11.1 Representation of the spectral characteristics of four Chilean Spanish fricatives
[f], [s], [ ʃ ] and [x] (allophones of /f/, /s/, /ʧ/ and /x/, respectively). As can be seen, anterior
fricatives such as [f] tend to display a ‘ﬂatter’ spectrum, whereas more posterior fricatives
such as [ ʃ ] and [s] display clearer concentrations of energy visible as energy ‘peaks’.

been able to distinguish place of articulation of fricatives (Behrens &
Blumstein, 1988), and it has been measured as the difference between
the amplitude of the consonant and that of the following vowel at
a specific frequency range (e.g. Jongman et al., 2000), or as the difference between the amplitude of the fricative and that of the following
vowel onset (e.g. Hedrick & Ohde, 1993).
Thirdly, studies investigating noise duration have shown that it can be
used to distinguish sibilant from non-sibilant fricatives – the former
being longer – and voiceless from voiced fricatives – the latter being
shorter – although duration is considered only a secondary acoustic cue
to place of articulation (e.g. Behrens & Blumstein, 1988). Finally, another
set of measurements has looked at the spectral properties of the formant
transition from the fricative consonant to the following vocalic segment.
Special attention has been given to the transition of F2 as a cue for place
of articulation. For instance, it has been shown that F2 at the onset of the
following vowel increases when place of articulation is more posterior
(Reetz & Jongman, 2009), and lip rounding induces lowering of F2
(Gordon et al., 2002). Regarding dynamic transitional information,
locus equations, which model the relation between F2 at the onset of
the vowel following the consonant and at the vowel midpoint, have
shown some success in classifying labiodental and dental fricatives
(Jongman et al., 2000).

11.3.1.2 Where to Measure
Most existing studies have obtained spectral information by averaging
measurements taken at several sections within the consonant in order to
increase the chance of obtaining good estimates of the true spectral
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content. Some studies obtain these measurements from the middle of the
frication noise so as to reduce coarticulation effects (Gordon et al., 2002);
others average several samples over a moving window with overlap across
the entire consonant duration (Bjorndahl, 2015); and still others obtain
measurements at the onset, midpoint and offset of the frication noise
(Behrens & Blumstein, 1988). Interestingly, measurements obtained from
the fricative onset and from the region transitioning into a following
vowel sometimes perform better than some of the alternatives mentioned
above (Jongman et al., 2000). Regarding the task of finding the boundaries
of fricatives, researchers tend to arrive at segmentation decisions by
inspecting the waveform, spectrogram and intensity minima preceding
the onset of vowel periodicity (in the case of the end point), and by
identifying changes in the number and regularity of zero crossings,
which are more frequent but less periodic in fricatives.

11.3.1.3 How to Measure
In order to conduct these measurements, most studies employ fast Fourier
transforms (FFT) to create spectral representations of the signal, typically
calculated over a period of time ranging from 20 to 50 ms, with either
Hamming or Hann windowing (e.g. Tabain, 1998; Lee & Jongman, 2016).
Many studies go further and create smoothed Linear Predictive Coding
spectra (LPC spectra), which are deemed a closer reflection of the filtering
properties of the oral cavity.1 Regarding amplitude, some studies use the rootmean-square (RMS) amplitude instead of the mean amplitude, in order to
minimise the effect of potential outliers (Jongman et al., 2000). Also, in studies
which want to avoid the low-frequency noise of voiced fricatives, signals are
high-pass filtered before spectral moments are collected. Alternatives to FFT
and LPC representations will be mentioned briefly in Section 11.6.

11.3.2 Stops
The term ‘stop’ is a supra-category that comprises several types of sounds
with different manners of articulation. Stops include plosives, nasals,
affricates and ejectives, all of which use egressive airstream mechanisms,
as well as implosives and clicks, which employ ingressive airstream
1

To build an FFT spectrum in Praat (Boersma & Weenink, 2018), one of many software packages that provide this
capability, it is necessary to ﬁrst identify and register the temporal boundaries of the target segment, select the relevant
Sound object, and then choose ‘Convert’ and select ‘Extract part . . . ’. There, the user must enter the time range that has
been identiﬁed previously, select the window shape that will be applied to excise the section (most studies use
Hamming), and the relative width of the window edges. Once the new Sound object containing only the excised
windowed part has been created, the user must select ‘Analyse Spectrum’ and then ‘To Spectrum . . .’. There, a decision
has to be made regarding whether to create an FFT spectrum or a Discrete Fourier Transform spectrum, the ﬁrst one
being the default option. The resulting Spectrum object can then be queried and modiﬁed in several ways in order to
obtain most of the measurements and to apply most of the transformations that have been discussed in Section 11.3.1
on fricatives. For example, to convert the FFT spectrum to a smoothed LPC spectrum, the user can choose ‘Convert’ and
then ‘LPC smoothing . . . ’ (in the dialog that will appear, the argument ‘Number of peaks’ has to be set to around 1 peak
per 1000 Hz up to the Nyquist frequency of the sound object).
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mechanisms. The common feature of all these categories is that they can
be viewed as articulations consisting of three phases: an approach phase,
a compression phase, and a release or explosion phase. Most of this section
will be devoted to describing ways of measuring plosives, but some attention will be given to some strategies employed to measure the acoustic
properties of clicks, ejectives and implosives. Affricates and nasals will be
covered in subsections 11.3.3 and 11.3.4, respectively.
In the articulation of plosive consonants, the active and passive articulators are brought together to make a complete closure that prevents air from
exiting the oral cavity; this air accumulates for a relatively short period of
time and intra-oral air pressure builds up; upon release of the constriction,
the air rushes out at high speed, producing a very short frication noise,
called the burst noise or release burst (Abramson & Whalen, 2017). The time
during which the articulators are sealed is known as the closure portion of
the consonant. In the case of voiceless plosives, the closure portion contains
no energy, while voiced plosives contain low-frequency energy. On some
occasions, and almost exclusively in the case of voiceless plosives, the
release burst can be followed by a frication noise called ‘aspiration’, which
is the result of turbulent air passing through the open vocal folds and
creating aperiodic high-frequency noise, which ends when phonation
resumes (Lisker & Abramson, 1964). Regarding its duration, the aspiration
section of an aspirated stop or of an aspirated fricative tends to be shorter
than a stand-alone fricative, but also considerably longer than a burst.

11.3.2.1 Measuring Temporal Aspects of Stops
The temporal properties of stops are well documented. For example, we
know that voiceless stops have longer closure durations than voiced stops;
also, that non-aspirated stops are shorter than aspirated ones, which in turn
are shorter than ‘fortis’ stops, such as those found in Korean, which, at the
risk of oversimplification, have been characterised as being articulated with
a more constricted glottis and general laryngeal tension than ‘lenis’ stops
(Cho et al., 2002). In some languages, the voicing of stops affects the duration of previous segments: vowels and sonorant consonants followed by
voiced stops in coda position are sometimes longer than those preceding
voiceless stops (Ashby & Maidment, 2005; Penney et al., 2018).
Voice onset time (VOT) is probably one of the most widely used durational
measurements of stops. In its original form, it was defined as the time interval
by which the onset of voicing precedes or follows the release of the articulators (Lisker & Abramson, 1964, p. 7). A value of zero is assigned to the instant
of release, and positive values are used for the distance between this reference
point and the onset of voicing, that is, the ‘voicing lag’, and negative values
when voicing starts before the burst, that is, ‘voicing lead’ (Abramson &
Whalen, 2017) (see Figure 11.2 for an example). The release is identified as
the beginning of the burst, and the start of voicing is recognised by evidence
of glottal pulsing, such as quasi-periodic cycles in the waveform, vertical
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striations in wideband spectrograms, amplitude spikes in the waveform, as
the first upward-going zero-crossing signalling voicing onset, or as the onset
of the second formant (Lisker & Abramson, 1967; Cho & Ladefoged, 1999;
Bennett, 2010; Piccinini & Arvaniti, 2015; Abramson & Whalen, 2017).
The most straightforward use of VOT is to help distinguish voiced and
voiceless stops: while the former have negative values, the latter display
positive ones. However, VOT has proven versatile as a correlate of other
phonetic phenomena. Firstly, it has been used extensively to classify the
place of articulation of stops, given that VOT tends to increase as the place
of articulation moves backwards within the vocal tract (Piccinini &
Arvaniti, 2015). Secondly, it has been used to distinguish fortis and lenis
stops, as in the case of Korean, where fortis segments display shorter VOT
values (Cho et al., 2002). Thirdly, it has been able to account for the
contrast between aspirated and non-aspirated stops (Yang, 1993).
Another measure related to the temporal domain is the rise time to
the peak amplitude (in the burst), also known as the amplitude rise
time. This measurement consists of the duration between the onset of
the RMS amplitude rise in the consonant and the RMS amplitude peak
in the burst (e.g. Patil & Rao, 2008). How exactly this is implemented
varies from study to study, but normally RMS amplitude is obtained
from several equally spaced time intervals, and then one interval with
the peak amplitude is selected (cf. Nittrouer et al., 2013). The RMS
measurement has been used to quantify the differences among clicks,
as well as the differences among pulmonic stops and affricates (MillerOckhuizen & Sands, 2000; Patil & Rao, 2008).

Figure 11.2 Calculation of VOT values for a voiced [d] and a voiceless aspirated plosive [tʰ],
from the English word daughter [ˈdɔːtʰə], elicited in citation form. In both cases, capital ‘B’
indicates the beginning of the burst, and capital ‘V’ the onset of voicing. In the case of [d],
VOT is negative (there is ‘voicing lead’), and in the case of [tʰ], voicing is positive (there is
‘voicing lag’).
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11.3.2.2 Measuring the Effects of Stops on Following Vowels
The zone where a stop transitions into a following vowel contains a rich
array of cues about the phonetic characteristics of the stop, many of them
encoded in formants found between the release burst noise and the steady
state of the vowel. Their trajectories depend on both the place of articulation of the stop, which defines a locus, the starting point for the trajectory,
and the particular formant configuration of the following vowel, which
sets the target formant values that the trajectories aim to reach (Delattre
et al., 1955). Formant transitions can provide cues to place of articulation
(Cooper et al., 1952): bilabials, which display low-frequency energy during
the release of the burst, tend to have rising formant transitions from
a locus of about 720 Hz; alveolar consonants, which have high-frequency
energy release, tend to display falling F2 values from about 1800 Hz; while
velar plosives, having a mid-frequency burst, tend to display falling F2
values, from about 3000 Hz, and rising F3 (Reetz & Jongman, 2009).
Formant transitions can also cue voicing: voiced plosives tend to have
lower F1 onset frequencies.
One way to model frequency transitions is using ‘locus equations’,
which arrange in a linear relationship a set of F2 values obtained from
the beginning of formant transitions with another set of F2 values,
obtained in the middle of the following vowel (Sussman et al., 1991;
Iskarous et al., 2010). These equations have been used to distinguish the
place of articulation of stops in several languages but have recently been
extended to other manners of articulation such as nasals and laterals, with
relative success (e.g. Figueroa et al., 2019).
Another set of measurements obtained in the transition between a stop
and a following vowel looks at differences in amplitude between harmonics or between harmonics and formants (Cho et al., 2002). In the case of
the first type of measurement, the amplitude differences are calculated
between the first and the second harmonics (called H1 and H2). In order to
obtain these values, FFT spectra are estimated from a short window of
25 ms located at the onset of a vowel following a stop (it is recommended
that the measurements are taken from syllables using low vowels, in order
to avoid an effect of F1 energy in the amplitudes of H1 and H2). In the case
of the second type, the amplitude differences are calculated between the
first harmonic (H1) and the peak harmonic from the second formant (F2).
For an example of the location of H1, H2 and F2 in a FFT spectrum, see
Figure 11.3.
These measurements have been used to evaluate the differences
between lenis, aspirated and fortis stops, showing that lenis stops have
the largest positive H1–H2 difference, followed by aspirated stops and
then, becoming negative, by fortis stops; also, fortis stops have the smallest negative H1–F2 value, while lenis and aspirated stops have positive
values.
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Figure 11.3 FFT spectrum calculated in a 25 ms window located at the onset of a vowel [a],
following the non-aspirated voiceless plosive [p] (both from Spanish). The arrows indicate
the location of the ﬁrst and second harmonics (‘H1’ and ‘H2’, respectively), and of the peak
harmonic of the second formant (‘F2’).

Finally, another effect of stops on the following vowel corresponds to
their influence over its fundamental frequency (f0): voiceless plosives tend
to be followed by vowels with higher f0 values than their voiced counterparts (Penney et al., 2018); also, f0 can serve as a cue to the difference
between lenis stops and the group of aspirated and non-aspirated fortis
stops, the vowels following the latter displaying higher f0 values than
those following lenis stops (Cho et al., 2002). These measurements are
obtained at the onset of the vowel, using pitch tracking and information
about the location of the first harmonic of FFT spectra.

11.3.2.3 Measuring Spectral Characteristics of Release Bursts
The acoustic properties of the release bursts of stops are very similar to
those of fricatives (see subsection 11.3.1), and thus their spectral information is the primary focus of research. The burst itself serves as a cue for
voicing: voiceless plosives have more intense bursts than voiced stops, and
their energy concentration is higher (Chodroff & Wilson, 2014); also,
aspirated stops have greater burst energy than non-aspirated stops (Cho
et al., 2002). As was the case for fricatives, the configuration of the burst’s
frequency spectrum is modulated by the size and shape of the vocal tract in
front of the constriction, which allows the burst to serve as a secondary cue
for place of articulation: labial stop bursts tend to lack clear formant peaks
and display either a diffuse spread of energy or a concentration of energy
in the lower frequencies (between 500 and 1500 Hz); dental and alveolar
stops have high-frequency burst peaks, with frequencies around
2500–4000 Hz; and bursts from palatal and velar stops, which display
a clearer formant structure and a more compact spectrum, tend to have
frequency peaks between those of labials and alveolars, around 1500 to
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2500 Hz (Blumstein & Stevens, 1979). Labial and dorsal stops also display
a lower centre of gravity and spectral peak frequency than velar stops
(Chodroff & Wilson, 2014). In the case of bursts, FFT spectra are sometimes
calculated over a Hamming windows of about 10 to 25 ms, whose start
coincides with the beginning of the release burst, but in other cases it is
calculated as the average of several very short spectra, of about 3 ms
(Chodroff & Wilson, 2014).

11.3.2.4 Measuring Some Acoustic Properties of Non-Pulmonic Stops
Clicks, also known as velaric ingressive consonants, are articulated by
closing the body of the tongue against the velum or uvula and forming
a second closure further forward, which traps some air between the two
closures. The body of the tongue then slides backwards while at the same
time the middle part is lowered, still maintaining the closures. This articulatory movement enlarges the space where the air is trapped, thus lowering pressure. Finally, the front constriction is released, producing
a ‘clicking’ sound (Zsiga, 2013, p. 47). From an acoustic standpoint, the
release of a click tends to be considerably louder than that of any other
type of stop. Several types of measurements have been used to study clicks.
For example, regarding their temporal properties, VOT, closure duration
and voicing duration have been used to compare the acoustics of clicks
with those of other types of stops (Jessen, 2002). For comparing spectral
properties, FFT, LPC and auditory spectra have been used to serve similar
purposes (Johnson, 1993). Click burst duration, the rise time to the peak
amplitude in the burst, the burst RMS amplitude relative to that of the
vowel, and centre of gravity have all been used to investigate the differences among clicks in general (Miller & Shah, 2009), and peak burst
frequencies have been used to investigate contrasts among lateral clicks
(Miller-Ockhuizen & Sands, 2000).
In ejectives, also known as glottalic egressive obstruents, two constrictions are created at the same time: one at the glottis and the other in
a different place of articulation in the oral cavity. The larynx is then raised,
compressing the air trapped between the two constrictions, and the oral
constriction is released first, which results in a burst or in a friction noise,
after which the glottal constriction is also released, producing a secondary
burst, which is usually followed by voicing (Zsiga, 2013). Just as in clicks,
the burst of an ejective tends to be more intense than that of a pulmonic
stop and it sometimes also raises the f0 of the following vowel (Bennett,
2010). As with the pulmonic stops, measuring the VOT also serves to
differentiate one ejective from another and is calculated as the interval
between the release of the oral constriction and that of the glottal closure
(e.g. Jessen, 2002).
Implosives, also called glottalic ingressive stops, are articulated similarly to ejectives, but the larynx lowers instead of rising during the closure,
enlarging the pharynx and thus producing a suction effect due to the
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lowered pressure of the trapped air. There is lack of complete closure of
the glottis, which usually vibrates, and this allows atmospheric air to move
inwards at the moment of release of the oral constriction. When it comes
to the acoustic properties of implosives, it has been shown that the release
burst of implosives is weaker than that of other pulmonic stops (Johnson,
2012). Other important sources of information can be found in their preburst voicing: in voiced plosives the intensity of the pre-burst voicing
(sometimes also called the ‘murmur’) tends to increase gradually and
then to decrease before the burst occurs; in contrast, in ingressive implosives, the intensity of the murmur increases gradually and the burst tends
to occur at a point at which the intensity is still increasing or is at its
maximum (Husain & Husain, 2017). The distribution of intensity in the
zone of the pre-burst voicing is known as the ‘plosive-implosive cline’, and
research has shown that measurements attempting to model the shape of
this distribution are able to provide information that is helpful at distinguishing voiced plosives from voiced implosives (for details, see Husain &
Husain, 2017). The first such metric corresponds to the intensity ratio
between the value observed right before the burst and the maximum
value found during the pre-burst voicing. Ratios closer to 1 are indicative
of voiced implosives and values closer to 0 correlate well with voiced
plosives. The second measurement corresponds to the overall slope of
the intensity distribution in the plosive-implosive cline, measured from
the beginning of the murmur (defined as the place where voicing is
10 per cent as intense as the maximum intensity found in the murmur)
to the end of the murmur. Although results from research using this
method are more nuanced than what follows might suggest, positive
slopes tend to correlate well with voiced implosive stops and negative
values with voiced plosives.

11.3.3 Affricates
Affricates are articulated as a combination of a stop and a fricative segment, produced in quick succession as one segmental entity, usually
homorganically or near-homorganically. Given that these sounds can be
viewed as a combination of an oral stop and a fricative, the acoustic
properties of their subcomponents are similar to those of the individual
manners of articulation, with the exception that the duration of the friction noise is shorter in affricates compared to that of fricatives, in which
the amplitude rise time is longer (Reetz & Jongman, 2009).
Rise times (see subsection 11.3.2) are often used as an acoustic metric to
distinguish affricates from other obstruents (e.g. Miller-Ockhuizen &
Sands, 2000). However, there is a relatively large number of other measurements that have served to characterise various acoustic properties
of affricates. For example, the duration of the preceding vowel can aid in
the distinction between fricatives and affricates in word-final position
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(Dorman et al., 1980). Also, several measurements of the relative duration
of the stop and fricative sections have been used to explore the differences
in duration, voicing and place of articulation of affricate consonants
(Recasens & Espinosa, 2007). The absolute duration of the frication noise
can also serve as a perceptual cue to distinguish aspirated from nonaspirated affricates, and unaspirated fricatives from fricatives (Zhu &
Chen, 2016). It can also be useful to compare the highest-amplitude
peaks from LPC spectra, obtained at several points in the consonant and
the following vowel, to determine the place of articulation of affricates
(Kim, 2001). Other measurements that can serve the same purpose are the
normalised RMS amplitude of the frication noise, the spectral peak location, the centre of gravity, variance and skewness (for details, see Li & Gu,
2015).

11.3.4 Nasals
Nasal consonants are sounds produced with a closure in the oral cavity, as
for oral stops, but with the velum lowered, which opens up the velopharyngeal passage that leads from the pharynx into the nasal cavity, allowing
the airstream to flow through it. If the opening and closing of the velopharyngeal port match the onset and release of the oral obstruction,
a canonical nasal stop is produced; however, there are various complex
nasals that are phonologically contrastive, which manifest as
a combination of a nasal and an oral stop or an oral and a nasal stop,
with one part longer than the other (Laver, 1994; Ladefoged & Maddieson,
1996). Some researchers whose native language is English reported
Korean /m/ and /n/ in word-initial position being perceived as their homorganic voiced plosives, [b] and [d] (Martin, 1951; Umeda, 1957; Chen &
Clumeck, 1975). Experimental studies have shown that denasalised nasals
lose part or all of their nasality during the production and are different
from fully sonorant nasals (Yoshida, 2008; Kim, 2011; Yoo, 2015; Shin,
2019). In particular, they often lack characteristic nasal formants and
often show a burst mark on waveforms and spectrograms, an evidence of
air pressure build-up during the hold phase of their oral constriction. For
an example, see Figure 11.4.
The acoustic characteristics of nasals are similar to those of vowels in that
they are resonants and have a defined formant structure. However, because
of the tube-like structures involved – the nasal cavity, the pharynx and the
occluded oral cavity – the resonance of nasal consonants is much lower in
energy than that of vowels due to the higher damping caused by the
structural conditions. On spectrograms, nasals appear as energy concentrations in the region around 200 Hz, with weaker energy in the higherfrequency regions, 1000 Hz, 2000 Hz and 3000 Hz. Although the weaker
nasal formants in the higher-frequency regions vary depending on the place
of articulation, the concentration of nasal energy in the low-frequency
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Figure 11.4 Denasalised nasal [m͊ ] and nasal [m] from Korean, taken from the word [e.m͊ e.ˈmil],
subjective particle + buckwheat. In the transcription, denasalisation is shown with the
‘denasalisation’ diacritic from the expanded IPA for disordered speech.

region during the oral occlusion of nasal stops and just before their release is
the most important cue for perception of nasals across all places of articulation. The direction of the F2 transition of nasal stops, which is practically the
same as that of homorganic oral stops, serves as a place cue for nasals (e.g.
Kurowski & Blumstein, 1987).
Resonance in the nasal chamber is weaker than that in the oral cavity
because the spectral components of the source signal near the resonant
frequency of the oral cavity are mostly absorbed or cancelled out in the
blocked tube, the oral cavity, and do not appear in the acoustic output
(Johnson, 2012). The blocked frequency components are called antiformants or zeros and they can serve as place cues for nasals, increasing
in the frequency scale as the obstruction in the oral cavity moves further
back. The resonant frequencies of simple tube models, corresponding to
the length of the oral cavity for three English nasals [m], [n] and [ŋ], are
1100 Hz, 1700 Hz and above 3000 Hz, which would therefore be predicted
to be the locations of anti-formants of the relative nasal stops (Fant, 1960;
Fujimura, 1962). However, some studies report lower anti-formant frequency values for English [m] and [n] as 750 Hz and 1400 Hz (Qi & Fox,
1992). Nasal anti-formants are not observable on spectrographic representations of the signal as they are cancelled-out frequency components, but
they can be measured using techniques such as the Perceptual Linear
Predictive method (Qi & Fox, 1992).
A filterbank analysis can be used when there is difficulty in identifying
nasal formants, especially in the high-frequency regions. These algorithms
divide the duration of the segment into smaller window frames and run
a number of bandpass filters throughout the frequency regions of each of
the frames and measure the levels of spectral energy at each band (Kim,
2011). Figure 11.5 is an example of a 16-channel filterbank analysis of
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Figure 11.5 Graphical visualisation of a 16-channel ﬁlterbank analysis for [b], [m͊ ] and [m],
data averaged from eight speakers

a voiced bilabial stop, a denasalised bilabial nasal, and nasal-nasal bilabial
stop from eight native speakers of Korean. In this analysis the recordings
were downsampled to 7000 Hz, yielding an effective bandwidth of
3500 Hz. The sixteen filter coefficients were evenly spaced every 50 Hz
and were determined at 10 ms intervals throughout the recording and
then averaged out, providing a measure of the energy level for the entire
hold phase of each segment. As seen in Figure 11.5, the level of energy of
the denasalised bilabial nasal [m͊ ] (represented here using the ‘denasalised’
diacritic from the extended IPA for disordered speech) is lower than that of
the nasal-nasal stop [m], and higher than the oral stop [b] in the lowfrequency regions below filter number 2 (450 Hz), but it starts to lower
from filter number 3 (650 Hz) and completely merges with that of [b] from
filter number 5 (1050 Hz).

11.3.5 Lateral and Central Approximants
Approximants are consonants produced with a constriction that brings the
articulators close together, similar to fricatives, but to a degree that does
not cause turbulence in the airstream. There are two types of such approximation: lateral and central. In the production of lateral approximants (e.g.
[l], [ʎ]), there is contact between a point in the midline of the tongue and
the roof of the mouth, which allows the air to flow over one or both sides of
the tongue. In the articulation of central approximants (e.g. [ɹ], [j]) the air
flows along the midline of the oral cavity (Reetz & Jongman, 2009).
Fricative consonants are sometimes realised phonetically much like
approximants, in which case they are transcribed with a diacritic, as in
[β̞], denoting the lowering of the tongue away from the roof of the mouth
or a less closed articulation, losing the characteristic fricative noise.
A subset of these sounds are called ‘spirant approximants’, such as
Spanish [β̞ ð̞ ɣ̞ ], allophones of /b d g/ (Martı́nez-Celdrán, 2004).
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Lateral approximants have a formant structure that, due to the characteristic partial constriction of the vocal tract, is weaker than that of the
neighbouring vowels. Those with apical constriction transition to and
from vowels abruptly, which readily shows in spectrographic representations as a sudden change in the direction of formants from one steady state
or ‘plateau’ to another. Ladefoged and Maddieson (1996) report that there
is little difference in F1 values among laterals at the dental vs. palatal place
of articulation, but F2 rises as the articulation point moves further back in
the vocal tract. However, Ladefoged (2003) reports that there is little
difference in F2 values between alveolar laterals and velar laterals, and
that palatographic observation would be a more reliable method to distinguish these two types.
The transition of central approximants to and from their neighbouring
vowels can be slower and more gradient than that of lateral approximants,
which sometimes makes it difficult to isolate them from the adjoining
vowels and to measure their duration, especially in connected speech. It is
common to measure the properties of their formant structure as well as
their intensity maxima and minima, which correlate with the degree of
constriction. Figure 11.6 shows spectrographic representations of seven
central approximants, recorded in a VCV context with [ɜː]. The labial-velar
approximant [w] has a relatively low F2, due to lip rounding, and transitions sharply from and to the adjacent vowels. The F2 of the labiodental
approximant [ʋ] is also low. Notice that the velar approximant [ɰ] has
a higher F2 value than [w], which indicates the difference in the degree
of lip rounding. Palatal approximant [j] and labial-palatal approximant [ɥ]
have a high F2 compared to that of [w], which is explained given their more
anterior place of articulation. In the case of [j] and [ɥ], the difference in the
degree of lip rounding manifests more clearly as a difference in F3 –
considerably lower in [ɥ] than in [j]. Formants of post-alveolar approximant
[ɹ] and retroflex approximant [ɻ] are marked by their relatively low F2 and
F3, with F3 decreasing as the rhoticity of the segment increases (Ladefoged,
2003).
As mentioned before, Spanish /b d g/ can be articulated as the spirant
approximants [β̞ ð̞ ɣ̞ ] in most phonetic environments (Piñeros, 2002).
Acoustically, spirant approximants display continuous vocalic transitions to
and from surrounding segments (Martı́nez-Celdrán, 2004), which makes it
difficult to perform any measurement which relies on an exact segmentation
of the time domain. Studies interested in the degree of lenition of [β̞ ð̞ ɣ̞ ] have
resorted to measuring various properties of the intensity of these consonants,
under the assumption that they are good correlates of the degree of lenition.
These measurements include: the intensity ratio, calculated by dividing the
consonant minimum intensity by the following segment’s maximum (e.g.
Carrasco et al., 2012); the intensity difference, calculated by subtracting the
target’s minimum intensity from the following segment’s maximum (e.g.
Hualde et al., 2010); and the maximum velocity, which is the maximum
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Figure 11.6 Waveform and spectrogram representations of seven approximants in VCV
structures. First row, from left to right: [ɜːwɜː], [ɜːʋɜː], [ɜːɥɜː] and [ɜːɹɜː]. Second row, from left
to right: [ɜːɻɜː], [ɜːjɜː] and [ɜːɰɜː].

intensity change found in the first differences of 1 ms intervals (that is, the
differences obtained when the value from any 1 ms interval is subtracted
from the value immediately following it) and which is located between the
target segment’s minimum intensity and the following segment’s maximum
intensity (e.g. Kingston, 2008).

11.3.6 Trills, Taps and Flaps
Trills, taps and flaps have in common that the articulators make rapid
contact (considerably shorter than for stops), but they differ in that in
trills the movement of the active articulator is driven by aerodynamic
conditions, similar to those involved in the vibration of the vocal folds,
whereas in taps and flaps the movement is caused by a voluntary contraction of the articulators (Ladefoged & Johnson, 2011). For taps, the
active articulator, usually the tip of the tongue, moves up, contacts the
passive articulator and then moves back down, while for flaps the tip of
the tongue is curled up as in the retroflex sounds and then touches the
passive articulator with the bottom part of the tongue tip as it comes back
down. When it comes to segmentation, trills, taps and flaps can be
segmented relatively easily, inspecting the visual and auditory
information of the signals.
There are few studies that have measured the acoustic properties of
trills, in part because they are not particularly common in the world’s
languages, and, more importantly, because phonological trill contrasts
only occur in a handful of languages (e.g. Spajić et al., 1996). When trills
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need to be compared, the measurements include the duration of the
segments, the average frequencies and amplitudes of F1 to F3, the consonant–vowel intensity ratios, the number of apertures, the number of
occlusions and the duration of the first aperture period (Carballo &
Mendoza, 2000; Raymond & Parker, 2005). In the case of taps and flaps,
their duration is a common metric, but other measurements include the
intensity differences from their surrounding vowels (Bauer, 2005), f0, and
the formant values from F1 to F5 measured in several places in and around
the consonants (Derrick & Schultz, 2013). It is interesting that flaps are the
only type of segment that seems to have a systematic effect on F4, lowering
it (Warner & Tucker, 2017).

11.4 Current Research
The task of measuring the acoustic properties of consonants is central to
many studies within phonetics and speech sciences, and consequently
there is a constant stream of research being conducted in the field; unfortunately, we can only highlight a few interesting areas of research here.
In the case of fricatives, recent studies are measuring several dimensions
of these type of consonants to investigate ways in which cochlear
implants impact the intelligibility of fricative sounds produced by monolingual and bilingual children (Munson & Urberg Carlson, 2016; Li et al.,
2017; Reidy et al., 2017). For stops, studies have continued looking at the
effects of age and gender in VOT, and evaluating the reliability of using this
metric to classify some of these variables, sometimes in forensic settings
(Ma et al., 2018). For affricates, there is research investigating, for example,
whether homosexual and heterosexual speakers display acoustic differences in their productions of affricates and other sounds, showing that
duration is a variable that is likely indexing these social differences (Geng
et al., 2018). Regarding nasals, research is being conducted to understand
the impact of surgery of the oral and velopharyngeal cavities on hypo- and
hypernasality (Impieri et al., 2018). In the case of approximants, advances
have been made in the automated detection of retroflex approximants,
using measurements of formant trajectories and dynamic aspects of spectral information (Thirumuru & Vuppala, 2018). Finally, in the case of trills,
studies are investigating links between the articulation of trills and the
periodicity of vocal fold vibration (Cordeiro et al., 2015).

11.5 Best Practice for Teaching and Learning
In our experience, the best way to teach and learn how to measure consonants is by combining a strong theoretical foundation and direct contact
with signals, methods and data. For beginners, we recommend addressing
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each manner of articulation separately. Once a manner has been chosen, it
is important to discuss its articulatory properties and their acoustic correlates in order to have a good idea of the types of measurements that are
most appropriate. When a multilingual context allows it, it is recommended to draw examples from the languages available, particularly so
when these languages display different phonological contrasts. When
equipment and space are available, it can also be educational to conduct
live recordings with students. Using both low- and high-quality signals can
serve as an interesting discussion point regarding the complex relationship between (a) the quality of signals, (b) how difficult it can be to record
them in various scenarios and using different tasks, and (c) the type of
acoustic measurements that can be implemented given the signals and
their quality.
Once signals are obtained, measuring can begin, first in the form of
annotation. In most production studies, measurements of the temporal
aspects of a signal rely directly on segmentation, which is an intrinsically
subjective and to some extent arbitrary task (Turk et al., 2006). In our
experience, manual annotation of relatively long signals from several
speakers, with timely feedback, is one of the best ways to fully grasp the
link between the articulatory and acoustic properties of speech, particularly now that signal processing tools and software provide very accurate
and customisable visual representations of signals, and that sound playback is also available at all times. During the process of annotation, it is
advisable to introduce students to some of the signal processing techniques that make it possible to represent the signal (e.g. the Fast Fourier
Transform), and also to show them how different visual representations
are better suited for some types of analyses (e.g. differences between wideand narrowband spectrograms). At this stage, it is useful to discuss
the issue of inter-subject reliability of the annotation processes, in particular, to reflect on the fact that in some studies the same signal is
annotated by more than one researcher, on how the resulting annotations
tend to display differences, on why these differences occur, on how they
can be agreed upon, and on how this variability can have an impact on the
quality of the acoustic and linguistic data that is being collected. Also, if
a measurement requires any type of annotation that does not fully align
with a linguistic unit, such as VOT or the measurement of intensity differences, it is important to point this out before initiating the annotation
process.
By the time a signal has been annotated, students often have a relatively good understanding of the acoustic characteristics of the target
segments and of particular challenges in annotation (e.g. boundary identification, the effects of coarticulation and lenition in signals, problems
with background noise, high variability). At this stage, it is useful to
detail the steps that are required to extract acoustic information from
signals. In our experience, it is better to start by demonstrating manual
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ways of extracting the acoustic data (that is, by mouse and clicks), and to
reveal the logic behind the algorithms, and only then to demonstrate
ways to extract the data semi-automatically or automatically, discussing
the advantages and disadvantages of both approaches. Once the data has
been collected and visual representations and quantitative analyses
initiated, it is useful to discuss the role of confounding variables and
other biases in the data, and whether the normalisation of some acoustic
measurements is advisable. In the case of more advanced users, we can
suggest attempting to formally compare the results of measuring consonants manually and automatically, and to assess the appropriateness
of different measurement techniques for a given research question.

11.6 Future Directions
Some areas that are receiving attention and that are likely to change the
ways in which consonants are measured are the gradual introduction of
signal processing techniques different from FFT representations of the
signal, and the use of automated systems for measuring and segmenting
consonants. Several alternatives to traditional spectra have been developed and evaluated, such as: the multitaper spectra, which reduces estimation bias by averaging several statistically independent estimates from
the same sample (e.g. Chodroff & Wilson, 2014); the equivalent rectangular
bandwidth rate spectra – or ERB-rate spectra – which are auditory spectra
calculated using a gammatone filterbank (e.g. Upadhyay & Rosales, 2018);
the Bark-scaled cepstral coefficients, which have been shown to provide
higher classification rates of consonants than other traditional alternatives (Spinu & Lilley, 2016); and the discrete cosine transformation coefficients, which have been shown to be better than traditional spectra at
capturing small differences between fricatives (e.g. Jannedy & Weirich,
2017). Regarding the automatic recognition of consonants and their segmentation, for example, new methods to automatically identify VOT
boundaries have been successfully applied and tested (Abramson &
Whalen, 2017). Indeed, the area of automatic or semi-automatic segmentation and alignment of speech is evolving quickly, particularly with the
increasing need for reliable automatic segmentation of large corpora (e.g.
Saz et al., 2018).
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