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INCREMENTATION: CONCEPTS

LABOV (2007)
I Linguistic transmission is defined as the “unbroken sequence of

native-language acquisition by children”
I “The continuity of dialects and languages across time is the

result of the ability of children to replicate faithfully the form of the
older generation’s language, in all of its structural detail,”

I “But linguistic descent can be preserved even when this
replication is imperfect, that is, when language changes. This is
the normal type of internal language change, termed CHANGE
FROM BELOW...”

I “[I]nternal changes are generated by the process of
INCREMENTATION, in which successive cohorts and generations
of children advance the change beyond the level of their
caretakers and role models, and in the same direction over many
generations.”



INCREMENTATION: CONCEPTS
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INCREMENTATION: MODEL SKETCHES

LABOV (2007)
“Incrementation begins with the faithful transmission of the adult
system, including variable elements with their linguistic and social
constraints”
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INCREMENTATION: MODEL SKETCHES

HOCKETT

I “The ’space’ of all possible speech sound, either in articulation or
acoustically, is a multidimensional continuum” (1965).

I “In any speech community, only certain DIFFERENCES of speech
sound are functional. This breaks the continuous
multidimensional space of all possible speech sound into a finite
number of regions;”

I “Successive articulations aimed into the same region show a
scatter, clustered around a LOCAL FREQUENCY MAXIMUM. The
local frequency maxima are, or create, the ’sort of conception of
an average pronunciation”’

I “The frequency maxima for a particular language are then the
ACOUSTIC ALLOPHONES of the language, and their projections on
the axes are its DISTINCTIVE FEATURES.”



INCREMENTATION: MODEL SKETCHES
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are made of perfectly flexible rubber, so that the location of the different bound- 
aries is not fixed; indeed, at a given time one cell may be enlarged so as to include 
almost the entire relevant volume of the 6-space, compressing the others to very 
small size. In a given short interval of time, the output of the system is a function 
of the input and of the location of the boundaries between the cells. Now we 
shall specify that the location of the cell boundaries, at any given moment, is a 
function of the immediately preceding succession of N output signals (NOT in- 
put), where N is some fairly large number. 

Such a system will indeed map a continuous input into a discrete output. If 
the details of its construction are based on both the acoustic analysis and the 
phonemic analysis of the speech-signal of a given language, then the system will 
transduce the acoustician's description into the linguist's description, or, what 
amounts to the same thing, will transduce the speech-signal in the physical sense 
into a linear sequence of allophones in the linguist's sense. 

Fixed Boundary 

VOICED 
Output 

Continuous _ 
Input Movable Boundary 

4 VOICELESS Output 

Fixed Boundary 

A one-dimensional reduction will serve as illustration. Suppose for a moment 
that the only relevant feature of speech is voicing versus voicelessness. Even for 
just this one feature the acoustician tells us that the voice-bar on a spectrogram 
may have virtually an infinity of degrees of prominence (or could have on an ideal 
spectrogram), while the linguist knows that, in French or English for example, 
there are two and only two degrees of contrast along this particular scale. In the 
appended diagram the continuous input arrives from the left. The curve repre- 
sents the probability-density along this one dimension; our reason for giving the 
curve its particular shape will appear later. At the top and bottom of the scale 
are two fixed boundaries. Between them is a movable boundary. If a sufficiently 
long stretch of input falls above this movable boundary, the top trigger is acti- 
vated and the voiced output signal is transmitted; similarly below the movable 
boundary. At a given moment, if the probability of voiced as the next signal is 
extremely high, then the movable boundary will slide very far down the scale, 

This content downloaded from 164.107.212.158 on Tue, 12 May 2015 13:13:40 UTC
All use subject to JSTOR Terms and Conditions



INCREMENTATION: MODEL SKETCHES

SOUND CHANGE

I “[A]s the density distribution varies for all the speakers of the
community in pretty much the same way, the local maxima slowly
wander about. This drifting of allophones, and hence of
distinctive features, is SOUND CHANGE” (Hockett, 1965).

I This view has been adopted by sociolinguists since Weinreich et
al. (1968) and applied extensively to vowel changes where the
acoustic allophones are defined in terms of formant values.



INCREMENTATION: MODEL SKETCHES

LABOV (1981), FIGURE 3.



INCREMENTATION: MODEL SKETCHES

LABOV (1990), FIGURE 6.



INCREMENTATION: CONCEPTUAL DIFFICULTIES
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Variable Linear Articulatory Model Maximal Vowel Spaces

INTER-SPEAKER VARIATION

I Inter-speaker differences dwarf even inter-phoneme differences,
and they very much dwarf the kinds of subphonemic
variation/drift that is being modeled.

I This means that vowel changes cannot be modeled in terms of
acquisition of specific formant targets followed by incremental
shifts of adolescents’ formant values in the direction of change.



INCREMENTATION: CONCEPTUAL DIFFICULTIES

INTER-SPEAKER VARIATION

I Hindle (1978) distinguished between “techincal solutions” to
normalization and its “psychological” aspects.

I Previous work explicitly adopts some algorithm for technical
normalization that either is or is like the algorithm that Don
Hindle developed for Labov.

I “Supposing that gender differences are a mixture of the effects of
vocal tract length differences and social factors, how could one
separate the two types of influence, and arrive at a scaling factor
that eliminated only the differences due to vocal tract length
without removing the effect of social factors?” (Labov, 2006)



VOCAL TRACT LENGTH AS A SOCIAL FACTOR
But vocal tract length is a social factor, and not just in humans. Cf.
Fitch & Reby (2001):



VOCAL TRACT LENGTH AS A SOCIAL FACTOR

envelope remains unchanged. The shift in formant spac-
ing is also evident in the power and linear prediction
spectra for the two vocal-tract lengths (Figure 1B).

To determine whether rhesus monkeys use formant
cues to assess age-related differences in conspecific
body sizes, we adopted a preferential-looking para-
digm. Previous work has established that, like human in-
fants (e.g., [31, 32]), rhesus monkeys naturally prefer to
look at a visual stimulus that corresponds to the auditory
stimulus that they hear [11, 12]. In the present context,
we tested whether our monkey subjects would preferen-
tially attend to a video display showing a large, older
monkey (sexually mature, 13-yr-old) versus a small,
younger monkey (juvenile, 6-yr-old) producing a coo vo-
calization (Figure 1C) when they heard a coo produced
from a simulated long vocal tract, and vice versa (Fig-
ures 1A and 1B). Monkeys were seated in front of two
LCD monitors and a hidden speaker located between
them and at the same height. One monitor displayed a
video of the face of the large monkey producing a coo
call, and the other monitor displayed the face of the
small monkey producing a coo call. We counter-bal-
anced all pertinent variables in the experiment. Both
videos were played synchronously in a continuous loop
for 60 s. Videos were edited such that the onset and off-
set of each monkey’s mouth movements was synchro-
nous. Synchronously with the videos, the subjects heard
a coo that was from a long vocal tract (10 cm) or a short
vocal tract (5.5 cm) and was based on a call from a third
individual (Figures 1A and 1B). The call of this third indi-
vidual was based on one of two coo calls from other in-
dividuals of different ages (a sexually mature, 11-yr-old
adult and a juvenile 6-yr-old) to eliminate any chance

that the subjects could match the call with the dynamic
faces by using some other individual-specific articula-
tory cue or some age-related acoustic cue(s) indepen-
dent of formants.

Although only the heads were visible in these videos,
subjects could putatively assess overall size by features
of the face (their size or the relative positions of facial
features) or by comparing the head size relative to parts
of the chair in which the vocalizing monkeys were seated
(Figure 1C). Head size can be used as a proxy for overall
body size because there is a strong correlation between
skull size and body size (as measured by either weight or
length) and thus with vocal-tract length and formant
spacing [3]. Because all visual and auditory components
were synchronized and identical in both duration and
overall amplitude, amodal cues could not be used to
make a match. Two sets of such audiovisual stimuli
were generated and used in these experiments; that is,
there were two coo calls that were from two differently
aged and sized individuals and were manipulated to
sound large and small and then paired to the videos.
Thus, our paradigm addressed whether monkeys would
preferentially attend to the dynamic face that was ap-
proximately matched in size to the coo call that simu-
lated that body size.

Monkeys looked at the matching screen for 58.4% of
the total time they spent looking at either screen (match:
13.08 6 1.45 s; nonmatch: 10.26 6 1.49 s); this proportion
differed significantly from chance [one-sample t test,
t(23) = 2.67, p = 0.014] (Figure 2A). This w3 s difference,
although seemingly small, is robust in the context of the
preferential-looking method and is similar to differences
reported for similar experiments in both humans [31, 32]

Figure 1. Auditory and Visual Stimuli Used in the Current Experiments

(A) Resynthesized coo vocalizations based on one of the two coo exemplars used in the preferential-looking paradigm. Diagram shows the
spectrograms and waveforms of a coo vocalization resynthesized with two different vocal-tract lengths. The arrow in the spectrogram indicates
the position of an individual formant, which increases in frequency as the apparent vocal-tract length decreases.
(B) Power spectra (black line) and linear predictive coding spectra (gray lines) for the long vocal-tract length (10 cm, top panel) and short vocal-
tract length (5.5 cm, bottom panel) used in the experiment and seen in (A).
(C) Still frames extracted from the videos used in the preferential-looking experiments. The top row shows frames from the large monkey. Videos
were synchronized and edited so that they appeared to be synchronously producing the coo vocalization shown in (A).
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MAXIMAL VOWEL SPACES AND STIMULI

 0  2  4  5 10 16 21

 Variable Linear Articulatory Model Midsagittal Representations

ARTICULATORY MODEL

I The VLAM (Boë & Maeda, 1998) is a computational model of the
articulatory system and its speech production capacities.

I Midsagittal representations are wrought by configuring
“articulatory blocks” (Lindblom & Sundberg, 1971; Maeda, 1990,
1991) corresponding to jaw height, tongue body position, tongue
dorsum position, tongue apex position, lip protrusion, lip height,
and larynx height.

I The VLAM is age-varying and capable of representing vocal tract
lengths ranging from those of infants to young adults.



MAXIMAL VOWEL SPACES AND STIMULI
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FIGURE : Maximal Formant Spaces (MFS) for each age.

MAXIMAL VOWEL SPACES

I Given an age in years, the set of all articulatory configurations of
the VLAM at that age that do not result in occlusion of the oral
cavity yield a corresponding maximal vowel space (MVS, Boë
et al., 1989; Schwartz et al., 2007) for that age.

I We fix the following age index AGES = {0.5,2,4,5,10,16,21} for
indexing the MVSs discussed below. For each a ∈ AGES, let
MVS(a) be a dense sampling of the MVS for age a.



MAXIMAL VOWEL SPACES AND STIMULI

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

● ●●

●

●

●

●

● ●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●
●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

● ●

●

●

●

●

●
●

● ●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

1 2 3 4
5

6

7 8 9

1011
12

13 14 1516
17

18

19 20212223 24

25 26
27
2829

30

31
32

33

34

35

36

37
38

500

750

1000

1250

1500

1750
2000300040005000

F2 (Hz)

F
1 

(H
z)

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●● ●●

●

●
●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

● ●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●
●●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

● ●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

1 2 3 4
5

6

7 8 9

10 11
12

13 14 15 16
17

18

19
20

2122 23 24

25 26 27
2829

30

31
32
33

34

35

36

37

38

300

500

700

900

10001500200025003000

F2 (Hz)

F
1 

(H
z)

FIGURE : Prototype sets P(0.5) (left), P(10) (center), and those from
Schwartz et al. (1997a).
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Corner Vowel Stimuli within their Maximal Vowel Spaces

AGE AND GENDER RESPONSES
Cantonese-, American English- and Japanese-speaking listeners
provided numeric age judgments and gender ratings along a visual
analog scale ranging from "definitely male" to "definitely female" (or
their Cantonese and Japanese equivalents) for subsets of the stimuli
corresponding to the corner vowels /i/, /a/, and /u/.
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This culture- and vowel- specific parsing of the age is in keeping with
evidence that adult listeners’ perception of talker information is more
accurate in their own language than in an unfamiliar language (e.g.,
see Winters, Levi, and Pisoni, 2008, and references there)



FUNCTION AND IDENTITY INTERTWINED
Cheney and Seyfarth (1999): Playback experiment with combinations
of dominant baboons’ threat grunts and subordinate baboons’
screams



FUNCTION AND IDENTITY INTERTWINED

to be ignored than the screams of juvenile females or
offspring.

Behavioural Responses

As described earlier, all subjects were followed for
15 min after each of the three trials to determine whether
their behaviour was influenced by the type of playback
sequence they had just heard. In the following analysis,
we focus only on the first interaction between the two
subjects, noting whether either of the two females
approached (came within 2 m of) her partner, and, if so,
what the nature of their interaction was. By concentrat-
ing only on the initial contact between the two females,
the effects of the playback sequence on subjects’ behav-
iour can be examined in the absence of any confounding
effects of other interactions.

Because these experiments were conducted on free-
ranging animals, there were many postplayback periods
when the two subjects simply separated and never inter-
acted at all. In 53% of cases, however, the two females did
come into proximity. The likelihood that subjects would
interact with each other following playback trials was
unrelated to the frequency with which they looked
towards each other during the trial. For example, follow-
ing 12 (46%) test trials, the first interaction between the
two females occurred when the dominant subject sup-
planted her subordinate partner. In six cases, the domi-
nant subject had looked at her partner at the time of the
call playback, and in six other cases she had not.

Following test trials, when the playback sequence had
included both females’ relatives, dominant subjects were
more likely to supplant their lower-ranking partners than
following either of the two control trials (Fig. 3; one-
tailed sign test, corrected for ties: test versus DK: x=0,
N=11, P<0.001; test versus NK: x=2, N=14, P<0.01).

Dominant subjects seldom supplanted their subordinate
partners following playback of either of the control
sequences.

In contrast, dominant subjects were more likely to
approach their subordinate partners without supplanting
them, or to approach and interact with them in a friendly
manner (usually by handling their infants), following the
two control trials than following the test trial (Fig. 3; test
versus DK: x=0, N=5, P<0.05; test versus NK: x=1, N=8,
P<0.05). The two control trials did not differ from one
another in this respect (x=5, N=11, NS).

Subordinate subjects were also more likely either to
approach their dominant partners or to approach and
interact with them in a friendly manner following the
two control trials than following the test trial (Fig. 3; test
versus DK: x=0, N=5, P<0.05; test versus NK: x=2,
N=6, NS).

It was not possible to determine whether the increase in
frequency of supplants following test trials was due to
subtle changes in the dominant subject’s behaviour, an
increase in submission on the part of the subordinate
subject, or both. In any case, subjects’ behaviour follow-
ing test trials was qualitatively different than following
either of the two control trials, when there was a greater
tendency for both dominant and subordinate subjects to
approach each other and interact in a friendly manner.

Subjects’ Mean Scores

Because analysis by dyad could not control for the
possibility that some subjects might have contributed
disproportionately to the results, in a second analysis we
calculated each subject’s mean response score for each
trial type, so that each subject contributed equally to the
statistical tests. Although this analysis reduced the sample
size considerably, it revealed similar results.

As predicted, there was no difference between the test
and DK conditions in the mean duration that each
dominant subject looked towards the speaker (one-tailed
Wilcoxon test: T=13, N=8, NS). Also as predicted, the
mean duration of dominant subjects’ orienting response
in the test and DK conditions was significantly longer
than in the NK condition (test versus NK: T=5, N=8,
P<0.05; DK versus NK: T=5, N=8, P<0.05).

Subordinate subjects looked towards the speaker for a
longer mean duration in the test condition than in either
the DK or NK condition (test versus DK: T=11, N=9, NS;
test versus NK: T=0, N=9, P<0.01). The mean duration of
their orienting response was also stronger in the DK than
in the NK condition (T=1, N=9, P<0.01).

As in the analysis by dyad, the mean duration that
dominant subjects looked towards their subordinate part-
ners was significantly longer in the test condition than in
either the DK or NK condition (T=0, N=8, P<0.01 for
both comparisons). There was no significant difference
in this response between the DK and NK conditions
(corrected for ties, T=0. N=4).

Also as predicted, subordinate subjects looked towards
their partners for a longer mean duration in the test
and DK conditions than in the NK condition (test versus
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Figure 3. The proportion of subjects’ first interactions with their
partners that took various forms following each trial condition.
Histograms show means for 26 dyads in the test, DK and NK
conditions. DS: Dominant subject supplanted her subordinate part-
ner; DA: dominant subject approached her subordinate partner
without supplanting her or approached and interacted in a friendly
manner with her subordinate partner; SA: subordinate subject
approached her dominant partner or approached and interacted in
a friendly manner with her dominant partner.
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FUNCTION AND IDENTITY INTERTWINED



VOWEL CATEGORY ACQUISITION

These kinds of differences at 10 months are observable as early as 4
months (see Kuhl and Meltzoff (1996) for American English, and
Ishizuka et al. (2007) for Japanese).



THE ACQUISITION OF VOWEL NORMALIZATION

VSaI

J20

Infant
Maximal
Formant
Space

MFS(aI)
f1I 7→ (0.6, 0.1, 0.2) f2I 7→ (0.2, 0.8, 0.3)

f3I 7→ (0.1, 0.1, 0.7)

VSaC

J20

Caregiver
Maximal
Formant
Space

MFS(aC)
f1C 7→ (0.9, 0.3, 0.1)

f2C 7→ (0.2, 0.7, 0.1)

f3C 7→ (0.1, 0.2, 0.9)

A formant vector f2C is mapped to a vector
(0.2, 0.7, 0.1) of VCRF model goodness values
for [i], [u], and [a], respectively

Turn-taking Pairing Structure
TTPS

Caregiver
Productions

Infant
Productions

Affiliative
Weights

f1C

f2C

f3C

f1I

f2I

f3I

g1

g2

g3

Turn-taking pair f2 = (f2I , f2C) derived from VCRF model
goodness values for f2I and f2C

Vowel Category Response Fields
VCRFs VSJ20

for subject J20

Turn-taking pairing operation
TTEXGG : VSJ20 7→ TTPS



THE ACQUISITION OF VOWEL NORMALIZATION

Internalized Pairing Structure
IPS

Caregiver
Auditory

Infant
Articulatory

Infant
Auditory

Internalized
Affiliative Weights

e1C

e2C

e3C

e1I

e2I

e3I

a1
I

a2
I

a3
I

ι(g1)

ι(g2)

ι(g3)

Internalization of
turn-taking pairs TTINT : TTPS 7→ IPS

infant formant vector f3I is inter-
nalized as the pair (e3I , a3I) con-
sisting of an excitation vector e3I
and an articulatory vector a3

I .

caregiver formant vector
f3C is internalized as the
excitation vector e3C

affiliative weight g3
yields the internalized
affiliative weight ι(g3)

Internalized pair
s2 = ((e2I , a2I), e2C)

mapping internalized pairs
to infant sensorimotor pairs

ISMPAIR : IPS 7→ ISMP

mapping internalized pairs to
caregiver sensorimotor pairs

CSMPAIR : IPS 7→ CSMP

(e2I , a2I)

e2C

turn-taking
decoupling

e2I

a2I

sensory
decoupling

infant
sensorimotor pair
s2I = (e2I , a2

I)

caregiver
sensorimotor pair
s2C = (e2C , a2

I)

sensory
coupling

Infant Sensorimotor
Pairing Structure

ISMP

Infant
Articulatory

Infant
Auditory

Sensorimotor
Weights

e1C

e2C

e3C

a1
I

a2
I

a3
I

δ(ι(g1))

δ(ι(g2))

δ(ι(g3))

Caregiver Sensorimotor
Pairing Structure

CSMP

Infant
Articulatory

Caregiver
Auditory

Sensorimotor
Weights

e1C

e2C

e3C

a1
I

a2
I

a3
I

δ(ι(g1))

δ(ι(g2))

δ(ι(g3))

sensorimotor weight
δ(ι(g3)) is a func-
tion of internalized

affliative weight ι(g3)

sensorimotor weight
δ(ι(g1)) is a func-
tion of internalized

affliative weight ι(g1)



THE ACQUISITION OF VOWEL NORMALIZATION

e1I e2I

e3I

Infant Auditory
Space AUD(aI)

non-turn-taking
representation

e1C e2C

e3C

from turn-taking
exchange

Caregiver Auditory
Space AUD(aC)

Auditory
Reference Frame

a1C a2
C

a3
C

Infant Articulatory
Space ARS(aI)

Articulatory
Reference Frame

e1I e2I

e3I

Auditory Manifold
MAUD(aI)MFORM : AUDS(aI) 7→MAUD(aI)

manifold formation

vertices corresponding to
reference frame representations

a1
I a2

I

a3I

Articulatory Manifold
MARS(aI)

a1
I a2I

a3I

MFORM : ARS(aI) 7→MARS(aI)

manifold formation

copy of MARS(aI) to model
caregiver articulations

e1C e2C

e3C

Auditory Manifold
MAUDS(aC)

MFORM : AUDS(aC) 7→MAUDS(aC)

manifold formation

Infant Sensorimotor
Pairing Structure

ISMP

Caregiver Sensorimotor
Pairing Structure

CSMP

MALIG : (MAUDS(aI),MARS(aI), ISMP) 7→M ISMP
AUDS(aI)+ARS(aI)

manifold alignment

e1I e2I

e3I

Sensorimotor Manifold
M ISMP

AUDS(aI)+ARS(aI)

a1I a2
I

a3I

δ(ι(g2))

δ(ι(g1))

δ(ι(g3))

weighted edge derived from sen-
sorimotor pair s3I = (e3I , a3I)

and sensorimotor weight δ(ι(g3))

e1C e2C

e3C

Sensorimotor Manifold
M CSMP

AUDS(aC)+ARS(aI)

a1I a2
I

a3I

δ(ι(g2))δ(ι(g1))

δ(ι(g3))

MALIG : (MAUDS(aC),MARS(aI), CSMP) 7→M CSMP
AUDS(aC)+ARS(aI)

manifold alignment

IMMAPINF
mapping AUDS(aI) to an inter-
modal reference frame IM(aI)

MAP :M ISMP
AUDS(aI)+ARS(aI)

7→ IMMAPINF

IMMAPCG
mapping AUDS(aC) to an in-

termodal reference frame

MAP :M CSMP
AUDS(aC)+ARS(aI)

7→ IMMAPCG



THE ACQUISITION OF VOWEL NORMALIZATION

IMMAPINF(e1I) IMMAPINF(e2I)

IMMAPINF(e3I)

Infant Intermodal Space IM(aI)

non-turn-taking inter-
modal representation

IMMAPCG(e1C) IMMAPCG(e2C)

IMMAPCG(e3C)

from turn-taking
exchange

Caregiver Intermodal Space IM(aC)

Infant Intermodal
Reference Frame

Caregiver Intermodal
Reference Frame

IMMAPINF : AUDS(aI) 7→ IM(aI)

mapping from AUDS(aI) to inter-
modal reference frame IM(aI)

IMMAPCG : AUDS(aC) 7→ IM(aC)

mapping from AUDS(aC) to inter-
modal reference frame IM(aC)

IMMAPINF(e1I) IMMAPINF(e2I)

IMMAPINF(e3I)

Intermodal Manifold
MIM(aI)

MFORM : IM(aI) 7→MIM(aI)

manifold formation

vertices corresponding to
reference frame representations

IMMAPCG(e1C) IMMAPCG(e2C)

IMMAPCG(e3C)

Intermodal Manifold
MIM(aC)

MFORM : IM(aC) 7→MIM(aC)

manifold formation

Intermodal Commensuration Pairing Structure
ICPS

Caregiver
Productions

Infant
Productions

Intermodal
Affiliative Weights

IMMAPCG(e1C)

IMMAPCG(e2C)

IMMAPCG(e3C)

IMMAPINF(e1I)

IMMAPINF(e2I)

IMMAPINF(e3I)

κ(δ(ι(g1)))

κ(δ(ι(g2)))

κ(δ(ι(g3)))

intermodal commensuration pair
i2 = (IMMAPINF(e2I), IMMAPCG(e2C))

derived from internalized pair
s2 = ((e2I , a2I), e2C)

intermodal affiliative weight
κ(δ(ι(g2))) is a function of of
sensorimotor weight δ(ι(g2))

IMMAPINF(e1I) IMMAPINF(e2I)

IMMAPINF(e3I)

IMMAPCG(e1C) IMMAPCG(e2C)

IMMAPCG(e3C)

κ(δ(ι(g2)))κ(δ(ι(g3)))κ(δ(ι(g1)))

weighted edge derived from intermodal weight
κ(δ(ι(g3))) and intermodal commensuration pair
i1I = (IMMAPINF(e3I), IMMAPCG(a3I))

Multi-agent Manifold
M ICPS

IM(aI)+IM(aC)

MALIG : (MIM(aI),MIM(aC), ICPS) 7→M ICPS
IM(aI)+IM(aC)

manifold alignment

SOCOEQV
mapping IM(aI) + IM(aC) to a language-

specific commensuration reference
frame for representations of both agents

MAP :M ICPS
IM(aI)+IM(aC) 7→ SOCOEQV
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