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Abstract  
In this study, we compared age-related lip mo-
vement variability with acoustic variability ac-
ross repetitions using Functional Data Analysis 
(FDA). Lip movement and acoustic data of 15-
20 repetitions of a short Swedish phrase from 
50 Swedish speakers were collected. Results 
showed weak to moderate negative correlations 
for age and variability in lip movements, 
phrase duration and sound pressure level, 
which confirm previous studies of decreasing 
variability in speech with age. Variability in F0 
did not vary with age, and this may be because 
we tend to vary our intonation in speech both 
unconciously when we are learning to speak, 
and conciously as adult speakers. This will be 
explored further in a follow-up study. 

Introduction 
A number of studies have examined variability 
in speech production using acoustic measure-
ments and articulatory movements at both the 
segment and utterance levels (see Smith, 2010, 
for a review). All of these studies have shown 
that variability decreases with age up until at 
least adolescence. A different view is presented 
by Stathopoulos (1995), who reports similar 
variability for children and adults for a number 
of acoustic and aerodynamic measures using 
syllable trains. It is also well known that the 
fundamental frequency decreases during child-
hood and that the rate of change tends to be 
similar for boys and girls until puberty (e.g., 
Lee et al. 1999). Stathopoulos and Sapienza 
(1997) show that children tend to use higher 
subglottal pressure and have higher glottal re-
sistance to airflow than adults, but do not have 
a higher glottal airflow. They also report that 
children use a larger percentage of their vital 
capacity during speech than adults. Childrens 
voices also seem to be less efficient than those 
of adults (Tang and Stathopoulos, 1995). Swe-
dish children usually master the prosody of 
their native language at the age of five years 
(cf., Samuelsson and Löfqvist, 2006).                  
     In previous studies, some (Goffman and 

Smith, 1999; Sadagopan and Smith, 2008) have 
used the spatiotemporal index (STI, Smith et 
al., 1995), which provides a single metric of 
variability incorporating both amplitude and 
phase. Others (Koenig et al., 2008; Lucero and 
Löfqvist, 2005) have used functional data ana-
lysis (FDA, Ramsay et al., 1996), where ampli-
tude and phase variability are calculated separa-
tely. In an earlier study (Frid et al., 2011a, b), 
we found that the amplitude index of the FDA 
showed a larger age-related lip movement vari-
ability than the phase index of the FDA or the 
STI. 

The purpose of the present study was to ex-
tend our earlier findings of decreased repetition 
variability of lip movements with age (Frid et 
al. 2011 a, b) to utterance duration, sound pres-
sure level and fundamental frequency. 

Experiment and analysis 
Lip movements were recorded along with a 
microphone signal using the Carstens Articulo-
graph AG500. To obtain as large lip mo-
vements as possible, we selected the Swedish 
phrase ”Mamma pappa barn” (Mummy daddy 
children) as speech material. This phrase is also 
short and can be spoken on a single breath. 15-
20 repetitions from 50 typically developed 
Swedish children and adults (28 females, 22 
males, aged 5-31 years) were collected. Sensors 
were placed on the upper and lower lip. We 
corrected for head movements by attaching ad-
ditional sensors on the nose ridge and behind 
the right ear. Figure 1 shows the experimental 
set-up and the positions of the four sensors.  

 
Figure 1: Experimental set-up with subject in the 
articulograph, and the sensor positions: upper and 
lower lip midsaggital on the vermilion border (1, 2), 
reference sensors on the nose bridge and behind the 
right ear (3, 4). 
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Kinematic landmark registration 
Euclidean distances between the upper and lo-
wer lip sensors in three dimensions were calcu-
lated from the lip movement data, low-pass fil-
tered at 25 Hz and used in the landmark re-
gistration. We delimited each token at consi-
stent kinematic events using the first derivative 
of the distance function and located two points. 
To obtain four full cycles of opening-closing 
gestures of the lips, we set the onset point to the 
maximum velocity of the distance function in 
the opening phase during the transition from 
the first m to the first a in the word Mamma. 
For the offset point we used the same transition 
from the b to the a in the word barn. An ex-
ample of the kinematic landmark registration 
procedure environment is shown in Figure 2. 
Tokens with measurement errors or artefacts 
were excluded from further analysis. 
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Figure 2: Lip distance function (top), its first deriva-
tive with marked velocity peaks (middle) and resul-
ting trimmed portion (bottom) of a token during ki-
nematic landmark registration. The vertical lines 
show the positions of the start and end boundaries. 

Acoustic feature extraction 
Phrase duration, sound pressure level (SPL) 
and fundamental frequency (F0) were extracted 
from each repetition using Praat (Boersma and 
Weenink, 2012). Phrase durations were calcu-
lated based on the positions of the correspond-
ing kinematic landmarks. SPL contours were 
obtained by full wave rectification, which con-
verts the whole of the waveform to one of con-
stant polarity, and then measuring the ampli-
tude in 0.005 s. windows. F0 contours were also 
extracted in 0.005 s. windows, and interpolated 
to eliminate the effect of the discontiuous con-
tour due to the two voiceless instances of /p/. 
Figure 3 shows an example of duration, SPL 
and F0 of one repetition. 

Functional data analysis (FDA) 
The landmark delimited Euclidean distance 
functions and the acoustic feature functions for 

SPL and F0 were used as input to the FDA, a 
technique for time-warping and aligning a set 
of signals to examine differences between 
them. FDA techniques and applications to 
speech analysis were first introduced by Ram-
say et al. (1996), and further developed by Lu-
cero et al. (1997), and Lucero and Löfqvist 
(2005). The procedure involves the following 
steps: (1) temporal normalisation of the signals 
from a number of tokens, (2) calculation of the 
mean signal, (3) alignment of individual signals 
to the mean signal using nonlinear time-
warping, and (4) computation of one index of 
amplitude variability and one of temporal vari-
ability (phase). Each token was amplitude nor-
malised by subtracting its mean and dividing by 
its standard deviation (see Koenig et al., 2008). 

We analysed the relationships between age 
and standard deviation of phrase duration as 
well as the FDA variability indices for SPL, F0, 
and lip movement through correlations, scatter-
plots and linear regression models using the R 
statistical environment (R Development Core 
Team, 2012). 
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Figure 3: Example repetition with phrase duration 
and rectified wave based on the kinematic land-
marks (upper two panes), along with SPL and F0 
contours (lower two panes). 

Results 
FDA amplitude and phase indices for lip mo-
vements, SPL and F0 are plotted as a function 
of age in Figure 4. Table 1 shows the statistical 
results of the correlation and linear regression 
analyses, including correlation coefficients, 
marginal effects (per 10 years (sd(age) ~ 8)), 
significance levels and coefficients of determi-
nation (R2). For phrase duration, the standard 
deviation was selected as the measure of varia-
bility, and these results are shown in Figure 5 
and Table 2. Age significantly predicted ampli-
tude variability for lip movements and SPL, 
and also explained a significant proportion of 
variance in amplitude variability, while the re-
lationship for phase variability and age was 
weaker. The results for F0 were not significant.  
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Table 1: Statistical results of lip movements (Lip-
Mov.), SPL and F0 variability as a function of age 
for amplitude (AmpV) and phase (PhaV) (n = 50). 

Lip Mov. Correlation (r) Marginal effect Significance R2 
AmpV -0.67 -3.4 *** 0.43 
PhaV -0.44 -0.10 ** 0.20 
SPL Correlation (r) Marginal effect Significance R2 
AmpV -0.62 -3.1 *** 0.39 
PhaV -0.44 -0.12 *** 0.20 
F0 Correlation (r) Marginal effect Significance R2 
AmpV -0.02 0.16 ns 0.00 
PhaV -0.07 -0.09 ns 0.00 

 

 
Figure 5: The relationship between phrase duration 
standard deviation (sd) and age. Scatter plots and 
lines of best fit (solid line: best fit, dotted lines: pre-
diction intervals, dashed lines: confidence intervals). 

Phrase duration variability significantly decrea-
sed as a function of age. When comparing the 
results of amplitude variability for lip mo-
vements with acoustic data, lip movements had 

the strongest negative correlation with age  
(-0.64) while F0 had the weakest (-0.02). 
Table 2: Numerical results of phrase duration 
standard deviation (stdev) as a function of age. 

 Correlation (r) Marginal effect Significance R2 
stdev -0.54 -0.01 *** 0.29 

Discussion 
The results for amplitude variability confirm 
the results of previous studies, i.e. that variabil-
ity in kinematic as well as phrase duration de-
crease with age. We consistently found higher 
correlations for amplitude than phase in both 
kinematic and acoustic variability. Koenig et al. 
(2008) reported the same pattern. The decrease 
of repetition variability with age is most likely 
due to a combination of factors. One factor may 
be cerebral and cerebellar development (Kent, 
1976). Another one is practice, which leads to 
more stable motor performance.  

The correlation between lip movement vari-
ability and SPL variability is rather high 
(r=0.61 for amplitude and r=0.54 for phase). 
This is expected as a larger lip opening will in-
crease the amplitude of the first formant and 
thus lift the whole spectrum of the vowel /a/. 

Interpolation of the F0 contours may have 
affected the FDA analysis. In order to test F0 
without interpolation we would need another 
phrase consisting of only voiced segments. The 
rather weak correlation for F0 should be inter-

 
Figure 4: The relationship between amplitude and phase variability and age for a) lip movements, b) sound 
pressure level (SPL), and c) fundamental frequency (F0). Scatter plots and lines of best fit (solid line: best fit, 
dotted lines: prediction intervals, dashed lines: confidence intervals) (n = 50). 
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preted with some caution; the task at hand was 
not specifically designed to examine F0 varia-
bility. Subjects did not receive explicit instruct-
ions to repeat the same intonation pattern 
throughout the 15-20 repetitions. Focus patt-
terns, degree of accentuation, even list intonat-
ion and different regional backgrounds may 
therefore all add to the overall variability, the-
reby obscuring any effect of age. Another 
possible explanation is that children learning to 
speak are likely to vary their intonation, but the 
F0 of adults is also conciously varied for a 
number of linguistic or paralinguistic reasons 
Therefore, variability may be a sign of deve-
loping speech motor control as well as of expert 
flexibility in speech. These two aspects of vari-
ability will be examined further in follow-up 
studies with adults and children with both typi-
cal and atypical speech development. 
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