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Stop consonant F transitions
• When constriction is formed, resonances 

change.

• Effect on formant frequencies can be understood, 
in part, from perturbation theory.

• In VCV,  we see formant transitions 
(resonance changes) from V to C,  then 
from C to V.

• If the consonant is a stop, there is silence 
during closure.



aba

VC CV



VC vs. CV
• CV transition

• will also have release burst due to pressure 
buildup

• aspirated stops will have voicelessness during CV 
transition



VC CV

CLOSURE

aba synthesized



apa synthesized

CLOSURE ASP

VC CV



Place and F transitions

“a bab" “a dad" “a gag"



Sensitivity Functions
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Labial Stops F2 F3

• Constriction at lips lowers all F (sensitivity 
functions)
• Effect greater for front cavity resonance?

Rising CV

Falling CV



F1

Labial constrictions

F2

10



Sensitivity Functions Labial
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Labial Stops
F2 F3



Coronal Stops
F2 F3

• Location not that different from labials, so 
sensitivity considerations are similar. 
• BUT Entire tongue body must be advanced,
• Overall shape of tube similar to front V



Sensitivity Functions Coronal
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Coronal Stops
F2 F3



“a deed" “a dad" “a dude"



Tongue Body fronting for /d/

• TBx must be advanced for /d/.

• TB is part of synergy for coronal constriction

vowel. The advancement of the tongue back is present to a
much lesser extent for /g/, and hence the lower average TBx
at C. For the labials the tongue back’s horizontal position is
totally dependent on the following vowel. It can also be seen
that there are some small but consistent differences due to
manner of articulation. Specifically, the tongue back is more
posterior for /z/ than /d/, which is not surprising due to
greater constraints on the tongue back for sibilants than
stops.

The slope is one of the factors determining the intercept,
given the averages of the dependent and independent vari-
able. Since the slope is the coefficient of the V average, a
curve that is roughly a reflection of the intercept is obtained
as can be seen in the left column of Figs. 2 and 3. The
intercept is therefore determined through an interaction of
three factors, which all vary among the consonants. This in-
teraction is important, since the three factors seem to interact
for some consonants to obtain the intercept pattern that is
roughly the reverse of the slope pattern. For instance, com-

parison of F2 averages for /d/ and /g/ EMMA data show that
they have approximately the same pattern for the averages at
C and V; however the slope difference between the two con-
sonants results in the intercept for /d/ being higher in mag-
nitude than the /g/.

5. TBx linear relation at closure

Figure 5 compares regression statistics between where C
is measured at the middle of the consonant closure !black"
vs. at the beginning of the formant transition !gray" for the
EMMA data. The mean duration of mid closure to formant
transition is 55 ms. The patterns for the slope, standard de-
viation ratio and intercept are the same for the two sets of
relations, but the magnitude of the slope and standard devia-
tion ratio are greater by about 0.2 for the regression using the
consonant measure at the beginning of the transition, and the

FIG. 2. Analysis of Intercepts into their constituents: slope and average of
F2 or TBx at C and V according to Eq. !2" for EMMA data. Frontness
increases vertically.
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Coproduction during /d/
• There are tongue-shape differences for /d/ in different 

contexts due to coproduction (which also effects the 
formants, particularly higher formants).

• But TB is more advanced during /d/ than during back 
V.

lq•. 1 .(a) The frame 
in terms of which the 
vocal tract shapes have 
been measured. The re- 
maining parts of the 
[,'igure show vowel con- 
figurations: (b) /i/; (c) 
/u/; (d) /u/. These 
shalLes are averages of 
several articulations of 
each vowel. Parts of the 
contours of the mahdi- 
hie, the lower lip, and 
the laryngeal structures 
have been drawn in for 
convenience of reading 
the present and follow- 
ing l:igures. 
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vertical. We then draw a vertical line through the 
highest point P of the outline of the hard palate. ()n this 
vertical line, we locate the center C of a circle that 
passes through P and is tangent to the line through the 
posterior pharyngeal wall. From C, we now draw the 
radial lines 2-30 of I:ig. 1. The angles between adjacent 
pairs of these lines are of 5 ø. Lines 31 49 are all hori- 
zontal and spaced .5 mm apart in the true-length scale 
of the subject. Line 1, finally, bisects the angle between 
Line 2 and a line drawn through the tips of the upper 
and lower fi'ont teeth. The basis of this reference 
system is the observation that the vocal tract is an 
essentially straight tube in the pharyngeal region and 
a curved tube in the oral region2 

The origin of each straight line of Fig. 1 is taken to be 
the point where it intersects the outlines of the maxilla, 

• (a) This reference system has I•een used by J. M. Heinz and 
K. X. Stevens, [-"On the Derivation of Area I:unctions and 
Acoustic Spectra from Cineradingraphic l"ilms nf Speech," J. 
Acoust. Snc. :\m. 36, 1037 1038 (A) (1964)]. (b) A slightly 
revised system is discussed by J. M. Heinz and K. N. Stevens iu 
"On the Relatinns herween I.ateral Cineradingraphs, Area 
l"unctions, and Acoustic Spectra of Speech," (Paper A44 in 
1965, Vol. la. 

the velum, a or the posterior pharyngeal wall. The shape 
fi•nction s(x; t) associated with any given articulatory 
configuration is defined as the set of distances along the 
numbered lines from their origins to where it intersects 
the midsagittal tongue countour. • The independent 
variable x of s(x; t) represents the ordinal number of 
the lines of the framework. With this definition at hand, 
we now discuss the coarticulation model. 

We may study the behavior of the muscle comple•es 
of the tongtie either directly, by means of physiological 
methods, or indirectly, by investigating their probable 
effect oa the VT shape under various conditions. In 
both cases, an important outcome of the investigation 
is an algorithm by means of which the appropriate VT 
shape s(x; l) may be computed given a set of numbers 

:• Actually, a fixed curve that approximates the outline of the 
velnm in the closed position is used. The coordinates of the points 
on these lines are tabulated in the Apl)endix. 

• J. M. Heioz and K. N. Stevens [see Ref. 2(b)• discuss methods 
fur estimating the cross-sectinnal area of the vocal tube from s(x) 
and measurements oo custs of the hard palate. It appears that the 
relation between area and cross distance can be approximated by 
a power function. 

The Journal of the Acoustical Society of America .•i l 
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Velar Stops
F2 F3

• F2 and F3 are close during
constriction. 



Sensitivity Functions Velar
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Locus Equations for F2
• Place of articulation for stops can be 

distinguished by the slopes and intercepts 
of the regression equation between

•  F2 at vowel center 

•  F2 at the onset of the CV transition.

• SLOPES: Labial > Dorsal > Coronal

• INTERCEPTS: Labial < Dorsal < Coronal
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• F2 is influenced by horizontal position of TB.

• slope (b) of regression equation is 
mathematically equivalent to:

• ρ = correlation coefficient

• σF2C = variance of F2 at transition onset

• σF2V = variance of F2 at vowel center

• σF2C/σF2V =  measure of coarticulation 
resistance (Recasens)

b = ⇢
�F2C

�F2V

Locus equations are an acoustic expression of articulator
synergy

Khalil Iskarous,a! Carol A. Fowler, and D. H. Whalen
Haskins Laboratories, 300 George Street, New Haven, Connecticut 06511
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The study investigated the articulatory basis of locus equations, regression lines relating F2 at the
start of a Consonant-Vowel !CV" transition to F2 at the middle of the vowel, with C fixed and V
varying. Several studies have shown that consonants of different places of articulation have locus
equation slopes that descend from labial to velar to alveolar, and intercept magnitudes that increase
in the opposite order. Using formulas from the theory of bivariate regression that express regression
slopes and intercepts in terms of standard deviations and averages of the variables, it is shown that
the slope directly encodes a well-established measure of coarticulation resistance. It is also shown
that intercepts are directly related to the degree to which the tongue body assists the formation of the
constriction for the consonant. Moreover, it is shown that the linearity of locus equations and the
linear relation between locus equation slopes and intercepts originates in linearity in articulation
between the horizontal position of the tongue dorsum in the consonant and to that in the vowel. It
is concluded that slopes and intercepts of acoustic locus equations are measures of articulator
synergy. © 2010 Acoustical Society of America. #DOI: 10.1121/1.3479538$

PACS number!s": 43.70.Fq, 43.70.Bk, 43.70.Mn #DAB$ Pages: 2021–2032

I. INTRODUCTION

The acoustic measurement of place of articulation for
consonants and the acoustic measurement of the amount of
coarticulation are two long-standing problems in phonetics.
Previous work on consonant place of articulation, using
articulatory-acoustic models, within the acoustic theory of
speech production !Stevens, 1998", has found certain acous-
tic correlates of place, but the variability found in
empirically-based studies has not provided an easy match to
the theoretical predictions. Indeed, in the field of automatic
speech recognition, which relies on high quality estimation
of acoustic features, it has recently been argued that it is
necessary to develop more powerful statistical techniques for
investigating speech dynamics to overcome the difficulties of
estimating place and amount of coarticulation from acoustics
!Deng, 2006". One method that has been proposed for solv-
ing both problems, and that is robust to various sources of
variability, is locus equations !Nearey and Shammass, 1987;
Sussman et al., 1991; Fowler, 1994; Sussman et al., 1998;
Brancazio and Fowler, 1998". Lindblom !1963" showed that,
for CV syllables, where C is an oral stop, if F2 at the begin-
ning of the vowel transition is plotted against F2 in the
middle of the vowel, for C fixed and V variable, a highly
linear relation emerges. This linear relation is parameterized
by a slope and an intercept. The slope indicates the amount
of change of F2 at the beginning of the vowel transition for
a unit change in F2 at the vowel midpoint, and the intercept
indicates F2 at the beginning of the vowel transition for a
zero F2 at vowel midpoint. That is, the intercept is at the
intersection of the regression line with the dependent vari-
able axis. It has been observed in many experiments that

slopes descend in the series labial!velar!alveolar, and the
magnitudes of the intercepts increase in the opposite order.
Later it was also shown that there is a linear relation between
the intercepts and the slopes, termed Second Order Locus
Equations !SOLE" !Chennoukh et al., 1997", when the inter-
cepts are taken as the dependent variable and the slopes as
the independent variable. This is surprising, since in a linear
relation, the intercept is, in general, independent of the slope.
The robustness of the pattern of slopes in English and other
languages !Sussman et al., 1993" has led to their use as a
marker of both place of articulation and coarticulation in a
variety of studies of typical and atypical populations !Suss-
man et al., 1998; Robb and Blomgren, 1997; Baillargeon et
al., 2002; Gibson and Ohde, 2007". However the interpreta-
tion of slopes and intercepts of locus equations still remains
problematic. For instance, given the statistical meaning of
intercept as the value for consonant F2 when vowel F2 is
zero, it seems strange that such a number, which represents a
seemingly non-observable quantity, is capable of distinguish-
ing different consonants. Also, the articulatory phenomena
that lead to a linear relation in acoustics are still unknown,
and it is not known why the slopes and intercepts pattern the
way they do. The reasons for the linear relation between
intercepts and slopes and why locus equation measures can
provide information about both place of articulation and
amount of coarticulation are also not known. The aim of the
present study is to further research on coarticulation by
showing that these issues are intimately related to each other,
and that addressing them allows for more empirically in-
formed use of locus equations to study variability in both
coarticulation and the linguistic use of place of articulation in
contrasting consonants in the world’s languages.

There is agreement that locus equations are not an acci-
dent of speech production !Sussman et al., 1998", but their
articulatory origin is unclear !Fowler, 1994; Sussman et al.,
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TB Coarticulation Resistance
• If TB coarticulation is 

the source of the Locus 
Equations, 
measurement of TBx at 
the two points should 
show the same 
regression equation 
characteristics.

the number of speakers and the difference in vowels and
consonants included in each category. Another advantage of
using the database is that the tokens used are real words from
real sentences, therefore, if the results based on these data
agree with studies based on isolated non-meaningful syl-
lables, it would affirm the robustness of the locus equation
phenomenon. However, the disadvantage from the experi-
mental design perspective is that the utterances are not
contextually-controlled lists. Regarding the fact that the
vowels used with each of the consonants were not the same,
it is important to note that the slopes and intercepts of locus
equations have already been shown to be relatively robust to
the variation in the vowel set used with each consonant, as
can be seen in the fact that various studies have used differ-
ent vowels, but the pattern of slopes and intercepts among
the consonants is relatively stable despite variability in the
vowels !Sussman et al., 1991; Modarresi et al., 2004". An-
other feature of locus equation data that makes the use of less
than ideally controlled data possible is that this type of data
is robust to changes in prosodic factors. Specifically, Lind-
blom et al. !2007" found that there are consistent difference
in locus equations due to stress, Modarresi et al. !2004"
found that there are differences due to CV vs. VC differ-
ences, and Bakran and Mildner !1995" found that there are
consistent differences due to speech style, but these studies
also showed that these differences, however consistent, still
lead to the same basic differences between the consonants
introduced by slope and intercept. Therefore there is some
indication in the literature that it is possible to combine data
collected in different prosodic conditions.

The X-ray microbeam data are comparable to the
EMMA data. The jaw, upper and lower lip were tracked,
along with four comparably placed pellets on the tongue. The
same procedures used to segment and analyze the EMMA
data were used to acoustically segment the XRMB CV’s data
and to extract the articulatory data and F2 at consonant re-
lease and the vowel midpoint.

B. Results

1. First-order locus equations

Figure 1 presents the fitted regression lines relating F2 at
consonant release to that at mid vowel !left panels" along
with the relations between the horizontal position of the
tongue back !TBx" at consonant release and TBx at mid
vowel !right panels" for the EMMA study. The reason that
the articulatory data are negative is that the data are mea-
sured in a coordinate system in which the origin is an oc-
clusal zero at the front of the vocal tract. As can be seen on
the left, the relations between F2 at the onset of F2 and the
midpoint of F2 vowel are linear across the consonants, as
would be predicted based on previous work. But it can be
seen on the right that the relations between TBx at the same
two moments are also linear. The slopes, intercepts, and ex-
plained variation r2 for each of the relations are given in
Table II. The last line of the table gives the correlation be-
tween the F2 slopes and the TBx slopes, as well as the cor-
relation between F2 intercepts and TBx intercepts. The ex-
plained variability r2 for both F2 and TBx relations are all

above 0.88. The mean r2 for F2 is 0.92 and the mean r2 for
TBx is 0.95, indicating that both the standard locus equations
and the linear relations derived from TBx are highly linear.
Although the articulatory and acoustic parameters are not
equal, the general patterns are the same and agree with the
pattern seen in previous studies. Specifically, !1" labials have
the largest slope, velars have intermediate slopes, and alveo-
lars have the smallest slope values; !2" alveolars have the
largest magnitude intercepts, followed by velars, and labials.
The high correlation between the parameters derived from
the acoustics and the parameters derived from the articula-
tion in the last row of Table II indicates that the basic pat-
terns are the same for F2 and TBx.

Table III shows the linear statistics for the same relations
across the subjects from the XRMB study. These data were
analyzed in two ways: !1" Regression coefficients were cal-
culated within each subject and then averaged !upper num-
bers in each cell of Table III"; !2" Regression coefficients
were calculated for data pooled across all subjects !lower
number in Table III". Both of these types of analyses have
been performed in previous research on locus equations. The
slopes from both the articulatory and acoustic data are in the
expected order !Labial!Velar!Alveolar", for both the
subject-averaged and pooled data. The absolute values of the
intercepts for the acoustic and articulatory data also have the
same pattern !Alveolar!Velar!Labial". The explained
variability for both the acoustic and articulatory equations is
less than that in studies that used citation form speech. How-
ever Duez !1992" showed that for locus equations calculated
from hypoarticulated speech, the explained variability de-
scends by about 20%. Therefore the results here are in agree-
ment with these studies.

Two hypotheses were statistically tested using the slopes
and intercepts for the consonants, with variability across sub-
jects. First is the hypothesis that the segments, stops and

FIG. 1. !Color online" Linear functions relating the horizontal position of
the tongue back !TBx" at the consonant release !dependent variable" to TBx
at the middle of the vowel !right" and F2 at the consonant release to F2 at
the middle of the vowel !left" for each of the consonants examines. Each
line fits 90 tokens from six vowels for the EMMA subject.
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Results

fricatives of the same place, are distinguished from each
other based on the slopes and intercepts. Second is the hy-
pothesis that there is a significant difference between the
patterns shown in the acoustically and articulatorily derived
regressions. If the latter is the case, then there is little support
for the claim that the linearity of locus equations is already
present in the production system. A mixed general linear
model test was run with two independent variables Modality
!2 levels: Acoustic and Articulatory" and Segment !4 levels:
p/b, t/d, k/g, s". The two dependent variables were slope and
intercept. A significant effect for segment would be expected
if the slopes and intercepts distinguish the segments. If the
Modality variable has a significant effect on the slopes or
intercepts, it would mean that the articulatory and acoustic
patterns for slopes and intercepts are different. To address the
fact that data within each participant are correlated, Partici-
pant was used as a random factor. Significance values and
95% confidence intervals for the parameters were computed
using Markov Chain Monte Carlo sampling !Baayen, 2007".
Since the intercepts in the two domains have different units
!mm vs. Hz", z-scores were computed within subject for this
variable.

The results are shown in Table IV. For slope, Segment
had a significant effect on all pairs, except for /s/ vs. /d-t/
!not shown" and /b-p/ vs. /g-k/. These data therefore show
that the alveolars with different manners of articulation are
not distinguished by slope, indicating that the slopes could
be a property of place of articulation, regardless of manner,
at least for alveolars !but see Fowler, 1994". The failure of
slopes to distinguish labial from velar place of articulation is
not unexpected. For instance Sussman et al. !1991" presents
a histogram of slopes across subjects, which demonstrates

that there is considerable overlap for the slopes of these two
places across subjects. Intercepts were significantly different
across segments, except for /d-t/ vs. /s/. Modality had no
significant effect on slopes, but did have a significant effect
on intercepts. However the effect size is 0.33 standard devia-
tions. According to Cohen !1992"’s guidelines this is a small
to non-existent effect and shows considerable overlap among
the distributions. Therefore the hypothesis that place is dis-
tinguished using slopes and intercepts is supported, except
for the labial-velar distinction. And the hypothesis that there
is no difference in linear relations as measured in articulation
and acoustics is supported, despite a very small effect on
intercepts.

2. Second-order locus equations

As discussed in Sec. I, previous studies have shown a
linear relation between intercepts and slopes of locus equa-
tions !Chennoukh et al., 1997; Sussman et al., 1998". This
linear relation has been termed the Second Order Locus
Equation !SOLE", and has been taken to characterize an even
more abstract orderly relation in the acoustic output. To de-
termine the SOLE parameters for the data examined here, a
regression with the slopes as the independent variable and
the intercepts as the dependent variable was performed. For
the XRMB data, the average slopes across the subjects were
used. Standardized regression was used, because slopes and
intercepts are in different units. For the EMMA data, the
slope of the Slope-Intercept regression for the articulatory
data was 0.997 and for the acoustic data was !0.930. These
numbers are also the correlation coefficients, due to stan-
dardization. For the XRMB data, the slope for the articula-

TABLE II. Linear parameters for EMMA data.

Segment

F2 TBx

Slope Intercept r2 Slope Intercept r2

b 1.004 !141.86 0.9886 0.954 !3.225 0.993
d 0.738 583.883 0.9645 0.491 !26.74 0.948
g 0.934 251.699 0.9778 0.767 !12.571 0.960
v 0.931 1.203 0.9737 0.842 !10.226 0.980
ð 0.689 525.369 0.9502 0.615 !20.220 0.966
z 0.799 354.96 0.9575 0.503 !26.938 0.881

Correlations: Slope, 0.873 Intercept, !0.892

TABLE III. Linear parameters for XRMB data. The upper number in each cell contains the average across all
subjects, for regressions done within each subject. The lower number in each cell contains the statistics for the
regressions performed on the data pooled across subjects.

F2 TBx

p/b t/d k/g s p/b t/d k/g s

Slope 0.985 0.403 0.902 0.592 0.957 0.301 0.691 0.2719
0.969 0.535 0.916 0.717 0.98 0.628 0.905 0.701

Int. !55.52 1079.2 263.68 702.39 !3.24 !35.62 !15.68 !37.221
!32.33 848.21 244.71 487.15 !1.89 !18.01 !4.01 !14.43

r2 0.859 0.584 0.866 0.822 0.84 0.457 0.759 0.6434
0.858 0.635 0.853 0.844 0.829 0.706 0.89 0.69
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Synergy Analysis of Locus
• Labials:  TBx does not contribute to 

constriction

• Velars:  TBx contributes to constriction for 
front, but not back velars

• Coronals: TBx contributes substantially to 
constriction.


