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Abstract

Jespersen’s sonority hierarchy fails to account for commonly observed syllable structures
such as initial/ spV], [stV] and[skV] and their final mirror imageg Vpy, [ Vts and

[VKY . It is likely, however, that stop place of articulation is signaled quite efficiently in
these sequences since acoustic place information is present both before and after the stop,
i.e., both in [s] and in the vowel. These structures may thus have a perceptual advantage
over those predicted by the sonority principle. This was corroborated by the present
experiment which indicated that listeners are able to reliably perceive stop place of
articulation on the sole basis of an adjacent [s]. It was thus concluded that the observed
violation of the sonority principle may have a perceptual basis.

Introduction

One hundred years ago, Jespersen (1897-1899, 1904) presented his famous ‘sonority
hierarchy’, a theory meant to predict the order in which sounds appear in complex syllables.
It was claimed, in particular, that consonants tend to appear in order of increasing sonority in
syllable onsets, but that the reversed order is true for syllable codas (the ‘mirror effect’). This
is illustrated by the wor@irand [ braend] in which the relatively sonorolys] and[ n] are
adjacent to the syllable nucelus with the less sonorous voiced stops appearing in the word’s
periphery.

However, Jespersen’s theory has been questioned on several grounds. It has been argued, for
example, that the theory is in principle untestable since its central term, sonority, is
empirically undefined (e.g., Ohala, 1992). Attemtps have been made to cope with this
problem in terms of quantifiable dimensions such as degree of jaw opening (e.g., Lindblom,
1983; Bjorsten, 1997) or amount of modulation in acoustic parameters (Ohala, 1992).

Another obvious objection against the sonority hierarchy is that it does not account for many
commonly observed syllable structures. For example, the frequent occurrence df spjtial

[ sf and[ sk clusters runs counter to the prediction that syllable onsets are arranged in
order of increasing sonority, and final clusters suchps, [ ts] and[ ks] violate the rule

of decreasing sonority towards the end of the syllable. According to the sonority hierarchy,
the reversed segment order would be expected.

In the present experiment, clusters of voiceless stops[ ahdwere considered from a
perceptual point of view. More specifically, it was hypothesized that onsets siicp as

[ sf] and[ sK , and codas such &g, [ts] and[ ks] have a perceptual advantage over
those predicted by the sonority hierarchy. Basically, the idea is that stop place of articulation
will be signaled more efficiently in these onsets and codas than in those in which consonants
appear in the reversed order, the reason being that place information is then present both
before and after the stop, i.e., both in [s] and in the vowel.

It is well known that perception of place of articulation for stops is supported by acoustic
information residing in the stop burst as well as in the formant transitions adjacent to the stop
consonant. Early confirmation of the role of formant transitions for place perception was
provided by the classical Haskins experiments (e.g., Delattre et al., 1955). It has also been



demonstrated (Stevens, 1998, pp. 557 ff.), that spectiasfoare differentially modulated
according to place of articulation of the following stop, and that these effects appear to be
substantial enough to be perceptually significant. In combination, these observations imply
that a stop consonant intervening betweerj gn and a vowel will influence its phonetic
context in two ways: it will affect the noise spectrum of ttse and it will determine the
formant transitions present in the vowel segment. In other wordg,slarstop+vowel
sequence and its final mirror image, vowel+sfogl+ will provide the richest possible
acoustic information on stop place of articulation. It is thus reasonable to assume that these
syllable onsets and codas will entail perceptual advantages over those predicted by the
sonority principle. This may explain, at least partly, their relatively common occurrence in
the world’s languages. Clearly, however, the validity of this hypothesis depends on the extent
to which information on stop place of articulation is, in fact, conveyed by acoustic events
taking place in an adjaceft] . The present experiment was carried out to evaluate this
claim.

Method

One male native speaker of Icelandic was digitally recorded in a quiet room at 16 kHz while
producing 5 tokens each of nonsense test words containing onset and coda clusters of the
form [ ] +voiceless stop and voiceless stpph, respectively. These words are shown in
table 1.

Table 1. Nonsense words used in the present experiment.

Onset# g] +vl stop Coda=vl stopts]

[ spaj [ japd
[ staj [ jatd
[ skaj [ jakg

Broadband spectrograms were first inspected for acoustic effegts] oof the 3 places of

stop articulation. For the perceptual test, [tise portions of the utterances shown in table 1
were excised and presented in isolation. In the onset condition, this segment consisted of the
entire[ 5] friction up to the silent interval corresponding to the stop closure; and in the coda
condition, the[ g friction was segmented out to exclude the immediately preceding stop
burst. This procedure was applied to all 5 tokens of each test word. Each token was used
twice resulting in 60 test items. Of these, 30 items came from onsets, and 30 came from
codas.

The onset and the coda blocks were tested separately. In both blocks, the test items were
randomized and presented individually to 10 listeners. Half of the listeners heard the onset
block first, then the coda block; and half heard the two blocks in the opposite order. Numbers
corresponding to the test stimuli were shown on a computer screen. Listeners played the
stimuli through headphones by clicking a loudspeaker symbol displayed next to each
number, and each stimulus could be repeated as many times as desired. The task was to
indicate on a paper form whether the preseftgd represented the beginning p$paj ,

[ staj or[ska] (onset block), or whether it represented the eridadq , [ jatd or|[ jakg

(coda block). In other words, listeners’ ability to perceive stop place of articulation (labial,
dental or velar) in adjaceht] was tested.

The listeners were staff and students of linguistics, speech technology or music acoustics;
one listener was a high school student. They had varying language backgrounds: Swedish (5
listeners), Spanish (1), Italian (2), Icelandic (1) and Estonian (1). The non-Swedish listeners

were fair to fluent speakers of Swedish.



Results

Acoustic observations

Figure 1 shows amplitude vs. frequency spectra of [s] in the respective labial, dental and
contexts. The top row illustrates the onset position with labial, dental and velar context from
left to right; and the bottom row shows the analogous information for the coda position.
These spectra were averaged over 8-10 ms for the onset position (i.e., the [s] portion nearest
to the stop consonant) and over the first 8-10 ms for the coda position (again, the [s] portion
nearest to the stop).
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Figure 1. Amplitude vs. frequency spectra of [s] in (from left to right) labial, dental and velar stop
context. Top row: onset position; bottom row: coda position. The spectra are averaged over 8-10 ms.

It is evident that the spectra shown in figure 1 a) are differently influenced by the 3 places of
articulation for the adjacent stop consonants and b) that these effect are similar in the onset
and coda positions. In particular, the energy maximum associated with the labials appears
lower on the frequency scale than that for the dental (a maximum plateau appearing from
3500 Hz and 4500 Hz, respectively). For the dentals vs. velars, the upper energy band are in
the same general frequency region, but the velars also have an additional energy
concentration in the region of approximately 1000 -2000 Hz.

Listener responses

Listener responses are presented as percentages in the confusion matrices in table 2. The
leftmost matrix summarizes the data pertaining to onset and coda positions combined, the
middle matrix refers to the onset position (i.e., when the voiceless stop fdlgwas in

[ spa] , [ sta] or[ skaj ), and the rightmost matrix contains data for the coda position (with

the voiceless stop precedipg] , i.e.,[japd ., [ jatd or[jakg ). Stimuli are given in the

rows and listener responses appear in the columns. For example, for the [p] stimuli in the
combined onset and coda condition, 89 percent of the responses were correct while 5 percent
were incorrectly heard as [t] and 4 percent were incorrectly heard as [K].

It is apparent from the high percentages of correct responses appearing in the diagonal cells
(shadowed) that listeners were able to reliably perceive place of articulation of an adjacent
voiceless stop on the sole basis of acoustic information contained in the fricative [s] segment.
With one exception, these percentages were 90 percent or higher in the onset and coda
positions. Specifically, the response pattern for the onset position reveals that listeners were
able to reliably perceive place of articulation of the following voiceless stop on the sole basis



of acoustic information contained in the preceding [s] segment; and for the coda position,

listeners were able to use the acoustic information contained in following [s] to determine

place of articulation of the preceding stop (from which, as noted, the burst had been
removed). There is, however, one fairly conspicuous asymmetry in these data: [p] in coda
position was heard as [t] in 19 percent of the cases, while the reverse was not true, i.e., [t]
was heard as [p] in only 5 percent of the cases.

Table 2. Confusion matrices summarizing listener responses (percent) obtained in the present
experiment. Left: Onset and coda positions combined; mid: onset position; right: coda position.

Onset and Onset Coda
coda

p t k p t k p t k
p 89 10 1 99 1 of 79 19 2
91 4 5/ 92 3 5/ 90 5
4 3] 94 5 3] 92 2 2| 96

—
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Summary and conclusions

It was hypothesized that onsets suchi sig , [ s and[ sK , and codas such apd , [ tg

and [ ks] have a perceptual advantage over those predicted by Jespersen’s sonority
hierarchy. This hypothesis was based on the assumption that, in such structures, place
information is present both before and after the stop, i.e., both in [s] and in the adjacent
vowel. Thus, stop place of articulation was assumed to be signaled more efficiently in these
onsets and codas than in those in which the consonants appear in the reversed order.

It is well known that place perception for stops is supported by vowel formant transitions; the
present experiment was designed to determine whether context-dependent dynamic events in
[s] can play a similar perceptual role. Acoustic data suggested that place information for
voiceless stops is present in [s]. The perceptual significance of this effect was largely
confirmed in a listening test: listeners were able to reliably perceive stop place of articulation
on the sole basis of an adjacent [s]. This result thus indicated that the commonly encountered
initial [s]+stop and final stop+[s] clusters, in which the onset and coda sequences are mirror
images of each other, may have a perceptual basis.
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