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ABSTRACT

This paper investigates to what extent locus equations
can distinguish between different consonants varying in
place and manner of articulation. The findings are of two
kinds. On the one hand, locus equations do not reflect place-
of-articulation distinctions when many consonants varying
both in place and manner of articulation are considered. On
the other hand, locus equations are successful in
distinguising place between pharyngealized and non-
pharyngealized consonants. Pharyngealized consonants
/85, d%, 5%, t/) emerge as a totally distinct class, having the
flattest locus equations slopes of all consonants. By virtue
of their double articulation, these are highly resistant to
vowel coarticulation and induce considerable coarticulatory
effects on the adjacent vowels.

INTRODUCTION

Locus equations have been investigated as “relational
invariants” capable of signaling consonantal place of
articulation by Sussman and colleagues in a number of
studies (e.g. [1,2,3]). Locus equations are straight-line
regression function fits to coordinates derived by relating
onsets of F2 transitions of different vowels to their
corresponding steady states. Locus equations, expressed as
F2 onset =k * F2 vowel + ¢ (where & and ¢ are slope and
intercept, respectively), were originally proposed by
Lindblom [4]. Lindblom derived locus equations from one
Swedish speaker producing initial /b, d, g/ in the context of
eight different vowels. The slope of the locus equation lines
varied according to place of articulation with /g/ > /b/ > /d/.
Kruil [5] pointed out that the amount of coarticulation at the
consonant-vowel boundary can be indicated by the slope of
the locus equation line. Steep slopes indicate maximal
coarticulation of the consonant with the following vowel
(i-e. minimal coarticulatory resistance of the consonant
articulation to vowel effects). Flat slopes, on the other
hand, indicate absence of vowel coarticulatory effects (i.e.
maximal coarticulatory resistance of the consonant
articulation). Sussman ef al. [1] extended locus equations to
American English. They reported significant differences in
the slopes as a function of place of articulation with labial
/b/ having the steepest slope, dental /d/ the flattest, and
velar /g/ an intermediate slope. More recently, locus
equations have been investigated using consonants varying
in place and manner of articulation [3,6]. Using six
consonants (/b, v, 8, d, z, 3, g/), Fowler [6] questioned locus
equations as a general classifier of place of articulation.
When manner of articulation varied, locus equations did not
accurately reflect consonantal place.

The intent of this study is to further investigate the
information for place of articulation provided by locus
equations using Moroccan speakers of Standard Modern
Arabic. Two important questions of interest are the
following: (a) to determine how far locus €qlations can
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reflect place of articulation across varied manner classes;
and (b) to explore whether pharyngealized consonants /35,
d%, s 1 can be distinguished from their non-

pharyngealized cognates /8, d, t, s/. There are three reasons
why we are interested in the second question. First, in a
preliminary study, locus equations derived from data of 4
speakers distinguished pharyngealized /&%, s%/ from non-
pharyngealized /8, s/. Second, the locus equation for
pharyngealized /d%/ has been reported to be slighly different
from that of non-pharyngealized /d/ [2]. Third, in a
perceptual study, F2 onset transition was found to be a
critical acoustic cue distinguishing pharyngealized /s%/ from
non-pharyngealized /s/ [7].

1. Method
1.1. Subjects and Material

The subjects were ten male Moroccan graduate students of
linguistics and phonetics. The data for one of the subjects
were subsequently discarded due to his failure to distinguish
between /8/ and /d/. That reduced data for nine subjects. The
material consisted of word and nonsense word CVCVC(VC)
sequences. The first consonant of each utterance was one of
the following list: (/ff, /8/, /8%, /s/, /s, 14/, /4%, 1/, 18/,
/§1, Ix/, /a/). Each initial consonant was followed by one of
the six vowels (/i/, /af, v/, /id/, fa:f, hu:/). All the items
ended in /nun/ to maximize the number of real words in the
inventory. The subjects were asked to produce five
repetitions of each item in a carrier phrase format, written in
Arabic orthography.

1.2. Procedure

The utterances were recorded in a sound attenuated room
using an Electret microphone and a Sony DTC 670 DAT tape
recorder. The recorded signal was digitized at 16 kH
sampling rate via a 16-bit analog-to-digital converter.
UNICE software (LIMSI) was used for all spectral
measurements. Acoustic measurements of F2 (at vowel onset
and at vowel "midpoint”) were taken from five tokens of
each speaker. The midpoint was the vowel steady state; for
U-shaped or U-inverted formant patterns, it was the value at
the minimum or maximum points. If there was a monotonic
change in frequency, the formant value at the temporal
midpoint was taken [1].

2. Results

84 locus equation scatterplots were generated (12
consonants X 9 subjects). Each consonant regression
function was derived from 30 two-point coordinates
spanning 6 vowel contexts and 5 repetitions. Locus
equation slopes and y intercepts (calculated for each subject
and averaged) are shown in Table 1 (see appendix) for the set
of 12 consonants.

2.1. The three consonants If, s, x/
Before taking into consideration all consonants, consider
first how locus equations can distinguish place in three

1901



3500 L 1 2

v i S |

y = ,462x + 730,656, r2 = ,926
30004

25004
20004
15004

F2 onset (Hz)

10004
5004

18/

0 500
F2 vowel (Hz)

1000 1500 2000 2500 3000 3500

3500 i 2 A i ). i
y = .201x + 674,689, 12 = 754
3000 .
= 2500 i
2 2000 i
=
2 .
& 1500 i
-
1000 X
500 s
185/
0
0 500 1000 1500 2000 2500 3000 3500

- F2 vowel (Hz)

Figure 1. Locus equation scatterplots for pharyngealized /5% vs non-pharyngealized /3/ from subject No. 2.

1500
o non-pharyngealized
. 1000 gt 09 oo . pharyng ° /8,d,8,t/
N N + o&op, O + 158,dF, S5 457
5 e ++++#++_¢+ L0700 6% ©
2 o+ B o 7
= 500 - + + ¥10 a
- A A O i
pharyngealized ;I &
g M/
0 i §§’<‘d=o WE X
' A /n/
500 T T T T
0 0.2 0.4 0.6 0.8 1

slope

Figure 2. Locus equation slopes and y intercepts for all 12 consonants across all speakers. Pharyngealized consonants include
8%, d%, 1%, &%/ and non-pharyngealized consonants include both the cogntes /8, d, t, s/ and the non-cognates /£, [, x, i/
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Figure 3. Formant frequencies for F1 and F2 in Hz for eight vowels plotted as a function of two different categories of
consonants: pharyngealized (85,4780 1%/ vs. non-pharyngealized /8,d,s,t/. Data were averaged across repetitions and speakers.

fricative consonants: a labial /f/, a dental /s/ and a uvular
/x/. This provides a comparable experimental condition on
the basis of which locus equations have been proposed as a
descriptor of place of articulation: the labial /b/, the dental
/d/ and the velar /g/ [1]. A uvular consonant, /¥/, is taken
since there in no velar fricative in Arabic. The mean slopes
for /t/, /s/, and fy/ were .92, .36, and .90, respectively. The
slope values for labial /f/ and dental /s/ compare favourbaly
with the mean slope values for labial /b/ and dental /d/ of
Sussman et al. [1] and Fowler [6]. In [1], the slopes for /b/,
/d/, and /g/ were 91, .54, and .66, respectively; and in [6],
they were .80, .48, and .71, respectively. So the general
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tendency that a labial has a steeper slope than a dental is
replicated. The known explanation for this tendency is that
since production of a labial does not involve the tongue
articulation, it does not resist the coarticulatory effects from
the adjacent vowels. On the other hand, the production of a
dental involves the tongue as an articulator, soit can resist
vowel-induced coarticulation. Suprisingly, uvular /x/ which
also involves the tongue in its articulation has a steeper
slope than that for /s/. A possible explanation is that since
in Arabic there is no contrasting velar /x/, uvular /y/ can
admit of more vowel coarticulation; there would be no
perceptual confusion between a fronted /x/ or a backed /y/.
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This explanation is similar to that given in [6] for velar /g/
in English which has a steeper slope, although it is
articulated with the tongue.

2.2. The set of all 12 consonants

One of the main purposes of this study was to determine
to what extent locus equations can distinguish consonants
of different places of articulation. Following Fowler [6], the
following two predictions should be confirmed if locus
equations accurately reflect place of articulation. One
condition stipulates that consonants sharing the same place
of articulation, but differing in manner of articulation,
should have the same slopes. This did not occur for the
following cases. The slope for /t/ (.66) was significantly
steeper than that for /s/ (.56) [#(8) = -3.77, p= .0055], and
than that for /d/ (48) [#(8) = -9.33, p= .0001]. Furthermore,
the intercepts were also statistically different for both
cases, /t/ vs /d/ [t(8) = 8.99, p= .0001] and /t/ vs /s/ [(8) =
2.83, p= .022].

The other condition requires that consonants differing in
place of articulation should have different slopes. This did
not occur for three cases. First, the slopes for alveo-dental
/d/ and interdental /B/ (.48 and .46, respectively) were
statistically not distinct [#(8) = 0.69, p= .511]. Then, the
slope of post-alveolar /f/ (.62) did not differ significantly
from that of pharyngeal /b/ (.68) [¢(8) = 1.29, p= .094].
Finally, the labial /f/ and uvular /y/ had indistinguishable
slopes [#(8) = 091, p= .388, with values .92 and .90,
respectively]. The intercepts did not distinghuish these
pairs of consonants, either. /d/ did not differ from /&/ [#(8) =
-98, p= .357], nor /J/ from /u/ [t(8) = 2.07, p= .071}, nor
[ff from fy/ [¢(8) = -2.03, p= .077]. These results confirm
those of Fowler (1994) who reported that both predictions
were not borne out in her American English data. The dental
consonants /d/ and /z/ had distinct slopes, although they
share the same place of articulation. Further, the slopes of
consonants having different places of articulation were
indistinguishable as was the case for /d/ vs /8/ and /g/ vs /v/.
So it seems that locus equations do not reflect accurately
certain place-of-articulation distinctions, as many examples
have shown. Locus equations are successful, however, in
distinguishing between pharyngealized consonants and
non-pharyngealized ones, as is shown below.

2.3. Pharyngealized consonants as a distinct class

Table 1 (see appendix) shows that the slopes of
pharyngealized consonants /8%, df, s, 1% are quite smller
than those of their non-pharyngealized cognates /8, d, s, /.
An ANOVA comparing slope values for the two categories
showed a highly significant main effect for
pharyngealization [F(1, 70) = 105.10, p = .0001}. Post hoc
tests (Fisher PLSD and Scheffé F test) showed significant
differences between each pair: any pharyngealized
consonant vs. any non-pharyngealized cognate. Figure 1
illustrates representative locus equation scatterplots for /8/
and /8% (from speaker No. 2). Furthermore, inspection of
Figure 2 which plots locus equation slope by intercept for
all consonants across all speakers reveals a sufficient
separability of pharyngealized consonants from any non-
pharyngealized consonants (whether they be their cognates
or not). Pharyngealized consonants constitute, then, a
distinct non-overlapping class.

An ANOVA performed on the slope values for
pharyngealized consonants vs. all non-pharyngealized
consonants showed a significant ‘effect of
pharyngealization [F(1, 106) = 124.09, p = .0001]. In
ANOVAs on the intercept values the effect of
pharyngealization was also significant [F(1, 106) = 8.59, p
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= .0001]. Post hoc tests (Fisher PLSD and Scheffé F test)
revealed that all slope comparisons were significant (at
either p = .01 or p = .05) and more than half of intercept
comparisons were significant.

2.4. What makes pharyngealized consonants a distinct class?

Now the question that arises is: why should
pharyngealized consonants have the flattest slopes of all
consonants? In other words, why are they the consonants
that resist most to coarticulatory influences from the
vowels? Before giving an explaining answer, let's briefly
recall an interpreting account of coarticulation resistance.
The term "coarticulation resistance”, as an articulatory
control principle which refers to the ability of a segment to
resist potentially coarticulatory effects by neighboring
segments, was first proposed in [8]. For example, dark [1] in
English was highly resistant to vowel coarticulation in
comparison with clear [l]. Extensive investigation of
coarticulatory resistance has been carried out by Recasens in
a number of studies (e.g. [9]). Differences in coarticulatory
resistance were found to vary with the consonant's
differential demand on the articulators involved. Palatals
and velarized [t] were found to admit of lesser vowel-induced
coarticulation than labials, dentals and alveolars, because of
the larger degree of constraint on the tongue body in their
production.

The same explanation can be applied to pharyngealized
consonants, for they impose a high requirement on the
tongue body in their articulation. The tongue body
constraint is related to the formation of two simultaneous
places of articulation: (a) a primary articulation in the
dental/alveolar region by means of apical contact; and (b) a
secondary articulation in the pharyngeal region by means of
dorso-radical contact [10].

Farnetani {11] remarked that segments that are highly
resistant to coarticulation are also those that induce
strongest coarticulatory effects on the the neighboring
segments. As a matter of fact, pharyngealized consonants
are known to exert strong backing coarticulation effects
generally on more than one adjacent segment, be it a vowel
or a consonant. An example is the considerable lowering of
F2 at the onset of the front vowels /i:, i/, reflecting the high
resistance of these consonants to conflicting gestures,
namely tongue fronting and raising. To further investigate
the effect of pharyngealized /&%, dY, s%, t%/ on the following
vowels, we measured the frequency of the first formant (F1)
at the onset of the vowel and at the steady state, to
complement the F2 measurements. Vowels in the context of
the non-pharygealized correspondants /8, d, s, t/ were also
measured to provide a comparable condition.

Figure 3 gives average F1 and F2 frequencies at vowel
onset and vowel steady state. It can clearly be seen from this
figure that pharyngealized consonants influence the
articulation of all the vowels to a large degree. This
influence is reflected by a lowering of F2 and a raising of
Fl1, both at vowel onset and at steady state. When
examining this figure in detail, several general
observations emerge as to the extent of coarticulatory
effects induced by pharyngealized consonants. First, the
influence of the pharyngealization gesture is more
extensive at the beginning of the vowel than at the steady-
state period. Still, traces of this gesture occur significantly
during the vowel. Second, the extent of pharyngealized-
consonant-to-vowel effects differ from one vowel to
another. (a) The low vowels /a,a:/ contrast with the other
vowels in showing the influence of pharyngealization both
at steady state and at onset. The reason for this is that the
articulation of /a,a:/ is naturally more compatible with the
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pharyngealization gesture than the high vowels /i, i, u:, u/.
(b) The short vowels /i,u/ show the effects of
pharyngealization more obviously than the long vowels /i,
u:/. The time factor seems to play role here: duration is
known to affect coarticulation.

3. CONCLUSIONS

The present study has attempted to explore to what extent
locus equations can distinguish between different
consonants varying in place and manner of articulation. Our
findings confirm earlier ones in two ways. On the one hand,
locus equations do not accurately reflect place-of-
articulation distinctions when many consonants varying
both in place and manner of articulation are taken into
consideration. On the other hand, locus equations are
successful in distinguishing place between pharyngealized
and non-pharyngealized consonants. The slope was the
critical variable in this distinction: it indicates the
differential coarticulatory resistance between the two
consonant categories. Though the intercept variable is also
important, we do not really know for what it corresponds.

The findings of this study are not meant to suggest that
locus equations invariantly and uniquely specify the place-
of-articulation distinction between pharyngealized
consonants and non-pharyngealized ones. This distinction
certainly relies on other cues. For instance, the contrast
between pharyngealized /s/ et non-pharyngealized /s/ in the
context of the vowel /i:/ is based on the integration of both
the onset F1 transition and the onset F2 transition [7]. The
frication noise provides yet another source of information
for this distinction. In addition, there are other important
cues that may contribute to the contrast between other
pharyngealized and non-pharyngealized consonants, such
as the burst noise for the /t¥/-/t/ contrast, and the spectral
consonantal characteristics for the /8%/-/8/ contrast.

One interesting aspect of locus equations as a source of
place information for the pharyngealized/non-
pharyngealized distinction is the following: they express
the dynamics of the F2 transition which is a critical acoustic
cue for the perception of this distinction, and which is
basically similar for all pharyngealized consonants. The
fact that these pharyngealized consonants (voiced and
voiceless fricatives and stops) are clustered as a separate and
non-overlapping class is an interesting finding. From the
point of view of locus equations, the pharyngealized/non-
pharyngealized contrast is seen differently. Traditional
accounts of this contrast have focused on the coarticulatory
influence of pharyngealized consonants on the adjacent
vowels. The inverse direction, that is the differential
coarticulatory effects of vowels on pharyngealized
consonants and non-pharyngealized ones has been
overlooked. The present study showed two related findings:
(a) since pharyngealized consonants have the flattest locus
equation slopes, they are the most resistant to
coarticulatory effects from the adjacent vowels. This seems
to be due to their double articulation, which represents a
high constraint on the tongue body; (b) because
pharyngealized consonants are highly resistant to
coarticulation from adjacent vowels, they induce a
considerable coarticulatory influence on these vowels.
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4. APPENDIX

o} d s t

slope vy inter slope y inter slope y inter slope y inter

S1 .54 732 .51 837 .48 794 .65 598
S2 46 731 46 908 .44 830 .59 724
S3 .54 811 .45 1128 .56 779 .69 784
S4 .31 1080 .50 843 .47 882 .69 533
S5 47 879 57 695 .59 662 .70 492
S6 50 785 .44 1038 .61 767 .70 573
s7 .34 1108 .41 1080 .66 376 .65 636
S8 .52 873 .50 958 .68 600 .69 3571
$9 .46 880 .48 936 .56 779 .58 700
mean .46 875 .48 936 .56 741 .66 623

& & st it

slope yinter slope y inter slope y inter slope y inter

S .20 702 41 446 .38 550 .35 598
82 .20 675 .39 730 .31 626 .33 724
53 .24 761 .25 1037 .29 776 .40 784
S4 14 990 .33 895 .33 729 .38 533
S5 .28 801 .30 804 35 701 .43 492
S6 .23 812 21 1062 .42 663 .39 573
87 .14 738 .14 931 .26 694 .22 636
S8 .31 771 .39 748 43 689 .44 571
59 .21 750 .33 895 .35 701 .36 668
mean .22 778 31 839 .35 681 .37 678

f I X h

slope yinter slope y inter slope y inter slope y inter

St .92 -31 .64 618 .99 -85 .53 754
$2 93 411 41 991 .81 225 .60 661
$3 91 119 .59 879 98 96.1 .68 641
S$4 86 97.3 .57 714 91 127 .57 710
S5 .92 108 .60 645 .86 183 .83 401
S6 .95 244 .70 613 .94 77.2 .71 576
87 96 9.5 .73 537 .90 38.6 .85 539

S8 .89 34 71 568 .85 106 .71 354
§9 .93 65 .6 680 .9 110 .67 650
mean .92 61 .62 694 .90 106 .68 587

Table 1. Locus equation slopes and y intercepts for the set
of twelve consonants across nine speakers.
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