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ABSTRACT 

This study explored the consistency of locus equation (LE) 
slopes as phonetic descriptors of stop place in VCV 
utterances. A range of naturally occurring phonetic 
parameters were systematically varied to alter the dynamics 
of temporal and spatial overlap of articulatory movements.  
These parameters included: syllable form 
(open/closed/geminate), variable V1 contexts, and 
aspiration.  Results showed that singleton and geminate 
open syllables yielded identical slopes, while closed 
syllables yielded decreased, but contrastive slopes, 
irrespective of voicing.  V1 contexts had minimal effects on 
LE slopes. Voiceless /p/ and /t/ had lower slopes than 
voiced cognates, but velars did not show voicing 
differences. Methodological differences in measuring F2 
onsets accounted for lowering of slopes in aspirated stops. 

1. INTRODUCTION 

A continuing enigma in speech research is understanding 
how the speech signal achieves a stable representation 
across the myriad of transforms induced by variation in the 
signal. The stability of LEs as phonetic descriptors of stop 
place has been called into question by the research of 
Chennoukh, Carré & Lindblom [1].  Working within a 
coproduction framework, these researchers altered the 
intergestural timing of superimposed consonantal closure 
gestures (/bdg/) onto a V1-to-V2 movement trajectory. 
Using the distinctive regions model (DRM), which 
provides a representation of the vocal tract area function, 
three different temporal phasing relations were used to 
simulate different degrees of coarticulation — maximal, 
moderate, and weak. For maximal coarticulation, the 
phasing of V2 coincided with the onset of the C gesture; for 
moderate coarticulation, V2 began at the moment of 
complete C closure; and for weak coarticulation, V2 began 
at the moment of C release.  LE slopes were derived from 
these three phasing scenerios to determine how they would 
maintain stop place coding. Their results led to the 
conclusion that “variations in intergestural timing gave rise 
to changes in locus equation parameters” ([1] p. 2388). In 
addition, V1 contexts were reported to affect LE slopes 
derived from CV2 in V1.CV2 utterances. Other 
investigators [2,3] have also attempted to alter speaking 
style and, ultimately, coarticulation, with real speakers by 
‘experimentally’ varying (via instructions), the extent of 
CV overlap within stop place categories. For example, 
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azio and Fowler [3] attempted to constrain C and V 
p for labials (increasing coarticulatory resistance) 
nhance C and V overlap for alveolars (decreasing 
culatory resistance) to try to alter normal LE slopes. 
oal of these studies was to induce changes in 
-category coarticulation so that LE slopes for 
nt stop consonants would overlap, and hence the 
 would be shown to be incapable of serving as a 
tic descriptor of stop place of articulation.  The 
s  of  these artificially imposed speaking style 
tions produced only modest changes to LE slopes as 
ree stops showed distinct and non-overlapping 

inates in a slope X y-intercept space.The goal of this 
was to put LE stability to the test by varying the 
ral window surrounding CV2 interactions.  A  full 

 of naturally occurring phonetic variations were used 
 attempt to ‘tweak’ LE slopes. These parameters 
ed (1) various syllable forms: open (V.CV), closed 
), and geminates (VC.CV); (2) changing V1 contexts; 
iced and voiceless aspirated stops in all the above 
le forms.  The syllable form and voicing 
ulation were intended to provide natural phasing 
nces between V1 and the CV2 unit. 

2. METHODOLOGY 

peakers of American English and two speakers of 
n between the ages of 27 and 38 participated in this 
 To study the effect of altered temporal phasing, 
nse tokens with a syllable boundary falling at two 
nt positions were devised: [CiV1.CiV2]=open 

les; [tV1Ci.V2t] = closed syllables. To investigate the 
 of consonant closure duration on CV2 coarticulation, 
ate consonants were devised as follows: 
i.CiV2t]. The C appeared as coda to the first syllable 
 an onset to the second syllable.  Since the effect of 

on the coarticulation of segments was also of interest, 
 and voiceless aspirated stops of American English 
ersian were used as medial consonants. These 
ed /b,p,d,t,g,k/ for English and /b,p,d,t,,k/ for 
n.  The V1 and V2 contexts included all combinations 
 e, æ, u, / for English and  /i, e, æ, u, o, a/ for 
n.  All stimuli were bisyllabic nonsense words 
ded in the carrier sentence “Say ___again” for 
h and “inja_____nevete” for Persian (“___ is 
n here”).English and Persian stimuli were read from 
eparate lists in the respective orthography where 
s appeared in IPA transcription.  All acoustic analyses 
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were performed on a Power Macintosh 7100/80 at 16 bits 
with a 20kHz sampling rate. SoundScope/16 speech 
analysis software was used for all display, editing,  
playback,and measurement procedures.  FFT spectra were 
calculated with 1024 points using a filter setting of 45 
Hz.LPC spectra were calculated with 25 coefficients and a 
20 ms frame length using 512 points. F2 frequencies were 
measured at F2 onset and F2 Vowel.  F2 onset measurement 
sites varied depending upon syllable type and aspiration.  
For  open syllables with voiced stops, F2 onset was taken at 
the first glottal pulse following the release burst; for 
aspirated stops in open syllables it was measured at the 
earliest visible F2 resonance, post-release, that could be 
determined to continue into the F2 formant of the vowel. In 
closed syllables, F2 onset was measured at the release of 
the syllable final stop,even though a pause intervened 
between the stop and following V2. F2 vowel was taken at 
visually determined midpoints as previously described in 
the literature [4]. All spectrographic readouts were checked 
against spectral peaks in the FFT display. 

3. RESULTS 

Table 1 (A,B,C) presents LE slopes for each speaker across 
the six stop consonants and three syllable forms. 

/b/ /p/
OPEN CLOSED GEMINATE OPEN CLOSED GEMINATE

S#1(E) 0.76 0.31 0.83 0.63 0.46 0.60
S#2(E) 0.83 0.27 0.83 0.62 0.23 0.56
S#3(E) 0.81 0.22 0.83 0.59 0.19 0.55
S#4(E) 0.84 0.08 0.88 0.63 0.09 0.68
S#5(E) 0.78 0.22 0.82 0.73 0.15 0.70
S#6(P) 0.88 0.30 0.92 0.65 0.28 0.70
S#7(P) 0.86 0.39 0.98 0.73 0.20 0.85

MEAN 0.82 0.26 0.87 0.65 0.23 0.66
SD 0.04 0.10 0.06 0.05 0.12 0.10  

Table 1A: LE slopes for bilabial stops for five English (E) 
and two Persian (P) speakers. 

/d/ /t/
OPEN CLOSED GEMINATE OPEN CLOSED GEMINATE

S#1(E) 0.38 0.24 0.48 0.18 0.24 0.25
S#2(E) 0.47 0.10 0.51 0.27 0.09 0.33
S#3(E) 0.32 0.15 0.37 0.23 0.10 0.28
S#4(E) 0.42 0.04 0.55 0.20 0.04 0.33
S#5(E) 0.48 0.08 0.49 0.29 0.08 0.31
S#6(P) 0.52 0.19 0.57 0.24 0.07 0.25
S#7(P) 0.43 0.20 0.64 0.29 0.08 0.42

MEAN 0.43 0.14 0.52 0.24 0.10 0.31
SD 0.07 0.07 0.08 0.04 0.06 0.06  
 
Table 1B:  LE slopes for alveolar/dental stops. 
 
An ANOVA with three within-group factors: syllable 
form—open, closed, geminate; stop place — labial, 
alveolar/dental, velar, and voicing —voiced, voiceless was 
run across all seven speakers, collapsing English and 
Persian together in one group. There was a significant 
effect for syllable form (F (2,108) = 226.26, p <.0001), stop 
place (F(5,108) =249.56, p < .0001), and voicing (F(1,108) 
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9, p <.0001). Significant two-way interactions were 
ed for syllable form x place (F(4,108) = 8.78, p 
1), syllable form x voicing  

/g/ /k/
OPEN CLOSED GEMINATE OPEN CLOSED GEMINATE

0.88 0.68 0.84 0.75 0.72 0.81
0.96 0.36 0.93 0.97 0.44 0.91
0.78 0.47 0.68 1.04 0.39 0.96
1.01 0.33 0.99 1.05 0.31 1.04
0.81 0.28 0.78 0.83 0.50 0.80
0.95 0.56 1.01 0.85 0.58 0.96
1.10 0.64 1.15 1.07 0.44 1.20

0.93 0.47 0.91 0.94 0.48 0.95
0.11 0.16 0.16 0.13 0.13 0.14  

1C: LE slopes for velar stops. 

08) = 3.36, p=.03), and stop place x voicing (F(5, 108) 
5, p =.0003).   Figure 1 shows mean LE slopes for 
top consonant across the three syllable forms. 
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re 1: LE slopes for six stops across sylalble forms. 

ton open syllables and geminates showed the exact 
ning of LE slopes across the six stops. Post hoc 
 showed that LE slopes were not statistically 
nt in singleton open and geminate syllables, but each 
ignificanlty different from closed syllable slopes.  
aring LE slopes for each stop/voicing condition 
 singleton vs. geminate forms showed that the overall 
nce in mean slope was only .04.   

losed syllables present a unique treatment of CV 
culation relative to traditionally measured open (CV) 
les.  In closed syllables F2 onsets were taken at the F2 
nce of the stop coda release burst and F2 vowel was 
at the traditional V2 midvowel location. Thus, the 
le juncture and a speaker-controlled pause separated 
set from F2 vowel.  Despite the non-traditional nature 
 C.V2 unit measured, there were, surprisingly, three 
y contrastive slope groupings, arranged in a 



non-overlapping distribution as a function of stop place. 
Alveolars had the flattest slopes (/d/ = .143, /t/ = .100), 
followed by labials (/b/ = .256, /p/ = .229), and highest for 
velars (/g/ = .474, /k/ = .483).  Importantly, voicing had no 
effect on altering the three “locus-like” frequency regions 
contrasting coda stops in closed syllables.  
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Figure 2:  LE slopes as a function of voicing/aspiration 

Figure 2 shows the effect of voicing on LE slopes 
averaged across singleton and geminate syllable shapes for 
all seven speakers.  Voiceless labial and alveolar slopes had 
significantly lower LE slopes than their voiced cognates, 
but velar slopes did not differ across the voicing dimension.   
Of main interest is to determine whether the slope decrease 
for voiceless stops is due simply to unavoidable 
methodological procedures or actual speech motor 
programming differences in coarticulation. Close 
inspection of measuring sites for F2 onset resonances 
clearly indicates an earlier, and consequently, more stable, 
‘locus-like’ frequency for voiceless aspirated stops relative 
to voiced stops.  Earlier F2 onset sampling points for 
voiceless stops generally implies greater F2 transition 
extents and further separation of consonantal ‘locus’ onset 
frequencies from V2 target frequencies.  Such 
measurement sites inherently yield lower slopes, 
presumably indicating decreased coarticulation extents.  
Unpublished data from our laboratory has consistently 
shown that even when F2 onsets for voiced labials [bV] are 
taken at the burst, rather than the traditional first glottal 
pulse following burst release, the resultant slope values 
decrease.   In addition to this observation, we measured 
both the extent of F2 transitions and the variability of F2 
onsets as a function of voicing.    Both American English 
and Persian clearly showed (1) greater F2 transition extents 
(Hz distance from onset-to-vowel midpoint) in voiceless 
stops, as well as (2) lower coefficients of variation 
(sd/mean).  The difference in F2 onset variability was 
primarily found for labials and alveolars,  where manner 
differences were found, relative to velars that showed equal 
variation across /g/ and /k/.  The smaller variability of F2 
onset loci for labial and alveolar aspirated stops is the most 
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igure 3 shows LE slopes as a function of V1 context 
 five American English speakers averaged across all 
ps. V1 contexts did not have any effect on LE slopes.  
ability of LE slopes for CV2 across the five 

����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������

����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������

�����������������
�����������������
�����������������
�����������������
�����������������
�����������������
�����������������
�����������������

����������������
����������������
����������������
����������������
����������������
����������������
����������������
����������������

 

           i         e      æ        u         

V1 Contexts 

 3: LE slopes as a function of V1 contexts. 

ntexts is readily apparent. The variation in LE slope 
 all stops as a function of V1 context was only .038. 

4. DISCUSSION & CONCLUSIONS 

hile the locus equation metric has contributed to a 
ense of acoustic orderliness to the encoding of stop 
contrasts, it has also instigated a program of research 
g to probe its scope, validity and overall worth as a 
tic descriptor of stop place.  Suggestions of locus 
on instability in the face of (1) variable phasing 
en a consonant and vowel, (2) changing V1 contexts, 
) aspirated stops have called into question the coding 
 of  locus equations ([1-3]). The phasing adjustments 

 coarticulatory timing imposed by experimental 
ations on the DRM model [1] do not reflect natural 
ions of normal speech.  Speakers can not adjust the 
e onset of V2 to coincide with different moments of 
—onset, closure, or release. The observed changes in 
opes due to phasing alterations of the DRM model 
ations merely reinforce the ability of LEs to capture 
 changes in coarticulation overlap of the C and 
g V. 

E slopes have also been tested under 
imentally-induced alterations of coarticulation ([2,3]) 
real speakers. The constraints imposed upon the 
ers in the above studies included (1) using 
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symmetrical V1 and V2 contexts to increase coarticulation, 
(2) insertion of a schwa before the C in slow speech to 
reduce coarticulatory overlap, and  (3) producing palatized 
versions of the C to reduce coarticulatory overlap.  The well 
documented ‘trough effect’ [5] negates somewhat the use 
of symmetrical V1 and V2 contexts as the tongue clearly 
does not maintain the same anticipatory position across the 
medial C in symmetrical vowel contexts. The overall 
results of these forced attempts at manipulating 
coarticulation did not confirm the intended within-category 
overlap of LE slopes.  While we value putting the locus 
equation metric under scrutiny, we also feel that imposed 
phonetic variations should reflect naturally occurring 
events in normal speech, rather than forcing speakers to 
enact ‘articulatory gymnastics’ to artificially create altered 
C and V overlap situations that speaker’s do not normally 
produce.   

 The attempt in this study to temporally alter V1 and 
V2 separation by the use of geminate syllables had no 
significant effect on coarticulation of the CV2 unit.The LE 
analysis of closed syllables was done to explore how the 
metric fared when derived from an unorthodox pairing of 
F2 onsets (measured at the coda stop release) with V2 
midvowels measured across the syllable juncture. Across 
all stops LE slopes systematically decreased relative to 
traditional LE slopes. However, this across the board 
reduction of slopes should not be interpreted as indicative 
of LE instability in stop place encoding.  Despite this 
‘reinvention’ of the LE metric relative to the normal 
methodology in CVs, this drastic change yielded consistent 
and more importantly, contrastive slope values as a 
function of stop place and irrespective of voicing. The slope 
hierarchy of velars > labials > alveolars/dentals was clearly 
indicative of the orderliness in categorical coding of place 
obtainable from the acoustic signal relating stop release to 
the following vowel. 

 Voiceless aspirated stops revealed lower LE slopes 
than their voiced cognates for labial and alveolar/dental 
stops, but not velars.   Analyses of both the extent and 
variability of F2 transitions revealed that the measurement 
sites for F2 onsets was temporally earlier and less variable 
when taken at the beginning of the aspiration noise interval 
relative to the customarily used first pitch period of V2 in 
voiced stops.  Thus, methodological differences underlie 
the LE slope differences obtained in voiced/voiceless 
comparisons.  The last test of LE stability dealt with the 
effect of V1 contexts on the CV2 slopes. Using five V1 
contexts for English and six V1 contexts for Persian, we 
found no statistically significant effects in either language. 
The absolute slope difference across stops was less than .04 
in English and slightly higher than .04 in Persian. 

 While much remains to be learned about the 
functional significance of locus equations, including the 
articulatory underpinnings of their contrastive linearity, 
they still remain a viable and valuable acoustic metric with 
which to analyze the statistical regularities characterizing 
human speech.  In addition, the statistical regularity of LE 
scatterplots is suggestive and amenable to encoding 
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thms that have been thus far uncovered in 
ethology [6-8].  The principal neural processes used 
s for echolocation and by owls for sound localization 
sily have ben adapted in the human brain for aspects 
ech production and representation.  The concept of 

rvation of mechanism is consistent with locus 
on data [9]. This concept holds that once mechanisms 
vented by nature and serve successfully, those 
nisms are retained during evolution and may be 
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