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ABSTRACT 

A numerical PCA-based account of tongue shapes is 
presented. The data are compatible with the assumption 
that a single context-independent control command may 
underlie the production of [d] as well as the front-back 
allophones of [g]. The findings furthermore suggest that 
vowel-dependent coarticulation can be seen as a form of 
‘incomplete interpolation’ (undershoot). 

1. GOAL 

At the start of this project we set ourselves the task of 
developing a quantitative description of tongue movements 
that would meet the following three criteria: It should be (i) 
numerically compact and empirically accurate; (ii) 
physiologically meaningful; and (iii) capable of 
representing both vowels and stops. As a first step towards 
of meeting these goals, we chose Principal Components 
Analysis (PCA). 

2. DATA 

Our data come from a 20-second X-ray film of a Swedish 
male speaker [1]. The speech sample consists of (a) five test 
words of [V bV p V ] structure where V = [i  e  o  u ], and 
(b) twelve [ CV ] sequences with C = [d] or [ ] and V = 
[i  e a  u ]. The images portray a midsagittal articulatory 
profile. They were sampled at 50 frames/sec. A total of 197 
frames were analyzed. Tracings of all acoustically relevant 
structures were made using the OSIRIS software package 
(University of Geneva). Contours defined in Osiris were 
converted into tables with x- and y-coordinates using 
PAPEX (Bresin, RIT, Stockholm), calibrated in mm and 
corrected for head movements. For the tongue, the contours 
were further processed by redefining them in a jaw-based 
coordinate system and by resampling them at 25 equidistant 
‘fleshpoints’. This resampling was motivated by our choice 
of quantification method, Principle Components Analysis. 

3. PRINCIPAL COMPONENTS 

The input to the PCA consisted of a matrix with columns 
corresponding to the 25 fleshpoints and rows containing 
information related to the individual tongue contours. Since 
the specification of each fleshpoint requires two numbers (x 
& y), there were twice as many rows as contours. 
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ingly, the data fed into the PCA was a 394-by-25 
. This format had the convenience of automatically 
 the PCA output into one set of horizontal weights

e x coordinates) and one set of vertical ‘weights’ (for 
oordinates). 

lier shown by several other phoneticians [2], the PCA 
es considerable data reduction by quantifying input 
 terms of a small set of building blocks, the PC’s. 
ingly, the 25 fleshpoints of an observed shape, s(x),

 recovered by calculating 

) = w1(i,v)*PC1(x) + w2(i,v)*PC2(x) +… (1) 

x is fleshpoint number, i identifies the contour/image, 
hooses between x or y coordinates. The PC(x) terms 

derlying, numerically derived tongue shapes which, 
ed by the w coefficients and summed, generate the 
r under examination. The formula expresses the idea 
y observed contour is a linear combination of a set of 
hapes. 

4. RESULTS 

merical accuracy. 

curacy of this quantitative description depends on 
any PC’s are used. Any degree of accuracy is 

le in principle. For the present data, PC1 was found to 
t for 85.7 % of the variance. Two components 
ed 96.3%. Figure 1 compares observed with 
ted contours. The diagram demonstrates the claim 
small number of PC’s is sufficient to represent the 
curately.  

 1. A comparison between observed and computed 
he solid contour was taken during the [ ] segment 
l]. The dots were calculated for 25 ‘fleshpoints’. 

fect of including the first, the first two or the first 
C terms in the calculations is illustrated from left to 
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right. The lines of the grid are separated by 10 mm. 

4.2 The PC-based articulatory space. 

Figure 2 illustrates how vowels and dental and velar stops 
pattern in the space of PC dimensions.

Figure 2 Along the ordinate: the vertical component of PC1

(value of weight for y coordinate). Along the abscissa: the 
horizontal component of PC1 (value of weight for y 
coordinate).  

In the present paper we shall limit the presentation to the 
horizontal and vertical components of PC1. The vowel 
space is represented as a semi-circle (cf the APEX model 
[3]). Configurations are highlighted that are associated with 
relatively steady-state, vowel ‘target’ F-patterns. Also 
indicated are the regions for [d] and [ ] closures. The [ ]
data occur at the top of the ‘high’ and ‘front’ end of the 
semi-circle, the [d] shapes fall below that region. 

Figure 3. Quantifying anticipatory articulation

4.3 Anticipatory coarticulation 

Effects of anticipatory coarticulation are pervasive 
throughout the [ dV ] and [ V ] sequences. The influence 
of V2 is already present in V1 and continues to grow from 
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oint on through the [d] and [ ] closures. It is 
larly strong along the front-back dimension. Figure 
plifies that observation by showing how, within a 

est word, the horizontal PC1 specification of V1 (=[ ])
s on that of V2 (=[i  e a  u ]). V1 is described in 
f the deviation from the mean. The x-axis data refer
horizontal PC1 specifications for V2. Anticipatory 
ulation is evident in that, if V2 is a front vowel, then 
responding variant of V1 is fronted too. Similarly, if 
 back vowel, then the V1 of the same word shows a 
osterior articulation. We observe that not only do the 
rs of all x and y pairs fall in the same front or back 
nt, they cluster tightly around a straight line, an 
atory ‘locus equation’, as it were.  

operties of [d] and [g] were examined using the same 
 of quantification. Straight lines through the origin 
itted to the data for the closure onsets and the 
s.  

I. Quantification of ‘degree of coarticulation’ in 
f the slope measure illustrated in Figure 3. The data 
 the twelve [ CV ] sequences with C = [d] or [ ] and 

 e a  u ]. VC and CV refer to contours at closure 
nd release.  

[d] words [g] words 
slope r2 slope r2

0.23 0.90 0.23 0.90 
 0.31 0.89 0.20 0.66 
 0.37 0.89 0.37 0.72 

own by the table, high R2 scores were obtained 
ng to the lawful interdependence among the 
ed articulatory parameters. Since the lines pass 

h the origin, a single number, the slope of the line, is 
ent to describe it. It appears justified to give it the 
g of ‘degree of coarticulation’. In support of that 

etation we note that, as the articulatory process 
ches V2, the degree of V2 coarticulation (slope value) 
es for both types of test words. 

man’s numerical model 

 classical paper on coarticulation Öhman [4] 
ted a quantitative analysis of X-ray data on [VdV] 
ces. He proposed the following equation that he 
sfully fitted to his observations.  

= v(x) + k(t) * [c(x) – v(x)] * w(x) (2) 

ndings have been of key importance for our 
tanding of coarticulatory processes. One of them is 
is model was able to accurately capture the 
dependent tongue shape variations for [d] despite 
t that it only used a single vowel-independent ‘target’ 
 shape c(x) for the consonant. Another of its features 
at ‘degree of coarticulation’ was handled by means of 
ighting function, w(x), which, when < 1.0, had the 



effect of leaving a vestige of the vowel in the consonant 
contour. This weighting function was also independent of 
the context, implying that degree of coarticulation was 
‘uniform’ in the sense of constant across vowel contexts. A 
further interesting fact about this work is that, with its 
assumption of a single c(x) and a unique w(x) for any given 
consonant, it was, as Öhman readily acknowledged, 
incapable of handing the front and back allophones of [g]. 
The only way Eq (2) would be able to do that would be to 
use one c(x) and w(x) pair per allophone. The implication 
was then, and still is: Are [d] and [g] represented differently 
in terms of speech motor control mechanisms? 

4.5 The representation of place for [d] and [g]

In this section we shall examine how the present 
PCA-based account addresses issues similar to the ones that 
Öhman raised a long time ago. We shall do so by zooming 
in on the consonant regions of the PCA space of Figure 2.  

In Figure 4 the axes are calibrated as in Figure 2 with the 
vertical component of PC1 along the ordinate, and the 
horizontal component along the x-axis. Figure 5 contains 
the data from the [ dV ] words with V2 as [i  e a  u ]. We 
show the locations of the V2 tongue contours near their 
acoustic targets (solid circles) and the contours at the [d] 
releases (triangles).  

Figure 4. Stylized articulatory movements from release to 
V2 in [ dV ] words with V2 as [i  e a  u ].

When straight lines are drawn to connect the circles and 
triangles, we obtain a picture of the dV2 articulatory 
transitions in stylized form. The resulting patterns give the 
impression of a lines diverging from a common point. (It 
should be noted that time runs from triangle to circle). That 
impression is further reinforced by adding the open circle 
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l. It was derived as the mean point of intersection of 
ease-to-V2 (triangle-to-circle) lines. 

ercise is reminiscent of the notion of the F2 ‘locus’ 
ed by Haskins Laboratories as an invisible common 
f origin for CV formant transitions. Figure 4 also 
ls Öhman’s findings suggesting the possibility of a 
underlying target in modeling the vowel dependent 
ons of tongue shape in [d]. 

 5. Stylized articulatory movements from release to 
V ] words with V2 as [i  e a  u ].

] words can be treated in a similar manner. Figure 5 
ts the results for the [ V ] words. The articulatory 
ent starts from the open diamond which represents 

an location of the [ ]. Transitions then proceed to the 
of closure (filled squares) and move on from there to 
vowel (filled circles). In analogy with Figure 4, the 

open square was derived as the mean point of 
ction of the lines connecting V2 and the closures. 
the average point for V1 and the intersection point, 
n clearly see anticipatory coarticulation at work 
ing the place of articulation away from the ‘target’ 
the direction of the V2 destination. As in the case of 
e PCA presents the possibility of modeling the 
t-dependent variations of [g] tongue shapes - its front 
ck allophones – in terms of a single underlying 
nd. 

1 specifications of the [g] releases are worth special 
nt. They are highly correlated with the 
onding closure onset data (r2 = 0.95). Irrespective of 
context they all have a more anterior location 

ting that the movement for [g] is more or less 
l into the closure but from there it has an anterior 
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component (cf Figure 6). This behavior was first noted by 
Houde [5]. 

Figure 6. Comparison of tongue body data (circles) for  V2

in [ lv] and the average locations for [ ] (diamond), the 
[ ] closure onset and release (squares) and the [ ] (large 
circle). 

4.6 Coarticulation as ‘incomplete interpolation’ 

Perhaps the most striking observation to emerge from the 
present analyses is the following. Through the [ CV ]
sequences, articulation proceeds in a phoneme by phoneme 
fashion and with anticipation of V2 as the most salient and 
progressively growing effect. As a result of those two facts, 
coarticulation comes across as a process of incomplete 
interpolation. This is seen clearly when the data are plotted 
as in Figure 6. This diagram pictures the frame-by-frame 
unfolding of a single representative example, [ lv], as a 
movement in PC1 space (small circles). For comparison, the 
average locations of [ ] (diamond), the [ ] closure onset and 
release (squares) and the [ ] (large circle) are shown. Data 
points are connected by lines. The effect of anticipatory 
coarticulation is evident from the fact that the [ lv] data 
points appear to be pulled away from the average points 
and their connecting lines in the direction of the back V2

vowel (big filled circle). Seen from this perspective 
consonant-vowel coarticulation is not unlike the 
articulatory undershoot associated with the process of 
vowel reduction [6]. 

5. CONCLUSIONS 

PCA offers a numerically compact and accurate way of 
quantifying tongue shape data. Furthermore, it can be used 
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