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The phonetic inadequacy of phonological specifications of clicks

Peter Ladefoged and Tony Traill

Clicks,like other sounds, may be described in terms of phonological
features, as has been shown by Chonsky and Halle (1968), Jakobson (1968)
and Ladefoged (1971, 1975). In their discussions of clicks all these
authors have been concerned mainly with specifying the phonological
oppositions; none of them tried to account for the phonetic facts in any
detail. When we examine the ways in which clicks are actually made in
different languages, we find that there are a number of difficulties in
expressing the phonetic facts in terms of current feature theories.

It might be argued that feature theories are not intended to allow
for the description of all the phonetic details that characterize a lan-
guage. But there is at the moment no other way of providing this infor-
mation. As Chomsky and Halle, 1968, say: 'Given the surface structure of
a sentence, the phonological rules of the language interact with certain
universal phonetic constraints to derive all grammatically determined
facts about the production and perception of this sentence" (my italics,
SPE 293). They make it clear that the physical properties of speech that
are not taken into account by a phonological description are things "such
as the voice pitch and quality of the speaker and also such socially
determined aspects of speech as the normal rate of utterance and what has
been called by some writers the 'articulation base' .. In addition,
phonetic transcriptions [i.e. feature matrices] omit properties of the
signal that are supplied by universal rules." (SPE 295). But they note
in discussing phonetic differences between languages: 'The representation
[i. e. feature matrices] must differ [if] the distinction is determined
in part by language-specific rules." (SPE 298). Ladefoged has also ex-
pressed a similar view: ''The systematic phonetic level of description may
be said to be that level which specifies all the targets [feature values]
necessary for the description of a particular language as opposed to all
other languages, but contains no information of the kind that is used simply
to specify one speaker of that language as opposed to other speakers."
(Ladefoged 1972).

The first problem in accounting for all the phonetic details of a
language arises from the fact that all the authors cited above claim that
each of their phonological features is a physical scale. They support this
position by giving what appear to be definitions of features in physical
phonetic terms. But when we try to use these definitions to state measure-—
ments of feature values, we find that in most cases it is impossible.
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Consider for example, the feature Coronal, which is defined in terms of
the raising of the blade of the tongue from its neutral position. If

we want to assess whether a given sound is coronal or not we should pre-
sumably look at tracings of mid-sagittal x-rays, such as those in figure
1. These four diagrams show the crucial articulatory positions in the
production of four clicks which will be discussed in detail later.

Each of the four diagrams shows two positions of the tongue, ome in
which the tongue is raised so that only in the small shaded area is there
no contact between the center of the tongue and the roof of the mouth, and
the other, just before the release of the click, in which the body of the
tongue has been lowered to produce a suction chamber. Now, if coronal is
a scale, we should be able to assess not just whether a sound is coromal
or not, but how coronal it is. When faced with data as in figure 1, we
find it difficult to define an algorithm that will enable us to do this.
We do not know the precise point on the tongue to measure, or when to
measure it.

According. to Chomsky and Halle 1968: 320, all four of these sounds can
be classified phonemically as [+ coronal]. The two sounds in the top row
are also classified as [+ anterior], whereas those in the bottom row are
[- anterior]. There are no other differences in place of articulation.

The sounds on the left are distinguished from those on the right by being
[+ delayed primary release] as opposed to [~ delayed primary release].
The sound [ |] is also [+ lateral].

Chomsky and Halle do not attempt to give for these, or for any other
segments, a systematic phonetic description of how coronal (or how anterior)
they are. But if we are to describe fully the phonetic characteristics
of languages we must be able to characterise in physical terms all the con-
sistent differences in place of articulation among sounds. There are
obvious differences in the tongue positions that are not specified by the
classificatory descriptions. The two [- anterior] sounds in the bottom
row have very different tongue positions at the time of release of the click,
and the two [+ anterior] sounds in the upper row are different throughout the
articulation. If we are operating in terms of a standard generative phono-
logy, the feature specifications must be able to characterise these dif-
ferences precisely, not just in some vague hand-waiving way indicating that
it should be possible to interpret the feature values appropriately. The
onus is on proponents of feature theories to show excactly how diagrams such
as those in figure 1 can be generated from their specifications.

A similar point can be made with reference to many other features.
Thus lateral, a seemingly straightforward feature, is always defined in
some way such as "lowering the mid section of the tongue at both sides
or at only one side" (Chomsky and Halle 1968: 317). But, again, how
does one measure this? The part of the tongue involved is very different
for a dental lateral as opposed to a palatal lateral. And how about
"Rounded sounds are produced with a narrowing of the lip orifice"
(Chomsky and Halle 1968: 309)? There are many different ways in which
the 1lip orifice can be narrowed. We agree that we want a single feature,
Rounded, to cover them all; but we do not want to regard it as a single
physical scale.
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The point we are making is not that the definitions of the features
are wrong, but that it is inapprcpriate to expect those features which
are necessary for classifying phonological categories to be equally valid
for specifying phonetic details in physical terms. There is no reason
to presume that phonological features are in a one to one relation with

physical scales. Human beings typically classify objects in terms of
several physical parameters simultaneously. Thus objects are called heavy
or light not just in accordance with their mass, but also in accordance
with their size and appearance. It is, in fact, difficult to find per-
ceptual attributes that depend on a single physical scale. The pitch of

a sound depends on its intensity and overtone structure, as well as on its
fundamental frequency. Color and other aspects of visual perception are
all complex phenomena. The linguist's notion that features are elementary
properties is a piece of retrograde psychology. ZFach feature is associated
with variations in many phonetic parameters. Furthermore, as the examples
cited have shown, the phonetic interpretation of a feature depends on the
values of other features that occur at the same time. We always have to
map phonological features onto phonetic scales on a many to many rather
than a one to ome basis.

A second weakness of contemporary linguistic practice is that there
are phonetic details which are characteristic of ome language in comparison
with another, but which are not phonologically relevant in any single
language. For example, as has been shown elsewhere (Ladefoged 1980), some
languages have a series of laryngealized ('creaky voice') stops [b?,d’,g’]
and others have a series of voiced implosives [D,d,d]; but no language makes
a contrast between these two possibilities. From a phonological point of
view all these sounds can be classified simply as [+ glottall. As a result,
phonetic differences of this kind are just left out of descriptions that are
concerned only with phonological patterns.

A third difficulty for phoneticians who wish to describe languages
fully is that standard phonological feature theory does not provide a way
of specifying differences in timing. This problem was pointed out many.
years ago by Fant (1967); but generative phonologists still specify linguistic
events simply in terms of sequences of segments. Thus Ladefoged 1975,
working along lines proposed by Chomsky and Halle, attempted to describe
words in terms of segments composed of features, each of which has a cer-
tain value on a physical scale. In these descriptions the values of a
feature change from one segment to the next. But this view makes no pro-
vision for characteristic differences in timing; it does not provide a way
of showing that the value of a phonetic parameter may sometimes change at
one moment in a segment, and in another circumstances may change at another.
Williamson (1976) has suggested a way of incorporating some variations in
timing into phonological specifications of complex items. such as affricates.
But no one. has shown how to specify phonetic timing details such as those
we will be exemplifying in our description of clicks.

These three problem areas —-- the many tc many relation between phono-
logical features and phonetic parameters; the possibility of overlooking
phonetic characteristics because they are not contrastive; and the dif-
ficulty of specifying differences in timing —- will be exemplified by



reference to the phonology and phonetics of the clicks in two Khoisan

languages. We will consider data from one Khoi language, Nama, and one
San language, !X45.

Nama

The sounds of Nama have been well described by Beach (1938). It was
this description that was used as a basis for interpretations in distinctive
feature terms by Chomsky and Halle (1968) and Jakobson (1968). The short-~
comings of these interpretations have been discussed at length elsewhere
(Traill forthcoming), and will not be considered in detail here; let it
suffice to say that they are both procrustean attempts to fit this language
into categories that are totally inadequate when one comes to consider a
more complex click system such as that of !1X&3.

Nama has 20 clicks as shown in (1), which gives essentially the same
information as may be found in Beach's summary {p. 89), but expressed in
terms of what are now more fariliar symbols and labels. At this stage
ir the discussion the labels have been kept as simple as possible. There
are four primary types of articulation, for sach of which there are five
clicks differing in the accompanying actions of the vocal cords and other
articulators. Words illustrating these contrasts are given in (2); they
are arranged in the same order as in (1), but in the current Nama ortho-
graphy. (We are very grateful to our Nama consultant, Mr. Johannes Boois,
for his skill in finding suitable words, and for his assistance in pro-
viding us with instrumental data).

(1) The 20 clicks of Nama.
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(2) Words in the standard Nama orthography illustrating the 20 clicks in
the same order as in (1). All these words have a high tone.

| goa | kho [ ho | no lo
(put into) (play an (push into) (measure) _ (sound)
instrument)

$gais tkharis thais +nais fais

(calling) (small one) (baboon's arse) (turtle dove) (gold)

!goas 'khoas 'hoas 'noras loas

(hollow) (belt) (narrating) (pluck maize (meeting)

seeds)

“garos “khaos “haos “naes ”aos

(writing) (strike) (special cooking (pointing) (reject a
place) present)

We investigated the phonetic nature of the phonological oppositions
using a number of different instrumental techniques. We made records of
the Nama clicks, showing the expiratory nasal air flow, the expiratory
oral air flow, the pressure of the air in the pharynx as recorded via a
thin tube inserted through the nose,and the waveform as recorded by a
microphone in the oral flow mask. Only the pressure record could be
adequately calibrated,using instrumentation and techniques described else-
where (Ladefoged and Traill, forthcoming); the flow records should be con-
sidered simply as indications of the relative rate of flow at different
moments within an utterance. Furthermore, it should be noted that the
frequency response of the air flow measurement system was not flat. (This
is an inherent problem with the particular instrument used, an F-J Elec-
tronics Electro-Aerometer.) As a result there is an apparent (but un-
reliable) variation in air flow when vowels are said on different tonmes.

In addition, as we had only a four channel ink-writer available (a Siemens-—
Elema Mingograf 34) we were unable to record simultaneously the inspiratory
and expiratory nasal and oral flows. However, previous observations had
shown us that the inspiratory nasal air flowwas irrelevant to our investiga-
tion, and there was only a very small inspiratory oral air flow associated
with the production of the click. As will become apparent, none of the
limitations discussed above affect our findings. »

Figure 2 shows the aerodynamic behavior recorded during the production
of two Nama phrases. The upper part of the figure shows the aerodynamic
Pehavior recorded during the production of the phrase [nes ge a k||haos]
This is striking.' The top trace shows that there is expiratory nasal
air flow only before the utterance and (with voice vibrations) during the
first consonant. The next trace, the oral air flow,shows the voiced flow
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Figure 2. Aerodynamic records of two Nama phrases.



that occurs during the first vowel, the voiceless flow during the fricative
[s], no flow during the closure for [g], a sharp increase on the release

of this closure, varying amounts during the abutting vowels [e al,no flow
during the click closure, a sharp increase in flow after the release of

the velar closure flow with voiced vibrations during the vowels,and voice-
less..flow for the final fricative. The third trace shows that the pressure
of the air in the pharynx went up during the fricative [s], remained up for
the velar stop [g], showed only voice vibrations during the vowels,in-
creased again during the closure associated with the click (symbolized on
the diagram by [k] before the lateral click symbol [II]), fell comparatively
slowly at the end of this closure probably due to the slower movement of
the back of the tongue associated with the slight affrication present in
this release , showed only voice vibrations during the final vowels, and

a very small increase for the final {s]. The bottom trace shows the
waveform of the sounds, as recorded by a microphone in the oral air flow
mask. The burst of noise associated with the release of the click is
plainly evident just before the pressure drop that occurs on the release

of the velar closure.

The lower part of figure 2 shows the contrasting click [llh] which
occurs in the phrase [nes ge a || haos] 'This is a traditional cooking place’.
Beach (1938) describes clicks such as [||h] as being made with delayed as-
piration. Figure 2 makes it clear how this delay is achieved. The top line
shows that there is voiced nasal air flow not only during the initial nasal
consonant, but also as an allophonic nasalization of the vowel before‘[H hi.
In fact, after the end of that vowel there is no flow of air through the
mouth (as shown by the second line), so there is actually an intrusive
voiced velar nasal. It is this nasal escape that stops the pharyngal pres-
sure (shown in the third line) from rising. If it were not for this leak
the pharyngal pressure would increase just as it does for [kllh] in the
previous phrase. After the click (which can be seen on the oral waveform
record shown in the bottom line), there is an interesting trading relation
whereby the voiceless nasal air flow decreases as the oral air flow in-
creases. This is what gives the effect of delayed aspiration.

Figure 3 and 4 show similar records for all the words in (2) pronounced
as citation forms. In each case only a part of the vowel after the click
consonant is shown. The differences among the four primary articulations
are not evident in this type of record, but the differences among all five
click accompaniments are readily apparent.

The voiceless unaspirated clicks in the first column have increases
in pharyngal pressure duing the click closure comparable to those in the
aspirated click [kl]h] which has already been discussed (and which is fur-
ther exemplified in the second column of figure 4). The clicks in the first
column differ from those in the second by having the voice onset occur almost
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immediately after the release of the velar closure. Note also that the
pharyngeal pressure falls very rapidly immediately after the release of

of the velar closure in the case of the unaspirated clicks in the first
column. There is a slower rate of fall in the case of the aspirated clicks
in the second column, which is due to the tongue moving away from the roof
of the mouth slightly more slowly. " The aspirated clicks tend to be af-
fricated after the release of the velar closure.

The third column shows the clicks that have delayed aspiration. The
examples in figures 3 and 4 again demonstrate the way in which the nasal
air flow prevents the major increase in pharyngal pressure that would other-
wise occur. As before, when the velar closure is released there is no sharp
increase in oral air flow. Instead the flow of air from the mouth increases
slowly as the nasal air flow decreases, so that the oral airflow is suf-
ficiently rapid to cause audible aspiration for only the last part of the
period after the click release.

The fourth column shows the nasal click accompaniment, which occurs
both before and after the sound of the click. The oral air flow usually
starts soon after the click, so that there is what might be regarded as a
short nasalized vowel. Before the release of the click the sound is equiva-
lent to a velar nasal consonant.

The clicks that have an accompanying glottal stop are shown in the final
column. During the glottal closure there is (naturally) no increase in
pharyngal pressure. But there is a very interesting nasal air flow at the
release of the click. The voiceless nasal release accompanying the click
is a phonetic detail that must be noted in a full description of this lan-~
guage — as, indeed, it was by Beach (1938) in his masterful account. It is
possible that it is caused by a raising of the closed larynx while the velum
is lowered. The records shown in figures 3 and 4 are typical of the range
of nasal emission used by this speaker. The dental, alveolar and palatal
clicks all have a comsiderable amount of nasal air flow at the time of
release of the click. The lateral click in the lower part of figure 4 has
only very little nasal emission, which is just observable in the original
record. We have aerodynamic records of 44 clicks with glottal closure pro-
duced by this speaker, and on 90% of them the nasal air flow at the release
of the click is of the same order of magnitude as that in the dental, alveolar
and palatal clicks in figures 3 and 4. When there is very little nasal air
flow it is probably due to a lack of larynx movement rather than the pre-
sence of a velic closure. There is no doubt that nasalization is a regular
phonetic characteristic of this segment in this language, as Beach correctly
noted.
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We will now consider how these sounds should be represented in phono-
logical terms. We assume that the reasons for wanting to describe the
segments of Khoisan languages in terms of features are those given for
the use of features in most current phonologies. First we want to dis-
tinguish the segments in each language by means of different sets of
values of phonological features, so that we can specify all the contrasting
lexical items. In more old fashioned terms, we want to be able to dis-
tinguish between the phonemes. Second we want to be able to group segments
together in terms of their feature values so as to be able to give explana-
tory descriptions of the phonological patterns that occur.

The data illustrating the phonemic contrasts have been given in (1)
and (2). We now have to consider what phonological alternations have to
be taken into account. As far as we are aware there is only one that
provides any problem for the specification of these sounds in terms of
features. Relevant data are given in (3).

3) tii 'my' |?uip ‘'brother-in-law'
[TiTQl?uip] 'my brother-in-law'
|20 'full’
[ [?208n]?20a] 'fill up' (reduplicative causative)
| hop "friend'
[tiTnlhop] 'my friend'
thaba  'flat' _
[+hab50+haba] 'flatten' (reduplicative causative)

It appears from these and other examples that clicks with a glottal closure
accompaniment and those with delayed aspiration induce nasalization of a pre-
ceding vowel and insertion of a velar nasal. Words beginning with a voice-
less or an aspirated click do not induce this nasalization. Further evi-
dence of this phenomenon is provided by the instrumental data in figures

2, where the inserted velar nasal -- a period of nasal air flow and no

oral ailr flow -- can be seen very clearly in the example in the lower part

of the figure, but not in the example in the upper part. Accordingly it
would be appropriate for the classification to indicate that the clicks

with delayed aspiration and those with a glottal closure should be grouped
together by means of their feature specification. The shared property among
clicks such as [?]|] and [|h] is a lack of an audible velar stop release,

and a lowering of the velum. As we have seen, they have a comparatively

low pharyngal pressure due to the escape of air through the nose. The
simplest way of specifying these clicks is to regard them as [+ nasal]. Then
we can write a rule inserting a velar nasal as in (4), which correctly indi-
cates the assimilatory nature of the alternation illustrated by the data

in (3).
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In deciding which features to use for classifying Nama clicks we will
require only that the specifications be phonetically interpretable in
some reasonable way (a vague phrase that will allow us to consider a
number of different possibilities), and that they are reasonably (again,
vague) parsimonious. As we have noted, the particular values of the
features must enable us to distinguish the segments that make up the lexical
items, and to account for the phonological patterns that occur.

One way of specifying the Nama clicks within these criteria is given
in (5). Only the dental clicks are shown, as the values for the other
primary articulations are completely comparable. The classifications in

(5) k|  klh |h o] 2
Voiced + - - + -
Glottal - - - - +
Nasal - - + + +

(5) are phonologically adequate, but some linguists might think that they
are not phonetically interpretable in a reasonable way. The unaspirated
click has been classified as [+ voice]. This is necessary in order to
distinguish it from the corresponding aspirated click. The unaspirated
click is, however, completely voiceless, so the phonetic specification
rules will have to show that when the value [+ voice] occurs in conjunction
with the values [+ click, — nasal] it will have to be interpreted as an
abduction (opening) of the vocal cords. The nasal clicks are the only
ones that are completely voiced so when the value [+ voice] occurs with

[+ nasal] it can be given a more usual phonetic interpretation. Of course
the value [- voice] also has to be given two interpretations. In conjunc-
tion with [- glottall it implies an open glottis, whereas in conjunction
with [+ glottal] it implies a constricted glottis.

A second classificatory system, given in (6), distinguishes between the
aspirated and unaspirated clicks by means of a feature Aspiration. This
entails a more redundant phonological specification, using four features to

(6) k| klh [h o] ]2
Voiced - - - + -
Aspirated - + + - -
Glottal - - - - +
Nasal - - + + +
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distinguish the five possible click accompaniments. But even so the

phonetic interpretation is not completely straightforward. The value
[- voice] still designates a closed glottis whem it is in conjunction
with [+ glottal], and an open glottis in other circumstances.

Yet another possible classificatory system is shown in (7). This
system has achieved the same descriptive parsimony and phonological
adequacy as that in (5), by using the feature Aspiration as a replacement

(7

k| klh fh o] 2
Aspirated -~ + + - -
Glottal - - - - +
Nasal - - + + +

for the feature Voice. As a result the phonetic interpretation rules

must show that the value [- aspiration] indicates vibration of the vocal cords
when it occurs in conjunction with [+ nasal] (or [+ syllabic], etc) and
abduction or closure of the glottis in other circumstances. Nama does

not have any segments that are phonologically distinguished simply by

voicing, even among the non-click segments, and the feature Voice might be
considered completely redundant in this language.

It is impossible to choose among the different classifications in (5),
(6), and (7), if we maintain an abstract approach in which a language is
characterized as a social institution rather than a product of a speaker's
competence. But it is important to note that linguists who adopt a men-
talist approach cannot do any better. There are no data that would help
them to choose which solution is a better reflection of what goes on in
a Nama speaker's head. Nor is there any way they can tell what features
are required for specifying click languages before investigating these
languages. Chomsky and Halle suggest that there is a set of features
that reflects the phonetic capabilities of man, irrespective of whether
these features are observable in any known language. The feature set
thus becomes an a priori part of the linguistic theory. But in practice
Chomsky and Halle, like all other linguists, determine the feature set
by first observing what has to be specified in particular languages and
then devising a set that is sufficient for this purpose. They are there-
fore no better off than us when it comes to choosing among competing solu-
tions. Our main point, however, is that, whichever solution is chosen,
the feature specifications will require complex phonetic interpretations.

It is not hard to find further problems in relating any reasonable
phonological classification of Nama clicks to the observed phonetic events.
Consider, for example, the fact that the back of the tongue moves away
from the velum more slowly in the aspirated clicks than in the unaspirated
clicks. Any interpretation of the features distinguishing these sounds
simply in terms of glottal states would be deficient in that it would not
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make this evident. Similarly there is no direct way to relate the phono-
logical classifications to the complex variations in the nasal air flow that
we noted in the discussion of the data in figures 2, 3, and 4. All these
segments require highly specific accounts of the relative timing of the
articulatory movements, the adjustments of the larynx, and the velic

valving controlling the nasal airflow. These specifications of timing are
plainly mnot in a ome-to-one relation with the phonological features; the
notion of features as each relating to a single physical scale seems to be
irrelevant to such specifications.

We are not meaning to imply that the phonological descriptions cannot
be related to the phonetic facts. But it seems to us that phonological des-
criptions, which are aiming at classifying segments and accounting for
patterns, will always be related to specifications of the phonetic pheno~
mena in a complex way, rather than in terms of simple physical scales. We
will now exemplify this point further by reference to another Khoisan
language.

The other languge we wish to discuss -is !X33, which, as has been shown
by Traill (1978), has a considerably more complex set of clicks. There are
five primary types of articulation, in that, in addition to dental, alveolar,
alveolar lateral, and palatal clicks, as in Nama, there are also. bilabial clicks.
Each click has one of 16 possible accompaniments, which are exemplified for
the dental click by the words in (8). As the other 64 (i.e. 4 x 16) clicks
are exactly comparable, words illustrating them will not be listed.

This time, instead of presenting the phonetic data first, as we did
for Nama, we will suggest here a possible set of phonological features in (9).

(8 Words illustrating the 16 dental clicks of !X3d.

1. kjda move off 9. nlaa see you

2. gyés work 10. Qlu’di be careful
3. glaa rub with hand 11. 8| eda spread out
4. q|hda be smoothe 12. ?|néa suit

5. |hda look for spoor 13, lq?3n small (pl)
6. klxas dance 14. k|q’3a hand

7. glhéa stale meat 15. 1q°33 chase

8. g|xé*s | splatter water 16. ??éa die

(9) Phonological features for 1X48 (dental) click accompaniments.

kl gl al aln In klx glh glx ol ol wls 2ln la* klo> gla® |2

Voiced - - - - - + + + - + + - - + -
Aspirated - - - + + - + - - - = - - - - -
Fricative - - - = - + - + - - = = - + + -
Glottal - - - - - - - - - - - 4+ + + + +
Nasal . - - - - - - - - + + + + - - - -
- + o+ + -

Uvular - - + + - - - - - - +
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We will defer considerations of the place of articulation features, but we
will consider the phonological specifications of the click accompaniments
as we discuss the phonetic nature of each segment. As before, these
specifications are meant to distinguish the phonological oppositions and
to classify segments into appropriate natural classes. !Xo6 does not

have any phonological alternations that would require these clicks being
divided into groups; but the phonological specifications do allow us to
state the morpheme structure constraints such as the fact that [+ glottal]
vowels cannot occur in stems that contain [+ glottal] consonants. Con-
siderations of the most appropriate way to state simple morpheme structure
constraints also influenced our decision to specify all these clicks as
units. Many of them could well be called clusters involving sequences of
segments; but, following virtually all previous writers on this topic, we
decided to avoid a cluster specification. As a result we do not have to
consider !X348 as breaking one more presumed universal by having initial
obstruent clusters with voiced segments followed by voiceless segments.
(But we realize that this is a weak reason; the language is so unusual any-
way that mere presumed universals should not really be allowed to deter us
from any particular analysis).

Our investigations of acoustic and aerodynamic events associated with
clicks in !X36 were made in the field. Using a stereo tape recorder, we
were able to record the regular audio signal and only one other signal such
as the pressure of the air in the pharynx, or the nasal or the oral air
flow. Our most informative sets of data show the pharyngal air pressure
recorded via a tube through the nose by means of a special FM (frequency
modulation) system which is described elsewhere (Ladefoged and Traill, forth-
coming). Data recorded in this way may be recovered either by demodulating
(as explained in the previously cited paper), or by reproducing the M
signal on a sound spectrograph. Figures 5-8 use this latter possibility,
superimposing a narrow band expanded scale pressure record above a regular
wide band spectrogram. The 16 accompaniments of the dental click are shown
as they occur in citation forms.

Figure 5(a) shows the pressure buildup behind the velar closure in the
voiceless unaspirated click [kl]. The velar closure is released almost im-
mediately after the release of the anterior click closure, and the vowel also
follows immediately. The corresponding voiced click [g|] is shown in 5(b).
The increase in pharyngal pressure is somewhat less, as there must be a
pressure drop across the vocal cords in order to maintain voicing. The voice
vibrations can be seen as small vertical striations near the base line. The
unaspirated (or, to be more exact, slightly aspirated) click with a uvular
release [q]], in 5(c) has a similar pharyngal pressure increase to that in
[k|]. The difference between these two sounds is partly in the length of
aspiration (over 6 repetitions of this series of words the voice onset time
averaged 20 msec later for the uvular release),and partly in the formant
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transitions. The fully aspirated uvular release may be seen in [q|h] in
5(d). Note the comparatively slow decline in pharyngal pressure associated
with the fricative aspect of this release.

From a phonological point of view, the first pair, [kl] and [g|] are
appropriately distinguished by the feature Voiced. The second pair [qlh]
and [ql] are distinguished by the feature Aspirated; in this language there
is no way of distinguishing between all the possible segments without in-
cluding both these features. The segments [kl] in 5(a) and [q|] in 5(c)
differ only in the specification of the feature Uvular release. This change
in the value of a single feature has to be interpreted phonetically as
corresponding to both a change in the place of release which affects the
formant transitions and also a change in the timing of the onset of voice.
In addition the slight affrication of [q]h] requires an interpretation of
the feature specifications in terms of a slower movement of the back of the
tongue than in any of the three other sounds in figure 5. All these phonetic
details -- the change in place of release, the change in rate of release, and
the.change in voice onset time -- can be assigned to a change in.the value
of the:feature Uvular (or the feature High in a Chomsky-Halle framework).
But although this is a possible and valid way of describing !XéS, these
phonetic changes are obviously not mecessary correlates of the feature
changes. They are simply language specific facts which have to be stated
as part of the grammar of !XJ35.

Figure 6 allows us to make further comparisons of the aspirated and
affricated click accompaniments. The delayed aspirated release, [Ih], is
shown in 6(a). This sound is very comparable to the Nama sound which we
discussed earlier. There is no increase in pharyngal pressure, and a notice-
able delay after the release before the aspiration noise is visible. We do
not have nasal air flow records for this sound, so we do not know if the
pharyngal pressure was prevented from rising by permitting air to escape
through the nose. But we did not hear anything like a voiceless nasal be-
fore the release of the click. It may be that in these citation forms the
production of pulmonic air pressure is delayed until after the click has
been released. We noticed that our Nama speaker for whom we do have nasal
air flow records, sometimes pronounced citation forms beginning with a
delayed aspirate release without any nasal air flow, although he invariably
had some nasal escape when these words occurred in connected speech. It
seems likely that the lungs provide a comparatively constant source of pres-
sure, which cannot be turned on and off for particular segments in running
speech. The pulmonic pressure build up may be delayed so that it does not
start until after the beginning of a word spoken in isolation. But the
only way of producing delayed aspiration in a word in the middle of a sen-
tence is by allowing the pharyngal air pressure to escape through the nose.
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In so far as sounds with delayed aspiration are widespread in Khoisan
languages, this is an areal rather than a language specific phenomenon.
For all these languages the complex phonetic details involved in the pro-
nunciation of clicks with delayed aspiration must be interpreted from the
value [+ aspirated] in conjunction with the negative values for all the
other features in (9). Once more we may note the many to many relationship
between phonetic details and feature values.

The voiceless velar affricate release, [klx], in 6(b) has a consider-
able pressure build up during the click closure, which drops slightly on
the release of the closure, but then increases again during the fricative.
This sound differs from the aspirated uvular release in figure 5(d) by
being both more fricative and more velar. These phonetic details may be
interpreted in a quite straight forward way from the changes in the two
features Aspirated and Fricative.

X3 also has a voiced aspirated click accompaniment, [glh], as shown
in figure 6(c). This sound is nothing like the voiced aspirant [gh] that
occurs in Indo-Aryan languages such as Hindi, which have a stop with a breathy
voice or murmured release. The !XJ6 sound is a sequence consisting of a
regularly voiced velar stop accompanying the click, followed by a period
of voiceless aspiration. Sometimes, as in figure 6(c), there are a few voice
vibrations immediately after the stop release. We have classified these
segments phonologically by means of seemingly contradictory specifications
of the glottis. In each case they are said to be [+ voice], which might seem
to be at odds with [+ aspirated] in the case of [glh] and with [+ glottal]
in the case of [g|q’]. We may regard it as a convention for interpreting
the phonetic details of this language that sounds such as [glh] and [glq’]
which involve contradictory specifications of the state of the glottis realize
these specifications by making the voicing come first. An alternative way
of dealing with these facts would have been to have used a phonological
specification of the kind proposed by Williamson 1976. This would not
affect our main point: there is a complex,language specific, many to many
relationship between the phonological specification and the phonetic facts
of a language.

There is also prevoicing in the click [glx] shovn in figure 6(d). In
this case the phonological feature specifications is simply [+ voice]: and,
indeed, in some dialectal pronunciations this sound is voiced throughout, so
that a more appropriate phonetic transcription would be [QIY]- But in the
dialect being described phonetic detail rules must specify that the voic-
ing normally ceases at or shortly after the click release. The pharyngal
pressure is maintained (and actually increases) throughout the fricative
release. In this particular word, after the click the first vowel is
laryngealized, a phonetic(and phonological) aspect of this utterance that
is irrelevant to the present discussion, which will be limited to the click
segments in these words.
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The clicks with nasal accompaniments are shown in figure 7. There
is of course no increase in pharyngal pressure in either [0]] or | ]], as
may be seen in (a) and (b). As in Nama, the click occurs during tge last
part of the voiced nasal, another detail of the timing which has to be
specified in phonetic interpretations of the values of the phonological
features. The voiceless nasal also typically precedes the click release.
In some senses this sound may be considered to be the unaspirated counter-
part of [Ih], which, as we have seen, may involve release of air through
the nose during the click closure and the first part of the aspiratiom.
The voiceless nasal is not evident on the spectrogram, but it is clearly
audible. We recorded the nasal air flow in other examples of this sound and
found that in every case air came out through the nose prior to the produc-—
tion of the click.

The prenasalized click with a voiced uvular release is shown in figure
7(c). The nasal part of this click accompaniment may be very short, as in
this example. The pharyngal pressure starts rising well before the click
release, indicating that there must be a complete stoppage of the air. The
pressure continues to rise for a short while after the click. On many
occasions the principal auditory cue for this sound is the woiced uvular
release, and it may be appropriate to regard it simply as the voiced counter-
part of [Iq]. It has been classified in (7) as [+ nasall, but the precise
phonetic interpretation of this feature value depends on the values of the
other features in the segment. As we have been continually emphasizing,
the relation between phonological features and phonetic parameters involves
a many.to many rather than a one to .one mapping. The preglottalised nasal
click [?|n] shown in figure 7(d) differs from the other sounds with contra-
dictory specifications of the state of the glottis in that in this case the
glottal stop occurs before the voicing. There is naturally no increase in
pharyngal pressure in this sound, and the click occurs in the middle of the
very short nasal.

Other clicks with glottal accompaniments are illustrated in figure 8.
The uvular ejective accompaniment [Iq’] shown in (a) does not usually have
a very large increase in pharyngal pressure, presumably because the glottal
closure required for the ejective occurs during the click articulstion. The
double stop accompaniment [k|q’] shown in (b) consists of a velar stop which
is released almost immediately after the production of the click, followed
by a uvular ejective during which considerable pharyngal pressure is pro-
duced.

The highest pharyngal pressure of all occurs im [g|q’], which is illustrated
in figure 8(c). On all 6 of the recordings for which we have valid pharyn-
gal pressure records this prevoiced sound has a higher pharyngal pressure
than occurs in the corresponding completely voiceless sound. The instrumental
records make it very evident that the second stop is an ejective. The weak
velar stop before it is preceded by a small amount of prevoicing which is
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just visible near the base line. There is a very small increase in pharyngal
pressure which is released during the production of the three or four creaky
voice vibrations that occur after the click. Then the pressure remains at
zero, presumably while the creaky voice has turned into a complete glottal
closure, but before the glottis has started rising. The pharyngal air pres-
sure then increases to about 15 cm aq, which is higher than could have been
produced by the pulmonic airstream mechanism used in these words. As has
been shown elsewhere (Ladefoged, 1967), pulmonic pressures of this magnitude
occur only in very loud speech. The pharyngal air pressure goes down when
the uvular closure is released. There is only a very short interval before
the glottal closure is released and voicing commences for the vowel. This
prevoiced stop followed by an ejective uvular release is the most complicated
click accompaniment in !XJ3. The final type of click accompaniment is much
simpler, consisting of just a glottal stop as shown in figure 6(d). There

is no increase in pharyngal pressure.

The clicks in figure 8 can all be classified as [+ glottal] from a phono-
logical point of view. They have to be grouped together to show that they
form a natural class that cannot be followed by a [+ glottal] vowel. But
the aerodynamic data make it evident that the feature value [+ glottal] refers
to many different laryngeal actions. When in conjunction with some feature
values it denotes a closed, non-moving, glottis (as in [l?]), with others
a closed, upward moving glottis (as in [|[g’]), and with others a constricted
glottis for laryngealization, followed by a closed, upward moving, glottis
(as in [giq’]). Again we see that phonological features are in a mamny to
many relationship with actual phonetic parameters, and that is impossible
to specify all the phonetic aspects of languages if we limit each phonological
feature to denoting values on a single physical scale.

A similar point may be made with respect to the place of articulation
of the actual click sounds themselves (as opposed to their accompaniments).
As we mentioned earlier, in this paper we are not concerned with whether
segments are better specified in terms of one set of place features or an-
other. Our point is simply to show that the feature values imply one arti-
culatory position when associated with [+ click], and another when associated
with [- click]. We have palatographic data on !X06 speakers recorded in the
field, and cineradiology data on two !X43 speakers who were able to visit the
University of the Witswatersrand. The cineradiographic procedures will be
described more fully in a future publication. As far as we can tell by care-
ful listening and from comparisons of our data and those published by Beach,
the clicks of Nama and !X3d6 (and most of the other related languages) do
not differ significantly in their place of articulation.

Figure 1, which was discussed briefly earlier in this paper, uses the
x-ray data to illustrate the four places of articulation that are common to
all these languages. (The !X35 bilabial click is not shown.) In each case
the shaded area shows the smallest cavity enclosed by the tongue, and the
second (lower) tongue line indicates the position which occurred just before
the closure was released.
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The dental click (in the upper left part of the figure) is produced
with a comparatively large suction chamber with its anterior portion in
the post alveolar region. If it were not for the confusion it would cause
in view of previous descriptions of clicks, we could more properly call this
click denti-alveolar, as the contact area definitely includes both the upper
teeth and the whole of the alveolar ridge. But this is the term which Beach
(1938) and others have applied to the [] click which we have called palatal.
The x-ray data reproduced in the upper right part of the figure, and our
palatograms reproduced elsewhere (Ladefoged and Traill, 1980) show that
our label for this latter sound is essentially correct. It is true that the
tip and blade of the tongue are in contact with the teeth and alveolar ridge,
but the forward edge of the click cavity is much further back, and this is
the relevant factor. We disagree with Beach in his rejection of the term
palatal, as used by earlier writers on these languages. The cineradiology
data also demonstrated how the location of the click cavity alters during
the production of this click. Figure 1 shows that the tongue contact moved
further back while the suction was being developed. At the moment of the
release of the click there is no doubt that [+] should be classified as a
palatal sound.

The lower part of figure 1 shows the two clicks that have been clas-
sified as [+ alveolar]. Note that even when the discussion is limited to
clicks, this feature value specifies very different articulatory positions,
depending on whether it is in conjunction with [+ lateral] as in the lower
left part of the figure, or with [~ laterall as in the lower right.

There are also differences in the rates of the articulatory movements
involved in all these clicks, which have to be taken into account in inter-
pretations of the phonological features specifying place of articulationm.
The two clicks on the left of the figure have comparatively large cavities
at the time of release. These dental and (alveolar) lateral clicks are more
affricated than the palatal and alveolar clicks on the right. As may be
seen from the oscillomink records of Nama in figure 2, in that language (and
also in !Xéa) the lateral click is produced with a considerable fricative
noise accompaniment. This noise has a slightly lower mean frequency than
the dental click, making it somewhat lower in pitch. The higher frequencies
in the dental click do not show up so well in the waveform record. The two
clicks on the right of figure 1 are less affricated, but they also differ
in the mean frequencies of the bursts of noise associated with their re-
leases. The palatal click has a higher pitch than the alveolar click. The
acoustic structure of similar clicks in Naron and Zu[ 'hdasi have been des-
cribed by Kagaya (1978) and Snyman (1976), respectively. The point that we
wish to make here is just that the acoustic data show that the articulatory
movements are slower (thus causing more affrication) in some clicks than in
others. Again, these are language specific phonetic details that must be
included in a complete grammar.
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In the theory of phonology being developed here (and in Ladefoged

1980), there is no God-given set of features, and no need to specify
segments in terms of more features than are needed to distinguish the
phonemes and to classify sounds into natural classes. that may be used

in rules explaining observable phonological patterns. The universal
characteristics of language depend on (among other things) the 16 or so
physiological parameters, which completely specify all possible sounds in
all languages (Ladefoged, 1979). Languages use these parameters in various
different ways in forming phonemic oppositions and phonological patterns.
One might, perhaps, maintain a weakened form of the naturalness condition
(Postal 1968) and require that phonological features always reflect some
of the phonetic facts. This is the approach that has been adopted in the
feature specifications suggested here for Khoisan clicks. The major problem
with this approach is in validating one phonological description in com-
parison with another. As we have seen there are alternative ways of clas-
sifying the clicks:of a language such as Nama, and the preference for one
way as opposed to another can be made only in terms of criteria such as the
elegance of the one description as opposed to the other.

We doubt there is any salvation in notions such as pasychological reality.
We suspect that linguists who appeal to criteria of this sort are simply
putting off the evil day when they have to admit that their descriptions
have no possibility of external validation. We have nothing but admiration
and best wishes for any linguist who wishes to go out into the Kalahari
desert and try to conduct a test that will discriminate among alternative
descriptions that account for the same set of observable phonological patterns.
The psychological reality of sound patterns is a valid object of study, but
it is not the same thing as phonology. We do not know whether any of the
feature specifications proposed above have any testable psychological
reality for individual speakers; they simply reflect the most elegant des-
criptions we can make of the properties of the language, considered as a
social institution (including fossilized, non-productive, properties). But
we hope that even those who do not share this view will agree that we have
shown that a one-to-one mapping between the phonological features proposed
here and the observed phonetic facts is not feasible. It is of course pos~-
sible that some other feature specification and some other set of parameters
might be better matched. But there is no reason to believe that this is
likely to be the case. Human beings do not usually work that way; observ-
able phonological patterns are nearly always the result of complex, inter-—
acting, processes.
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Instrumental phonetic fieldwork

Peter Ladefoged and Anthony Traill

When Daniel Jones was about to go off on a field trip someone once
asked him what instruments he was going to take with him. '"Only these,"
he said, pointing to his ears. We would agree entirely that by far the
most valuable assets a phonetician can have are a trained set of ears.
We would add (and we are sure that Daniel Jones would also approve) that
the ears should be coupled to highly trained vocal organs that are capable
of producing a wide range of sounds. There is no substitute for the ability
to hear small distinctions in sounds and to pronounce alternative possibilities.
In a fieldwork situation one must be able to ask the language consultant
which of two pronunciations sounds better. One of the most efficient pro-
cedures for getting results in the field is to test different hypotheses by
trying out various vocal gestures of one's own.

But nowadays phoneticians who go out with only their ears and their
own vocal apparatus are doing themselves a dis-service. There are three
ways in which instrumental aids can be valuable supplements to the field
phonetician. Firstly they can sometimes suggest new descriptive possibilities;
we have, for example, learned a number of facts about click releases by
observing pharyngal pressure records. Secondly instruments allow permanent
records to be made so that one can demonstrate the facts to those who do
not have access to speakers of the language being described. Thus we are sure
that readers would believe our description of the clicks in Bushman languages
without any instrumental evidence; but it is nice to have records so that
they can see for themselves. Thirdly, instruments enable one to make
quantitative descriptions. However good omne's ears one cannot, for example,
measure and report the duration, in msecs of the aspiration in a set of words;
and without measurements one cannot prove that there is a statistically sig-
nificant difference between one group of words and another, or between the
sounds of one language and another.

Recording

Everyone is aware of the value of being able to tape record material
so that one can listen to it over and over again and catch subtle nuances
of sounds. Furthermore, good recordings are the basis of all subsequent
laboratory acoustic analysis. We will not consider here how field recordings
can be analyzed by techniques such as sound spectrography. Instead we will

simply discuss, in a fairly prescriptive way, how tape recorders can be used
in field situationms.
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Tape recordings can be like audible notebook jottings, or like more
formal finished papers that demonstrate the sounds of a language. In either
case a recording should always begin with a statement of the date, the place,
the names of the speakers, and the material. These things will no doubt be
written on the box in which the recording is stored; they should also be
written on a label which should be stuck on the reel itself. But labels can
come off and tapes can easily get put into the wrong box, and become vir-
tually useless unless they have been properly identified.

Tape recordings should also be of the highest quality possible. Inter-—
views sometimes have to take place amidst noises such as background talking
and household sounds that the fieldworker can ignore. But on a recording for
linguistic phonetic purposes anything other than the voice of the language
consultant can be a distraction. We have found that when trying to make
a high quality recording it is often a good idea to go off outside. When
doing this it may be necessary to protect the microphone from the effect
of the wind; and one sometimes has to watch for the noise of the wind in
the trees. These problems can be overcome by using a suitable microphone
and by finding a large enough open space. Both in everyday parlance and in
the technical acoustic terminology, the best recordings are often those made
in a free field, rather than in a noisy, reverberant room.

The inFensity of the sound being recorded depends on the square of the
distance bereen the source of the sound and the microphone. A baby crying
ten feet away many be one quarter of the loudness of a speaker who is five
feet from tﬂe‘micrpphone;but the same baby will be only one hundredth of
the loudness of a speaker who is one foot from the microphone. If record-
ings must be made in circumstances where there is a lot of background noise,
make sure that the speaker is a close but constant distance away. Also
place the microphone on something soft and at least a few feet from the
tape recorder. Check the signal level frequently while making the record-
ing, as speakers often vary their loudness. The signal should always be
at the highest permissible level, so as to make sure that it is as far
above the background noise as possible. Finally, after making a recording,
play it back and verify that you have proper written notes to explain what
is on it. As soon as you can, play all your recordings right through, check-
ing them against a complete text. (We try to do this every night, so that we
never accumulate data that is not useful).

What sort of machine should be used for making field recordings? We
feel that the particular make is less impor tant than whether it meets
certain specifications. Firstly it should have a good frequency response:
that is to say it should be able to reproduce the complete range of fre-
quencies recorded with the same relative intensities as when they were
originally produced. For most linguistic phonetic purposes a flat response
(+ 2 db) from 60 Hz to 14,000 Hz is more than satisfactory. Secondly the



30

tape recorder should have a good S/N (signal to noise) ratio. The difference
between the maximum signal that can be recorded without overloading and

the noise that is present in the absence of any signal should be at least
45 db. Thirdly speed variations, whether of the short term kind known

as flutter, or the day to day kind due to variations in the batteries

and motors, should be less than 0.1%. In addition, the tape recorder, like
any other piece of apparatus taken into the field, should be tough and re-
liable. It should be possible to drop it on the floor and kick it around
for a few minutes without too much damage. We have heard stories of pro-
fessional tape recorders that have been fished out of rivers and found to
be still working. The stories are probably apocryphal, but they provide

a good standard to aim for.

Before going into the field, the tape recorder should be thoroughly
checked out. This means making sure that the batteries are not only fully
charged, but also are capable of maintaining their charge for as long as is
required. In addition the heads should be cleaned and demagnetized (simple
procedures that may increase the frequency response by as much as 5,000 Hz),
and a frequency response check run. Record frequencies from 50 Hz to 15,000
Hz at about half octave intervals, checking with a meter that they are all
being produced by the signal generator at the same level. Then observe on
a meter the relative intensities of these signals when they are played back,
S0 as to make sure that the tape recorder really has a range of 60-14,000
Hz, + 2 db. In addition, check the S/N ratio, and, if the necessary equip-
ment is available, the speed constancy. If a stereo tape recorder is being
used (and, for reasons that will become apparent in the next section, this
is often desirable), check that both channels work equally well, and that
the signals recorded on each of them are completely separated.

Aerodynamic data

Acoustic analyses made from good quality tape recordings can provide
larg? amounts of data. But they often do not indicate in an unambiguous
way lmportant articulatory facts such as the direction of the airstream or
th? timing of movements of the vocal organs, particulary those during
voiceless closures. The best way of gaining information on these phonetic
parameters is by recording four aerodynamic parameters: (1) the pressure
of the air in the mouth behind any bilabial closure; (2) the pressure of
the éir in the pharynx, behind any alveolar or velar closure; (3) the flow
of air in and out of the nose; (4) the flow of air in and out of the mouth.

' Examples of the use of such data for elucidating articulatory descrip-
tions of West African languages have been given by Ladefoged (1968). 1In
these examples the data were recorded live by subjects in the laboratory
using a four channel inkwriter. Unfortunately, we have as yet been unabie
Fo find an adequate, light weight, battery operated, ink writer for use
in the field. Accordingly the required data must somehow be recorded on
a tape recorder, and brought back to the laboratory for later reproduction.
This involves making an FM recording.
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Figure 1. Pharyngal air pressure record and wide band spectrogram for the
1Xo6 word glq’éé. Time intervals are expressed in msec from an arbitrary
starting point.
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Frequency modulation (FM) recording is a process whereby a relatively
slowly varying signal, is turned into a variation in frequency. Thus a
zero pharyngal pressure may be made to correspond to a base frequency of
1,500 Hz. As this pressure increases to, say, 10 cm aq (i.e. the pressure
required to hold up a column of water 10 cm high) this frequency may be made
to increase to 2500 Hz. In this way variations in pressure may be changed
into variations in frequency which sound like a fluctuating whistle. This
sound can be recorded on the second channel of a stereo tape recorder while
the regular audio signal is recorded on the first channel. The frequency
variations may later be changed back (demodulated) to signals that correspond
to the original pressure variations. These signals can be written out on
an inkwriter in the laboratory.

As an alternative to demodulating the frequency variations, both channels
of the stereo recording may be analysed on a sound spectrograph. This will
result in a visible record of the speech with a line corresponding to the FM
signal superimposed on top of it. Figure 1 illustrates data on ome of the
clicks of X483, a Bushman language described by Traill (for thcoming) re-
corded in this way. In this case the outputs of the two channels of the
stereo tape recording were analyzed separately and then combined by placing
one spectrogram above the other, aligning them by reference to a third
spectrogram which showed the two channels analyzed simultaneously. The
lower part of the figure shows a wide band spectrogram, with the regular
full scale of 0-8,000 Hz. The upper part of the figure is a narrow band
expanded scale analysis of a 1,500 Hz signal which has been frequency modu-
lated by a signal corresponding to the pressure of the air in the pharynx.

A great deal of information can be obtained from analyses of this kind.
Thus figure 1 shows that there are voicing vibrations visible near the base
line in the period before the release of the click, which occurs at 110 msec
after the arbitrary starting point of this spectrogram. During this period
there is also a small increase in pharyngal pressure due to the stoppage
of the air behind the velar closure that occurs in the course of the pro-
duction of the click. This part of the sound is therefore equivalent to a
voiced velar stop [g]. The pharynx pressure goes down immediately after
the click, so this velar stop must have been released. There follow three
or four cregky voice vibrations, lasting until time 170 msec. During the
period 150-170 msec the pharyngal pressure is almost at zero, so there was
probably no oral closure. At about time 170 there must be both an oral and
a velic closure, otherwise the pharyngal pressure could not have started
increasing. Considering the magnitude of this pressure increase (almost
20 cm aq), there is probably a glottalic airstream mechanism. The lungs
do not produce pressures this high, except in fairly loud speech (Ladefoged,
1967), which this was not. Presumably, after the creaky voice vibrations,
the glottis closed completely, and then came sharply upward. (This we know
is likely to be true from our visual observations of this sound.) The closure
(a uvular one as we know from listening —- we could not be sure from the
spectrogram) was released at time 350, and the pharyngal pressure fell
rapidly. Less than 5 msec later, the spectrogram indicates the release of
a glottal stop into the vowel. An appropriate IPA transcription of this
sequence might therefore be [gq’]. In symbols more familiar to scholars
of click languages it would be glq’. (We have independent auditory, visual,
and kinesthetic evidence for the fact that the click is dental.)
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With the equipment we have been using in the field to date, we have
been able to record only the regular audio signal on one channel and one
other signal. Accordingly we have had to choose which additional parameter
we wished to record. As an alternative to recording air pressure behind
the lips or in the pharynx, we can record the rate of flow of air out of
the mouth through a mask, or out of the nose through tubes connected to
the nostrils. In either case the airflow is recorded by detecting the very
small increase in air pressure that occurs when the air flows through a
wire mesh. This pressure is converted into a varying frequency in exactly
the same way as the oral pressure variations discussed above.

We may note here some requirements of a pressure/flow system for making
recordings in the field. It should obviously be light weight, compact, and
battery operated. As with the tape recorder, it should be rugged emough to
withstand the pounding it is likely to get while being transported into
places where there are no roads. The air pressure system should be capable
of measuring + 25 cm aq. The air flow system should be constructed so that
it distinguishes on a single channel between ingressive and egressive air
flow rates up to 2 litres/second. It should have a flat frequency response,
so that it does not give different readings for sounds with identical flow
rates said on different pitches.

There are a number of practical points to take into consideration when
making pressure and flow recordings. The tubes used should be short and as
thick as the speaker can conveniently tolerate, so that they have a high
enough frequency response to show some voicing vibrations. Long thin tubes
act as acoustic filters and cut out the small pressure variations associated
with voicing. Generally, tubes should be sealed at the end, with small
holes at the sides near the tip to let the pressure in. Tubes that are open
at the end often become full of mucous. We have found infant feeding tubes,
size 12 French, to be suitable.

When recording the pressure of the air in the mouth one end of the tube
should be connected to the pressure transducer, and the other end should be
held (by the speaker) so that it is just behind the lips. The speaker should
be discouraged from sucking on the end of the oral tube, as this leads to
the tube becoming full of saliva, which will lower its frequency response.

The pharyngal pressure tube should be inserted through the nose so that
its open end rests on the back wall of the pharynx about 1 cm below the uvula.
The speaker should first be given a practical demonstration by the field-
worker of how easy it is to pass a tube through the nose into the pharynx.
Take a clean, sterile, tube (tubes should be cleaned with disinfectant and
boiled for 30 minutes if they have to be reused). Hold it about 12 cm from
the tip, and moisten it with saliva. If it has a slight natural curve, make
sure that this curve is pointing downwards. Then,still holding the tube
about 12 cm from the end, push it straight (i. e. horizontally, not upward)
back into the nose until some obstruction is reached. It is advisable to
be fairly rapid about this part of the proceedings. Many people find the
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Figure 2. System for calibrating air pressure in the field.
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most difficult part of the whole thing to be the irritation that may occur
while they are swithering just inside the nostril. Once an obstruction has
been reached, take a mouthful of water, and, while pushing the tube gently
further in, swallow a small quantity. Keep pushing gently, swallowing, and
breathing in through the nose until the tube has passed over the top of

the velum into the pharynx. If there is any difficulty in getting the tube
to pass round the velum, twist it slightly and go on swallowing and pushing
straight back. Remember to hold your hand high above the level.of the: nose,
so that the tube is never pushed upward, but always goes straight back (and,
hopefully,down). Nearly everybody finds it easier to pass the tube through
one nostril rather than the other, so if at first you don't succeed, try
again with the other one.

For an average male adult one will want to pass about 15 cm of the
tube into the nose in order to locate the open end properly. It is a good
idea to make a mark by putting a thread around the tube at slightly more
than this distance before beginning the experiment. As soon as the tube
is located properly in the pharynx the speaker should relax quietly for a
moment in order to avoid a gag reflex. Check the location of the tube by
using a flashlight (a small, focused pen light) while looking into the
speaker's mouth. It may be necessary to use some object such as a spoon
or a spatula to depress the speaker's tongue in order to see the end of the
tube. If it is correctly located about 1 cm below the uvula,fasten the
tube to the cheek just outside the nose with a small sticking plaster.

When recording pharyngal pressure through a nasal catheter, it is
necessary to keep the tube free from mucus. Before attaching the end to
the pressure transducer, connect it to a rubber bulb (the one from the
palatography spray to be discussed below is very suitable) and blow some
air through it. Repeat this procedure at frequent intervals throughout
the recording.

Pressure recordings may be calibrated using a water manometer, or more
simply (and only slightly less accurately) by the following procedure.
Connect one arm of a T piece to the pressure transducer, and the center of
the T to a tube attached to a ruler in a container of water as shown in
Figure 2. Blow gently into the other arm of the T until bubbles come out of
the tube. At this time the pressure exerted on the transducer will be equiva-
lent to the depth of the water (or, to be more exact, the distance between
the end of the tube and the surface of the water). Repeat this procedure
with varying water levels, so that signals are produced over the entire range
of interest (probably up to 15 cm aq). When these signals are reproduced
a graph can be drawn, showing the relation between the variations in the
signal and the set of known pressures.
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Variations in airflow are slightly more difficult to record than varia-
tion in air pressure. Nearly all systems for recording air flow involve
measuring the amount of flow in terms of the very small amount of pressure
that it produces in specified circumstances. (The only major exception to
this generalization is the hot wire anenometer which has not been produced
in a portable, field, version.) We have found that the most suitable way
of measuring[air flows in speech is by measuring the slight pressure build
up that occurs when the air flows through a fine wire mesh. This system has
a substantially flat frequency response, usually with a slight peak around
5-10 Hz, associated with the volume of air contained in the mask. It will
measure both egressive and ingressive flows by converting them to small posi-
tive and negative pressures which can be transduced. 1t can be calibrated
by connecting it to a commercially available flow meter. With a little
practice one can learn to blow steadily at a number of different rates,
s0 that one can observe the flow meter readings that correspond to different
signals. More accurate measures can be made in the laboratory by using a
vacuum cleaner controlled by a variable voltage, reversing the drive to
the fan, so that the device blows instead of sucking.

We have found it best not to try to use a face mask that is divided
into compartments for the mouth and the nose. The flow of air from the
nose is usually very small indeed, and it is simplest to gather it by two
tubes ending in bulbs (nasal olives) lightly inserted into the nostril.
These tubes are then joined and led out from the face mask into a tube
containing a wire gauze. In practice it is difficult to collect air from
both nostrils if one nostril is also being used for a catheter in the
pharynx. This nostril is best sealed off completely, and the nasal flow
recorded through the other one.

Finally in this section we must note briefly a luxury that it is very
pleasant to have when recording aerodynamic data in the field. This is a
battery operated, portable, storage oscilloscope. This device makes it
possible to see instantly the form that the pressure and flow signals will
have when they are written out more permanently on an inkwriter. As a
result it is possible to check in the field that one event occurs before
another ~— and this may lead to a modification of one's hypothesis, or of
the set of data to be recorded in future experiments.

Articulatory data

There are two simple techniques for obtaining articulatory data show-
ing positions of the vocal organs. Firstly, photographs can be taken of
the 1lips. Secondly, palatographic records can be made, showing both the
part of the roof of the mouth that has been touched by the tongue in a
particular word, and the part of the tongue that made the contact. Arti-
culatory data of these kinds is shown in Figure 3 (from Ladefoged 1968),
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which illustrates the pronunciation of a labialized and palatalized pre-
palatal affricate in the word edwo [édyo] 'a yam' in Late, a Guang lan-
guage with close affinities to Akan, spoken in West Africa.

The photograph of the lips in the lower right of figure 3 shows that
the lips are closely rounded during the closure for this sound. With a
little practice it is quite possible to take photographs at appropriate
moments in the words being investigated. Ask the speaker to repeat the
sound in a phrase, over and over again, while you get ready to take the
photograph. Have a tape recorder running, and make sure that the camera
is close to the microphone, so that there is a clear recording of the click
of the shutter when you eventually take the photograph. You can find out
in the field roughly when the photograph was taken by playing the record-
ing at half speed. Later, spectrograms can be used to locate the precise
moment.

The palatographic data in figure 3 is even more informative. The
procedures involved have been well established for many yvears (Abercrombie
1956; Ladefoged 1957). In essence it usually nowadays consists of cover-
ing the upper surface of the mouth with a dark powder, saying a word, in-
serting a mirror into the mouth, photographing the area wiped clean by the
tongue, and then photographing the tongue so as to show which parts of it
have become covered with powder. There are Polaroid cameras available
(see Appendix) that have dental mirrors attached, making it very easy to
photograph the roof of the mouth. Photographs of the roof of the mouth
are usually called palatograms, and those of the tongue are called limguagrams.

In the word recorded in figure 3, the linguagram shows powder on the
center and front of the tongue, but not on the tip or the blade. We may
conclude, therefore, that the center and front of the tongue touched the
roof of the mouth, but that the tip and blade must have been held down so
that they played no part in the articulation of this consonant.

The palatogram in the lower left of figure 3 has a white line added
to show the limits of the area contacted by the tongue. The extent of this
area was clearly visible on the original photograph, but, as is often the
case, we considered it advisable to draw a line on the photograph to counter-
balance the losses due to reproduction. The palatogram shows that in the
midline the powder has been removed from only a small part of the roof of
the mouth just behind the alveolar ridge. In addition, a great deal of
powder has been wiped away from the sides of the hard palate, leading us to
conclude that the sides of the tongue must have been raised in that region.
It is this raising of the sides and body of the tongue that gives the sound
its palatalized quality.
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It must always be remembered that the contact areas reflect the sum
of the articulatory contacts that occurted in the pronunciation of each
of these words; they do not show the position at any one particular moment.
In addition the photographs of the tongue show it when it has been slightly
stuck out of the mouth,and is therefore not in the same shape as it was
when producing any of the sounds.

The illustrations of the sagittal sections of the vocal orgams in figure
3 were made possible through the use of dental impressions of the oral
cavity made in the field. There is no reason for these impressions to be
made using a tray of the kind that dentists use. As the outer surfaces of
the teeth play no role in the production of speech, we can simply neglect
them. All we need is an impression of the inner surfaces of the roof of
the mouth. For our purposes it is necessary to use an alginate impression
material. Other substances which set harder and cannot be cut are of no
use. The easiest way to make an impression is to mix a sufficient quantity
of the material, and place it on the back of the palatography mirror. Get
the speaker to lean slightly forward, and then insert the mirror with the
material on it into the mouth. Press the mirror firmly against the upper
teeth, allowing some of the material to flow out of the mouth around the
upper lip. A good impression for phonetic purposes should be made with
sufficient material to indicate (at least roughly) the shape of the upper
lip and the curvature of the soft palate. The palate will, of course, be
in a lowered position, as the speaker will have been breathing through the
nose while the impression material is setting. The impression material
around the lips sets slighly more slowly than that inside the mouth,
where it is slightly warmer. When you can see that the material around
the lips is firm, it is quite safe to remove the mirror from the mouth,
first rocking it, raising and lowering it slightly, so as to break the
seal.

If the impression is to be kept for any length of time it must be put
under water to prevent it drying and shrinking. Otherwise, take it off the
mirror and trim the base flat so that it is parallel to the plane of the
teeth. If the mirror really was pressed firmly against the upper teeth
while the impression was being made, this should involve no more than the
removal of excess material from around the sides. The impression may then
be cut in half in the mid-sagittal plane, and a tracing of the upper surface
made as in the upper left of figure 3. The exact positions of movable
structures such as the lips and the soft palate have to be estimated, but
if care has been taken to have sufficient impression material around the
lips and as far back in the mouth as possible, the sagittal diagram will
be reasonably accurate. Palatograms should always be accompanied by diagrams
of this kind. It has long been established that sagittal sections provide
the most useful representations of speech sounds.
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The impression of the roof of the mouth may also be used to construct
contour lines at fixed distances from the plane of the teeth. A line show-
ing all points 10 mm below the highest point of the palate has been super-
imposed on the palatogram in figure 3. In order to draw such a line put
the two halves of the impression material together again, and cut them
horizontally (i.e. with the blade of the knife parallel to the surface of
the impression material corresponding to the plane of the teeth). It is then
possible to measure the distance of this plane from the roof of the mouth,
and to draw a line round it. TIn order to superimpose this contour line
accurately on the photograph it is first necessary to be certain that the
photographs that are being used are life size, a fact that may be checked
by photographing a ruler put in the place of. the mouth. . Fortunately, cameras
such as the Polaroid dental camera (see appendix) automatically produce
photographs that are always life size, in focus, and correctly lit.

We may conclude this section by noting some practical points in connec-
tion with palatography. Firstly, care should be taken in selecting appro-
priate words. We are often interested in comparing the places of articulation
of comparable sounds. Accordingly words must be chosen that contain these arti-
culations, and do not contain any other similar articulztions that might over-
lap with them. Thus when investigating the difference between s and f in
English one should use words such as "sop - shop" rather than '"sot — shot.”
Similarly one should use either a range of vowels (''seep—sheep, sip-ship,
same-shame, Sam-sham, sop-shop, etc") or, if this is not possible, just open
vowels which might be expected to have less effect on the consonant arti-
culation. As with all instrumental phonetic investigations, time spent select-
ing suitable words is a good investment.

When doing palatography, one should allow the speaker to practice the
task extensively. It is important to get the speakers to relax after the
upper surface of the mouth has been sprayed, so that when they say the word
being investigated they do so naturally. It also requires practice to stick
the tongue out of the mouth the same way every time. It is obviously im-
portant to date and label the photographs as soon as they are taken. In
addition, again as with all instrumental data, it is preferable to make
records of several different speakers saying a few utterances rather than
one or two speakers repeating a large number of different utterances. Ideally
one would like to get a dozen speakers of the same dialect each repeating
a dozen times all the contrasts to be investigated. But in a world in which
time and effort are limited it is most important to find out the properties of
the language that speakers have in common, rather than the details of an in-
dividual's pronunciation. The best kinds of instrumental investigations are
those to which one can apply statistical techniques such as analysis of

variance, which allows one to compare differences among individuals speaking
different languages. When the differences between groups are statistically

large in comparison with differences within a group then one can say that
the languages represented by the groups really are phonetically different.
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Figure 4. A portable phonetics laboratory.

We may review much of the quipment we have been discussing here by
reference to a photograph (figure 4) taken on a recent fieldwork trip in
the Kalahari desert. The speaker, Guhmsa, is inserting a tube into the
nose, so that we might make the pharyngal pressure records exemplified
in figure 1. The stereo tape recorder, FM pressure/flow system, and port—
able storage oscilloscope are on the left side of the table; the pala-
tography camera and other equipment is on the right. The appendix gives a
complete list of all the apparatus, including, where appropriate, manufacturers,
model numbers, and 1979 prices.
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Appendix
Check list of equipment for instrumental phonetic fieldwork.

1. TUher 4200 stereo recorder ($650.00).
Uher of America, New Jersey

2. Pressure transducers
Pitran R-pressure transistor, model PT-L2 and PT-H2 ($75.00 each)
Stow Laboratoties, .Inc.-Kane Industrial Drive, Hudson, Mass. 01749

3. Infant feeding tubes (pressure catheters)
4. Flashlight and dental mirror (for checking catheter positionm)
5. Plaster (for affixing catheters)
6. Bulb for clearing catheter
7. Disinfectant
1. Webcol alcohol prep
2. TUnitek cleansing towelette
3. Menda no fog dental mirror polish
8. T Tube and ruler (for calibrating pressure)
9. Air flow transducers
Fleisch pneumotachograph # 1-7319 ($300.00)
Dynasciences/Whittaker Corp. Towenship Line Rd, Blue Bell, Pa. 19422
10. Airflow meter
11. FM recording system
12. Tektronix portable storage oscilloscope
Oscilloscope model 214
Tektronix, P.0. Box 44408, San Francisco, Ca. 94144
13. Polaroid dental camera
Polaroid Camera, CU-5 ($700.00)
Polaroid Corp.
14. Palatography spray
15. Alginate impression material
16. Rubber mixing bowl
17. Spatula

18. Long sharp knife (for cutting impressions)
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The ability of listeners to identify voices

Peter and Jenny Ladefoged

In many court cases people are identified simply by listeners who
heard their voices. We have been concerned with various kinds of cases:
a woman claimed to be able to identify a man who raped her by hearing his
voice in a police line up; someore overheard a member of a street gang
she knew outside her window; an employee surreptisiously taped a conversa-
tion showing her boss was biassed against her; relatives recorded evidence
concerning an inheritance; and people have often made identifications
from tapped telephone conversations. How accurate are the judgments of
listeners in all these circumstances? The short answer is that we do
not know, but there is often reason to doubt their reliability.

Bricker and Pruzansky (1976) have presented a comprehensive review
of the literature on speaker recognition. Their 72 references include
numerous unpublished lab reports and orally presented papers. About two
thirds of their references are concerned primarily with machine techniques
for speaker recognition or verifications, and are irrelevant to the present
discussion. The remainder are concerned with recognition by human listeners,
but even so some of them have no bearing on legal situations. We will discuss
here published studies that are relevant in forensic proceedings, together
with some previously unreported experiments of our own. The principal studies
reported in the literature are summarised in Table. 1.

One of the earliest relevant studies from a legal point of view is that
of McGhee (1937). Her research was prompted by the fact that Colonel Lind-
bergh identified the defendant Hauptmann by his voice almost three years
after the offense was committed. McGhee summarises many early legal cases
concerning the admissibility of voice identity as evidence. She notes that
telephone conversations have been admitted into evidence for many years,
"the uncertainty of recognition goingonly to the weight of evidence." McGhee
then reports her own experimental investigations of voice recognition. The
general procedure was to have unknown voices talking behind a screen. In
some experiemnts there was a single voice on one day and five voices (in-
cluding that one) either one day, two days or up to five months later. In
these experiments 83% of the listeners identified the correct speaker ome or
two days later, but only 68% made correct identifications after a two week
interval. In another experiment, when there were five unknown voices on the
first day, only one of which occurred in a series of five voices two days
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Table 1. Summary of some of the principal studies

Authox(s) Number of .+ Conditions (Mean) 7%
Bneakers recognized
McGhee 5 One day later 33
two weeks later 68
three weeks later 51
five months later 13
Stevens et al 4 tape loops 94
4 + others may be unknown 90
Clarke & Becker 4 naive listeners 58
speech students 63
practised ditto 68
Bricker & Pruzansky 10 familiar voices 98
Compton 9 familiar, single 54
vowel
Garvin & Ladefoged 12 might be familiar 42
(10 familiar) single vowel
Ladefoged 11 assumed to be 98
(out of 25) familiar

later, only 467 of the listeners made a correct identification. (As listeners
were always choosing one out of five speakers, in all these experiments one
would expect 20% of the listeners to be correct simply by chance). McGhee's
summary notes ''the reliability of court procedure in accepting testimony of
positive identification of a defendant by his voice, in consideration of the
length of time interval and the common fallibility of memory, would seem to

be relatively low in the light of the present experiments designed to test

the validity of such a procedure.”

Many of the other studies are more concerned with laboratory situations
that are not so relevant to most legal cases. Stevens, Williams, Carbonell,
and Woods (1968), used recordings of words or very short phrases. In some
of their experiments listeners could hear, over and over again, a loop of
tape playing a recording of an unknown voice. They could also hear, as often
as they liked, loops of four voices. 1In experiments in which they were told
that the unknown voice was one of the four voices the error scores were about
6%. In experiments in which they did not know whether the unknown voice was
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one of the four, they failed to identify the voice about 10% of the time.
More importantly, even under these nearly ideal listening circumstances,
they wrongly identified some other speaker as the unknown voice 6-8% of the
time. We would presume that the error rate would be very much higher given
poorly made tapes with a high background noise. Stevens et al also point
out that there are large differences in the ability of their subjects to

do this task.

In another fairly similar experiment conducted by Clarke and Becker
(1969) a recording of an unknown voice was followed by recordings of four
voices, one of which was the same as the unknown voice. This study provides
evidence that both professional background and additional practice affect
the number of correct responses. Naive listeners achieved only a 58% cor-
rect recognition, but five graduate students of speech made 63% correct
identifications on the first day of the experiment. After several weeks
of practice in which they became familiar with the voices of the 20 speakers
involved, they made 67% correct identifications; they were still wrong about
one time in three.

The experiments reviewed so far have been mainly concerned with the
recognition of speakers not previously known. However, many legal cases
are concerned with the identification of familiar voices. Experience suggests
that there may be no difficulty in identifying the voice of an intimate
friend; but even with such people one may be misled; and the identification
is often not beyond a reasonable doubt. Casual acquaintances can easily be
confused, and people with different accents may be very hard for an out-
sider to distinguish. Before discussing experiments illustrating these
points it is useful to consider some general points concerning accents.
It is a common observation that people of other races all look alike. The
same kind of thing is true about speakers with accents very different from
our own. They have an overwhelming similarity to one another, from our
point of view, which masks what they may regard as very noticeable differences.

Some years ago Spencer (1957) remarked this point with reference to the
perception of differences in accent. As he put it whether you have an accent
or not depends on who is listening to you: "accent is in the hearer, not
the speaker." Spencer notes that to an outsider most Yorkshire accents
are indistinguishable; but to someone who lives in that region, there are
numerous locally distinct forms of speech. Similarly many English people
think that all Americans sound alike; and we find that many Americans mis-
take our British accents for Australian ones. Clearly the closer one is to
a given group, the easier it is to distinguish particular members of that
group. For all of us, an accent is something that somebody else has.

A similar point has been made in the speaker recognition literature.
Bricker and Pruzansky (1976) quote Williams (1964, not seen) as saying
"speaker recognition depends not only on the individual characteristics of
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each of the speakers but also on the characteristics of the other speakers
with whom he is being compared." Hecker (1971) notes that several studies
have shown that some pairs of voices are more confusable than others. The
similarities between different voices may be due to chance or to things such
as family background. Rosenberg (1973) reports a study in which a speaker
was confused with his twin brother 96% of the time. We have been involved
in a legal case (People vs. Alcantara) in which a similar mistake was made.
The prosecution originally alleged that a recorded voice was that of one
person when subsequent evidence showed clearly that it was her sister.

Bricker and Pruzansky (1966) found that listeners were very good at
identifying people they knew quite well. In their experiments 16 subjects
listened to high quality recordings of 10 male speakers who were members
of their lab group, each saying the same 5 sentences. When listening to
these sentences in a random order, six subjects correctly identified all
50 sentences; the worst score was 46 correct; and the mean over all speakers
and listeners was 987 correct. It is important to note that in this ex—
periment the listeners were told who the 10 speakers would be, and had
pictures of them in front of them during the listening task. They had also
practised the task using similar sentences in which the speakers identified
themselves. Thus this was a closed set discrimination task, rather than a
test of a person's ability to identify a voice without knowing the range
of familiar voices available, or even knowing for sure whether the voice
to be identified was known or unknown.

Bricker and Pruzansky also played shorter, edited, utterances to their
listeners, and suggest that these results support Pollack et al (1954) who
say "we believe that the duration of the speech sample per se is relatively
unimportant, except insofar as it admits a larger or smaller statistical
sampling of the speaker's speech repertoire." It appears that even very
short utterances convey some information about the speaker. Compton (1963)
showed that listeners could identify familiar speakers from recordings of
a single vowel. 1In a forced choiced task, 15 listeners, after a training
period, could identify 9 speakers correctly 54% of the time. Again, this
was a closed set discrimination task, in that the listeners knew that the
speaker was one of a group of nine. Garvin and Ladefoged (1963) reported
a similar experiment, but in this case the four listeners were given no
prior training, and did not know in advance who the speakers were. They
were told that they knew most of the speakers reasonably well, but there
would also be some (in fact two out of 12) whom they did not know. After
listening to high quality recordings of the vowel [a], each lasting about
two seconds, three of the four listeners could name four out of 10 speakers,
and the fourth listener could name 5 speakers.
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Our own experiments (Ladefoged 1978) also showed that listeners were
very good at identifying the voices of speakers they know well. In these
experiments listeners were not told in advance who the speakers were, but
were allowed to presume that they were all associated with the UCLA Phonetics
Lab group. Nine of the 10 listeners correctly identified all the 11 speakers
who were associated with the lab group, usually within a few seconds of the
start of the recording. The tenth listener confused two of the speakers
who were not very well known to him. This experiment was not a closed set
discrimination task in that there were at least 14 other people in the lab
group who might have been among the speakers.

This experiment was also designed to show how expectations can affect
the response. One is far more likely to identify a voice as a given person's
if ome is expecting to hear that person's voice. This may lead to some
errors in identification. 1In the experiment being described a twelfth
speaker was recorded who was not part of the lab group. Five out of the 10
listeners wrongly identified this wvoice as one of the two Bilacks in the 1lab
group, neither of whom had been recorded. Because the voice was that of a
Black speaker who had some superficial resemblance to the two Blacks in the
lab group,and because they were expecting to hear members of the group, half
the listeners made a wrong identification.

We know of at least one legal case in which expectation was part of
the cause of a misidentification. In People vs. Kalkin, narcotics agents
telephoned a particular room at a hotel and made arrangements for a narcotics
deal. They subsequently charged Mr. Kalkin, the person to whom the room
was rented, alleging that they had spoken to him on the phone. But he had
happened to be out of the room at the time of the call, and the agents had
actually spoken to an associate of his, who later admitted to the conversa-
tion. We obtained a recording of this second person and are in no doubt
whatsoever that the recording which had been used as evidence was much more
similar to this recording than to recordings we also made of Mr. Kalkin.
The prosecution later agreed to a stipulation that the voice on the recording
in evidence was not that of Mr. Kalkin. They had apparently misidentified
the voice becauvse they had expected Mr. Kalkin to be answering the phone
in that room.

In all the experiments discussed so far the set of possible speakers
has been comparatively small. But Pollack et al (1954) have shown that the
error rate goes up appreciably when the number of response alternatives is
increased. In real life situations an identification often has to be made
by considering a very large number of possible speakers. With this problem
in mind we conducted a preliminary experiment on the ability of a listener
to identify the voices of a wide range of friends and family interspersed
with a number of unfamiliar voices. The subject was P. L., the first author,
and the experimenter was J. L., the second author.
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We estimated that at the time of the experiment we could identify a
group of about 100 people who were reasonably well known to P. L., and
whose voices he might be expected to be able to recognize. Recordings of
29 of these people were made by J. L. The speakers in this sample were
selected in part by considerations of who was available,and who could be
recorded without P. L. being aware that the recording was being made. But
care was also taken to record only a proportion of those who were easily
accessible, so as to make sure that P. L. could not presume that any given
person would be in the sample. Thus recordings were made of P. L.'s mother,
but not of his father. The voices considered as unfamiliar consisted of a
group of 11 people who were totally unknown to P. L. and a further 13 people
with whom he was not completely unacquainted, but whose voices he had mot
heard more than once or twice. All the recordings were made on a portable
tape recorder with a frequency response of 50-12,000 Hz + 3 db, and a signal
to noise ratio better than 40 db. Three types of material were recorded:
(1) The single word "hello". (2) A one sentence description of a picture
(3) A further 30 seconds of continuous speech describing the same picture.
Two additional types of material were derived from these recordings. Firstly,
in order to check whether prosodic cues alone were sufficient for identification,
the material was re-recorded after having been played back through part of a
pitch extraction circuit which produced a saw-toothed wave that varied in
frequency and amplitude. This buzzing type of sound conveyed the rhythm,
intonation, and durational characteristics of the original speech without
conveying any segmental information. Secondly, in order to check whether
any of the speakers could be identified simply by their vocabulary or syntax,
J. L. re-recorded all the material in her own voice.

P. L. listened to all the recordings using high quality equipment in
a sound treated room. There were five parts to the listening test. He
first heard all the examples of the buzzing sound that conveyed only prosodic
information; next he heard all the material re-recorded in J. L.'s voice; then
he heard all 52 examplés of hello; :then the 52 single sentences; and finally
all the 30 second passages. The listening was done on a number of occasions
over a period of several days. P. L. tried to identify each voice by name,
noting for each identification whether he was certain, or fairly certain or
whether it was only possibly the named person. Each recording was played
through only once. He was not told whether he had made a correct identifica-
tion or not until after the whole experiment had been completed, so as to
make sure that he would not be biased by knowing which familiar voices had
been recorded.

Listening to the buzz conveying only the prosodic cues did not enable
him to identify anybody. Listening to the material re-recorded in J. L.'s
voice he could sometimes again gain information such as whether it was a
man or a woman speaking, and he could occasionally infer something about
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their degree of familiarity with J. L. But he felt that usually he could
gain very little specific information. This is a point which is hard to
quantify. Undoubtedly vocabulary and style do convey some personal in-
formation. But, as is also the case for the prosodic data, by themselves
they rarely convey enough information to permit identification. In the
present experiment P. L. did identify one re-recording in J. L.'s voice
as being possibly his mother-in-law. This identification was correct.

The main part of the experiment was listening to the 52 examples of
hello, the single sentences, and the longer passages. The results are
given in table 2, which indicates that 31% of the 29 familiar voices were
correctly identified from the single word hello; 667 from a single sentence;
and 83% from a longer sample of their speech. The proportion recognized with
a higher degree of certainty increased steadily as the amount of material
heard became longer.

Table 2. Number of speakers correctly identified with different degrees
of certainty. There were 29 familiar voices interspersed with
24 other speakers.

Type of material possible fairly certain total percentage
certain

"Hello" 4 4 1 9 31

single sentence 8 3 8 19 66

30 seconds of speech 3 2 19 24 83

Table 2 does not show some information that is relevant to the present
discussion. What is very important from a legal point of view is that on
a number of occasions P. L. though that he had heard one person when he had
actually heard another. When listening to the 30 second passages, 24 people
were recognised correctly, but in addition three wrong identifications were
made. Two of these were cases in which an unfamiliar voice was mistaken for
a familiar voice, and the third was a case in which a familiar voice was in-
correctly identified. Thus about 117 of the identifications were wrong.

Almost equally interesting is the fact that the familiar voices who
were not recognised included some who were very well known to P. L. Thus
he did not recognize his own mother when she said hello, merely noting that
the voice was that of a "familiar, low pitched, woman." He still did not
recognize her when she said a single sentence; and it took the whole of the
30 second passage before he identified her, and then only in the "possibly"
category. One reason for this may be thsat the sample contained 14 women
who spoke with the same accent as hers (British English, RP), all of whom
he found confusingly similar, despite being a speaker with that accent him-
self.
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We have left till the end the question of how people recognize voices.
Answers have been suggested by Voiers (1964) and Holmgren (1967) both of
whom factor analysed rating scales such as intense-mild, hard-soft, sharp-
dull. But as Bricker and Pruzansky (1976) comment in summarizing this
literature: 'We are left with the conclusion that the physical and per—
ceptual correlates of speaker recognition by listening remain obscure."

From a linguistic point of view it seems preferable to go back over
half a century to the work of Sapir (1927) who suggested that there are
five ways in which individual voices differ from one another: (1) voice
quality; (2) voice dynamics, by which Sapir meant that we would now call
prosodic features such as intonation and rhythm, as well as relative con-
tinuity and speed; (3) pronunciation, which we would refer to as phonetic
and phonological variations among segments; (4) vocabulary; and (5) style,
including syntactic variations. In recognition situations we make use of
various combinations of these factors. In our experiment described above,
for example, on one occasion P.L.'s notes indicate that he heard a given
voice as having North Country vowels, tried to remember who came from that
area, and then realized that the voice was Trevor's. But on another occasion,
when hearing a Gaelic influenced form of English, he did not go through that
sort of process at all,but moted, instantly, Freddie. It seems foolish to
presume that there is a way of recognizing voices. We can all do this task
to some extent, no doubt using one technique on one occasion,and another on
another. No doubt, also, we are all likely to make mistakes perhaps more
than 107 of the time. We can only hope that our mistakes do not have serious,
legal, consequences.
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Bibliography of X-ray Studies of Speech

Jonas N. A. Nartey

1. Introduction

This bibliography lists the publications dealing with or containing
some x-ray data on speech that we have copies of in our files at the UCLA
Phonetics Laboratory. We are aware that this list by no means exhausts
the material in the field. We are publishing this solely as a working
bibliography for our own use and as a convenience to any other interested
users.

Preceding the bibliography itself is a partial annotation of the studies
grouped according to topic. In this section, care has been taken to avoid
duplication of the surveys completed by Macmillan and Kelemen (1952) and
Simon (1961). This has been achieved by concentrating only on the more
recent work. As the main reason for the present compilation was to locate
as many possible of the published tracings or photographs, the annotations
tend to concentrate on this aspect and may not reflect the main point of the
paper as the author or another reader might perceive it.

2. Annotations

2.1 Works relating to experimental and analytical techniques
Bjork (1961) contains technical details of X-ray method and dosages.

Hardcastle's 1974 survey paper describes the application of various
instrumental techniques used to obtain information on lingual activity during
speech production. He suggests that even though cinefluorography, electro-
myography, and electropalatography are by far the most reliable techniques
available, there is still room for improvement in any one of them. The
paper includes one simplified tracing of a still x-ray photograph (6 x 5 cm)
of Hardcastle's own production of [s]. The tracing represents the upper two-
thirds of the oral cavity.

Houde's (1967) Ph.D. dissertation studied the movements of the tongue
body and their relationships to the phonemic representation of speech. He
used nonsense trisyllabic words throughout the study as spoken by an American
English speaker. He suggests point-parameterization as a reliable means of
dealing with the physical characteristics of the articulators. Curiously
enough he includes only one 9 x 9 cm x-ray frame and a tracing of the same
in the entire dissertation. ‘
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Kent (1972) includes three tracings (approximately 4 x 4 cm) showing
superimposed tongues. Only one tracing includes the complete oro-nasal
cavity. Motion films of varying speed (100 or 150 frames per second) were
used in the study. At least two speakers of American English served as
subjects. The sounds were taken from actual words, e.g. [k] from "coffee',
and [t] from "toying". Kent investigated a number of techniques in the
analysis of cinefluorographic data in the study of speech. He concluded
that a point-parametized analysis is particularly advantageous in that it
allows for the recording of spatio-temporal detail.

Kent, Netsell, and Bauer (1975) investigated x-ray techniques and their
application to articulatory mobility in dysarthric subjects. They recom—
mended the use of radio-opaque markers as they allow time/motion studies of
discrete articulatory points.

Moll (1960 and 1965) deals with x-ray techniques and procedures in
speech research. He notes (1965) that it is impossible to select measures
with which to describe completely the position of the tongue.

Perkell (1969) describes various methods of measuring the resonance
cavities, with reference to fixed points. From his data he suggests a
"simplified model” for vowel production. He further suggests that variation
in muscle activity corresponding to tenseness is more isotonic in vowels
and more isometric for consonants.

Strenger (1968) includes eleven 10 x 12 cm, two 7 x 11 cm, and three
4 x 5 cm x-ray photographs. These are all stills of the consonants [f,m,n,n]
and one instance of the vowel [u] spoken by Swedish subjects. All parts of
the speech organs are represented. The study extends Strenger's 1963
consonant studies to cover vowel articulation. He stresses the necessity of
describing the different speech sounds with reference to the fixed physical rest
point, which he defines as "'that position in which all the parts of the organs
of speech are in a state of rest, and when respiration can continue without
the passage of air being in any way obstructed or altered.”.

Subtelny, Pruzansky, and Subtelny (1957) discuss some of the problems
of existing x-ray techniques and suggest modifications that might help capture
the fact that speech is dynamic and not 'static'.

Truby (1962) based his studies on Swedish, and American English vowels
preceded by CL clusters. He pointed out that the best means of collecting
physical data on speech is the simultaneous use of radiographical techniques
and sound spectrographs.
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2.2. Studies principally concerned with vowels
Barth and Grassman (1907) contains xz-rays of all the German vowels.

Benard's 1970 study was on selected vowel sounds of Australian English.
He published only three tracings (approximately 5 x 4 cm) taken from motion
films at a speed of 24 frames per second. Included in the tracings are
the upper pharynx, upper incissors, the alveo-palatal ridge, the velum, and
the upper two—thirds of the tongue. The tracings were from two of the twelve
adult male speakers used in the study. The vowels shown from the study are
ful, [i], [»], and [e] in the frame [hVd]. Each tracing consists of two
superimposed vowels. He found among other things, that the tongue crests
for [e] and [u] are very close together, and that the perceptual difference
is attributable to the effect of lip rounding.

Brichler-Labaeye (1970) is an extended work on the articulations of
French vowels. It contains three hundred and ninety-nine 3 x.7 cm and one
8 x 11 cm - tracings, all of which include two superimposed vowels. The
main problem with this book is that it has tracings of only the anterior
two-thirds of the wvocal tract. This obviously excludes data on the area
of the epiglottis and position of the larynx.

Curry (1938) includes eight 5 x 7 cm x-rays with superimposed tracings
of the American English vowels [i:], [u:], and [a:], spoken by a female sub-
ject. The tracings were from a movie film with a speed of 60 frames a second.

As indicated by the title, Fant's (1964) paper explores the relationship
between formants and cavities. There are a number of interesting remarks,
one being that the highest point of the tongue is not an accurate articulatory
representation of the vowel [a], since the major difference between [0] and
all front vowels is the relative narrow pharynx. Most of his data was based
on his monumental (1960) book.

Fonagy (1976) studied Hungarian vowels said with varying emotions,
namely: anger, hate, sadness, and irony. (The study is published in French).

Gendron (1962) compared both oral and nasal vowels of Canadian and Parisian
French. His main conclusion is that Canadian vowels generally tend to be
more lax than their Parisian counterparts.

Holdbrook and Carmody (1937) included 184 single tracings from still
photographs. The approximate size of the tracings, which include all of
the oral cavity, is 3 x 2.5 cm. The number of speakers per language are
French - 2 females and 1 male, Spanish - 1 male and 1 female, American English -
2 males and 1 female and 1 speaker each of British English, Italian, German,
Polish,and Russian. The study was based on steady state vowels.
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Lindblom and Sundberg (1969-70) applied a quantitative model of car-
dinal vowel production to the distinctive features of Swedish vowels,
suggesting how such "cardinal" vowels may be used to teach language in the
classroom. The study included six 6 x 6 cm superimposed tracings and one
9 x 10 cm single tracing.

MacNeilage and Scholes (1964) studied movements of the tongue during
the production of American English vowels. Using both EMG and x-ray
data, the authors were usually able to show the muscles controlling the
tongue during the production of vowels.

Moll (1962, 1967, 1971) studied velopharyngeal closure and the systematic
movement of the velum during speech. Seemingly contrary to other authors
(e.g. Perkell, 1969), Moll suggests (1962) a greater velopharyngeal closure
for high vowels than low ones.

Skalilkova (1967) did a comparative study of English and Czech vowels.
She indicated among other things that the acoustic differences between [e]
and [i] are not necessarily achieved through differences in tongue position,
but that mandibular variation is also involved. Her data indicate that the
so-called front vowels of English are further back than the Czech ones.
Included are fifteen 10 x 12 cm tracings taken from connected speech of 2
Czech and one English subject.

Ladefoged (1964) included radiographic data on 13 vowels in Ngwe
and 10 vowels in Igbo, each from one speaker. A principal conclusion is
that Igbo vowel harmony can be characterized in terms of advancement of the
tongue root — since all the so called "tense" vowels have a wider pharynx
than all the so called "lax" vowels. This book also includes tracings
of the implosive [b] in Igbo and the labiodentalized fricative [z'] in Kutep.

Painter (1973) provided x-ray data on the feature 'covered' in Twi (Akan)
vowel harmony. The article includes 14 tracings, one of which superimposes
10 vowels on one frame, of the approximate size 5 x 5 cm. The tracings are
from a motion film at a speed of 24 frames per second. The alveo-palatal
ridge, the velum, the pharyngeal wall, the epiglottis, and most of the tongue,
are visible in the tracings. One adult male speaker of Twi served as sub-
ject. The sounds were extracted from short Twi sentence pairs of the type
"mi di"and "m} di". The data points to the fact that in Twi, /e/ is more
like /i/ than /./, and /e/ is more like /i./ than /e/ both in tongue height
and tongue root position.

Lindau's 1975 dissertation was a study of vowels in the African languages
Akan, Ateso, Dho-Luo, Igbo, and Ijo. There are a number of original super-
imposed 6 x 8 cm tracings obtained from 4 speakers of Akan. She suggested
that in Akan, at least, vowel harmony can be described in terms of [+ advanced
tongue root], or [+ expanded]. (cf. Painter, 1973).
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Strenger (1969) showed that oral vowels in French actually have a
higher tongue pesition than nasal vowels.

Takeuchi's 1961 studies were based on Japanese monosyllables. Thir-
teen 5 x 6 cm x-ray photographs are included here. The main body of the
text is written in Japanese, but the tables are in English.

Wangler (1961) published both the original x-rays and superimposed
tracings of steady state articulations of all the German sounds. One prob-
lem with his tracings is that he has two epiglottises for a number of the
sounds, thus indicating he was not very sure of the outlines. (cf. Wangler
under 2.3 below).

Kent and Moll (1972) investigated tongue body articulation during vowel
and diphthong articulation in American English speakers. Their findings
point to the importance of tongue body displacement in determining the rate
of tongue body movement.

Pétursson's 1974 study dealt mainly with the vowels of modern Icelandic.
This study includes 26 tracings (approximately 4 x 3 cm) from motion films
at a speed of 19 frames per second. Each tracing is a composite of at least
three stages of a given vowel. With the exception of the tongue root and
the lower pharynx, all of the oro-nasal cavity is shown in the tracings. The
subject was a native Icelander. The sounds were extracted from real words,
e.g. /U/ from "bytta", and [€] from "Bettu". In this study Pétursson showed
that using lateral cineradiography alone, one could arrive at a vowel system
that is totally different from traditional ones.

Hegedus (1937) included fourteen 2 x 3 cm tracings of vowels from German,
Hungarian, Spanish, and American English. Due to the size one cannot do
much with the tracings. He showed the similarities as well as differences
between the vowels of the language in question.

Subtelny, Pruzansky and Subtelny (1957) included omne (5 x 7 em) still
x-ray of sustained phonation of American English [u]. Even though all parts
of the oral and nasal cavity are shown, the x-ray is not very readable. An
x-ray taken from Norris (1934) is also included.

Sovijarvi (1962) was mainly on Finnish diphthongs.
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2.3. Studies principally concerned with consonants

Kent and Moll (1975) were interested in the articulatory timing of
/spr/, /spl/, and /skw/ sequences in American English speakers. Their

study endorsed a preprogramming model over a feedback model of motor
timing.

Monnot and Freeman (1972) compared the Spanish single-tap /r/ with
American /t/ and /d/ in post-stress intervocalic position. The study has
six 4 x 4 cm tracings of an x-ray movie of the speed 24 frames per second.
The tracings show all aspects of the oro-nasal cavity from just above the
glottis to the lips. These are from one out of three speakers each of
Spanish and American English. The sounds were all extracted from continuous
speech, e.g. [a,r,d] from "water", and [e,r,i] from "Ibérica". They con-
cluded that the two sounds are so alike that language teachers may appeal
to students' knowledge of one in producing the other.

Pétursson (1971) studied [08], [8], and [s] in Icelandic. He published
6 tracings (about 5 x 4 cm) from high speed x-ray films. The tracings show
every articulator in the upper two-thirds of the oro-nasal cavity. The
lower pharynx and tongue root were not included. All tokens were from the
same speaker, a native of south Iceland. The sounds were from real words of
the language, e.g. "hjdlpadu.” He showed that all three consonants were
produced in the alveolar region, thus refuting earlier suggestions that Ice-
landic [0] and [O] were apico-dental articulations.

Subtelny, Oya, and Subtelny (1972) continued their earlier studies
of sibilants. They included three 7 x 7 cm and two 4 x 4 cm tracings of [s]
and [z] from real American English words such as "Suzy", "sister", "saw",
and "sustain''. Their findings support earlier observations that vowel re-
duction is a characteristic feature of English. Also, they suggested that
open vowels had a greater effect on lip opening for sibilants tham did
closed vowels.

Wood (1975) investigated the differences between the English and Swedish
dental stops. He published 15 tracings (approximately 7 x 8 cm). These
are from x-ray motion films at a speed of 75 frames per second. The trac-
ings include the lower jaw, the tongue, and sometimes, the alveo-palatal
ridge. They also include a slight approximation of the epiglottis. He
used two subjects (one Swedish and one English). The sounds were extracted
from continuous speech, e.g. [n] from nitton, [t] from nitton, and [t] from
sjuttio. All tracings have preceding vowels superimposed. The [s]- like
quality of the English [t] burst was attributed to a laminal occlusion.
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Feldman (1972) studied Brazilian Portuguese utterance—final [#] and
[u], noting that the two sounds are very much alike both acoustically and
articulatorily. The study includes four 4 x 3 cm tracings from still x-
rays, showing every feature of the oro-nasl cavity above the larynx. Due
to the size of the print one could could conclude that most of the out-
lines were only approximated. There was no information on the specific
number of speakers used, though they were identified as both male and female
adults of four major Brazilian Portuguese dialects. Both nonsense and real
words were used.

Giles and Moll (1975) examined x-ray pictures of selected allophones of
English [l]. The study includes 22 single and 6 heavily superimposed trac-
ings from a high speed motion film (150 frames per second). The tracings
(approximately 3 x 3 cm) are of the upper two-thirds of the tongue, and
the alveo-palatal ridge only; the velum, for instance is not included. Three
adult speakers of Midwestern American English served as subjects. All tokens
were from continuous speech samples. Among their findings, the authors showed
that there are similar constraints on the shape of the back portion of the
tongue for vowels and the /|/ allophones studied. Also, prevocalic /I/
allophones showed a more anterior tongue position than postvocalic ones.

Wangler's 1961 study includes thirty 7 x 9 cm original x-rays and super-
imposed tracings of steady state articulations of all the German sounds.
Regular photographs of the mouth, and also palatograms accompanying the x-—
rays.

Delattre (1971) studied pharyngeal features in Arabic, German, Spanish,
French and American English. He included a total of 157 tracings of ap-
proximately 2 x 2 cm from a motion film of the speed 24 frames per second.
Even though the entire cavity (from the lower pharynx to the lips) is shown,
users may find that the tracings are too small to make much of. The number
of tokens range from one to four per sound. Both sentences and minimal pairs
were employed as frames for the sounds studied. Examples of words used are
German "'stache", Spanish "jiba", and American English "later.'" He con-
cluded that many speech sounds that had been classified as velars were more
pharyngeal than velar. He pointed out that German /x,r/, Spanish /x/, and
French /R/ are all marked by pharyngeal constrictions.

Hetzron (1969) based his work on the articulation of semitic laryngeals.
He includes 6 tracings of Arabic [q], of the very small size of 1 x 1 cm.
He points out that due to the very low nature of pharyngeal constriction
accompanying Arabic laryngeals, the velum is pulled away from the pharyn-
geal wall, thus creating a velic opening almost identical to that found in
nasal vowels.
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2.4, Studies concerned with coarticulation between segments

Carney and Moll (1971) investigated fricative consonant vowel co-
articulation in American English. The publication includes ten tracings
(5 x 3 cm), each being a composite of 3 or 4 superimposed utterances, taken
from a motion film of 100 frames per second. Only the upper two-thirds of
the oral cavity is shown here. In addition to the confusion created by
superimposing, these tracings only seem to approximate the velum. The
subjects were two young adults (one male, one female). Each token of the
form [hVCV] utilized one or two of the vowels /i,a,u/ and one of the con-
sonants [/s,z,f,v/, resulting in nonsense words of the kind [hisi] and
[havu]. Their findings confirm earlier suggestions of vowel-to-vowel tongue
movement with a superimposition of the fricative consonant. Of particular
interest is their finding that fricative production is more affected by
post—consonantal vowels than by pre-consonantal vowels.

Daniloff and Moll (1968) used high speed cineradiography for their
study, involving the syllables [bul, [stul, [strul, and {nstru] spoken by
three English speaking subjects. The most interesting result is that the
lip rounding for [u] begins as early as possible in the sequence of pre-
ceding consonants.

Sovijarvi (1959) showed how the central portions of Fimnish short [a]
and [i] are influenced by labials, palatals, velars, and dentals. The
publication includes seven tracings (approximately 4 x 4 cm). Two of these
have extra vowels superimposed on them. All articulators in the oro-nasal
cavity (including the lower pharynx) are shown. He used 2 subjects (one
adult and one child), saying real Finnish words. The speed of the film
used was 24 frames per second.

2.5. Studies involving altered, unustal or defective speech

Croatto (1966) studied French subjects with various malformations in
the larynx and pharyngeal cavity in general.

Laczkowska (1961) studied the function of the velum in the speech of
boys between the ages of 7 and 12. He used both normal and pathological sub-
jects (including stuttering, dyslalia, and hypernasality). He found marked
differences in the velar function in normal and pathological cases.

Novak (1972) based his study on a group of Czech children with Down's
syndrome and another group of mentally retarded children without Down's
syndrome. He explained the fusion of the first two formants in certain
vowels produced by children with Down's syndrome as due to '"loose connection
of resonating cavities."
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Huizinga (1931) included ten 11 x 13 cm tracings of the vowels [i,u,
€,0,a], said once with ventriloquist voice, and once with normal voice.
The x-rays are not particularly readable. The tracings are not consistent
with respect to what is included. His 1932 article included four 6 x 9 cm
x-rays of [i] and [u] said once normally and once with a bite-block, and
ten 3 x 5 cm tracings of [a,],®=,0,e] also spoken with and without the bite
block.

Ondrackova's 1973 book, with its very rich appendix of x-ray photo-
graphs, studied the articulation of sung, spoken, and whispered Czech long
vowels. Included are four 10 x 15 cm, twenty-four 3 x 3 cm, and seventy-
four 7 x 5 cm x-rays. One of her findings indicates the progressive enlarge-
ment of the oral cavity from whispered through spoken to sung vowels. She
maintains that while there is no regular specification for the oral cavity,
the overall relation between the capacity of the oral cavity and that of the
throat is important for discriminatory vowel perception. Her 1961 results
(based on tongue and velum movements during singing) revealed air to be the
most satisfactory natural substance for various x-ray pictures.

Sundberg (1969-70) mainly deals with articulatory differences between
sung and spoken Swedish vowels. His study shows that spoken vowels have
higher first and second formant frequencies than sung vowels. The publica-
tion includes ome 15 x 15 cm tracing of superimposed spoken and sung vowels.

Putnam and Ringel (1976) used American English subjects with temporarily
induced oral sensory deprivation to investigate mandible position. Their
findings show among other things that more than half the time, inferior/
superior mandible position relative to the maxilla is either closer or less
close than traditionally claimed.

Weinberg's 1968 study compared normal and defective [s] articulation.
The selection of his subjects was based on variations in incisor dentition.
He found excessive fronting of the tongue tip to be the main cause of defective
[s] articulation.
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The phonetic function of rise and decay time in speech
sounds: A preliminary investigation

Vincent J. van Heuven

[Paper presented at the 9th International Congress of

Phonetic Sciences, 6-11 August 1979]

Speech sounds may differ characteristically in a number of ways,
among which are normally listed spectral composition, periodicity, in-
tensity and duration. Though a certain average intensity may be associated
with a particular (type of) speech sound (e.g. vowels have greater in-
tensity than consonants; vowel intensity increases with degree of openness) ,
no speech sound has a level intemsity throughout its duration. It has
been suggested that the time interval during which the amplitude envelope
increases more or less steadily at the beginning of a speech sound (rise
time) or decreases at the end of a sound (decay time), may additionally
differentiate between (classes of) speech sounds.

A stylised oscillogram of a sound, e.g. a vowel, produced in isolation,
may look as in figure 1.

-+

AMPLITUDE

TIME

Figure 1. Definition of (a) rise time, (b) decay time, and (c) steady
time in an isolated vowel with stylised amplitude envelope(all scales
have arbitrary units).
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There are, of course, numerous complications in deriving such a stylisa-
tion from an actual oscillogram, due to assymmetry of positive and nega-
tive halves of the wave form, the gradual nature of the amplitude contour,
and disturbances in the monotonicity of intensity build-up and decay.
Though high inter-individual agreement can be found when investigators are
asked to visually stylise such oscillograms, a satisfactory algorithm
achieving the same is still wanting.

The function of rise and decay times in speech has been investigated
in much less detail than any of the other acoustic parameters mentioned.
Yet, a review of the (scanty) literature will reveal their potential rele-—
vance.

Survey of the literature

Cohen, Slis and 't Hart (1963) found in a perceptual experiment, in
which speakers of Dutch, American English, and French were instructed to
manipulate a blind knob controlling the rise time of a selection of synthetic
vowels, that the preferred rise time differed systematically for each of
the three languages. Within the one language they studied in greater
detail, Dutch, rise time variations were randomly distributed over the 12
vowels used.

In a separate experiment, in which two parameters could be simultaneously
controlled by the subjects, decay time rather than steady state duration was
found to divide the vowels into three categories, which coincide with the
traditional classes of 'short' (mean decay time 40 msec), ‘'half-long' (80
msec), and 'long' (140 msec) vowels, which is a contrast with phonological
implications in Dutch.

In the Cohen et al (1963) experiments FO varied as a function of the
amplitude envelope, thus giving the subjects a double cue, which would
warrant replication of the experiment with adequate control for FO. Also,
the vowels were presented in isolation, which is an unnatural condition,
especially since phonemically short vowels are prohibited in word final
position in Dutch (and, a fortiori, in isolation) by phonotactic constraint.
As a point of interest, however, preliminary acoustic measurements of spectrally
similar pre-pausal short-long Hausa vowel cognates in actual words turned
out to be adequately distinguishable by 35 versus 115 msec decay time
(Newman and van Heuven, 1978). No perceptual follow-up has been given to
this study, yet.

Malécot (1975) claims that a difference in vowel amplitude rise time
is the primary cue by which an utterance initial French glottal stop can
be differentiated from a non-glottalized vowel omnset (30-50 versus 70-75
msec). Vowel shortening and faster decay time were found as acoustic cor-
relates of this distinction in utterance final position with typical values
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of 370/90 msec for gradual onsets and 165/40 msec for a glottal stop ending.
It is unclear from his report how many measurements underlie these values
nor what their variability is. Moreover, the description of the perceptual
check on these findings is not specific enough to enable us to establish
the relative contributions of the various parameters involved in the con-~
trast.

In an unpublished dissertation Gerstman (1957) found that rise time
was the principal cue in the American English affricate-fricative distinction in
perception of isolated synthetic Ca-syllables. In a recent re—analysis of
this study (van Heuven, 1979) I showed that when rise and steady times of
friction noise bursts are identically sampled for both parameters, while
observing the same ranges, rise time explains a larger percentage of the
response variance than steady time (44 versus 36%).

Using the maximum rate of short-term power increase (which is related
to rise time) as a measure of the abruptness of noise burst onset, Kunisaki,
Higuchi and Fujisaki (1978) could categorise the manner of articulation
of Japanese voiceless affricates and fricatives in isolated CV-syllables
uttered by one speaker, without a single error.

Cutting and Rosner (1974) found that stimuli differing by a 20 msec
increment of friction noise rise time in Cad-syllables with a constant 410
msec vowel duration are poorly discriminated (generally below 60% correct),
except at the affricate-fricative boundary, which was located at 45 msec
rise time (over 75% correct). Thus, rise time appears to be perceived
categorically. In non-speech control conditions involving discrimination
and identification of 'plucked' versus 'bowed' excitation of a string, the
same 20 msec increment in the rise time of sine and sawtooth waves was
virtually inaudible over the whole stimulus range (below 60% correct dis-
crimination), except around a musical category boundary at 40 msec for sines
or 35 msec for sawtooth waves.

It should be pointed out that in the Cutting and Rosner (1974) experi-
ments rise time added to the overall duration of the stimulus, so that two
cues are confounded. This will be of marginal consequence for the 'musical'
stimuli, which were all longer than 1 sec, but may well have influenced the
perception of the speech stimuli, whose longest rise time (80 msec) added
about 50% to the overall friction noise duration.

Just noticeable difference of rise and decay time

It is generally acknowledged that speech perception is often better
understood against a background of purely psycho-acoustic facts. In par-
ticular, information on just noticeable differences (JND's) of an acoustic
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parameter may help to decide what precision should be observed in the
analysis of acoustic data, and may provide a partial explanation for the
inventories of (phonemic) contrasts in languages (see e.g. Lehiste, 1970:
5,11; Gandour, 1978; 56-57).

Such information may shed light on the question whether it is realistic
to claim that a 50/70 msec difference in the rise time of an utterance initial
vowel would be sufficient to cue a contrast, as Mdlecot (1975) did, if a
ternary opposition along a vowel decay time continuum from O to 150 msec
(Cohen et al., 1963) would be at all audible, or even if rise time differences
could possibly outweigh steady time differences (Gerstman, 1957; van Heuven,
1979).

For these reasons we felt that a careful estimation of JND for rise
and decay time, in a purely psycho-physical experiment, would be of interest
to the study of speech perception.

Method

8 phonetically non-naive Dutch subjects were asked to adjust a blind
knob controlling the rise or decay time (depending on the condition) of a
matching signal, which was presented 1000 msec after a refersnce stimulus,
until they considered the two signals to be identical. Stimulus pairs were
repeated every 4200 msec until the subject indicated to be satisfied with
his match. Only the final adjusted value was noted down. In half of the
trials the subject was requested to start from a maximally short rise/decay
time, in the other trials he would start from a maximally long rise/decay
time. In 4 different signal conditions either rise or decay time of either
gated 1000 Hz sine waves or white noise bursts were adjusted. The variable
slope of the reference stimulus could take one of the following values:
0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, or 100 msec, while
the invariant slope was held constant at 50 msec. The steady steady portion
of the stimulus lasted 400 msec. Overall stimulus duration was affected
by decay time only, as indicated in figures 2a and 2b:

R
N

+ 100

%

~

AMPLITUDE

-
(=
L\
~

RS
Y

- 100

R
™

0 - 100 msec 400 msec 50 msec

Figure 2a. Stimuli for (a) rise times and (b) decay times as used in
adjustment experiment.
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Figure 2b. Stimuli for (a) rise times and (b) decay times as used in
adjustment experiment.

The stimuli were presented through headphones at 60 dB above threshold.
The experiment was run in 4 sessions per subject, a different signal condi-
tion for each session.

Results

1024 measurement points were obtained (8 subjects * 4 signal conditions
* 2 movements * 16 stimulus values). Figure 3 presents the mean rise/decay
times of the adjusted signals and their standard deviations, as functions
of the reference rise/decay time.

Sref ——> (msec)

Figure 3. Means and standard deviations of adjusted rise/decay time as func-
tions of the reference stimulus. Each dot represents 64 measurements.
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Figure 3 reveals no general tendency toward over or underestimation
of the reference values. Towards the 100 msec extreme, however, some
underestimation seems to point a ceiling effect there, which has probably
been caused by the fact that, due to instrumental limitations, no rise/
decay times could be produced by the subject of values exceeding 103 msec.

Standard deviation of adjustment is normally taken as a measure for
JND. As is apparent from figure 4, where SD of adjustment is plotted as a
function of the reference rise/decay time. JND increases more or less
linearly with the reference value, and thus turns out to be a constant
fraction of the reference value.
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Figure 4. Standard deviation of adjustment as a function of the reference

rise/decay tiime, with and without inclusion of stimulus values greater than
70 msec.

Plotting this Weber fraction, as in figure 5, shows that the JND is
roughly 25% of the reference value, with a marked increase at the O-extreme,
which is normally found in the literature on JND's for temporal phenomena
(cf. Henry, 1948; Small and Campbell, 1962).
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Figure 5. Weber fractions as a tunction of rise/decay time of the reference
stimulus.

Figure 6, which presents the information in figure 4 separated out
for the four signal conditions, shows that the curves for the sine-decay
and noise-rise conditions generally overlap, that the JND's for the sine-
rise condition are somewhat smaller, and that a remarkable increase in
discriminability occurs with noise-decay stimuli at the upper half of the
continuum. . — :

=—8 sine onset
*--% Sine offset

20 0—0 noise onset
[ -« Noise offset

15

10

standard deviation of adjustment (msec)

10 20 30 40 50 60 70 8 90 100
Sref ———> (msec)

Figure 6. Standard deviation of adjustment as a function of reference rise/
decay time, separated out for the L signal conditions.
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Discussion

The results of this experiment indicate that the phonetic contrasts
mentioned earlier are acoustically characterized by rise or decay time
differences that are all well above threshold, and which may therefore
function adequately in language. It should be emphasised that the JND
for rise and decay phenomena, as established in this experiment (257) is
larger than JND's reported in the literature on other temporal phenomena
(for a survey cf. Lehiste, 1970). On the basis of this observation it is
not immediately clear how rise time differences can be the most effective
cue in the affricate-fricative distinction in English, as claimed by Gerst-
man (1957). This matter is discussed at greater length in van Heuven (1979).

Finally, no traces of categorical perception were found in our ex-—
periment, whose results in general strongly contradict the Cutting and Rosner
(1974) findings. For an elaborate discussion of the discrepancies in the
results of these two studies the reader is referred to van Heuven and van den
Broecke (1978, 1979).
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Peak intraoval air pressure in_ [pl as a function of‘Eb

Eric Zee .
1. INTRODUCTION

There have been a number of studies investigating the differences in
intraoral air pressure between voiced and voiceless stop consonants.
The general agreement among investigators is that voiceless stop conso-
nants are produced with higher peak intraoral air pressure than their
voiced cognates (Black, 1950, Malecot, 1955, 1966, Warren, 1964, Subtelny,
Worth and Sakuda, 1966, Arkebauver, et al, 1967, Ringel, House and Mont-
gomery, 1967, Lofqvist, 1971, Brown, McGlone and Profitt, 1973, Bernthal,
1978). The differences in pressures have usually been attributed to the
effect of glottal resistance (Malecot, 1955, Warren, 1964, Arkebauer, et
al, 1967). During the production of voiced stop consonants, the adduc-
tion of the vocal cords increases the resistance to pulmonic air enter-
ing the vocal tract and thus reduces the pressures in the oral cavity.
With regard to the consonantal position in the syllable, it has been shown
that for voiceless stop consonants the peak intraoral air pressure is
higher in medial position , lower in initiael position and lowest in final
position (Malecot, 1955, 1968, Arkebauer, et al, 1967, Lisker, 1970, Lof-
qvist, 1971). The relation between tone and peak intraoral air pressure,
however, has not been explored. It is the purpose of this study to inves-
tigate whether the peak intraoral air pressure in a voiceless unaspirated
stop [p] is affected by the tone on the following vowel. As variations in
fundamental frequency may be accompanied by changes in subglottal pressure
(Ladefoged, 1963, 8hman & Lindqvist, 1966) and as the subglottal pressure
and the intraoral air pressure are more or less the same during the produc-
tion of a voiceless stop consonant (Ladefoged, 1967, 1968, Netsell, 1969,
Scully, 1969), it is reasonable to expect that thé peak intraoral air pre-
ssure in [p] may vary according to changes in subglottal pressure for the
production of different tones on the vowel that follows [p].

2. PROCEDURE

In our investigation, four Chinese dialects, Standard Mandarin, Chung-
king (Western Mandarin), Cantonese and Shanghai, were used. In each dia-
lect, different tones may occur on a CV syllable, where C is a voiceless
unaspirated bilabial stop [p] to form words of different meaning, as shown
in the following:

Mandarin Chungking
& [pi] 'to oppress' 45 [pi] 'sex organ'
35 [pl] ‘'nose’ 21 [pi] 'to oppress’
214 [pi] 'to complete' 41 [p1] 'to compare’
51 [p!] ‘'closed' 13 [pl] 'to avoid'
Cantonese | Shanghai
55 [pet] ‘sorrow' $3 [pl] ‘edge'
33 [pel)] 'secret' 34 [pl] 'to change'

22 [pel]l ‘'nose’
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The numerals to left of each word denote levels of pitch, '5' being the
highest and 'l' being the lowest. Thus a combination such as '51' means
a high-low falling tone, whereas '13' is a low-mid rising tone. A read-
ing list for each dialect was prepared containing 10 repetitions of each
word in the sentence frames below:

Mandarin: [uo clan-tsal tu kel nl thig)
I now read for you listen
Chungking: [no clan-tsal tu tev pt thin]
I now read for you listen
Cantonese: [no ylu tvk __ pel nel thian]
_ 1 want read for you 1listen
Shanghai : [ou yio do? ___pe? | thig]
I want read for him 1listen

Four male native speakers, one for each dialect, all in their late thir-

ties, participated in the experiment. Each speaker was asked to read the
sentences at a normal rate of speech. He was also asked not to emphasize
the test word.

During the readings intraoral air pressure was sensed with a polyethylene
tube (120 mm in length and 2.5 mm internal dismeter). The tube was inserted
into the oral cavity between the upper and lower lips and was maintained
near the center line in the oral cavity and parallel to oral airflow. The
length of the tube inside the month was approximately 40 mm. Outside the
mouth, the tube was attached to a pressure transducer. Transduced intra-
oral air pressure signals were amplified and displayed on an oscilloscope.
To obtain measureable records the oscilloscope was in turn connected to one
channel of an oscillomink and a microphone was connected to another. The
intraoral -air pressure recording system was calibrated in cm H20 against a
U-tube water manometer. The accuracy of the recording was calculated to be
within the range of +0.24 cm Hy0. The recording of the intraoral air
pressure and the utterances was performed in a sound treated booth. The
audio signals were analyzed using a PDP-12 computer. Fundamental frequency
measurements for each test word were obtained every 10 msec by the Cepstrum
method, using a window of 51.2 msec.

3. RESULTS

Table Ia presents the values (in cm H20) of the peak intraoral air
pressure for [p] associated with different tones on the following vowel
or diphthong for each of the four speakers. Also shown are the means and
the standard deviations of these values for [p] associated with each tonal
category. The mean of the Fo onset values for the vowel or the diphthong
associated with each tonal category is given at the bottom of the table.
The Fo onset refers to the average of the first three data points of the
output of the Cepstrum analysis. We can see in general a higher mean
peak intraoral air pressure is associsted with a higher mean FQ onset, with
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SPEAKER

Mandarin

Chungking

Cantonese

Shanghai {

TONE TYPES &
MEAN PO ONSET

44 (216 Bx)

35
44

(140
(216

214( 99

44
51

35

(216
(248

(140

214( 99

35
51

(140
(248

214( 99

51

45
21

45
51

45
13
21
51

21
13

51
13

55
a3

55
22

3
22

(248

(150
(112

(150
(171
(150
(99
(112
Gan

(112
(99

(171
(99

(188
(150

(188
(137

(150
(137

(166
(126

Hz)

Hz)
Hz)

Hz)
Hz)

Hz)
Hz)
Hz)
Hz)

Hz)
Hz)

Hz)
Hz)

Hz)
Hz)
Hz)
Hz)
Hz)
Hz)

Hz)
Hz)

Hz)
Hz)

Hz)
Hz)

Hz)
Hz)

Hz)
Hz)

Hz)
Hz)

PEAK INTRAORAL

MEAN AIR PRESSURES
Fo ONSET A .
DIFFERENCE £ MEAN t=-SCORE SIGNIFICANCE
6.28
76 Hz 3.56 6.27 p <0.005
117 Hz ‘;"‘5’2 4,14 p <0.005
2B o 2.93 p <0.005
.56
41 Hz 3.26 0.53 Non-sig.
108 Hz 2'?,2 7.56 p <0.005
149 Hz 2:32 5.74 p <0.005
4,07
38 Hz 3.86 0.85 Non-sig.
4,07 -
21 Hz 4.38 1,64 Non-sig.
4.07
. . 0.
51 Hz 3.58 2.49 p <0.025
59 Hz 2'32 2.38 p <0.025
3.86
| . . -81g.
13 Hz 358 1.17 Non-sig
72 Hz g'gg 5.09 p <0.005
38 Hz 4'32 3.17 p <0.005
4.60
* . .0
S1 Hz wos 698 p <0.005
13 Hz 2’32 3.37 p <0.005
40 Hz g:g 4.62 p <0.005

Table Ib. Results of the grouped data t-test (one tailed) for the
peak intraoral sir pressure for [p] for any given tome
compared pairwise with sach other tone for each of the

four speakers.
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an exception, however, that in the speech of the Mandarin speaker the

mean peak intraoral air pressure in [p] associated with both 35 and 214
is the same, which 1ig 3.56 em Hy0, although the values of the mean Fo
onset for these two tonal categories are 140 Hz and 99 Hz respectively.

For each speaker, the peak intraoral air pressure for [p] for any given
tone was compared pairwise with each other tone using grouped data
t-tests (one tailed). The results, shown in Table Ib, indicate that the
difference between any such two sets of values is significant at the
0.005 level for the Cantonese and the Shanghai speakers. This is also
true for the Mandarin speaker, except for the pair which involves tomnes
35 and 214 referred to above. In the speech of the Chungking speaker,
‘the difference is significant at the 0.025 level between the tone pairs
45 and 13, 21 and 51, and 51 and 13, however, non-significant between the
pairs 45 and 21, 45 and 51 and 21 and 13. In other words, only those
pairs of tones whose onsets differ by 3 or more in the traditional 5-point
notation show a significant difference.

There seem. to be some idiosyncracies in the relationship between the
peak intraoral air pressure and the Fp onset for each speaker. For ins-
tance, in the speech of the Mandarin speaker, the difference in the mean
peak intraoral air pressure is highly significant at the 0.005 level for
[p]'s associated with tones 44 and 51, but non-significant for [p]'s
associated with tones 35 and 214. However, the difference in the mean Fj
onset is 32 Hz between tones 44 and 51 and 41 Hz between tones 35 and 214.
This seems to suggest that for r this partlcular speaker a greater r difference
in FQ onset is not necessarily the result of a significant difference in
peak intr oral air pressure. In this case, the level of the F onset seems
to have a role in determining when a difference in Fj onset is associated
with a significant difference in the peak intraoral air pressure. The
mean F( onsets of tones 44 and 51 are at a higher pitch level (248 Hz and
216 Hz respectively) than those of 35 and 214 (140 Hz and 99 Hz, or 138 Hz
and 104 Hz if only the first data point is taken to be the Fy onset). Thus,
asmaller difference in F( onset between two tones may mean a significant
difference in peak intraoral air pressure if the Fj onset of the tones
is at a higher pitch level. On the other hand, for the speech of the Chung-
king speaker a greater difference in Fy onset between two tones, irres-
pective of their pitch level, is the factor which determines a significant
difference in peak intraoral air pressure. In the speech of both the
Mandarin and the Chungking speakers, the difference between peak intraoral
air pressures associated with the FQ onsets of a lower pitch level (35
and 214 for the Mandarin speaker, and 21 and 13 for the Chungking speaker)
is not significant. However, this is not so in the speech of the Cantonese
speaker. For this speaker, despite that both 33 and 22 have a lower Fy
onset, the difference in peak intraoral air pressure between [p]'s asso-
ciated with these tones is significant.

In order to determine the degree of association between the values of
the peak intraoral air pressure for [p] and the values of the Fp onset for



SPEAKER
Mandarin
Chungking
Cantonese

Shanghai

Table II.

84

CORRELATION
af COEFFICIENT (r) SIGNIFICANCE
35 0.800 0.01
35 0.536 0.01
28 0.678 0.01
18 0.803 0.01

Results of the correlation analysis for the
values of the peak intraoral air pressure for
[p] and the values of the Po onset for the
following vowel or diphthong.
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SPEAKER
[
. *
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the following vowel or diphthong, a Pearson correlation analysis was
performed for the speech of each of the four speakers. The results,
shown in Table II, indicate that there is an overall positive correla-
tion between the two sets of values (significant at the 0.01 level) for
all four speakers. Also shown in the table are the values of correla-
tion coefficient (r). Notice that the correlation coefficient for the-
Chungking speaker is only 0.536 which is the smallest compared to the
X values for the other speakers. This is basically due to the high
variance in the Chungking data. As shown in Table Ia, for the Chung-
king speaker, the standard deviations of the values of the peak intra-
oral air pressures in [p]'s associated with tones 21 and 45 are 0.60
and 0.51 respectively which sre quite large compared to the values of
the other standard deviations. Thus, in the speech of the Chungking
speaker the peak intraoral air pressures in [p]'s do not correlate well
with the Fp onsets of the two tones, despite a good overall correlation.

Our findings are summarized by four scatter diagrams, as shown in
Figure 1, for the speech of each of the four speakers, in which the peak
intraoral air pressures are plotted as a function of F(Q onset variation.
Also presented in the figure is a linear regression line in each of the
four diagrams. Our findings indicate that in the speech of the four
speakers the peak intraoral air pressures in [p]'s differ according to the
Fo onset of the tone on the following vowel or diphthong.

4. DISCUSSION

Despite the fact that a higher Fg is usually accompanied by a higher
subglottal pressure (Ladefoged, 1963, Ohman and Lindqvist, 1966), it has
been shown that changes in subglottal pressure cannot be the only contri-
buting factor to FQ variation (Ladefoged, 1963, Ohman and Lindqvist, 1966,
Ohla, 1973, 1978). Our findings support the hypothesis that pitch varia-
tions are attributed to factors other than subglottal pressure, that is,
to laryngeal factors. We, of course, have presupposed that the peak
intraoral air pressure and the subglottal pressure are equivalent during
the production of a voiceless stop consonant (Ladefoged, 1967, 1968,
Netsell, 1969, Scully, 1969). We have shown that in our study the peak
intraoral air pressures have a good correlation with the Fp onsets of the
tone on the following vowel,diphthong in most cases. This suggests that
the onset subglottal pressure is higher for a tone with a higher Fg than
for a tone with a lower F) onset. However, the effect of subglottal pre-
ssure on Fg has been found to be approximately from 2.5 Hz/cm H20 (Ohala
and Ladefoged, 1969, Hixon, Mead and Klatt, 1971) to 2.9 Hz/em R20 (Ohala
1978, based on Ohman and Lindqvist, 1966). In our results the mean FyQ
onset variations (Table Ib) are far too great to be entirely attributed
to the changes in subglottal pressure. The difference between the mean
peak intraoral air pressures for any pair of tones never exceeds 1.5 cm H20,

e.g., in the speech of the Mandarin speaker, the mean ¥, onset differ-
ences between tones 44/214, 35/51, and 214/51 are 117 Hz, 108 Hz and 148
Hz respectively, whereas the corresponding differences in the mean peak
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intraoral air pressure are merely 0.72 cm H20, 1.20 cm Hp0, and 1.20

cm Hp0. Furthermore, in the speech of the same speaker, the difference

in the mean F( onset between the tones 35 and 214 is 41 Hz, however,

there is no difference in the mean peak intraoral air pressure in [p]'s
associated with these two tones. These cases indicate that the differ-
ence in subglottal pressure cannot account for the large differences in
Fo- Similar cases are also found in the speech of the other three
speakers (see Table Ib), although the differences in the mean Fy onset

are in a smaller magnitude. Furthermore, as we have described there are
high variances in the peak intraoral air pressure in [p]'s associated with
tones 21 and 45. This shows that for some tones this speaker does not use
pressure to control Fy. Thus, our results provide evidence in support

of the hypothesis that variation of Fg cannot be principally attributed

to change in subglottal pressure. Although the changes in subglottal
pressure cannot possibly account for the large variationms of Fpy onset,

the good correlation between the Fg onsets and the peak intraoral air
pressures in [p] nevertheless indicate that the changes in subglottal
pressure that accompany the Fy variations may be a facilitating, but not

a necessary, physiological effort for manipulating pitch change in natural
speech.

The issue of tone effects on consonants has been controversial. Hyman
(1973b) and Hyman and Schuh (1974) denied that such an effect is possible.
However, Maddieson (1978) has shown that consonants are affected by tomne
in terms of diachronic changes of consonants, synchronic difference in
consonants and in terms of small but measurable phonetic differences. Our
results are in agreement with Maddieson (1978) as far as the phonetic
effect of tone on consonant is concerned, as we have shown how the peak
intraoral air pressure in a voiceless unaspirated stop is affected by the
Fy onset of the vowel or diphthong that follows the consonant.

5. CONCLUSION

We have shown that (1) there is a good correlation between the peak
intraoral air pressure in [p] and the Fo onset of the tone on the following
vowel or diphthong; (2) the amount of change in subglottal pressure cannot
account for the large variation of Fj; (3) in terms of peak intraoral air
pressure, a consonant is affected by tone.
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The Effect of Aspiration on the Fp
of the Following Vowel in Cantonese

Eric Zee

1. INTRODUCTION

Conflicting results have been reported with regard to the effect of
voiceless aspirated stop consonants on the Fp onset of the following
vowel. Han and Weitzman (1967, 1970) demonstrated that for their Korean
subjects the Fy onsets of vowels following the aspirated stops [ph, th, kh]
are much higher than the Fo onsets of vowels following the weak aspirated
stops [p, t, k], although the difference between the F(o onsets of vowels
after the aspirated stops and the strong unaspirated stops [P@ T, K] Is
much smaller. A separate study of the Korean stops (Kagaya, 1974) pro-
duced inconclusive results with respect to the effect of the aspirated
stops on the Fg onset of the following vowel as the two subjects who par-
ticipated in the experiment produced conflicting results. Jeel (1975)
reported that in the speech of six Danish speakers the F( onset of a vowel
after the asiprated stops [ph, th", kh] is consistently higher than that of
a vowel following the unaspirated stops [p, t, k]. 1In Erickson (1975),
eight of the eleven Thai subjects had a higher Fp onset for a vowel follow-
ing the aspirated stop [p"] than for a vowel following the unaspirated stop,
whereas the other three producedopposite results. Ewan (1976) reported that
in the speech of a Japanese and a Thai speaker the Fo onset of a vowel after
a voiceless aspirated stop [ph"] 18 also higher. However, in the analysis
of the speech of a Thai speaker, Gandour (1974) presented data showing that
the Fo onset of a vowel after the voiceless aspirated stops [ph, th] 1s
slightly lower than the Fy onset of a vowel after the unaspirated counter-
parts. Kagaya and Hirose (1975) showed that in the speech of a Hindi speaker
the Fg onset of a vowel following an aspirated stop is also slightly lower.
Hombert & Ladefoged (1977) concluded that voiceless aspirated and voiceless
unaspirated stops have similar effects on the Fg of the following vowel. It
seems no agreement can be reached with respect to the effect of the voiceless
aspirated stops on the FQ onset of the following vowel. The disagreement
certainly requires further research in this aspect. In the present study
we investigate the difference between the effect of [ph] and [p] on the Fo
onset of the following diphthong [el] in Cantonese. 1In this Chinese dialect,
the high tone, historically the Ying-Ping tone, may occur on the vowel in
both syllable types [phV] and [pv]. Etymologically, neither [ph] nor [p]
were derived from [bh), so a difference in FO onset of the following diph-
thong between the syllable types cannot be attributed to an earlier voicing
difference.

2, PROCEDURE

A reading list was prepared containing 10 repetitions of two Cantonese
words, [phel] 'to spread' and [pel] 'sorrow' in the sentence frame below:

[0 vylu tvk ___ pel nei thian]
I want read for you listen

Other dummy meaningful words were added to the reading list in order to
avoid monotony which may be caused by the limited number of the test words.
The tokens in the reading list were arranged in a random order. Three male
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native Cantonese speakers participated in the investigation. They were
undergraduate students in their early twenties. Fach speaker was asked

to read the word 1list at a normal rate of speech. The recording was per-
formed in a single session for each speaker in a sound treated booth.

The recorded tapes were analyzed using a PDP-12 computer. A fundamental
frequency measurement for each test word was obtained every 10 msec by the
Cepstrum method with a window size of 51.2 msec. Also obtained every 10
msec were the intensity (rms) values of the test words, using a square
window of 51.2 msec.

3. RESULTS

The Fg contours of the vocalic portion of all the tokens are shown in
Figure 1 for the speech of the three speakers. Each dot represents one
data point of the output of the Cepstrum analysis and the time interval
between any two successive dots is 10 msec. On the left of the figure are
the Fo contours for the 10 tokens associated with the aspirated stop [ph]
and on the right are the Fy contours for the 10 tokens associated with the
unaspirated stop [p]. It can be easily seen that for all three speakers
the values of the initial data points are greater for the Fg contours
associated with [ph] than those associated with [p].

Table 1 shows the values of the Fp onsets and the intensity (rms) onsets
for the tokens associated with [p"] or [p] for all three speakers. The Fo
onset is defined as the mean value of the first three 'data points of the
output of the Cepstrum analysis. Similarly, the intensity onset is the
mean value of the first three data points of the output of the intensity
measurement. These numbers thus reflect values in the first 71.2 msec
following the consonant. Also shown in the table are the means (X) and
the standard deviations (S.D.) of the Fo and intensity onsets for each set
of 10 tokens associated with [pP] or [p]. 1In the bottom of the table are the
results (t-scores) of the grouped data t-tests (one tailed) between the FQ
onsets associated with [phﬁ and [p], and between the intensity onsets asso-
ciated with [ph] and [p]. These results show that the difference between
the Fp onsets associated with [p"] and those associated with [p] are highly
significant at the 0.005 level for all three speakers. This is also true
for the difference between the intensity onsets associated with the two
types of stop consonants.

The values of the Fp and the intensity onsets for all the tokens by all
three speakers shown in Table I are plotted in Figure 2. The eircles and
the filled circles represent the Fo onsets associated with [ph] and [p]
respectively, and the empty squares and the filled squares represent the
intensity onsets associated with [ph"] and [p] respectively. The eircle and
the empty square, or the filled circle and the filled square in the same
column refer to the Fp and the intensity onsets of a single token. We can
see that for all the tokens the Fp onsets associated with [ph] are higher
than those associated with [p] for all three speskers. However, the corres-
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ponding intensity onsets associated with [ph] are lower than those
associated with [p], and this is true for all three speakers. Thus,
we have shown that in the speech of three Cantonese speakers the high
tone on the diphthong [ei] after [ph] has a higher F; omset but a
lowef ﬁntensity onset than the same tone on the same diphthong follow-
ing LpJ.

4. DISCUSSION.

The effect of the voiceless aspirated stops on the F, onset of the
following vowel not only varies according to different languages, but
also differs according to individual speaker within a language, for
instance, both in Kagaya (1974) on Korean and Erickson (1975) on Thai,
speakers of the same language have produced different results. Our
findings in Cantonese have not contributed to resolve the issue, never-
theless, the Cantonese data has increased the number of the languages
in which voiceless aspirated stops raise the Fj onset of the following
vowel. That the intensity onset of the diphthong [ei ] following [ph]
is always lower in Cantonese seems to imply that the subglottal pressure
at the onset of the diphthong is also lower. The fact that the Fg onset
of the diphthong following [ph] is always higher indicates that a higher
Fg may be produced even with a decreased subglottal pressure. However,
it is not clear at this point why opposite results are produced by
speakers of different languages, or by speakers of the same language.

In order to have a better understanding of the causes of such differences,
future investigations should obtain data on airflow, subglottal pressure,
larynx height, glottal aperture, and vocal cord lengths at the onset of

a vowel following [ph] or [p].
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A spectrographic investigatidn of

Mandarin tone Sandhi. -

INTRODUCTION Eric Zee

"In Mandarin there are four tones for stressed
syllables. If the average range of the speaker's
voice is divided into four equal intervals separated
by five points: 1 low, 2 half-low, 3 middle, 4 half-
high, and 5 high, any tone can be fiarly well pre-
sented by giving its starting and ending pitch, and
in the case of circumflex tones, the turning point.
Moreover, if we use a short vertical line as a
reference line for ordinates and plot a simplified
graph to its left, with time as abscissa and pitch
as ordinate, we get a letter-like symbol to represent
the tone, as in the fast column of the following
table:

Tone Chinese name Description Piteh Graph

1st Inpyng high-level 55: 1
2nd Yangpyng high-rising 35: /1
3rd Shaang low-dipping 214: vi
4th Chiuh high-falling 51: N

... Tone sandhi is the change in the actual value of
tones when syllables are spoken in succession.

.+« When a syllable is completely unstressed, its
tone disappears and is said to be atonic or in the
neutral tone." (Chao, 1948, p. 24-25, 27)

This paper is a spectrographic investigation of the tone sandhi
rules in Mandarin Chinese. It consists of three parts, each dealing
with one of the following claims with regard to the tonal phenomena
in the language:

CLAIM I1:

In a bisyllabic compound, tone 3 /214/ changes to tone 2 [35]
in normal speech when it is followed by another tone 3 1214/
(Chao, 1948), that is,

/214 + 214 /| — [35 + 214] (Rule 1)
CLAIM II:
In a trisyllabic compound, tone 2 /35/ on the second syllable

changes to tone 1 [55) for speech at conversational speed, when it
is preceded by another tone 2 /35/ or tone 1 /55/ and followed by
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any except the neutral tone (Chao, 1948, 1968, Cheng, 1968), i.e.,

/{§§T+ 5 X/ — [{32% 55 + X] (Rule 2)

X ¢ neutral tone

CLAIM III:

In rapid speech, if the tones on all syllables are tone 3 /214/
in a sentence such as,

/lau 11 mal ¢lau pi/ (214 214 214 214 214)
'01d Li buys small pen'

then,

(a) tone 3 on the first syllable changes to tone 2 [35],
(b) tone 3 on the second, third and fourth syllables change
to tone 1 [55], and
(c) tone 3 on the last syllable remains unchanged (Cheng, 1968),

that is,
/214 + 214 + 214 + 214 + 214/ — [35 + 55 + 55 + 55 + 214]) (Rule 3)

In the following sections, we will investigate whether these claims
are valid. As the claims were based on the result of impressionistic
analysis, they may not accurately describe the actual changes in the
fundamental frequency contour when the syllables are juxtaposed. Spec-
trographic analysis demonstrates physically the actual changes in the
fundamental frequencycontours for the words and sentence concerned.
Thus, the purpose of our study is to provide acoustical data relevant
for the analysis of tonal phenomena we have just described.

Two female native Peking speakers who recently came to study in this
country participated in our investigation. They, both in the late
twenties, were born and grew up in Peking. Their speech is representa-
tive of the style of the younger generation in Peking as judged by other
native Peking speakers who also arrived in this country recently. Spec-—
trograms were made from their recorded speech. Fundamental frequency
measurements were made on the spectrograms.

SECTION (1)

In order to determine whether tone 3 /214/ actually becomes tone 2
[35] when it is followed by another tone 3 /214/, we may compare the
fundamental frequency contours of the following two sequences of tones:
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(a) /214 + 214/
() /35 + 214/

As tone 2 /35/ is not reported to change in /35 + 214/, the Fo con-
tours of these two sequences of tones should be the same. Five pairs
of bisyllabic compounds were chosenon the basis that they were commonly
used. One of the paired bisyllabic compounds had the tone sequences
/214 + 214/, and the other /35 + 214/. The five pairs of bisyllabic
compounds are shown below:

/thu kav/ (214 214) 'land re-distribution'
/thu kav/ ( 35 214) 'to retouch'

/tsau xuo/ (214 214) 'to look for fire'
/tsau xuo/ (35 214) ‘on fire'

/tehl ma/ (214 214) 'at least'
/tcht ma/ ( 35 214) 'to ride a horse'

/mail ma/ (214 214) 'to buy a horse'
/mail ma/ ( 35 214) 'to bury a horse'

/fon tshan/ (214 214) 'a flour factory'
/ten tghan/ ( 35 214) 'graveyard'

In order to avoid speakers' conscious effort to contrast the paired
bisyllabic compounds, two separate,reading lists were made for two
separate recording sessions. In one reading list only the bisyllabic
compounds with the tone sequence /214 + 214/ were included, and in the
other only those with the tone sequence /35 + 214/. 1In each reading
list other dummy meaningful bisyllabic compounds were added to avoid
monotony. The test compounds were arranged in a random order. Each
test compound was repeated four times in the reading list, and it was
placed in the carrier frame as below:

[uo gian-tsar tu __ gel ni thin]
I now read for you listen

Speakers were instructed to read the word list slightly faster than
the normal rate of speech. The recordings were made either in a sound
treated booth or in a quiet room.

Forty spectrograms of the bisyllabic compounds (1 pair x 5 bisyllabic
compounds x 4 repetitions) were made for the speech of each speaker.
Samples are shown in Figures la-1b for Speaker Q.M. and Figures 2a-2b
for Speaker Y.H.J. (spectrogram size 78% reduced from the original).
Each figure shows a pair of bisyllabic compounds, with the upper
member having the tone sequence /35 + 214/, and the lower member the
tone sequence /214 + 214/. The beginning and end points of the har-
monics that were measured to obtain FO values are marked with an
arrow.
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Tables Ia, Ib and Ic show the FO values for the beginning, dip (when
there is a dip) and end points of the pitch contour of the first syllable
in these paired bisyllabic compounds.

The shapes of the FO contours of the first syllables in the bisyllabic
compounds with the /35 + 214/ tone sequence and those with the tone se-
quence /214 + 214/ are similar in each pair. However there are two
distinct patterns. The first pattern applies to the shapes of the FO
contours (see Figure la for Speaker Q.M. and Figure 1b for speaker Y.H.J.)
of the first syllables in /thu kat/ (35 + 214) 'to retouch' and /214 +
214/ 'land re-distribution'. These are quite similar and they are both
rising. The FO measurements for this pair of compounds for each speaker
are given in Part I of Table Ia. Thése. show that the tone on the first
syllable in /thu kai/ (214 + 214) 'land re-distribution' has indeed
changed from a dipping to a rising contour for both speakers, as claim I
predicts. This is also true for the compound /tchi ma/ (214 + 214) 'at
least' for both speakers. The measurements of this pair are given as
part III in Table 1b. Note that the end point of the rise appears
markedly higher if the underlying tone was originally rising (35).

However the /214/ tone on the first syllable of /214 + 214/ compounds
does not always change to a rising contour. It sometimes retains its
lexical shape as a dipping contour. This may be seen in the spectrograms
(1c, 1d) of the phrase /tsau xuo/ 214 + 214 "to look for fire'. The FO
measurements for this phrase and its pair /35 + 214/ 'on fire' are given
as Part Il of Table la. It can be seen that not only does /tsau/ 214
retain its dipping contour but /tsau/ 35 has also assumed a dipping con-
tour. In this case the members of the pair have still become similar but
they have done so because a rising tone has changed to a dipping tone.

Despite the similarity of contour this second pattern also retains
some trace of the underlying distinction between /35/ and /214/. The FO
values for the dip and end points of the pitch.contour are higher for
the first syllable in the compound with underlying /35 + 214/ than for
the compound with underlying /214 + 214/. For example, the average FO
values for the dip and end points are 213.8 Hz and 316.6 Hz respectively
for [tsaul in /tsau xuo/ (35 + 214) and 199.9 Hz and 244.4 Hz respec-
tively for [tsau] in /tsau xuo/ (214 + 214) for Speaker Q.M. and cor-
respondingly 202.0 Hz/293.5 Hz and 182.1/217.4 Hz for Speaker Y.H.J.

Table Id presents the durations (in seconds) for each of the bisyllabic
compounds for both speakers. We can see that the duration of the bisy-
1labic compounds never exceeds 0.57 sec for Speaker Q.M. and 0.71 sec for
Speaker Y.H.J., which shows that these bisyllabic compounds were produced
at a fairly fast speech rate by both speakers.

CLAIM I above states:
/214 + 214/ ~ [35 + 214] (Rule 1)
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But, according to our acoustical data the only time the tonme /214/

on the first syllable changes to a rising contour is when the vowel

in the first syllable is preceded by aspiration. Furthermore, as we

have shown, when it does change to a rising contour, the end point is not
as high as it is when.the first syllable is underlying tone 2 /35/. In
addition the tone /214/ on the first syllable does not always change to

a rising contour, that is, it sometimes retains its lexical tone shape.
Thus, CLAIM I (or Rule 1) does not apply to the data provided by our
speakers. On the other hand, tone 2 /35/ on the first syllable changes
to a dipping contour when the vowel or diphtong in the first syllable is
preceded by aspiration. Based on the observation, we formulate the follow-
ing rules:

/35/ ~ [215] / C __ [214/  (Rule 4&)
[-Asp]

/214/ > [34] /¢ ___ /214/  (Rule 5)
[+Asp]

Rule (4) and Rule (5) correctly describe the data provided by the two
native speakers of Peking. Tone clange in the bisyllabic compounds with
the tone sequences /35 + 214/ and /214 + 214/ in Mandarin Chinese is less
straightforward than what was previously claimed to be.

SECTION II.

In this section we will investigate whether the FO contour of the
2nd-tone /35/ on the second syllable changes to [55] for speech at con-
versational speed when it is preceded by another 2nd-tome /35/ or a lst-
tone /55/ and followed by any except the neutral tone (CLAIM II), or,

/ {gg} + 35 + X/ > [{gg} +55 + X] (RULE 2)

X # neutral tone

The following trisyllabic compounds were used for investigation:

/tun nan fen/ (55 35 55) 'Southeast wind' £;°m 1968
/¢ian zen tgcan/ (55 35 214) 'cactus' eng

/mei ian fan/ (35 35 55) '(a name)'

/¢i ian sen/ (55 35 55) 'American ginseng'

/san nian tgi/ (55 35 35) "third grade'

/tshug iou pin/ (55 35 214) 'onion o0il cake' from

/tun x¥ ian/ (55 35 51) 'East Riverside' Chao, 1968
/fen suei lin (55 35 214) ‘'watershed'’

/suel nen fei/ (35 35 55) 'Who can fly?'

/xai mei uan/ (35 35 35) 'not yet finishedf//

/xan su piau/ (35 35 214) 'thermometer' '
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The two female native speakers of Peking described in Section (I)
read the above words at a fast speech rate. The recording was made in
a sound-treated booth or a quiet room. Spectrograms of each of the above
test trisyllabic compounds were made for both speakers and FO values
were calculated for the beginning and end and, where relevant, for the
central portion of a dipping contour. Table II shows the FO values ob-
tained for Speaker Q.M. The trisyllabic compounds listed in Table II
are arranged according to the shape of the FO contour on the second
syllable as indicated in the last column of the table. We can see that
tone 2 /35/ on the second syllable does not always change to [55], that
is, HIGH LEVEL. 1In fact, in most cases (9 out of 11) the tone does not.
It may change to a MID LEVEL [33] (approximately) as illustrated by
compounds #3 and #4, to a HIGH DIPPING [535] (approx.) as illustrated
by compound #5, or it may remain unchanged, as illustrated by compounds
#6-11.

Table III shows the FO measurements of the trisyllabic compounds pro-
vided by Speaker Y.H.J. Tone 2 /35/ on the second syllable in this case
changes to even more different shapes. It changes to HIGH LEVEL [55]
(approx.), as illustrated by compound #1, to MID LEVEL [33] (approx.),
as illustrated by compound #2 and #3, to FALLING [31] (approx.), as il-
lustrated by compounds #4 and #5, and to DIPPING [313] (approx.), as
illustrated by compounds #8-#11, or it may remain unchanged, that is,
RISING [35] (approx.), as illustrated by compounds #6 and #7. Notice
that for Speaker Y.H.J. there is only one out of eleven cases in which
tone 2 /35/ changes to HIGH LEVEL [55].

Our findings based on the data provided by the two native Peking
speakers apparently do not conform to CLAIM II (thus Rule 2). The
discrepency between our acoustical data and the earlier impressionistic
studies may be due to the fact tlat the FO contour on the second syllable
is difficult to perceive becuase of its short duration. Table IV shows
the durations (in seconds) for the first and the second syllables in
each of the trisyllabic compounds. We can see that for Speaker Q.M.
the total duration for the two syllables in any trisyllabic compounds
does not exceed 0.38 sec and for Speaker Y.H.J. 0.43 sec. As the dura-
tion is so short, we can understand why the changing FO on.the second
syllable was not perceived by the authors of the earlier studies. To
conclude, we have demonstrated that CLAIM II is not a valid generali-
zation at the productive and acoustic levels. It may remain valid as
an observation of perceived tone changes.

SECTION (3)

CLAIM III (Cheng, 1968) is concerned with tone change at the sen-
tence level in Mandarin Chinese. 1In rapid speech (faster than fast speech,
according to Cheng, 1968), if the tones on all the syllables in a
sentence are 3rd-tones /214/, then, (a) the 3rd-tone on the first syllable
changes to a 2nd-tone [35], (b) the 3rd-tone on the second, third and
fourth syllables change to a lst-tone [55], and (c) the 3rd-tone on the
last syllable remains unchanged, or,
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/214 + 214 + 214 + 214 + 214/ -~ [35 + 55 + 55 + 55 + 214] (RULE 3)

In this section, we will test whether CLAIM III is phonetically wvalid.
The same sentence given in Cheng (1968) was used in our investigation
and it is repeated in the following:

/lau i mai clau pi/ (214 + 214 + 214 + 214 + 214)
'01d Li buys small pen'

The two female native speakers of Peking were instructed to read the
sentence first in fast speech and then in the fastest speed they

possibly could. Spectrograms of the sentence produced at the fastest
speed are shown as Figures 2 (Speaker Q.M.) and 3-4 (Speaker Y.H.J.).

Table V shows the FO values for the beginning and end points of the
FO contour on each one of the first four syllables [lau] and [Ii] [mai]
[¢iau] in the sentence produced at these two different speeds by Speakers
Q.M. and Y.H.J. These values were obtained from the spectrograms shown
in Figures 5a, 5b, 6a and 6b. Also shown are the difference between
these FO values in each syllable and the total duration of the four
syllables produced with two speeds for both speakers. Table VI, which
is based on the values shown in Table V, shows the shape of the FO con-
tour on each one of the first four syllables for Speakers Q.M. and Y.H.J.
As far as the tone on the first syllable [lau]l is concerned, it has
indeed changed from Dipping /214/ to a RISING contour [35] in both speeds
and for both speakers. However, the shapes of the FO contours on the
other syllables [li], [mai], [¢ciau]l are far from being level, except for
the cases of [¢iau] in the fastest speech for Speaker Q.M. and [li] in
fast speech for Speaker Y.H.J. They are either RISING or FALLING.
Furthermore, Speakers Q.M. and Y.H.J. have produced opposite results for
the syllable [mai]. The shapes of the FO contours on the syllable are
RISING in both speeds for Speaker Q.M., but FALLING in both speeds for
Speaker Y.H.J.

We have demonstrated that in most cases the tones /214/ on the second
third and fourth syllables /li/, /mai/, /ciau/ do not change to HIGH
LEVEL [55] as Cheng (1968) has claimed that they should, although the
tone on the first syllable in the sentence did change to RISING in all
cases. Thus, CLAIM IIT is erroneous insofar as the tone change on the
second, third and fourth syllables is concerned. The difference between
our results and CLAIM III may be again attributed to the short durations
of the syllables. As shown in Table V, the total time of the four
syllables [lau |i mai ¢iau] is only 0.83 sec (fast speed) or 9.55 sec
(fastest speed) for Speaker Q.M. and 0.79 (fast speed) or 9.53 sec (fas-
test speed) for Speaker Y.H.J.

CONCLUSION

Results of the spectrographic analysis of the data provided by two
female native speakers of Peking have shown that none of the three claims
proposed by Chao, 1948, 1968 and Cheng, 1968 applies to tone sandhi
at the productive or acoustic level in the speech of today's young
generation of Peking Mandarin speakers.
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