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This work is dedicated to my extended family,
who, while they never expected me to devote

my life to cattle and crops, could never

quite fathom my interest in tongues and tribes,
and especially to my mother and father, neither
of whom ever tethered me and both of whom
probably wonder whether. I would have followed

a more conventional path if they had.
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ABSTRACT OF THE DISSERTATION
DhoLuo vowel harmony: a phonetic investigation
by
Leon Carl Jacobson
Doctor of Philosophy in Linguistics
University of California, Los Angeles, 1979
Professor Victoria A. Fromkin, Cochairman

Professor Wm. E. Welmers, Cochairman

A salient characteristic of the sound systems of the Nilotic lan-
guages of East Africa is a vowel harmony system in which, simply put, a
vowel belongs to one of two phonologically complementary categories.
The exact nature of the distinguishing phonetic correlates of these
categories has not been clearly defined, but the categories have been
impressionistically labeled as "tense", "close", and "breathy" for one
category and "lax", "open", and "creaky'" for the other. Using the Dho-
Luo language of southwestern Kenya, this study attempts to ascertain
and define the phonetic correlates of these categories.

Toward this end, tracings of vocal tracts were made from X-ray
negatives taken during the production of eight DhoLuo vowels by eight
speakers. A significant difference between the two harmony categories
was shown to exist using the simple measures of height of the tongue
and width of the pharynx, whereby vowels of the first category have a
higher tongue position and a wider pharynx relative to their counter-

part vowels in the second category.
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A trimodal factor analysis procedure, known as PARAFAC, was applied
to the description of vocal tract shapes for these vowels using a speci-
ally designed reference grid. The vocal tract shapes were quantified by
measuring the distance between articulatory surfaces along 18 lines be-
longing to this grid. Analyses were first made for six speakers and then
for four speakers (after two had been selected out for divergent behav-
ior). A comparison of analyses for the entire vocal tract against the
vocal tract without the lower pharynx showed that any pharyngeal contri-
butions also affect the entire vocal tract. The PARAFAC analysis for the
six speakers shows that the data for the vocal tract can be attributed to
four factors, while that for four speakers indicates three factors. There
appear to be three factors in common between these two analyses: 1) a
front/back parameter that decisively separates all front vowels from all
back vowels, 2) a tongue root parameter that maintains a distinction be-
tween voweis of different harmony categories, and 3) a height parameter
that distinguishes vowel height as well as vowel harmony membership. In
the four—factor solution the extra factor appears to be another height
component whose presence is required to account for individual variabili-
ty introduced by the two additional speakers. The correlations achieved
in these analyses between the actual data and the modeled data are great-
er than 0.93 for the analyses of the entire vocal tract and 0.96 for
those analyses which excluded the lower pharynx. Solutions with a great-
er number of factors than those mentioned do not make substantive contri-
butions to these correlation values nor are their factors all interpret-

able in phonological terms.



The results of this study contrast with those of a factor analysis
for English vowels [Harshman, Ladefoged, and Goldstein 1977] where only
two factors were required to describe tongue shapes. That English is not
a vowel harmony language would contribute to this difference, as well as
the small numbers of speakers involved in the studies and the different
measurement techniques used.

This study of an East African vowel harmony language also contrasts
with the radiographic investigation of West African vowel harmony lan-
guages, where a uniform mechanism for distinguishing vowel harmony cate-
gories has been found. In Dholuo several mechanisms are variously used.
No conclusions can be made about this difference because of the small
numbers of speakers involved in all of the studies.

Because of the different phonetic means to achieve the same phono-
logical distinction, it is suggested that a phonological cover term be

used for the vowel harmony distinction.
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Chapter one: Introduction

Dholuo is spoken by the people of the Luo tribe. These people, who
call themselves JoLuo, live principally in southwestern Kenya, but also
extend in small numbers along the eastern shore of Lake Victoria into
northern Tanzania. The JoLuo first arrived at their present location
about 500 years ago in the first of a series of migrations into Kenya
f?om the north. These migrations were part of a larger dispersion of
Nilotic peoples over many centuries from which groups split off and
settled along the way [Ogot 1967].

The languages with which DhoLuo is closely related (Alur of Uganda
and Zaire; Acholi, Dhopadhola, Dhopaluo, Kumam, Labwor, Lango, and
Nyakwai of Uganda; Anuak, Jur, and Shilluk of the Sudan) form a complex
of dialects or languages which have certainly descended from the same
ancestral language. Just how close the relationship is among them has
not yet been determined, but many of the "languages" that we refer to by
different names may indeed be largely mutually intelligible and are
better thought of as dialects of a common language rather than as dis-
tinet languages. In a glottochronological study of five of these lan-
guages (DhoLuo, Alur, Acholi, Lango, and Shilluk), Blount and Curley
[1970] date the divergence from the protolanguage to be from 900 to
1300 years ago.

As these migrating groups diverged from each other, they came into
contact with speakers of alien languages which influenced their own.
DhoLuo, for example, has borrowed heavily from the LuLuyia dialects that
it has been in contact with. To a lesser degree, vocabulary items have
entered DhoLuo from KiSwahili and English. The languages of the migra-
ting groups also underwent internal change quite independently of each
other. As a result of this, there are many obvious differences within
this dialect or language complex; yet the overall unity is undeniable.

The names Lwo and Luo have been used to refer to several languages
within this complex, which itself has been called Lwo and Lwoo. In order
to avoid confusion I shall consistently use the term DhoLuo when refer-
ring to the language of the JoLuo, which is their preference as well,
even though the language has been commonly cited as Luo in much of the
published literature.

This complex of languages along with Burun, Dinka, and Nuer of the
Sudan (which themselves may form a coordinate complex) together comprise
the Western Nilotic subbranch of Nilotic, which in turn is a branch of
the Eastern Sudanic division of the Chari-Nile subfamily of the Nilo-
Saharan language family as based on Greenberg's African language classi-
fication [Greenberg 1963a]. The geographic extent of the Western Nilotic
languages is essentially the environs of the White Nile River and its
tributaries from Renk in the north to Lake Kyoga in the south (12° north
latitude to 2° north latitude) and just to the northeast and east of
Lake Victoria. See the map on the facing page for an approximate loca-
tion of these languages.



The vowel systems of these languages include nine or ten different
vowel qualities. It has been claimed that the vowels belong to two pho-
nological categories and that these categories are distinguished from
each other by voice quality, although the exact nature of this voice
quality difference has not been clearly defined [Crazzolara 1933, Hunting-
ford 1959, Nebel 1948, Stafford 1967, Tucker 1936, 1975, Tucker and Bryan
1966, Welmers 1973]. The two categories have been variously described
using the following subjective and impressionistic terms: "hard" vs.
"hollow', "open" vs. "close", "tense" vs. "lax", "muffled" vs. "brassy",
and "breathy" vs. "creaky". The hollow, close, tense, muffled, or breathy
vowels all refer to one phonological category, while the hard, open, lax,
brassy, or creaky vowels constitute the other.

To exemplify this, the following examples are taken from Tucker
[1971:633] for the DholLuo language (the final [o] or [o] is a suffix):

Category A Category B
(hollow, close, tense, etc.) (hard, open, lax, etc.)
wiro 'to annoint' WLrD 'to turn back'
gueyo 'to bark at' gweyo 'to kick'
koro  'to abuse' koro 'to pursue'
buko  'to smear' boko "to provoke'

In these languages it is almost always the case that in any word all
the vowels are from only one of these categories. A small number of af-
fixes which are immune to this restriction form the only exceptions. This
phonological phenomenon, known as vowel harmony, is relatively uncommon in
the languages of the world, with only three language families having it as
a common occurrence. These are the Ural-Altaic language family in Eurasia
(e.g., Finnish and Hungarian for Uralic and Turkish and Mongolian for Al-
taic) and the Niger-Kordofanian and Nilo-Saharan language families in Af-
rica. The vowel harmony which occurs in Ural-Altaic is primarily based on
agreement in the front/back dimension, but also, in some languages, on de-
gree of lip rounding. The type of vowel harmony found in the African lan-
guages has one vowel category either higher than the other in terms of
vowel height (either the complete category is higher than the other or the
vowels of one category are respectively higher than the corresponding vow-
els of the other category; see Lindau, Jacobson, and Ladefoged [1972] for
analyses of Twi, Igbo, Ateso, and DhoLuo, which display these different
types) or the categories differ in terms of voice quality, as mentioned in
the preceding paragraph, or both. This characteristically African type of
vowel harmony has been referred to as relative height harmony [Greenberg
1963b], category harmony [Tucker and Bryan 1966], and cross-height harmony
[Stewart 1971].

To return to the vowel system of Western Nilotic, Tucker [Tucker and
Bryan 1966: 402] states: "An outstanding characteristic of these languages
is the presence of both 'hard' and 'breathy' (or 'hollow') Voice Quality
in the pronunciation of vowels, diphthongs, and seni-vowels." In the
footnote to this comment, Tucker defines breathy as "pronounced with open
pharynx, accompanied by a voiced aspiration" and says that "non-breathy
vowels are pronounced with varying degrees of pharyngal constriction."



For the group of Western Nilotic languages that includes DhoLuo,
Tucker adds for the breathy vowels that, "the aspiration is less evident,
but the voice quality is 'hollow'." He presents a diagram of the vowels
for this group of languages, which he calls Southern Lwo. Accompanying
this diagram, which is reproduced below as figure 1, is his statement
that, "In S. LWO there is a simple dichotomy of five 'hard' vowels
against five 'hollow' vowels, in which the Categories are distinguished
by both tongue position and voice quality." »

Close (hollow)  Open (hard) R \ \ u
i I ! \ \ \\ !
€ \ d§ b

°c

= QO Mo
aope

|

a

Figure 1. Vowel harmony categories in Southern Lwo [after Tucker and
Bryan 1966:404].

The analysis by Welmers [1973] differs, in that Welmers recognizes

only nine vowels, eliminating the 3 of the first group. Welmers says
[p. 37], "As stem vowels which determine the harmonic group of affix
vowels, these fall into two groups: /i, e, U, o/ and /i, €, 0, 0, a/.
In the affixes whose vowels are determined, however, /a/ is neutral; it
may accompany vowels of the first as well as the second group.'" Welmers
does not ascribe the hollow and hard qualities to his two harmony groups
and says further that "a phonetic distinction for which such terms might
be appropriate ... is by no means obvious in Dho-Luo" [p. 38].

The DhoLuo orthography does not acknowledge the vowel harmony cate-
gory difference, having five orthographic symbols to represent nine pho-
nological vowels [Tucker 1971]:

Orthography a e i 0 u
Phonology a e ¢ i L o 2 u o

Consequently, the examples presented on the preceding page would have
both members of a pair spelled the same way even though they contrast
phonologically: wiro, gueyo, koro, and buko.

The published descriptions of the vowel harmony categories mentioned
above are all based on the intuitive phonetic characterization of the
investigator. None of the studies attempted to'find the articulatory or
acoustic features which differentiate the two categories. Instrumental
~means are required for this.

It seemed plausible that an acoustic analysis of the vowels would
reveal what acoustic parameters distinguished the two categories. 1
therefore decided (at an early stage in my investigation) to look at the
vowel height values for the pair of vowels represented by each ortho-
graphic symbol.



In this study, an adult native speaker of DhoLuo read 187 bisyllabic
verbs in context, The text was in orthographic transcription. If vowel
height (as usually defined in acoustic terms) is used to distinguish the
vowels in each pair, then a plot of the vowel height values for each
orthographic vowel should be bimodal since each orthographic symbol %, e,
O, u represents two phonological vowels. It was hypothesized at the
beginning of this pilot study that a distribution that is not bimodal
would indicate that if there is vowel harmony ~- and there is general
agreement among linguists that this is the case at least phonologically
-= then it must be based on something other than vowel height.

The native speaker was then asked to listen to each item on the tape,
repeat it aloud, and identify the vowels., This he was able to do without
any difficulty or hesitation. The values of the first and second formant
frequencies of the stem vowels (the vowel of the first syllable in the
verb) were then determined from wide-band spectrograms. The first for-
mant frequency was taken as an index of vowel height [Ladefoged 1976] and
histograms were made for each group of vowels represented by the four
orthographic symbols Z, e, 0, and u. The stem vowels so plotted were 143
in number and are displayed in the histograms of figure 2, with the pho~-
nologically "hollow, close, tense" vowels represented by circles above
the Fj frequency values (in Hz) and the '‘hard, open, lax" vowels repre-
sented by exes below these values.

[¢]
o ]
o [
o [+
o o o
0o o o 0 o
o o o o O o
o o o o o o O o
0 0o o o o 0O 0 0 0 o0 o0 o
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x
x
x
x
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x
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Figure 2, Histograms of vowel height (as F; values in Hz).



As can be seen in figure 2, the distribution on these histograms
does not support vowel harmony based on the F; definition of vowel
height, Only in the case of orthographic e (the e/e contrast) was
there a clear bimodality in the distribution of F1; for 7 and u there
was no evidence of bimodality; for o the possibility of bimodality was
marginal.

Fq versus Fyp was then plotted for the phonological vowels. This
revealed a similar picture, with a clear separation between /e/ and /¢/
but with an overlapping of the other contrast pairs. This is summarized
in figure 3, where each ellipse represents one standard deviation from
the mean for the F; and the F)-F; values -- or, assuming an ideal distri-
bution, 68% of the area of distribution for the respective vowels. 1In
an attempt to reduce noise in the data set (as from adjacent consonants,
for example), I extracted from the corpus two near-minimal sets and did
a similar Fy versus Fy-F; plot for them [Jacobson 1977]. This showed
the front vowels being more discretely separated than in the larger,
noisier, set -- yet back vowels were still too close together in terms
of Fj to be considered to be distinct in this respect.

Fy-Fy

2000 1800 1600 1400 1200 1000 900 800 600 500 400. 300
I I | 1 I | l n 1 | |

-{ 300

400

F1

500
600

=1700

=1 800

900

Figure 3. DhoLuo vowel variability (formant frequency values in Hz).



This acoustic analysis clearly shows that acoustic information pro-
vided by Fy and Fy is not sufficient for distinguishing the vowel harmony
categories that scholars claim for DholLuo. It should be repeated that
the native speaker with whom I worked had no difficulty in separating the
words into two sets based on harmony category,

It is clear then that further investigation was needed. 1If the con-
straint on vowel sequences within a word is a real one, then there must
be something in the speech signal which is used to distinguish the cate-
gories and which can be extracted by children learning the language.
There is a difference in wvowel production that is recognized by native
speakers and acknowledged by linguists who have studied the language —-
especially by Tucker, who attributed it to a physiological opposition
between an open and a constricted pharynx [Tucker 1936, forthcoming,
Tucker and Bryan 1966]. This is an empirical claim which, until now, had
never been instrumentally verified.

Given the fact that the "traditional" type of acoustic analysis did
not reveal what it is in the speech signal that separates these vowel
categories it seemed that an articulatory study was required. This study
would be based on the hypothesis that Tucker's impressions were correct:
In DhoLuo there is an articulatory difference in the configuration of the
pharynx that results in a systematic auditory distinction between sets of
vowels which phonologically belong to exclusive vowel harmony categories,
even though the acoustic correlates of this difference cannot be discern-
ed using traditional measures.

This investigation then is aimed at discovering what articulatory
"features' distinguish the vowel harmony categories in DhoLuo, The method
used for doing this was to gather and analyze articulatory data from X-
rays taken of the vocal tract during vowel production. Chapter 2 reviews
the procedure used to collect these data by radiography. It also presents
the data as vocal tract tracings from the X-rays.

In chapter 3, simple measurements are taken of the highest point of
the tongue and the widest point of the pharynx. The measurements for
contrasting vowels are compared and the significance of their differences
is determined by a paired t test.

Using the same articulatory information -— the shapes of the vocal
tract during production of eight DhoLuo vowels by eight speakers -~ we
now quantify it at a number of points throughout the vocal tract using a
bifocal coordinate system of my own design. The construction of this
measurement grid is described in detail. The remainder of chapter four
consists of a brief introduction to PARAFAC, the multimodal factor ana-
lysis program which is used to analyze the quantified data,

Chapters five and six present the results of this factor analysis,
seeking to determine the correct number of factors to account for the
data and interpreting these factors in a physiological or articulatory
manner.



The final chapter, number seven, discusses some questions raised
earlier in the work, summarizes the conclusions reached, and mentions
their implications for linguistic and phonetic theory, A review and
comparison is made of other work treating the same topic. Directions
for future research leading out of this investigation are suggested.

Four appendices are attached. The first appendix provides an out-
line of technical specifications. The second one gives the measurements
of the vocal tract and the formant frequency values used in this inves-
tigation. 1In the third appendix these data are rendered as deviation
values from a mean, which is how they are fed into the PARAFAC analysis
program. The last appendix shows the factor loadings for representative
solutions of the factor analysis -- the PARAFAC output ~-- both in tabu-
lar form and as analogical representations.
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Figure 4. The X-ray machine.



Chapter two: The data base

BACKGROUND AND EQUIPMENT

The use of X rays is the only method for determining the complete
shape of the vocal tract during speech production. An earlier study
using radiography and concerned with the characterization of vowel har-
mony [Lindau, Jacobson, and Ladefoged 1972] was based for DhoLuo on
(cine)radiographic data from only one speaker. For the present study I
considered radiographic data from eight speakers; this provided a more
reliable data base. This chapter will discuss the procedure for obtain-
ing these data. The X-ray tracings are presented at the end of the
chapter.

The eight speakers used in this investigation were all first or
second year linguistics students at the University of Nairobi. These
students were all native speakers of DhoLuo and had taken a phonetics
course that included practice in the production of varied speech sounds.
Before the X-raying session, each student participated in a training
session where the procedure was thoroughly rehearsed.

High-quality audio tape recordings were made of each subject saying
each word followed by the first syllable of the word said in such a man-
ner that the vowel was sustained in a steady state for several seconds.
Subjects rehearsed this procedure until they could perform without dif-
ficulty or discomfort. The purpose of doing this was to give the sub-
jects practice in sustaining a steady-state vowel, since this would be
required during the X-raying.

The same set of minimal pairs as in the 1972 study was used in case
it would be desirable to make comparisons between the separate studies
at a later date. In some cases the glosses differ from those of the
previous study, but the phonetic shapes are identical. These pairs are:

piyo [pijol 'to land' piyo [pijo]l 'fast, quick'
le [te] 'animal' le [l1e] Taxe'

bodho [bodo] 'to lisp' bodho [bodo] 'prostitute'
chudo [t[udo] 'payment'’ chudo [t[edo] 'to pucker'

Since /a/ has no harmony counterpart, it was not included in this study
(cf. chapter 1; see Tucker. [forthcoming]).

The X-ray negatives (radiograms) from which the data for this inves-
tigation were taken were made using a high-precision tomographic X-ray
machine. This machine, pictured in figure 4 (facing page), focuses on
a narrow plane so that only the midsagittal area is clearly visible in
our negatives, with the teeth and mandible blurred out of view. This is
achieved by having the X-ray tube (radiation source) and the film holder,
which are attached to a freely-swinging parallelogram, move in an arc in
a fixed mutual relationship about one point so that they always remain
parallel to each other. Through the point of rotation the plane of focus
is parallel to the filmplane and depicted sharply, while above and below
it everything is intentionally blurred, leaving no recognizable or pre-



. cise trace. The table on which the subject lies is not connected to this
- swinging parallelogram and can be moved up or down in relation to the
fixed point of rotation (i.e., the plane of focus); because of this the
enlargement factor is constant. The use of this machine did impose on us
the restriction that the subjects had to lie on their sides during expo-
sure. This made it difficult to standardize positioning and it was not
possible under the circumstances to manufacture a suitable head brace to
keep a given subject from moving his head. Consequently there is some
positional deviation from exposure to exposure, though the following pro-
cedure was designed to minimize such movement.

Each subject lay on a shallow, troughlike table on his left side
with his head supported by a bolster. This table could be adjusted ver-
tically or horizontally in any direction, but always remained parallel to
the floor and did not change its orientation. One silver coin of known
dimensions was taped to the back of the subject's neck at the base of the
skull while an identical coin was taped on the chin, both on the midline.
Silver is opaque to radiation and the image of the coin on the negative
can show the amount of deviation, if any, there is from a true midsagittal
section, as well as the degree of magnification. The table the subject
lay on was adjusted vertically so that a beam that indicates the plane
of focus shone down the center line. I judged this center line to pass
across the diameter of the coin on the subject's chin and through a small
strip of adhesive tape (app. lcm by 2.5cm) that had been placed longitu-
dinally along the midline of the subject's forehead for this purpose.

The single most difficult task was trying to ensure that the subject's
head was in alignment. To ease this positioning task a mirror mounted on
a small tripod was placed next to the subject near the edge of the table
so that he could directly monitor the alignment of his own head. Figure
5 provides a visualization of this setup. Besides the planar beam that

Mirror
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Figure 5. Positioning of subject for X-raying.
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indicated the plane of focus, there was a spot beam which showed the
center of the area of exposure. The actual size of the area of expo-
sure could be adjusted by a rectangular diaphragm and monitored using
a light source before exposure. Figure 6 shows the approximate area

of exposure.

area of exposure

Figure 6. Area of exposure.

THE X-RAY SESSION

After the audio recording was made for a given subject he was X-
rayed in order to get a picture of the shape of his vocal tract during

vowel production. The procedure for the X-ray session was as follows:

i1



The equipment was set for a predetermined level of exposure. The
subject was properly positioned on the table as outlined in the previous
section. The table was adjusted vertically so that the beam indicating
the plane of focus passed through the coin on the chin and the tape on
the forehead. The table was adjusted horizontally so that the spot beam
indicating the center of the area of exposure was on the mandible just
below the ear. The rectangular diaphragm was adjusted to limit the area
of exposure to the desired area.

The entire procedure was rehearsed with the machine in motion so that

the subject knew what to expect. Several practice runs were made until I
was satisfied that the subject felt comfortable with the procedure. Now
the saying of the intended word and its sustained syllable was rehearsed
by the subject. This was done before every exposure to prime the subject
so he would have the intended word in mind. T monitored the procedure
from the subject's side to ensure that the word and vowel he used were

the intended omnes.

After the initial exposure, the negative was examined to see if any
adjustments were necessary in the exposure setting, the positioning of
the subject, or the framing of the area of exposure. Once any necessary
adjustments were made, we proceeded through the remaining exposures.
Each negative was tagged in the corner to identify the speaker and the
vowel by using radio-opaque ink on ready-made slips of paper which were
designed to fit into a corner slot on the film holder.

Even with the practice and care taken, several mistakes occurred.
In the case of one subject we have an incomplete set of X-rays since he
made several mistakes and we permitted ourselves to take only one retake.

THE VOCAL TRACT TRACINGS

Once the set of negatives was completed, each X-ray negative was
placed on the opaque surface of a fluorescent illuminator and the vocal
tract was outlined directly on the film using a soft, thin, lead. When
soft tissue was difficult to discern on the negative, which was occasion-
ally the case near the base of the pharynx, the negative was strongly
backlighted to enhance the image. These vocal tract outlines were traced
onto thin transparent sheets of frosted acetate, with each speaker's
tracings for front vowels being superimposed on one acetate sheet and
those for back vowels on another acetate sheet. The different shapes
were identified with different colors of lead, but in the tracings that
appear in this chapter (figures 7-14) they are coded by symbol. The
tracings were lined up with a number of different prominent bony pro-
cesses of the skull, one of which was always the tip of the upper inci-
sors, to enable accurate superimposition.

12



The different shapes are coded by symbol in the facsimiles of the
vocal tract tracings that follow as figures 7 through 14 to identify
them for the vowels they represent. The symbol code is such that,

Hollow symbols refer to the "close, breathy” category;

Solid symbols refer to the "open, creaky" category;

Round symbols refer to the higher vowel harmony contrast pair;

Square symbols refer to the lower vowel harmony contrast pair.

The a figures (on the left pages) are for front vowels and the b figures
(on the right pages) are for back vowels.

This is summed up in the following key:

front vowels symbol back vowels
(a figures) (b figures)
i ° u
L ° Q
e o O
€ = o]

The radial lines present in the tracings are explained later and
do not concern us at this point.
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Chapter three: Tongue height and pharynx width

The preliminary acoustic study briefly mentioned in the introduc~
tory chapter did not satisfactorily determine that the acoustic measure
of vowel height (that is, the first and second formant frequencies)
could be used to characterize the differences between the vowel catego-
ries of DhoLuo. In this chapter articulatory data are discussed to see
whether tongue height or pharynx width can be used; that is, to see if
there are consistent differences in the height of the tongue or the
width of the pharynx between the two phonological vowel harmony catego-—
ries.

TONGUE HEIGHT

For each subject I constructed an arbitrary reference line parallel
to the floor of the nasal cavity and measured for each vowel the normal
distance between that line and the highest point of the tongue. These
measurements are presented in table 1 and, while they are all on the
same scale, only relative comparisons are possible across speakers.

Since we are interested in seeing if there are consistent differ-
ences between the categories, I summed up the differences between all
the pairs and, using a paired t test, saw if this sum was significantly
different from zero. This same test was performed for each of the four
vowel—-pair subsets. The results for both of these tests also appear in
table 1.

Table 1. Tongue height values and paired t test scores (tongue values
measured in cm). Counterpredictive cases are indicated by the symbol n.

Front vowels Back vowels
Speaker| [i] [i] [e] [e] [ul [e] | [o] [o]
1 al 1.27 ~ 1.17 1.38 2.25 1.23 2.18 ~ 2,02 2.52
2 bl 1.38 1.70 1.79 1.87 1.28 1.81 2.03 2.21
3 el 1.25 1.47 1.97 2.17 1.88 ~ 1.80 2.31 2.74
4 d| 1.17 1.53 1.73 1.86 1.15 ~ 0.97 1.34 1.52
5 el 1.21 1.43 ~ 1.24 1.71 1.28 1.37 ~ 1.31 1.72
6 1 1.30 1.54 1.76 2.17 1.22  1.27 1.71 2.46
7 gl 1.21 1.53 1.64 1.73 1.77 ~ 1.47 2.21 2.99
8 h| 1.22 1.40 1.56 1.67 1.18 1.34 1.37 1.95
p< 06.01 0.02 n.s. 0.01
p< 0.0005

We find when considering all thirty-two pairs of vowels that tongue
height differences as a whole are highly significant (p< 0.0005).
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When we consider the correlation of the vowel harmony pairs, we
find significant results for three of the four pairs ([i1/0v], p<0.01;
[el/[e], p<0.02; [ol/[o], p<0.01) —- with only the [ul/[e] pair lacking
statistical significance. Note in table 1 that there are seven short
wavy lines. These were inserted to call attention to the counterpredic—
tive instances where a phonologically higher vowel has a lower tongue
height, or vice versa. We see that five of these seven discrepancies
involve the vowel [0], which explains why the [u]/[o] pair is not statis-
tically significant.

PHARYNX WIDTH

A simple measure of the widest part of the pharynx was taken as an
index of pharynx width. I obtained this by measuring the normal distance
between the back pharyngeal wall and the most advanced part of the root
of the tongue anterior to the epiglottis. These measurements (in cm) are
presented for each vowel of each speaker in table 2. A correlated paired
t test was performed on these data as it was for the tongue height data.
The results are summarized in a similar fashion in table 2.

Table 2. Pharynx width values and paired t test scores (width values
measured in cm.). Counterpredictive cases are indicated by the symbol .

Front vowels Back vowels
Speaker| [i]  [.] | [el  [e] [ul o] | [o]  [ol]
1 al 3.45 3.254 3.60 3.05 4.75 3.05 ~ 3.45  3.20
2 bl 5.25 2.90~ 3.55 2.75 4.55 3,05~ 3.80 2.67
3 el 3.95 3.35 | 2.80 2.45 4.10 v 4.40 | 3.60  3.45
4 d| 4.35 3.95 | 3.30 2.60 3.55 ~ 3.73 | 3.40 2.40
5 e| 4.50 3.55 | 3.05 2.25 4.85 2.85 ~n 3.40 2.90
6 f| 5.55 4.27 | 4.25 3.20 5.10 4.65 | 3.95 2.55
7 g| 7.05 6.50 | 5.85 4.50 6.00 5.75 | 4.05 3.45
8 nl 5.85 4.05 | 3.80 2.70 5.15 3.90 ~ 3.95 3.10
p< 0.01 0.01 0.05 0.01
p< 0.0005

In comparing the two tables of data we see that pharynx width is a
better indicator of vowel harmony category than tongue height is. We also
note that for the vowel harmony pairs we have three significant differ-
ences in pharynx width; only the [u]/[e] pair is marginally significant
in this respect. Note also that only this pair has any discrepancies
present.

In order to demonstrate the comparative differences in pharynx size,
I superimposed the back pharyngeal walls in the tracings for the front
vowels (figures 15a-15k) and similarly for the back vowels (figures l6a-
16A4) for each speaker. The solid lines in these figures represent out-
lines of vocal tract shapes for vowels of the "hollow, breathy" category,
while the broken lines represent outlines for vowels of the other, 'hard,
creaky" category.
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Figure 15a
Front vowels
Speaker 1

Figure 15¢
Front vowels
Speaker 3

Figures 15a-154. Pharynx outlines for

front vowels.
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Figure 15b
Front vowels
Speaker 2

Figure 15d
Front vowels
Speaker 4



Figure l5e
Front vowels
Speaker 5

Figure 151
Front vowels
Speaker 6

Figure 15h
Front vowels/ |
Speaker 7
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Figure 16a
Back vowels
Speaker 1

Figure 16b
Back vowels
Speaker 2

Figure léc
Back vowels
Speaker 3

Figure 16d
Back vowels
Speaker 4
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Figure l6e
Back vowels
Speaker 5

Figure 16g
Back vowels
Speaker 7

Figure 16f
Back vowels
Speaker 6

Figure 16k
Back vowels
Speaker 8
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We see that for front vowels (figures 15a-15h), two speakers, 3 and
4, fail to distinguish the vowel harmony categories by pharynx width,
though for half the subjects -~ 1, 2, 5, and 8 -~ the categories are
fully distinguished (pairwise) by pharynx width. In the three cases
where pharynx width does not distinguish the harmony categories (see fig-
ures 15a, 16¢, and 16d) it is in each instance the high vowels that are
not distinguished. We can make the empirical claim from this that the
two lower contrasting pairs, [e]/[e] and [0]/[o], are in every case dis-
tinct with respect to degree of tongue root advancement —- pharynx width
being relatively wider for [e] and [o] than [e] and [5], respectively.

TONGUE HEIGHT VERSUS PHARYNX WIDTH

For all eight speakers I have graphed the relationship between the
two simple measurements of tongue height and pharynx width, as described
in preceding sections of this chapter. These are displayed in figure 17.
Tongue height is plotted vertically, pharynx width horizontally. Members
of one harmony category are represented by dots and those of the other
category by circles. The respective members of a vowel harmony category
pair are connected by a straight continuous line if their relationship is
as predicted, that is, if a member of the "hard, creaky" category (dots)
has a respectively lower tongue height and narrower pharynx than its
counterpart in the other category. In those few instances where the re-
lationship of the vowels in a harmony pair is counterpredictive, their
symbols are connected with a curved series of points. For speaker 1, for
example, the tongue height values are reversed for I; that is, [i] occurs
with a lower tongue height than [v]. This same type of reversal is found
for [u] and [o] for speaker 7. Speakers 3 and 4 display for [u] and [o]
reversals for both tongue height and pharynx width, so these pairs are
connected by two curved series of points.

The graphs in figure 17 clearly show the amount of variation present
among individual speakers. TFor example, only for speakers 1 and 2 does
pharynx width separate all the vowels of one category from all the vowels
of the other category, yet it would seem for speaker 1 that this is mere-
ly accidental and that he relies primarily on vowel height as a distin-
guisher. For speaker 5, tongue height separates the categories, with all
the "breathy" vowels having a higher tongue than any of the vowels of the
"creaky" category. Some speakers have their vowels well separated, using
both tongue height and pharynx width to a similar degree (speaker 3 is
a good example of this), while speaker 8 has three vowels with virtually
the same displacement.

The fact that for speaker 8 [0}, [t], and [o] all have the same phar-
ynx width and tongue height displacements is not the problem it seems.
Lip rounding, which was not considered in this study because of its-redun-
dancy, separates the front vowel [v] from the back vowels [o] and [O].
Furthermore, if there is an auditory difference of voice quality between
the two categories, this, presumably would distinguish [o] ("creaky") from
[o] ("breathy").

This graph reveals no obvious single mechanism for separating vowels
into vowel harmony categories, even if the least significant pair, [ul]/
[e], is excluded.
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(abscissa) values (in cm from arbitrary reference planes) for 8 speakers
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Chapter four: Measurement and analysis

MEASUREMENT OF THE DATA

The radial lines in the figures of the vocal tract tracings at the
end of the second chapter (pages 14-29) are part of a measurement grid
which was specifically designed for this study with several character-
istics in mind. First, I wanted a system to quantify vocal tract shapes
which would be compatible with the existing computer programs for speech
synthesis and for factor analysis used in the phonetics laboratory at
the University of California, Los Angeles. Secondly, and more impor-—
tantly, the procedure had to be speaker and language independent.

Harshman, Ladefoged, and Goldstein [1977] review previous methods
for characterizing vocal tract shapes and present the respective limita-
tions of each. The method that they adopt in their factor analysis pro-
cedure for American English has eighteen sagittal measurements and is
based on the midline of the vocal tract during production of the vowel
[2] as in the word had. The method that I adopt retains the division of
the vocal tract into eighteen sections between the lips and the glottis.
However, it does not segment a vocal tract midline which is language de-
termined to achieve this division, but rather derives a measurement grid
which depends on the physiology of the individual speaker.

The development of an adequate measurement system for characterizing
the vocal tract is a nontrivial onme. It corresponds in effect to the
development of a system for normalizing vocal tract measurements across
subjects. It is well known that it is very difficult to devise an ade-
quate system for normalizing acoustic measurements (see Disner [1978]
for a comprehensive review of this problem). It is equally true that it
is difficult to normalize physiological measurements. The validity of
the system proposed below has not yet been fully established. But it is
at least descriptively adequate; and, as will be apparent from the re-
sults of analyses to be reported later, it allows us to make some explan-
atory statements about vowel harmony in DhoLuo.

My method is dependent only on the shape of the surface of the pas-
sive articulators; that is, the maxilla and the back wall of the pharynx.
As such it is similar to earlier polar coordinate systems [Stevens and
House 1955, Heinz and Stevéns 1964, 1965, Lindblom and Sundberg 1969]
which are determined by constructing a circle tangent to both the maxilla
and the back wall of the pharynx. However, while such a circle can be
constructed for some head positions for some speakers, it is not possible
for the general population. The coordinate system that I present here
uses two foci: one for an arc that is tangent to the hard palate (maxil-
la), the other for a larger arc that is tangent to the back wall of the
pharynx (these arcs are drawn in for the first two speakers, represented
by figures 7 and 8 on pages 14-17). Only in exceptional cases will these
foci coincide or will the length of the radii for the different arcs be
the same.
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I made tracings of the passive articulatory surface for all of the
X-ray negatives for each speaker. A representative tracing for each
speaker is presented in figure 18; one can see how much variation there
is in head size and shape from person to person. It was on the basis of
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Figure 18. Cross section of passive surface of articulation for eight
speakers of DhoLuo.
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these tracings that the measurement grids were constructed. While some
tracings deviated from the representative tracing, this was very small
in most cases; the particular tracing selected to represent each speaker
was chosen to minimize this deviation.

The measurement grids were constructed by geometric principles us-
ing only straightedge and compasses; in each speaker's grid given points
of the vocal tract are set in correspondence with the equivalent points
of every other speaker even though there is individual variation present
in the sizes and shapes of the maxillae and pharynges. Essentially, the
strategy was to specify midpoints for the maxilla and back wall of the
pharynx and to apportion the cross sections of the vocal tract in rela-
tion to these midpoints. Figures 19a and 19D show the progression of
the construction of the measurement grid. The points of construction
are assigned letters to agree with the progression steps; in the case of
several letters for one step, the rightward or outward letter is given a
prime superscript. Reference is generally made to points from left to
right or inward to outward. The several steps which are shown for each
vocal tract outline are grouped together after the number which corre-
sponds to that outline (as a decimal value in the figure).

1. a) Draw a line, AA', from the toothtip to the center
of the back of the uvula.

b) Draw a line parallel to AA' and which is tangent
to the bottom of the uvula and intersecting the
back wall of the pharynx (point B).

¢) Outline the bottom of the pharynx with intersect-
ing lines which are extemsions of the front and
back walls and the base of the pharynx (intersec-
tions are points C and C').

2. d) Bisect AA' with a line which intersects the
palate (point D).

e) Bisect the distance between B and C' with a line
which intersects the back wall of the pharynx
(point E).

£f) Bisect CC' (point F).

3. g) Draw a line, FG, from the juncture of the teeth
and the alveolar ridge (point G) to the midpoint
of the pharynx baseline.

h) Bisect FG (point H).
4. i) Determine the points of intersection, I and I',
of two arcs of length GD from points G and D.

j) Draw lines connecting point I with points G and
D. Draw line II' to intersect the palate
(point J).
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19,1

Figure 19q.

19,2

Construction of vocal tract measurement grid.
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Figure 19b. Construction of vocal tract measurement grid (continued).
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5. k) Determine the points of intersection of two arcs
of length HF from points D and E, and connect
these points with a straight line.

1) Connect points D and K with a straight line and
bisect the resulting angle /DKK'. Where this
bisecting line intersects the soft palate is
point L.

"m)  Connect points E and K with a straight line and
bisect the resulting angle /ERK'. Where this
bisecting line intersects the back wall of the
pharynx is point M.

6. n) At point E, coanstruct a line normal to KE and
which extends above the uvula and below the
larynx. Draw a line through point F parallel
to KE and which intersects the line just con-
structed (point N).

0) Draw a line through point D parallel to KE and
which intersects the line constructed in the
preceding step (point 0).

p) Bisect EN (point P).

7. q) Bisect each of the angles which originate from
points I and K (/GLJ, /JID, /DKL, /LKK', /K'KM,
[ MKE) .

r) Bisect EP (point R).
s5) Bisect PN (point S).

t) Through points R, P, and S draw lines parallel
to KE.

8. u) Bisect the angle /IDK.

v) Number the parallel lines through points S, P,
and R as 1, 2, and 3, respectively.

w) Progressively number the lines radiating from
points I and K beginning with KE as number 4
and ending with IG as number 16. The line con-
structed in step u (by bisecting / IDK) is line
number 12 and replaces ID and KD.

x) Draw a short line from the tooth tip perpendic-
ular to AA'" (line number 17).

The final measurement grid is shown overleaf in figure 20 with the
construction lines removed. The measurements for characterizing vocal
tract shape were made along lines 1 through 16 as the distance betwegen
the articulators. Measurements for distances between the teeth were
made on a line (number 17) drawn in for the purpose (see step x).
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Figure 20. Radial measurement grid showing the two foci and the lines
along which displacements were measured (line number 18, for distance
between the lips, is not shown but is parallel to line 17).
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The interlabial measurements were simply the shortest distances between
the lips. The measure of larynx depth was made by drawing a tangential
line from the lowest point of the pharynx outline perpendicular to and
intersecting line ON. The value recorded for larynx depth was the dis-
tance between point O and this intersection. Two measures were taken
at the epiglottis: one for the back surface of the epiglottis and the
other for the root of the tongue anterior to the epiglottis. In the
present study the former measure is used for gridlines 4 and 5 while the
latter measure is used for gridline 6.

ANALYSIS OF THE DATA

A statistical analysis procedure known as PARAFAC was used on the
data measured from the X-ray negatives as described earlier. See
Harshman [1970, 1976] for a detailed discussion and explanation of the
PARAFAC procedure and Harshman, Ladefoged, and Goldstein [1977] for a
recent PARAFAC application to a description of tongue shapes for English
vowels. It is not the purpose here to explain the factor analysis pro-
cedure, but only to describe how it was used in the analysis of the Dho-
Luo vowel data. Toward that end there will be some discussion of the
PARAFAC procedure itself as well as appropriation and paraphrasing of
material from the three sources mentioned above.

The input to the factor analysis consisted of a file of deviation
values derived from vocal tract measurements and arranged by point of
measurement for every vowel for every speaker. These values are pre-
sented in appendix III. Principally, the values of the input data set
are the deviations of the tongue, measured at every gridline, for all
the vowels for each speaker from a reference line. This reference line
was calculated for each speaker by computing the average of the outline
of the tongue for all the vowels. But also included were additional
deviation values, for the distances between the teeth, between the lips,
and for the depth of the larynx, similarly computed from their average
distances. Thus there are nineteen measurement points of the vocal
tract in this study: the sixteen gridline points, the interlabial point,
the interdental point, and the point of measure of laryngeal depth.
These points of measure will henceforth be referred to as sections.
Note that these measurements (between the tongue and the surface of the
passive articulators) are a function of the vocal tract shape, rather
"~ than tongue shape as in the Harshman, Ladefoged, and Goldstein study,
and should not be confused with their measurements. This may explain
differences in results of the two studies. The implications of these
different approaches will be discussed later in chapter seven.

This PARAFAC analysis attempts to find the underlying factors of
vocal tract shape. These factors specify, among other things, patterns
of the shape of the vocal tract as used to distinguish the different
vowels of DhoLuo. The PARAFAC procedure will find a unique set of such
factors, assuming that all the speakers use the same underlying factors,
though in different proportions. PARAFAC attempts to find a set of fac~-
tors simultaneously for all speakers. Each factor consists of three
sets of numbers. The numbers assigned to the vocal tract sections define
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a particular vocal tract pattern. The numbers assigned to vowels repre-
sent the importance of that particular pattern in the configuration for
that vowel. The numbers assigned to the speakers indicate the degree
that each speaker uses that particular pattern.

If we define the three modes of the analysis to be vocal tract,
vowel, and speaker, then, given a one-factor solution, the input (meas~
ured as deviation values for all the vocal tract/vowel/speaker intersec-
tions) is modeled as the product of the loading values for these three
modes, plus a small error. As the number of factors is increased, so
that there are more factors to account for the same data, we can reason-
ably expect a higher correlation between this model of the data and the
actual data. Obviously, the more factors we use, the more we can account
for of the data; if eight factors were to be used, there would be one for
each vowel, for example. What we are seeking, however, is the best, or
true, number of factors to account for the data.

In order to determine this number, I considered the goodness of fit
for different numbers of factors extracted (or dimensionalities). Good-
ness of fit is not being used here in its strict technical sense, but as
a term for the correlation (squared) of the PARAFAC model of the data
with the actual data. A large improvement would be expected in this
goodness of fit with the addition of each factor that is meaningful. The
addition of nonmeaningful factors would improve the fit only a small de-
gree. Ideally a point would be reached after which the extraction of
each successive factor improved the fit by the same small amount. This
point would reveal the best number of factors, given a unique solution.

Uniqueness and ontogeny are additional criteria used in conjunction
with goodness of fit for determining the true number of factors. At each
dimensionality a set of solutions is run (usually six), each one starting
at a different random starting point. A set of solutions is comnsidered
to be unique if all the solutions match each other at convergence (this
term is defined in the next paragraph). If it can be shown at a given
dimensionality that there are multiple solutions, then the true number of
factors is exceeded. Ontogeny is an informal criterion, since it can not
be explicitly defined, which consists of comparing the factor loadings
through successive dimensionalities. If the analysis is at a point be-
yond the true number of factors, we can expect to find two nearly-identi-
cal factors accounting for the same information accounted for by one fac-
tor at a lower dimensionality, or alternatively, there can be two loading
colums which effectively cancel each other out mathematically, while the
other columns are comparable to a solution at a lower dimensionality.

The analysis began with an arbitrary set of vocal tract, vowel, and
speaker loadings which were randomly assigned by the computer. The pro-
gram then improved the fit of the modeled data to the actual data in
small iterative steps until an optimal solution was obtained. This point
was considered to be reached when the solution had stabilized to less
than a 0.17 change in the factor loadings over a span of thirty iterative
steps. At this point, which is called convergence, I noted the factor
loadings as well as the squared correlation of the model with the data.

On the few occasions when, even after many iterations, an optimal solution
was not reached, this fact was noted along with the correlation values.
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Chapter five: Number of factors

INTRODUCTION

In this chapter and the next I will present and discuss four differ-
ent analyses of the data from the viewpoint of determining the proper
number of factors -- or dimensionality —- to account for the data (this
chapter) and interpreting these factors in phonological or physiological
terms (next chapter).

Before performing these analyses I did a preliminary factor analysis
on the complete data set -~ that is, using data for all eight speakers
for the following five measurement areas: 1) the lower vocal tract or
pharynx (sections 1-4); 2) the upper vocal tract (sections 5-16); 3) the
teeth and lips (sections 17-18); 4) the depth of the larynx (measured a-
long line 19); and 5) the acoustic information provided by measurements
of the first three formant frequencies of the vowels. The values for the
teeth, lips, and larynx depth were reduced by a power of 4 and the for-
mant frequencies by a power of 7 to prevent them from distorting the re-
lationships among the vocal tract measures of the tongue. The results of
this preliminary analysis were fuzzy. It was difficult for some solu-
tions to reach convergence with these data and there was no clear indica-
tion of the proper number of factors for them. Because the speaker load-
ings were erratic, with occasional loadings of opposite sign, a possible
interpretation of these results was that some speakers consistently used
another factor in the production of their vowels or in some other way had
measurements that flattened the goodness of fit curve.

The four principal analyses that followed were restricted both with
respect to the vocal tract and the number of speakers; these restrictions
have yielded more interpretable results. Two of these analyses dealt
with the first two measurement areas mentioned above ~- the upper and
lower vocal tract -- while the other two analyzed only the upper vocal
tract. The purpose of this last restriction was to discover what contri-
bution, if any, may have been made by the first measurement area:’ the
pharynx. The last three measurement areas mentioned above will not be
included in this study. With respect to number of speakers, one analysis
of each type was done with six speakers and one analysis of each type was
done with four speakers. This can be pictured with the following 2 x 2
matrix.

6 speakers 6 speakers
sections 1-16 sections 5-16
4 speakers 4 speakers
sections 1-16 sections 5-16
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The one speaker with an incomplete set of X-rays and another speaker
whom we were unable to record had their data eliminated from the data set
in order to achieve a more reliable six-subject data base. (Missing val-
ues had been supplied for these subjects by averaging and interpolation.)
When our results were still unclear, we further reduced the subject popu-
lation by two speakers who each exhibited negative speaker loadings on
two occasions (at the 3-factor and the 4-factor degrees of dimensional-
ity). These were clear instances of speakers using factors differently.

Each analysis consisted of a set of solutions (usually six) which
Were run to comvergence, or to a point where a solution localized and
would not converge. The values of the correlations (r2) at these points
were noted and used as a measure of the goodness of fit between the actu-
al data and the solutions as modeled by the program. By plotting a graph
of the goodness of fit (that is, the r? values) we should be able to dis-
cern the true, or best, number of factors that account for the data.

In the hypothetical curve below, for example, we would conclude that
there are not more than four real factors, since above this number the
increase in the value of r% is a small steady increment indicative of the
improvement resulting only from the extraction of a larger number of fac-
tors (see Harshman, Ladefoged, and Goldstein [1977]).

Correlation squared
values at convergence

b (2

1 1 1 1 ! y 1, Dimensionality
1 2 3 4 5 6 7 (# of factors)

In this curve there is a clear bend at 4 factors. This indicates
that there should be four major systematic components in the data. These
components should be interpretable from the factor loadings. 1If there is
not a clear bend in the r? curve, this could result from any of the fol-
lowing three sources: 1) a lot of small influences, 2) data which are not
well-suited for the factor analysis, or 3) a high noise level. Noise can
be defined as random or unsystematic deviations of the measurements from
their true underlying targets -- such deviations as those caused by meas-
urement errors, subject sloppiness, image foreshortening, and so forth.

48



SIXTEEN-SECTION ANALYSES

For these analyses only sections 1-16 were considered, comprising

both the upper and lower vocal tract, but excluding the teeth, lips, and
measure of larynx depth.

1.  Six-subject analysis. For this analysis the subject population was
reduced to six, as mentioned in the first paragraph on page 48. For
the first 5 degrees of dimensionality six solutions were performed from
random starting points. The r’ values given are the highest figure at-
tained for the solutions being discussed. If two solutions are corres-—
pondingly similar or identical in their values and directions, they are
said to match each other or to be matching solutions.

1-factor solutions: All six solutions converged (r2=0.6238) and all
solutions have loading patterns that match each other.

2-factor solutions: All six solutions converged (r2=0.7396). A1l
of the solutions have matching vowel loadings, though two of the solu-
tions differ inexplicably from the other four in terms of the speaker and
vocal tract loadings. The six solutions are accepted as similar, in
spite of this discrepancy.

3-factor .solutions: Four solutions converged (r?=0.8246) and have
matching loadings after 420 iterations. The remaining two solutions
matched the first four but did not converge after more than 1600 itera-
tions (r2=0.8211).

4-factor solutions: Five solutions converged (r?=0.8787) and have
matching vowel loadings. Two of these match for all loadings and con-
verged early (640 and 800 iterations) while the remaining three match
each other, having converged after 1000 to 1500 iterations but with
slightly better fits than the other two. The remaining solution does
not match any of the others and failed to converge after more than 2000
iterations when its goodness of fit had reached an r? value of 0.8757.

5-factor solutions: At this dimension there are multiple solutions,
none of which reached our criterion for convergence. There are three
matching solutions after 200-390 iterations at the best goodness of fit
(r2=0.9034), two matching solutions at 740 iterations with a slightly
poorer fit (r2=0.9018). The nonuniqueness of the solutions at five fac-
tors tells us that this number of factors exceeds the true number. None-
theless, several solutions at higher dimensionalities were run in order
to get values for the correlation of the modeled solution to the actual
data. This provides us with the amount of improvement that can be
achieved simply by the addition of another factor to account for the
same data. ‘

6-factor solution: One solution was run to convergence after 640
iterations (r4=0.9218).

7-factor solutions: Two solutions were run for 160 iterations af-
ter which a squared correlation value of 0.9405 was achieved.
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The goodness of fit curve for these solutions is presented in fig-
ure 21. The ordinate indicates the squared correlation (r?) values,
which are also presented as numerical values directly below the respec-
tive dimensionality numbers on the abscissa. On the line below these r2
values the differences between the values at adjacent dimensionalities
are presented. These serve as useful indicators of the amount of im-
provement achieved between successive numbers of factors.

! S ‘ T
100 + Goodness of fit
(Correlation squared)
9 I~
90 -
8 I~
80 -
75 -
70 -
65
¥ v 5 . N . ' Dimensionality
1 2 3 4 5 6 7 (# of factors)
0.6238 0.7396 0.8246 0.8787 0.9034 0.9218 0.9405 Correlation squared (r?)
0.1158 0.0850 0.0541 0.0247 0.0174 0.0187 Difference in r?

Figure 21. Goodness of fit curve: 6 subjects, 16 sections.

In looking at this curve we note that after four factors it tends
to become a gradual straight~line slope that indicates the improvement
yielded from the extraction of additiomal factors. However, there is
no distinct bend in this curve to indicate where substantive improve-
ments leave off and improvements which result from the use of more fac-
tors remain. One could argue that this point is at either three or four
factors. We know that five factors is too many, because of a multiple
nonunique set of solutions at that dimensionality. Selecting four fac-
tors looks inviting because of the severe drop in improvement between
3 and 4 factors and 4 and 5 factors; yet, there is no distinct bend.

It could be the case that four factors are too many, or even that
three are. To determine this, we must consider the criterion of ontoge-
ny; that is, we must check the solutions at different dimensionalities
against each other to see if some reql factor might not be represented
as two false factors which are complementary subtotals of the real fac-
tor. This type of comparison will be made in the next chapter.

Another approach would be to reduce the number of speakers further

to see if this might not produce clearer results. This approach was
tried here, with the reduction of the number of speakers to four.
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2. Four-subject analysis. This analysis was done on the same data but
with that of the two most divergent speakers of the six-subject analysis
eliminated. These speakers were judged to be divergent by comparing
their speaker loadings with those of the other speakers. In the four-
factor solution, for example, these two speakers had speaker loadings
which were opposite in sign from the other four speakers for one of the
factors. For that factor of the solution, which hopefully would be cor-
related to a physiological or articulatory parameter, these two diver-
gent speakers were behaving in a contrary manmer to all the others.

The analysis was performed on the four 'consistent” speakers, as in
the preceding section. Six solutions were run from random starting
points for 1, 2, and 3 factors; seven solutions were run for 4 factors;
for 5 factors there were five solutions run; while only one solution a-
piece was done at 6 and 7 factors. These solutions are now discussed.

1-factor solutions: All six solutions converged (r2=0.6979) and all
solutions have loading patterns that match each other.

2-factor solutions: All six solutions converged (r2=0,8169) and all
solutions match each other.

3-factor solutions: Five solutions which have matching loading pat-
terns converged (r4=0.8827). One nonmatching solution failed to converge
after 1100 iterations (r2=0.8826). The vowel loadings for this solution
are stable, but the speaker and tract loadings are trading off against
each other (as one increases, the other decreases in value). This solu-
tion was unable to reach convergence for this reason.

4-factor solutions: Multiple nonmatching solutions resulted at this
dimensionality. There were three matching solutions where two of the
factors converged, but where the other two traded off (r?=0,90766). How-
ever, there is one solution with a slightly higher squared correlation
(r2=0.90767) which had not converged after 1700 iterations. The remain-
ing three solutions are all uniquely nonmatching, have failed to converge
after many iterations (1420-1700), and have poorer fits than the first
four mentioned solutions (0.9052 < r? < 0.9066) .

I conclude from this that four factors are more than the real number
of factors to account for the data, In order to determine the improve-
ment in fit from merely increasing the number of factors, some solutions
were done at higher dimensionalities, however.

5-factor solutions: Four solutions matched but did not converge
after 1400 iterations (r?=0.9289); additionally, there was one nonmatch-
ing solution stuck at a local optimum (r2=0.9276).

6—factor solution: One solution was iterated until the r2 value
failed to improve substantially with continued iterations (r2=0.9446).

7-factor solution: One solution was iterated until the correlation
squared failed to improve substantially with continued iterations. This
was at an r2 value of 0.9625.
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The curve showing the r? values for different numbers of factors

for these four speakers is shown in figure 22 as a solid line. For pur-
poses of comparison, the goodness of fit curve for the comparable six-
subject analysis is included on this graph as a broken line. The numer-
ical values below the abscissa refer to the four-subject analysis. As in
figure 21, these numbers are the respective r? values at each dimension-
ality, with the differences between each successive pair of values ap-
pearing on the line below.

100+ "Goodness of fit"
(Correlation squared)

95+
90+
85+
804
754
704
65+
T ! 1 ' ' ' + . Dimensionality
1 2 3 4 5 6 7 (# of factors)
0.6979 0.8169 0.8827 0.9077 0.9289 0.9446 0.9624  Correlation squared (r?)
0.1190 0.0658 0.0250 0.0212 0.0157 0.0178 Difference in r?

‘Figure 22. Goodness of fit curve: 4 subjects, 16 sections. The broken
line represents the six-subject analysis curve (cf. figure 21).

We see here that with fewer, but more uniform, speakers we get a
better goodness of fit. What is more striking is that now there is a
distinct bend in the curve at 3 factors. After this point the gentleness
of the slope suggests only the steady increment in fit that we expect
with the use of additional factors fitting the noise (and no substantive
improvement). Having a nonunique solution at 4 factors substantiates
that there cannot be more than three factors for this analysis.

In the next chapter we shall attempt to interpret these three fac-
tors in articulatory or physiological terms, since, on the basis of the
goodness of fit curve aloné, there is reason to believe that these are
true and substantive factors. It remains to be explained why there is
no clear bend in the r2 curve for the six-subject analysis. A comparison
of the curves for the two analyses (see figure 22) shows that they are
basically parallel to each other, except that the fit at 3 factors has
been suppressed for the six-subject amalysis.
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This should not surprise us when we recall that the difference
between these analyses is that two speakers with an aberrant speaker
loading in the three-factor six-subject solution were eliminated to
create the data set for the four-subject analysis. It suggests that
the contrary behavior of these two subjects may have suppressed the
fit at 3 factors and deprived the fit curve of a clear bend. It also
raises the question: if two speakers out of six use one vowel production
parameter in an opposite way to the other speakers, how do they maintain
the phonological distinctions between the vowels? This interesting and
important question will be raised again in tte final chapter, at which
time we shall be better able to discuss it.

TWELVE-SECTION ANALYSES

The following two analyses were made with the data set reduced to
eliminate the area of the pharynx (sections 1-4). My hypothesis was that
if one of the factors was physiologically correlated to pharyngeal acti-
vity, as we might reasonably expect from the discussion on page 6, then
an analysis restricted to the upper vocal tract would extract one less
substantive factor than an analysis of all sixteen vocal tract sections.
If this hypothesis is supported, we would predict multiple, nonunique,
solutions at 3 factors or beyond and a distinct bend in the r’ curve at
2 factors.

The results of these two analyses are sketched below; one analysis
is of the six-subject population and the other is of the four-subject
population. Since it had already been determined that there can be no
more than four substantive factors, just a few solutions were run beyond
this dimensionality and only to determine the goodness of fit.

1. Six-subject analysis. This analysis is parallel to the one conducted
for sixteen sections and the six subjects are identical.

1-factor solutions: All solutions match and converge (¥2=0.6965) .

2-factor solutions: All solutions match and converge (r2=0.8032).

3-factor solutions: The six solutions here apparently form three
matching pairs of solutions -- with a small range in their correlation
squared values (0.8686 < r? < 0.8696).

4-factor solutions: All six solutions converged and match each
other (r2=0.9312).

5-factor solutions: Two matching solutions were run until their
correlation squared values stabilized (r2=0.9495) .

6-factor solutions: Two nonmatching solutions were run to yield a
goodness of fit of r%=0.9629.

7-factor solutions: Two similar, but nonmatching, solutions were
run to yield a goodness of fit of r?=0.9718.
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In figure 23, the goodness of fit curve is displayed for this analy-
sis, along with the r? values and difference in r? values between adja-
cent dimensionalities. The goodness of fit curve for the l6-section
analysis is included as a broken line for the purposes of comparison.
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] ' ] ! 1 ' 1 Dimensionality
1 2 3 4 5 6 7 (# of factors)
0.6965  0.8032  0.8696  0.9312  0.9%95  0.9629  0.97i8 Correlation squared (r?)
2

0.1067 0.0664 0.0616 0.0183 0.013% 0.0089 Difference in r

Figure 23. Goodness of fit curve: 6 subjects, 12 sections. The brecken
line represents the sixteen-section analysis curve (cf. figure 21).

The goodness of fit curve for the twelve-section solution is very
similar to the curve for the sixteen-section solution. It has a better
fit, of course, because there is less data to be accounted for. Like
the sixteen-section solution, it has no clear bend, though where it has
a tendency towards one, at 2 factors and 4 factors, it can be argued
that this is rather a suppression of the fit at 3 factors. This will
be supported when we compare the two twelve-section curves (see figure
24).

The hypothesis that I advanced at the beginning of this section is
clearly not supported.

2. Four-subject analysis. This analysis is parallel to the one conduc-
ted for sixteen sections and the four subjects are identical.

1-factor solutions: All solutions match and converge (r2=0.7694).

2-factor solutions: All solutions match and converge (r?=0.8681).

3~factor solutions: After 890 iterations only one factor achieves
convergence. The other two factors seem to "rotate" around each other:
as one increases in value, the other will decrease proportionally. The
highest squared correlation value reached was r2=0.9309.
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4-factor solutions: Four solutions were run at this dimensionality
reaching a goodness of fit of r2=0.9481.

5-factor solutions: Three solutions were done, but failed to con-
verge and do not agpear to match after 1000 iterations. The goodness of
fit achieved was r<=0.9607.

2

6-factor solutions: Two solutions were dome reaching an r* value

of 0.9747.

7-factor solution: The one solution done at 7 factors achieved an
r? value of 0.9828.

The goodness of fit curve for these solutions is presented below in
figure 24, where it is compared with the same analysis done with six
speakers. This upper vocal tract analysis (12 sections) is similar to
the sixteen-section analysis in that the goodness of fit curves for the

- six-subject solutions have a bend in the curve at 4 factors while the
curves for the four-subject solutions have a bend at 3 factors (cf. fig-
ure 22).. This argues for a differential use of the factors by the speak-
ers and shows that if there is a separate factor for pharyngeal activity
it is not confined to the pharyngeal area but manifests itself elsewhere
within the vocal tract.
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0.T769k 0.8681 0.9309 0.9481 0.9607 0.9747 0.9828 Correlation squared (r2)
0.098T 0.0628  0.0172 0.0126 '0.0lllO 0.0081 Difference in r?

Figure 24. Goodness of fit curve: 4 subjects, 12 sections. The dotted
line represents the comparable six-subject analysis curve.
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The four goodness of fit curves for these analyses are presented
together in figure 25. It should be clear from this graph that the .
four-subject analyses have better fits than their six-subject counter-—
parts and that there is a clear bend at 3 factors for them (these four-
subject curves are presented as solid lines). It should also be evi-
dent from this figure that there are no substantive factors beyond the
4 factor dimension.
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Figure 25. Goodness of fit curve: the four analyses compared. Solid
lines represent four-subject analyses; broken or dotted lines represent
six-subject analyses. The twelve-section analyses (upper vocal tract
only) are shown with circles while the sixteen-section analyses are
shown with dots (cf. figures 21-24).
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MEAN SQUARE ERROR

It might be useful to look at the difference in the mean square
error values between adjacent dimensionalities as well as the difference
in the correlation squared values between adjacent dimensionalities.

The latter figures have already been presented as a part of the goodness
of fit figures (figures 21-24) but will be tabulated here so that the
values for all the analyses can be viewed together. These values do not
normally provide us with any new information since they are mathemati-
cally related to the correlation values (only in the case of having one
or two isolated points of disproportionately high value can we expect
the mean square error not to have an inverse relationship to the corre-
lation squared). They are included here, though, because they do pro-
vide another perspective for deciding at what dimensionality there are
no further substantive factors extracted by the analysis.

Table 3. Difference in mean square error values between adjacent dimen-—
sionalities. The zero dimension is the variance of the data.
Dimensionality
Analysis 0-1 1-2 2-3 3-4 45 5-6 6-7
6'16"  0.1445 0.0268 0.0197 0.0125 | 0.0057 0.0054 0.0043
6'12" 0.1809 0.0277 0.0173 0.0160 | 0.0048 0.0034 0.0022

4'16" 0.1667 0.0284 0.0157 | 0.0060 0.0048 0.0041  0.0043
4'12"™  0.2007 0.0257 0.0164 | 0.0045 0.0033 0.0036 0.0021

Table 4. Difference in correlation squared values (r?) between adjacent
dimensionalities.

Dimensionalilty

Analysis 1-2 2-3 3-4 4<5 5~6 6-7
6'16" 0.1158 0.0850 0.0541 | 0.0247 0.0184 0.0187
6'12" 0.1067 0.0664 0.0616 | 0.0183 0.0134 0.0089
4'16" 0.1190 0.0658 T 0.0250 0.0212 0.0157 0.0179
4'12" 0.0987 0.0628 | 0.0172 0.0126 0.0140 0.0081

These two tables clearly show the differences between the analyses
with six subjects and those with four. A line has been put into the
tables to separate the substantive from nonsubstantive differences.
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CONCLUSIONS

Assuming that the solutions discussed in this chapter are in fact
valid solutions that truly model the data, the following conclusions can
be drawn based on the values for goodness of fit (defined as the squared
correlation values) of the modeled data to the actual data at different
degrees of dimensionality (number of factors extracted by the analysis)
and on values for mean square error of the solutions:

1. My hypothesis suggesting that a smaller number of factors can
account for the upper vocal tract than for the entire vocal tract is not
supported.

2. There cannot be more than four true factors for any of the six-
subject analyses nor more than three true factors for any of the four-
subject analyses of our data set.

3. There is a better "fit" and a smaller number of factors is
indicated for the analyses with the four "most reliable' speakers than
for the larger '"noisier" analyses with six speakers.

4. This suggests that what was selected against by weeding out
"divergent" speakers was the use of an additional factor.

5. This also suggests variability in the use of the factors so

that an analysis of speakers at large could easily obscure the contribu-
tions of individual factors.
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Chapter six: Interpretation of factors

INTRODUCTION

We saw in the last chapter how well our modeled solutions fit the
data with the extraction of a different number of factors. With a speak-
er population of four, no more than three real factors could be extract-—
ed. It appears then that there may be as many as four different factors
used in the production of DhoLuo vowels, but that different speakers use
different factors or use the factors to different extents. The extrac-—
tion of an extra factor was required with six speakers to resolve .these
idiosyncracies.

All of the factors have been devoid of meaning in the discussion
so far. 1In this chapter we will try to provide them with meaning by
interpreting them in articulatory or physiological terms, and, where
possible, relating these to phonological distinctions. We will do this
by discussing the sixteen-section analyses rather thoroughly. Little
was gained by the elimination of the pharyngeal measures in the twelve-
section analyses except for being able to note the suppression of an
otherwise clear bend in the curve (this, of course, indicates a contri-
bution from the pharyngeal area in the three-factor solution) -- the
better goodness of fit achieved by this solution could be expected from
having a smaller body of data accounted for by the same number of fac-
tors. Assume then that what interpretations and claims are made for the
sixteen—-section analysis hold also for the corresponding twelve-section
analysis, unless special mention is made to the contrary.

T will present facsimiles of actual factor loadings for the solu-
tions under discussion, as well as analogical representations for them.
These representations provide a very straightforward way to understand
the significance of the loadings. Hopefully, they will make it easy to
see the complementary gestures that are involved in vowel production in
DhoLuo. For the three modes in the tables, Mode A is for the speaker
loadings, Mode B for the vowel loadings, and Mode C for the vocal tract
loadings. The numbers in Mode B represent the vowels as follows: 1= i,
2= 1, 3= e, 4= ¢, 5= 0, 6= 3, 7= u, and 8= ©. O0dd numbers are for vowels
of one harmony category (the "close, breathy" set) and even numbers rep-
resent vowels of the other harmony category (the "open, creaky" set).

The numbers in Mode C correspond to the sections of the measurement grid
developed in chapter 4 (see figure 20, page 44). 1In the analogical rep-
resentations, the speaker and vowel loadings are presented as displace-
ments from zero along a line; the vocal tract tracings are presented on
a midsagittal cross section display and, in some cases have been re-
scaled to fit into the display. Where this has been done the coefficient
of rescaling is noted on the graph. In appendix IV a complete set of
representative factor loadings up to four factors is available for in-
spection.
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SIX-SUBJECT SOLUTION

The solution to be discussed first is at four factors. We deter-
mined in the previous chapter that this is the largest number of factors
that can be considered to account for the data for two reasons. The
first is that beyond this point there is no meaningful improvement in
the correlation of the modeled data to the actual data. Secondly, we
get an obviously nonunique solution at five factors.

It also appears, at first glance, that the four—factor solution is
nonunique, but this is not obvious and warrants careful inspection --
especially since a fourth factor contributes meaningfully to the goodness
of fit curve. Recall that two solutions converged early (within 800
iterations) and match completely. Another three solutions took twice as
long to converge and match each other, but only match the first two so-
lutions with respect to the vowel loadings. The lone remaining solution
did not converge (after 1480 iterations) and doesn't match any of the
others. Let us look first at this aberrant solution, which is presented
in table 5.

The striking thing that one notes here is the similarity between the
two outside columns. The only major difference is in the sign of Mode C.
Is this really a three-factor solution masquerading as a four-factor so-
lution, but with one factor split and presented as two columns? If we
compare it to the three-factor solution (cf. table 8), it is clear that
these solutions at different dimensionalities do not agree with each oth-
er; that is, the two inside columns of the four-factor solution -- the
nonsuspicious ones -—- do not agree with any two of the colummns of the
three-factor solution. Could it be a two-factor solution, then? This
seems a likelihood; since there 'is complementary polarity for Mode C of
the two similarly patterned columns, the product of all three modes for
one factor will essentially cancel out the product of the other factor.
The remaining two columns, however, do not look like likely candidates
for the factors of a two-factor solution: one of them has [u] agreeing
with [i], [i], and [e], while for the other column [o] is agreeing with
these. For both of them [u] and [o] are very far apart spatially. What-
ever these two columns are accounting for does not seem to have much ba-
sis in reality. We can only conclude from this that if this aberrant so~
lution is a four-factor solution it somehow got hung up at a local opti-
mum and will not converge or reach agreement with the other solutioms at
this dimensionality. In support of this conclusion is the observation
that the r? value of this aberrant solution is considerably lower than
those of the other four-factor solutions. Whether this solution is a
real four-factor solution or not, it can clearly be dismissed from con-
sideration.
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Table 5.

Factor loadings:

MODE A: SPEAKERS

(o) WV, s R GRS N

MODE B:

[i]
(]
[e]
[e]
(o]
[2]
[ul]
[o]

% co~NNOUBPWNH
J
td
(@]

Ne o RN e MU RE S VB

1.394
.071
.023
. 7734E-01
.178
.6851

OH O

VOWELS

0.6449
1.401
0.7393
0.9644
-0.7895
-0.5863
-1.611
-0.7639

: VOCAL TRACT

-0.7797
-0.1670
0.4869
0.8958
0.7943
0.3841
-0.1304
-0.1017
~0.5044
-1.356
-1.819
-2.090
-2.190
-1.953
-1.543
-1.278

Four-factor aberrant solution.
squared= 0.8756670 (converged @ 2000 iterations).

0.2435
0.5281
-0.5836
-2.203
0.4463
0.5173

1.281
1.295
0.3300
-0.2731E-01
-1.408
-1.193
-0.8895
0.6123

SECTIONS

0.6653E-01
-0.1011E-01
-0.4124E-01
-0.1333
-0.2551
-0.2508
-0.2105
-0.2074
-0.1632
-0.5012E-01
0.8970E-01
-0.1973
0.2275
0.2247
0.1983
0.1849

0.3467
1.264
0.1703
0.6007
1.596
1.159

1.805
0.7130
0.2873
-0.4949
-0.6536
-1.452
0.7191
-0.9249

0.2212
0.1898
0.2031
0.2452
0.4808
0.5053
0.5137
0.4225
0.2792
0.2418
0.1160
- 0.1480E-01
-0.7231E-01
-0.1308
-0.1734
-0.1630

1.373
1.090
0.9766
0.2479
1.181
0.7185

0.4319
1.319
0.6529
1.059
-0.6900
-0.1977
-1.876
-0.7003

0.5792
0.9377
-0.6048
-1.077
-0.8608
-0.3897
0.1786
0.1473
0.5872
1.383
1.760
1.946
1.918
1.621
1.211
0.9326

Correlation

E-02

Let us look now at the four-factor loadings for the two sets of so-

lutions which reached convergence.
solution from each of the two internally matching sets.

Sin

Tables 6 and 7 give a representative

ce the order

of the columns and the polarity of any two of the modes is arbitrary —-
all that matters is that the sign of the triple product is maintained —-
these may have been altered to maximize the similarity between these two

solutions.

is for all five of these four~factor solutions.
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Table 6. Factor loadings: A converged four-factor solution.
squared= 0.8787369 (@560 iteratioms). =~

MODE A: SPEAKERS

[o )NV, I OV N

&
=)
=
w

[i]
[c]
[e]
[e]
[o]
[o]
ful
[o]

% e B e N N
=)
=
O

wo~NOTULEWNE

(@ eNoNeNoNe)

.3341
L2146
.3714
.1302
.2931
.1160

+ VOWELS

.5522
.309
.8625
.115
.7466
.6868
.393
.012

: VOCAL TRACT
.8771

-0.5098

-1

.1369
.1930
.4189E-01
.4166E-01
.1380E~-01
.1059
.6676E-02
.5099
.9239
.278

.759

-1.
-1.
-1.

872
701
632

OCOO0OOOO

SECTIONS

0.
0.
0.
.3553
446
.702
.875
.568
.275
.256
L7952
.3935
L1494
.9848E-01
.3228
.3717

CO O EEMERFRFO

.804

.9673
.3061
.5748
.8559
.519

.3455
L4742

6351
4030
2825

.3726E-01
.2156
.1490
.4843
.3636
.2106

0.1219
0.2321
-0.5466E-01
-0.1814
0.1811
0.1659

0.9523
-0.2888
0.2265
-0.2428
0.1794
-0.9065
1.778
~-1.699

0.6478
0.9746
1.036
1.714
1.675
1.426
1.013
0.9577
0.3286
0.8152E~-01
-0.3600
-0.6600
-0.9246
-0.9463
-0.9248
~0.7419

0.2636
0.2045
0.2855
0.3313
0.2522
0.1527

1.057
0.2989E-03
-0.1271
-1.128
-0.3834
-1.591
1.612
0.5635

-0.5200
-0.3497E-01
0.6382
0.9095
0.6158
0.1924
-0.2654
-0.2928
-0.6523
-1.376
-1.619
=-1.703
-1.650
-1.367
-0.9747
-0.7360

Correlation

On scrutinizing these solutions one finds that as different as the
Mode A and Mode C loadings are, the quantitative order is constant from
the loadings of one column to the loadings of the respective column of

the other solution.

For example, the speaker loadings for the first

factor are ranked 3, 1, 5, 2, 4, 6 for both of these solutions. It is
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Table 7.

Factor loadings: Another converged four-factor solution.

Correlation squared= 0.8787376 (@ 860 iterations).

MODE A: SPEAKERS

OO WN
r—
™
et

MODE C:

oSN ULPWN

1.275
0.8191
1.417
0.4969
1.119
0.4426

VOCAL TRACT

-0.2298,
~0.1336
-0.3588E-01
-0.5056E-01
0.1098E-01
0.1092E-01
0.8622E-02
0.2776E-01
-0.1746E-02
-0.1336
-0.2421
-0.3349
-0.4608
-0.4904
=0.4458
=0.4275

0.1316
0.7612
0.5216
1.710
1.284
0.7436

1.804
0.9673
0.3061
~0.5748
-0.8559
-1.519
0.3455
-0.4742

SECTIONS

0.1798
0.1141
0.7999E-01
0.1006
0.4096
0.4821
0.5310
0.4439
0.3609
0.3557
0.2252
0.1114
0.4230E-01
-0.2788E-01
-0.9140E-01
-0.1053

0.7352
1.400
.3297
.094
1.092
1.001

0.9523
-0.2888
0.2265
-0.2428
0.1794
-0.9065
1.778
.699

L1074
.1616
L1717
.2841
.2778
.2364
.1680
.1588
.5448E-01
.1352E-01
.5969E-01
-0.1094
-0.1533
-0.1569
-0.1533
-0.1230

|
COOOCOCOOO0OO0O0OO0

1.035
0.8026
1.121
1.300
0.9898
0.5994

1.057
0.3021E-03
-0.1271
-1.128
-0.3834
-1.591
1.612
0.5635

-0.1325
-0.8910E-02
0.1626
0.2317
0.1569
0.4903E-01
-0.6738E-01
-0.7458E-01
-0.1662
-0.3505
-0.4125
-0.4338
-0.4205
-0.3482
~0.2483
~0.1875

similarly true for all of the loadings that their rank orders are con-
stant with those of their counterpart columns in the other solutions.
These solutions agree with respect to their r? values to five decimal

places.

It seems that all five of these solutions are making the same

account of the data, but that some of them vary by a multiplicative
coefficient (whose presence I cannot explain).
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In some special sense then, all five of these converged solutions

are the same.
four—-factor unique solution.

We can claim for all intents and purposes that we have a
Having determined this, let us now look at

figure 26 to see the amnalogical répresentations of these four factors.
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Figure 26. Analogical representation of a unique four-factor solution

(six speakers, sixteen sections).
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The vowel loadings for the first factor (counting the factors left
to right, top; them left to right, bottom) very decisively separate the
front vowels from the back vowels: all of the front vowels are opposite-
ly signed from all of the back vowels and the distance between the two
nearest opposing vowels in this respect, [i] and [o], is greater than
the distance between any two vowels of like sign. No other phonological
claim can be made for this factor. Most of the activity for this compo-
nent is with the front of the tongue. Let us label this factor FRONT/
BACK.

The second factor is not quite so clear. The major activity of the
tongue is in the region of the soft palate and upper pharynx. The vowel
loadings seem to indicate something like what is traditionally called
vowel height, but note that there is also a pairwise distinction in
harmony class and a front/back distinction within the height moieties.

The third factor shows considerable activity in the pharynx as
well as somewhat less activity of the front of the tongue. The vowel
loadings have all the "breathy" vowels distinct from all the "creaky"
ones. It doesn't appear that any other phonological claim can be made
for this factor, but note how extremely this factor separates the high
back vowels, [u] and [eo]. Let us call this factor TONGUE ROOT.

Also note that for this factor there are two speakers, 3 and 4, who
behave in a way coptradictory to the other four. As was evident from
the data in chapter 3 (pages 33 and 36), these two speakers differ from
the others in the relative pharynx width for the high vowels. (These
same speakers are divergent in the three-factor solutions also, but.each
one for a different factor). On the basis of this contradictory behav-
ior, these two speakers were the ones eliminated from the data set when
it was reduced to the four most "reliable" speakers.

The last factor has some activity above and below the epiglottal
area, but mostly has activity in the palatal area. The vowel loadings
indicate a height distinction. Both this factor and the second distin-
guish for height and maintain a pairwise distinction for harmony class.
We can only determine this by the vowel loadings and would be hard
pressed to discern this from the vocal tract displacements.

It is instructive to plot each one of these vowel loadings against
every other one. This is accomplished overleaf, in figure 27.
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Figure 27. Vowel loading graphs (4 factors, 6 speakers, 16 sections)
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In looking at these graphs we note that the 1 vs. 4 plot provides
us with a more traditional distribution of the vowels than the 1 vs. 2
plot. The 1 vs. 2 plot has the back vowels lower than we expect them
to be in relation to the front vowels from a traditional phonological
view. However, this plot gives a better picture in articulatory terms
(for examples of this in Ngwe see Ladefoged [1971, p. 68] and in English
see Ladefoged [1975, p. 13]). If we presume that there are four real
factors, however, then we must consider both factors 2 and 4 to contri-
bute to what is traditionally called height. The similarity between
these two factors is evident from the 2 vs. 4 plot, in which all eight
vowels are more nearly on a straight line than in any of the other plots.

The three-factor solution may shed some light on this problem of
having two similar components. Table 8 provides us with the factor
loadings for the three~factor unique solution and figure 28 gives us the
analogical representation.

Table 8. Factor loadings: Three-factor solution. Correlation squared
= 0.8246210 (@ 410 iterations).

MODE A: SPEAKERS

1 1.616 1.029 -0.8624
2 0.7367 1.326 0.2436
3 1.443 0.4468 -0.3236
4 -0.3714 0.4038E-01 2.078

5 0.7645 1.233 0.7943
6 0.2034 1.210 0.3768
MODE B: VOWELS

1 [i] 1.167 1.332 1.609

2 [+] 0.1300 -1.224 1.365

3 [e] 0.7750 0.3767E-01  0.4412
4 [e] 0.4641 -0.7943 -0.2662
5 fo] -0.9624 -0.1413 -1.026

6 [o0] -1.455 -1.285 -1.583

7 [u]l -0.6386 1.799 -0.1405
8 [e] -0.7141 -0.8178 -0.2582

MODE C: VOCAL TRACT SECTIONS

1 -0.1751 0.1745 ~0.9109E-05
2 -0.9694E-01 0.2188 0.7848E~02
3 -0.4953E-02  0.2993 0.3692E-01
4 -0.2145E~01  0.4183 0.8870E-01
5 0.1784 0.4407 0.3499
6 0.2118 0.3530 0.3994
7 0.2246 0.2456 0.4199
8 0.1966 0.2162 0.3533
9 0.1402 0.4081E-01  0.2744
10 -0.7563E-02 -0.5999E-01 0.1874
11 ~0.1699 -0.1454 0.1899E-01
12 -0.3034 -0.1903 -0.1229
13 -0.4494 -0.1992 -0.2091
14 -0.5031 -0.1729 -0.2585
15 -0.4798 -0.1729 -0.2705
16 -0.4729 -0.8530E-01 ~0.2675
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Figure 28. Analogical representation of a unique three-factor solution
(six speakers, sixteen sections). Compare with table 8.

Factor 1 again is easily isolated as FRONT/BACK. This factor has
frontal activity like its four-factor counterpart, but also has a little
bit of the second~factor upper pharyngeal activity which is present in
its four~factor counterpart.

Factor 2 is also easily identified. This is what we labeled TONGUE
ROOT, however it is not as good an indicator here as it is at 4 factors
in that all the vowels of one category are not separate as a group from
all the vowels of the other category. Note that the speaker loadings
have the same rank order on the solutions of different dimensionality,
but that in this three-factor solution speakers 3 and 4 are not aberrant.
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It is factor 3 which has two aberrant speakers. It also has an un-
likely distribution of vowel loadings for what we would expect to be the
HEIGHT factor. This factor could almost be a front/back parameter. In
the four-factor solution the second factor seems the more likely candi-
date to be ontogenetically related to this that the fourth factor does.
This is elucidated by the person loadings.

Neither of these last two factors is as clean as we would like it
to be. In fact, as may be seen from the two~dimensional graphs for the
vowel loadings in this three-factor solution (see figure 29), all three
factors are somewhat similar. The vowel [o] has the lowest loading on
all three factors. These factors are more difficult to interpret than
the four factors discussed previously. The four-factor solution is
clearly superior. We will return to this point momentarily.

2’ sy

el

» €

Figure 29. Vowel loading graphs (3 factors, 6 speakers, 16 sections)
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When the data are transcribed in terms of two factors (see figure
30, below) we still have a factor that separates .front vowels from back
vowels very strongly. In fact this FRONT/BACK component is so similar
between the 2-factor and 3-factor solutions -- the vowel loadings are
virtually identical —- that we can claim that factors 2 and 3 of the 3-

factor solution can be derived from the other, the second, factor of the
2-factor solution.
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Figure 30. Analogical representation of a unique two-factor solution
(six speakers, sixteen sections).

This second factor cannot be described in terms of any single pho-
nological parameter —- although it does maintain a pairwise distinction
for phonological vowel harmony. By ascribing greater height to [0] than
to [o] it fails to maintain a phonological height distinction. These
two factors are plotted against each other in the graph of figure 31.
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Figure 31. Vowel loading graph (2 factors, 6 speakers, 16 sections).

This graph clearly shows the ability of the first factor in separa-
ting the front vowels from the back vowels. The second factor, however,
cannot be interpreted in terms of height (because of its inability to
maintain the proper relationship between [0] and {®]) nor in terms of
vowel harmony (except in a pairwise fashion). Perhaps this confusion
would be resolved if we used a smaller population where we controlled
for divergent behavior of some of the speakers. Let us consider the
analysis done with the four most "reliable" speakers.

FOUR~SUBJECT SOLUTION

We have seen so far with our six-subject solution that there is not
a well-defined bend in the goodness of fit curve nor is interpretation
of the factors in phonological terms obvious. With the exception of a
clear FRONT/BACK parameter, interpretation of the factors is complex
(and, in some cases, capable of multiple interpretations). This is fur-
ther complicated by the presence of five negative person loadings at
substantive dimensionalities. Four of these instances of contrary
speaker behavior can be attributed to two speakers. I felt justified
in eliminating the data for these two speakers and reanalyzing the
remaining data, presuming that the analysis was being forced to go to a
higher number of factors to account for this idiosyncratic behavior.
When this was done a substantial improvement in the fit and a well-
defined bend in the goodness of fit curve at 3 factors resulted.
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The analogical representations and vowel loading graphs for the
three— and two-factor solutions will now be presented and discussed.
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Figure 32.

Analogical representation of a unique three-factor solution
(four speakers, sixteen sections).

72



‘e

*0

ep ©

Figure 33. Vowel loading graphs (3 factors, 4 speakers, 16 sections)

We see here that there is a discrete separation of front vowels
from back vowels for factor 1. No other phonological correlate can be
attributed to this FRONT/BACK factor.

The second factor provides a discrete separation of the vowel har-
mony classes, so it corresponds to the TONGUE ROOT factor of other solu-
tions. This factor can also distinguish for height within the harmony
categories.

Three speakers use the third factor, essentially (note the very
small negative person loading for speaker 1), which could account for
height except for the placement of [0]. Within the height moieties,
there is a pairwise distinction for tongue root.

Note the similarity of these three scales, especially between
factor 3 and the others.
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Figure 35.
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(four speakers, sixteen sectioms).
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Analogical representation of a unique two-factor solution

M
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DISCUSSION

The graphs for the two-factor solution are essentially the same for
both the six-subject and the four-subject analyses. The only noticeable
difference in the plots is the position of [o] in the vowel loadings. In
a large sense then, the two subjects who were eliminated from the data
set behaved differently with respect to [@] than the others. This is
eagsily confirmed by referring back to tables 1 and 2 (pages 30 and 31)
where we see that both of the speakers in question, 3 and 4, have a
higher tongue value and a wider pharynx value for [o] than for [u]. We
also notice in these tables that out of 15 counterpredictive differences
in measurement between adjacent vowels, 11 of them involve the vowel {o]
(the other four involve [L]). In some sense the production of the high
"creaky" vowels, [L] and [o], is highly variable and inconsistent with
our expectations. Bearing this behavior in mind, the two-dimensional
plots in figure 31 (6 speakers) and figure 35 (4 speakers) do not look
unreasonable. If the loadings for [.] and, especially, [o] were a bit
higher, we would have a rather standard distribution of vowels with re-
spect to traditional vowel parameters.

The first factor in this solution, the FRONT/BACK parameter, deci-
sively separates front vowels from back vowels. The other factor in
this solution cannot be so easily interpreted. It has the appearance of
distinguishing vowels by height, except for [o], but it also distin-
guishes, in a pairwise fashion, the vowel harmony classes.

When we analyze at the next higher number of factors, in addition
to the FRONT/BACK parameter, we still have a factor that almost distin-
guishes for height, again except for [o]; but at this dimensionality
(3 factors) we also get a clear and interpretable factor for vowel har-
mony. This TONGUE ROOT parameter at 3 factors discretely separates all
the "breathy' vowels from all the '¢reaky" vowels.

It is beyond this point for the four-subject analysis that we can
not claim to have a substantive improvement in the fit of the modeled
data to the actual data. If we look at the four-factor solution for the
four-subject analysis (see appendix IV, figure Al3) we will find no sim-—
ilarity between it and its counterpart solution with six subjects (see
appendix IV for ready comparisons of the solutions) nor with any of the
solutions for four subjects. Besides this, not one of its factors is
interpretable with respect to height or front/back distinctions.
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Figure 36. Ontogeny of the factor amalysis solutions to their highest
meaningful dimensionalities. (Upper case letters indicate an independent
factor; fb = front/back, tr = tongue root, ht = height; $ = indivisible,
* = "not quite'", ? = "something else, but not clearly discernible".)

Glancing at figure 36, which shows the ontogeny of the solutions for
different numbers of factors, we can see that the front/back component
establishes itself early against the "harmony" components -- which are
bound up with tongue root, height, and (marginally) front/back. The
arrows indicate a relationship between the factors of different dimen-
sionalities as evidenced by the factor loadings; they do not imply that
as a solution is iterated from its random starting point it must pass
through any stages of development suggested by a solution of lower dimen-
sionality.

The goodness of fit curve gives a clear bend at 3 factors for the
four-subject solution. Each of these factors is interpretable phonologi-
cally (allowing for the "misbehavior" of [o]). At a higher dimensionality
the factors do not lend themselves to interpretation. A subject popula-
tion of four speakers is too small for making any valid conclusions —-
especially since the process of elimination I employed selected for speak-
ers who behaved similarly.

Using a larger sample -- a population of six speakers —- we find that
four factors appear to be meaningful. It seems that the additional factor
is required in order to account for the different behavior of the addi-
tional speakers. This extra factor does result in a superior solution, in
fact, with respect to phonological interpretability.

My conclusion would be that there are four factors for accounting
for the contrasts in the DhoLuo vowel system, but that any given speaker
may choose them differently. All speakers will have the front/back compo-
nent, but a speaker may select for using height or tongue root or both for
maintaining the phonological contrasts among the vowels. It is this vari-
ability that results in having as many as four meaningful factors.
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Still, because of the small number of speakers involved in this
investigation, the conclusions reached must remain tentative —— the
analysis may not be stable or well-determined. The highly correlated
vowel loadings between some of the factors suggest that the solution
may be of a lower dimensionality than I am suggesting and that one
factor may be represented by two "semifactors" as the next higher di-
‘mensionality.

Another, and more serious, reservation is that this investigation
did not in fact measure what it should have. As mentioned on page 45,
my measurements are of vocal tract shape; it may be argued that what is
wanted are measurements of tongue shape, as in the analysis of English
vowels by Harshman, Ladefoged, and Goldstein [1977]. If this is the
case, my entire analysis is specious and only valid to the point that
vocal tract shape correlates with tongue shape. This will be discussed
more in the next chapter, where we will compare our procedure with that
of the Harshman, Ladefoged, and Goldstein study. In that chapter, as
well, we will discuss other relevant works and comment on the implica-
tions of this study for linguistic theory.
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Chapter seven: Comparisons and implications

In the previous chapters factor analyses of data that specify the shape
of the vocal tract for a number of speakers during the production of eight
vowels of the DhoLuo language have been described and interpreted. With
the full data set for eight speakers the results were fuzzy and hard to
interpret. After eliminating two speakers because of lacunae in their in-
dividual data sets (which had been filled in with interpolated values when
the previous solution was run), our solution with six speakers did not
result in a definite bend in the goodness of fit curve — one of the criteria
used for deciding the number of meaningful factors. It was only after we
analyzed data for the four "most uniform" speakers that a definite ‘bend at
3 factors appeared in the goodness of fit curve. We were able to interpret
these three factors in phonological terms as parameters for front/back,
height, and vowel harmony — but this interpretation was not "clean" with
respect to height since [p] was not properly placed phonologically. We
were also able to determine that for our six-speaker solution these same
three parameters were present, but that an additional factor for height was
required. This four-factor solution resulted in a superior interpretation,
even though it had several negative person loadings and two factors inter-
pretable for height. We concluded that different speakers produced their
vowels differently. One factor, the front/back parameter, was extracted
early in every case and was used by all the speakers. The remaining factors
were used to different extents by different speakers.

COMPARISON WITH OTHER FACTOR ANALYSES

In addition to the different use of these parameters by different
speakers, another possible reason for not having a clearer solution could
be that interpretation of the analyses was affected by the measurements that
I used. These measurements were of distances between the tongue and the
upper or back surface of the vocal tract (which I earlier called the passive
surface of articulation) along a number of reference lines. As such they
specify cross dimensions of the vocal tract and are in a direct mathematical
relationship to the volume of the vocal tract. However, this articulatory
surface is hardly passive, since the velum and rear pharyngeal wall can be
in constant motion during speech. Just how much this surface moves during
vowel production has never been determined, but it is certainly possible that
such movement is not consistent from utterance to utterance and has therefore
affected the results of this study. The other point to be made is that this
procedure does not directly measure tongue movement. It may be the case
that a measurement of tongue movement would achieve a better solution, es-
pecially one in terms of articulatory parameters. This, in particular, is
the view held in the only other study to use a factor-analytic procedure
to characterize articulatory effects of a vowel system: the Harshman, Lade-
foged and Goldstein [1977; henceforth HLG] factor analysis of tongue shapes
for vowels of American English.

A counterargument to the HLG point of view is that acoustic para-

meters are more meaningful for vowels than articulatory parameters are, and
that the acoustically meaningful features — the formant frequencies — are
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a function of the shape of the vocal tract. Thus, it is really

the shape of the vocal tract that should concern us with a study of
vowels and not the shape of the tongue. This is, of course, an em-
pirical question; which approach describes more? The correlation
between the original data and the data as modeled by the PARAFAC pro-
cedure cannot be used to settle this question, since these values are
essentially the same for the two studies. Harshman, Ladefoged, and
Goldstein [1977:792] achieve a correlation of 0.9626 for five subjects,
ten vowels, and thirteen sections. While my eight-vowel study has
correlations of 0.9374 (six subjects) and 0.9395 (four subjects) for
analyses of the entire vocal tract (sixteen sections), the truncated,
twelve-section, analyses without the lower pharynx are more directly
comparable to the HLG study, which also eliminated the lower pharynx
values. The correlations for my twelve-section analyses with values
of 0.9648 (four subjects) and 0.9650 (six subjects) are slightly
superior to the HLG results.

These two studies are only similar in this regard, however, since
the HLG results show that two factors, a front-raising parameter and
a back-raising parameter, are sufficient for characterizing English
vowels. Further, these two parameters are completely different in
pattern and function from the four parameters that result from the
DhoLuo study. This would appear disappointing for someone who expected
the parameters of vowel production to be the same from language to
language. Of course, for these two factor-analysis investigations to
be truly comparable the same measurement procedures would have had to
be used. Such a comparative investigation is a clearly indicated
avenue for future work. However, the differences in measurement
techniques are not so great as the different results achieved. How
can we account for these differences?

First, DhoLuo and English have very different vowel systems.
There is no phonological vowel harmony in English. One of the factors
extracted in DhoLuo can be interpreted to be just for distinguishing
vowel harmony membership. Secondly, the HLG study for English had
only five subjects. A larger population might have resulted in the
extraction of more meaningful factors, just as my six-subject analyses
required one more factor than the four-subject analyses. Indeed, the
PARAFAC procedure might be too strong for our purposes and extract
factors from the data that are not linguistically significant but
are required only to account for individual differences in vowel pro-
duction.

COMPARISON WITH OTHER AFRICAN LANGUAGES

Vowel harmony is a well-known phenomenon in African languages,
especially among the Kwa languages [Stewart 1967, 1971] of West Africa
and the Nilotic languages [Tucker and Bryan 1966; Hall, et al. 1974]
of East Africa. There have been several radiographic investigations
concerned with this phenomenon, notably Ladefoged [1964] for Igbo; Lindau,
Jacobson, and Ladefoged [1972] for Twi, Igbo, Ateso, and DhoLuo; Lindau
[1975] for Akan, Ijo, and Ighbo; Painter [1973] for Twi; and Retord
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[1972] for Anmyi. My study is the only radiographic investigation of an
African vowel system which uses a factor-analytic procedure, so any com-
parisons made with these other studies must be based on traditional measure-
ments. The measurements reported for DhoLuo in chapter three for quantify-
ing the highest point of the tongue and the most advanced point of the root
of the tongue are useful for this purpose.

Lindau [1975] provides a useful review of this radiographic work, in-
cluding her own investigation. which represented three African languages:
Akan (including the Twi dialect; four speakers), Ijo (one speaker), and Igbo
(one speaker). All of the speakers in her investigation used tongue root
advancement together with laryngeal depression to characterize the first
harmony set (the "close" one); none of these speakers used tongue height --
which is predictable from pharynx width in these cases —-- to distinguish
vowel harmony categories. The DhoLuo and Ateso results (from Lindau, Jacob-
son, and Ladefoged [1972]) did not provide clear iieasurable outlines for
the larynx and while the Ateso speaker used tongue height to distinguish
vowel harmony, we were unsure how characteristic his behavior was. The other
Twi study [Painter 1973] and the Anyi study [Retord 1972] confirm that advance-
ment of the tongue is used to distinguish for vowel harmony, but their studies,
like those for Dholuo and Ateso, lacked measurements of laryngeal displacement.
Lindau claims that it is probable that all African vowel harmony languages
use the same articulatory mechanism.for distinguishing vowel harmony -~ an
expansion of the pharynx; that is, an advancement of the root of the tongue
with a concomitant depression of the larynx.

My investigation shows conclusively that for East African vowel harmony
languages -- as represented by DhoLuo -- either tongue height or tongue root
(pharynx width) can be used to distinguish the vowel harmony categories. Also,
an expansion of the pharynx does not necessarily involve a depression of the
larynx. In the West African languages studied so far, this has not been the
case. Behavior in DhoLuo is not so uniform as that reported for the West
African languages: one DhoLuo speaker may distinguish the vowel harmony
categories almost exclusively by means of tongue height while another
speaker uses width of the pharynx and a third speaker uses both. My findings
clearly do not support Lindau's prediction that all African vowel harmony
languages use the same articulatory mechanisms for determining vowel harmony
membership.

This difference in behavior between speakers of West African vowel har-
mony languages and East African vowel harmony languages appears difficult
to explain; why should the speaker of DhoLuo be able to speak with greater
freedom of articulatory choice? I would suggest that the answer is two-fold.
First, it could be that there are not emough subjects in the West African
studies. A study with more speakers of Twi, for example, might reveal that
there are several different articulatory gestures used in Twi to achieve the
same vowel. Secondly, the speaker of DhoLuo is just as constrained as the
speaker of Twi, but different aspects of the speech signal are distinctive in
the different languages. The articulatory freedom permitted among speakers
of DhoLuo would be understandable if some aspect of the speech signal other
than articulatory vowel quality were distinctive. I would suggest that this
is the case and that the distinctive aspect is one of voice quality.
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VOICE QUALITY

The presence of voice quality differences has been noted for
both the West African and the East African languages, and it is
reflected in the impressionistic terms that have been used: brassy
muffled, hollow, creaky, breathy, for example. However, for the ’
West African languages this distinction, while noted, is redundant.
Stewart [1967] for example, says that breathiness is associated with
the raised vowels, but it is not considered distinctive.

In the Western Nilotic languages of Shilluk and Dinka, I have
claimed that the voice quality distinction is crucial [Jacobson, to
appear in Vago (forthcoming)]. 1In these languages, like DhoLuo, the
width of the pharynx is independent of the height of the tongue or
the depth of the larynx. For Dinka, in particular, my data indicate
that articulatorily-based distinctions (such as width of the pharynx)
are not sufficient for distinguishing the vowel harmony categories.
In DhoLuo the situation is not so extreme, to be sure, but there the
suggestion is that auditory distinctions which appear to be redundant
may in fact be the significant perceptual cues used by the speaker of
the language. If this is the case, it would explain the relative
freedom the speaker of DhoLuo has with respect to other aspects of
vowel quality.

PHONOLOGICAL IMPLICATIONS

We now have to consider the implications of the fact that dif-
ferent speakers have different articulatory means for achieving the
same phonological effects. The necessary phonological distinction
for vowel harmony in DhoLuo, for example, can be achieved articula-
torily in a number of manners. The height of the tongue, the advance-
ment of the root of the tongue, and the depth of the larynx can be
used singly or in any combination for maintaining this distinction.
The varioususes of these components is largely idiosyncratic, al-
though some gestures are more pronounced for high vowels than for low
vowels. Besides these articulatory components, there may also be
an auditory component for a difference in quality of voicing, but
this study was unable to measure this aspect of the speech signal.

Within a phonological description of DhoLuo, I should think a
single cover feature has to be used which can be realized in a num-
ber of ways phonetically. The feature must not be called "tense/
lax", since this has been used-- very confusingly~- differently
for different languages. It may be argued that this approach ob-
scures the differences, but this is what is required at the phono-
logical level. At a phonetic level more exact specifications can
be made, although with such variable articulatory behavior among
speakers, it may be speculated that exact mechanisms can never be
fully specified.
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Linguistic metatheory will have to make clear that cross category vowel
harmony can take many forms. Within a language one phonological cover term
may have different phonetic realizations by different speakers. In com-
paring several African vowel harmony languages, it will have to be borne

in mind that the same phonological cover term may have different phonetic
consequences in different languages.
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Appendix I: Technical specifications

AUDIO Microphone: dynamic omnidirectional cardioid
[Sennheiser MD 21]
maximum frequency deviation: +3 db
output level: ~53 db
E.I.A. rating: -145.8 db

Taperecorder: single track reel-to-reel
[Nagra III] @ 19 cm/sec
Signal to noise ratio: 60 db
Frequency response: 40-12,000 Hz +2 db
Flutter and wow: 0.14% rms

Magnetic tape: 1.5 mil polyester based
[Scotech 202]

SPECTROGRAPHIC  Sound spectrograph: 85-8,000 Hz spectrum analyzer
[Kay 6061A] with scale magnifier.

RADIOGRAPHIC X~-ray machine: Horizontal polytome [Philips H]
Focal distance: 173 cm
Enlargement factor: 1.6
Linear longitudinal movement: 30°
Resultant exposure time: 0.47 sec
Radiation: 300 mA @ 62 +2 kV
Film: X-ray safety film [Dupont Cronex]
Development: normal

COMPUTATIONAL Computer: 12-bit minicomputer [D.E.C. PDP-12]
with 32k memory and floating point

processer
Programs: PARAFAC2, PARAFAC2A, PARAFAC4B
[Richard Harshman]
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Appendix II: Measurement values (raw data)
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VOWELS
[e] [o]
2.05 2.63
2.20  2.50
2.15 2.50
1.90 2.17
2.00 2.25
2.50 2.05
2.60 2.05
1.65 0.90
1.65 1.10
1.65 1.05
1.50 1.25
1.60 1.70
1.75 2.35
1.65 2.55
1.25  2.25
1.50 2.80
0.45 0.60
1.35 0.50
1.80 12.05
525 450
1860 870
2635 2450

VOWELS
[e] [o]
2.45  2.40
1.85  2.40
2.00 2.30
1.90 1.43
2.87 2.75
3.43  2.75
3.17 2.60
0.45 0.93
1.20  0.90
1.25  0.70
1.15 1.07
1.05 1.60
1.17  2.10
1.20 2.25
1.15 2.00
1.27 1.75
1.40 0.95
1.10 0.70
2.20 13.35

600 310
1700 820
2250 2120
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[o]
2.40
2.30
1.95
1.40
1.80
1.75
1.85
0.90
1.25
1.53
1.90
2.40
2.80
2.85
2.37
2.63
0.60
0.75
11.90
570
1080
2270

[2]
2.60
2.30
1.90
1.65
1.05
1.97
2.20
2.17
0.30
1.05
1.20
1.80
2.25
2.57
2.17
2.05
1.05
0.70
12.60
560
870
2100

[ul
.25
.15
.25
.05
.30
.85
.25
.67
.63
.40
.40
.63
.23
.63
.60
.60
.33
0.20
12.50
275
775
2625
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[u]
2.45
2.60
2.35
4.00
3.85
3.85
3.60
1.75
1.10
0.90
0.50
0.45
0.75
1.05
1.05
1.40
0.80
0.70
13.85
250
1000
2100

[o]
2.60
2.25
2.00
1.55
1.85
1.85
2.00
0.80
1.25
1.15
1.40
1.75
2.20
2.25
2.00
2.60
0.25
0.33
11.90
360
675
2375

[o]
2.10
1.70
1.63
0.65
2.10
2.17
2.30
0.35
0.60
0.50
0.77
1.30
1.80
2.00
2.00
2.00
1.03
0.50
12.95
335
800
2200



Appendix II: Measurement values (continued)

SPEAKER 3 VOWELS
[1] [t] [e] [e] [o] [2] [u] [o]

Section 1 1.35 1.55 1.40 1.83 1.90 2.20 2.15  2.15
2 2,20 2.30 2.25 1.70 1.90 2.13 2.60 2.75
3 3.60 2.45 2.33 2.20 2.30 2.30 3.00 3.15
4 2.65 2.27 2.33 2.13 2.20 1.85 2.95 3.00
> 4.05 3.23 3.00 3.20 2.55 2.17 3.25 3.35
6 3.57 2.90 2.93 2.60 2.40 2.15 2.70 2.70
7 3.00 2.57  2.55 2.43 2.17 2.10 2.40 2.40
8 1.05 0.70 0.87 0.73 0.01 0.01 0.23 0.33
9 1.27 0.90 1.00 0.50 0.40 0.70 0.63 0.45
10 0.55 0.37 0.65 0.55 0.60 1.35 0.55 0.47
11 0.40 0.35 0.73 0.77 1.35 2.10 0.65 0.55
12 0.40 0.47 1.00 1.17 2.10 2.70 1.20 1.15
13 0.53 0.70 1.23 1.43 2.65 3.00 2.05 1.95
14 0.65 0.85 1.33 1.55 2.65 2.90 2.47 2.40
15 0.57 0.95 1.35 1.40 2.40 2.55 2.55 2.50
16 0.80 0.80 1.10 1.23 2.55 2.50 2.13 2.07
17 0.07 0.07 0.60 0.95 0.70 0.90 0.45 0.37
18 1.05 1.20 1.60 1.50 0.75 1.25 0.47 0.30
19 12.75 13.20 13.00 13.00 12.90 13.25 13.73 13.63

Fq 270 310 435 640 415 600 310 275
Fp 2285 1800 1920 1875 900 1050 1000 780
F3 2900 2765 2500 2570 2675 2450 2450 2600

SPEAKER 4 VOWELS
[i] [i] [e] [e] [o] [o] [u] [o]

Section 1 2.30 2.05 2.05 1.75 2.35 2.25 1.30 1.30
2 2,25 2.00 2.15 2.00 2.35 1.95 1.30 2.05
3 2.20 2.00 1.70 1.55 2.40 1.30 1.85 2.00
4 2.15 2.20 1.57 1.00 1.45 0.75 2.05 2.35
5 4.20 3.80 2.93 1.90 1.60 1.15 2.75 3.00
6 4.20 3.90 2.87 1.95 1.40 0.94 2.50 2.80
7 4,50  4.20  3.20 2.45 1.60 1.35 2.60 2.65
8 3.40 3.45 2,75 1.85 1.40 0.67 1.65 1.75
9 3.05 3.30 2.400 2.23 1.05 1.23 1.50 1.80
10 1.80 1.90 1.55 1.40 0.55 0.70 0.40 0.65
110.75 1.10 1.10 1.10 0.8 1.05 0.50 0.35
120.30 0.70 0.95 1.10 1.45 1.60 0.55 0.25
13 0.27 0.65 1.00 1.23 1.90 1.90 0.70 0.37
14 0.40 0.70 1.20 1.35 2.27 2.15 1.05 0.70
15 0.50 0.80 1.25 1.53 2.35 2.15 1.20 0.85
16 0.95 1.20 1.67 1.93 2.70 2.40 1.75 1.45
17 0.30 9.77 0.60 0.75 0.77 0.65 0.37 0.30
18 0.85 0.90 1.00 1.05 0.55 0.73 0.30 0.30
19 12.45 12.10 12.15 11.40 12.25 11.80 12.25 12.90

Fi 240 320 330 530 350 550 250 315
F2 2160 2150 2075 1930 860 875 900 800
F3 3050 2900 2700 2635 2410 2450 2175 2200
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Appendix II: Measurement values (continued)

SPEAKER 5 VOWELS
[i] [¢] [e] fe] fo] [o] [u] [o]

Section 1 2.90 2.40 2.93 2.80 2.23 2.95 3.17 2.95
22,90 2.35 2.45 2,60 2.63 2.40  3.10 2.60
3 2.65 2.20 2.30 2.05 2.40 1.83 3.05 2.20
4 2.45 1.80 1.77 1.55 1.83 1.15 2.80 1.63
5 4.70 3.57 3.90 2.05 2.75 1.50 4,57 1.95
6 4.75 3.50 2.83 1.95 2.43 1.30 4.10 1.80
7 4.75 3.40 2.93 2.20 2.43 1.43 3.35 1.80
8 2.85 2.17 1.55 1.30 1.13 0.47 2.00 0.90
9 1.85 1.45 1.15 1.20 0.60 0.60 1.10 0.55
10 1.05 1.03 0.65 0.90 0.40 0.75 0.45 0.30
11 0.60 0.80 0.47 0.87 0.70 1.55 0.45 0.80
12 0.50 0.70 0.50 1.00 1.20 2.20 0.67 1.63
13 0.40 0.67 0.67 1.10 1.65 2.83 1.00 2.35
14 0.40 0.60 0.75 1.15 2.00 3.10 1.20  2.60
1> 0.35 0.55 1.07 1.10 2.00 3.25 1.30  2.70
16 1.00 1.10 2.00 1.70 2.65 3.95 2.05 3.40
17°0.73 1.35 1.10 1.70 2.95 2.95 1.90 2.55
18 0.75 0.90 1.25 1.85 2.30 2.00 0.95 0:40
19 12.05 11.80 11.55 11.10 11.50 11.45 11 85 11.60

F1 245 295 345 520 335 450 255 300
F2 2000 1950 2000 1850 775 785 900 800
F3 2600 2650 2550 2550 2200 2000 2500 2200

SPEAKER 6 VOWELS
Li] [i] le] [e] [o] [o] ful [o]
Section 1  3.63 2.90 2.70 1.73 3.33 2.20 3.57 3.37
2 3.45 2.80 3.25 2.65 2.60 2.55 3.50 3.10
3 3.55 2.90 3.00 2.60 2.83 2.33 3.65 3.25
4 3.65 3.17 3.10 1.93 2.70 2.00 3.13  3.13
> 5.35 4,20 3.87 2.87 3.05 1.80 4.75  4.40
6 5.33 4.00 3.67 2.85 2.50 1.45 4.50 4.16
7 5.23  3.90 3.70 3.17 2.37 1.70 3.50 3.77
8 3.90 2.30 2.15 1.77 0.65 1.13 1.80 2.15
9 3.20 1.70 1.75 1.45 0.97 1.30 1.30 1.55
10 1.83 0.75 1.00 0.93 0.70 1.50 0.65 0.75
11 0.90 0.63 0.90 1.35 1.15 2.45 0.47 0.60
12 0.40 0.55 0.90 1.45 1.73 3.80 0.63 0.60
13 0.45 0.57 0.95 1.50 2.10 *. %% 1.05 0.93
14 0.40 0.75 0.95 1.47 2.80 % %= 1.40 1.05
15 0.40 0.95 1.00 1.50 4.00 . %% 1.63 1.25
16 1.50* 1.50% 1.50% 2.00% 3.90 #, %% 2,40 & &%
17 0.53 0.65 0.65 1.05 0.90 1.25 0.50 0.01
18 1.15 1.60 1.35 1.57 0.93 1.20 0.40 0.40
19 13.95 #%.%% 13.25 13.00 14.50% 13.95% 13.00*% 12.65%*

F1 305 385 410  .565 435 575 315 395
F2 2300 2275 2130 1990 800 980 925 770
F3 3000 2925 2650 2720 2350 2500 2200 2330
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Appendix IT: Measurement values (continued)

SPEAKER 7 VOWELS
. [i] [t] le] fe] [o] (o] [u] [o]

Section 1  3.05 2.90 2.60 2.90 2.60 3.8 3.55
2 4.00 3.60 3.25 2.80 2.45 3.85 3,55

3 4.75 4.35 3,95 2.60 2.37 3.70 3.70

4 4.27 4,00 3.65 1.70 1.45 2.93 3,05

5 5.80 5.40 5.93 2.45 2,45 3.75 3,70

6 5.43  4.93 4.85 2.45 2.50 3.45 3,40

7 4.75 4,57  4.57 2.65 2.85 3.45 3.20

8 3.33 3.10 2.83 1.53  1.45 2,15 2.05

9 2.50 2.70 2.60 1.65 2.15 1.75 1.47

10 1.30 1.40 1.50 1.10 1.80 0.70 0.60
11 0.90 1.10 1.27 1.30  2.10 0.75 0.50
12 0.55 0.90 1.07 2.05 2.55 1.10 0.65
13 0.60 0.75 0.97 2.87 2.05 1.47 0.93
14 0.67 0.75 1.07 3.00 3.00 1.63 1.23
15 1.00 0.90 1.35 k. %% Kk .k% 1,95 2,15
16  *.%% 1.33 1.80 k. k% R k% 3,90 3,90
17 0.60 0.70 1.13 0.60 0.80 1.05 0.40
18 1.20% 1.75 1.67 0.85 0.80 0.85 0.80
19 13.85 13.45 13.35 13.15 13.15 13.25 12.85

B 235 275 360 500 400 475 230 280
Fp 1900 1775 1665 1640 825 860 675 690
F3 2555 2550 2600 2255 2050 2000 1840 1840

SPEAKER 8 VOWELS
Li] [¢] le] Le] [o] [2] [u] [o]

Section 1  3.83 2.95 2.90 2.85 2.87 2.60 3.35 2.87
2 4.03 2.67 2.67 2.67 2.70 2.35  3.17 2.70
3 4.25 2,80 3.75 2.25 2.75 2.33 3.70 2.70
4 3.97 2.80 2.57° 1.87 2.70 2.00 3.70  2.50
5 4.55 3.70 3.20 2.30 3.05 2.07 4.15 2.80
6 4.00 3.25 3.15 2.37 2.80 1.95 3.65 2.53
/7 3.50 3.30 3.03 2.47 2.67 2.10 3.33 2.45
8 1.93 1.57 1.57 0.67 1.05 0.50 1.97 0.87
9 2.10 2.00 2.20 1.65 1.85 1.55 2.20 1.63
10 1.10 1.20 1.25 0.90 0.85 0.93 0.83 0.55
11 0.60 0.80 0.83 0.80 0.65 0.93 0.55 0.55
12 0.40 0.63 0.70 0.80 0.55 1.20 0.40 0.53
13 0.37 0.55 0.70 0.83 0.8 1.77 0.50 1.00
14 0.50 0.53 0.70 0.90 1.10 2.00 0.55 1.25
15 0.50 0.53 0.65 0.80 1.10 2.15 0.73  1.40
16 0.67 0.65 0.75 0.83 1.05 2.07 0.95 1.40
17 0.33 0.27 0.35 0.10 0.15 0.20 0.20 0.20
18 0.37 0.65 0.73 0.73 0.50 0.40 0.40 0.35
19 13.15 11.75 11.90 11.17 11.33 11.40 12.00 11.60

Fp 265 300 360 550 365 500 275 340
Fp 2100 2000 1900 1775 850 875 900 775
F3 2850 2850 2600 2450 2250 2175 2100 2000

87



Lues (processed data)

Lation va

Devi

Appendix IIT

sl B ot 0D 0 O

-

‘- PPRIT
@ PEOST
- ESET T
- ECET T
G- EGAT T
o THEE T
B SSSE T
B sugr T
o= 28937 -
® 289CT
G- TERZ T
@ TEED T
@- Qgaz T
@- 28TES
= €780 T
FhbL T
B- BPET
® SBPET
G- 4 ]
G- rEaLs
TR rrEcE
d=) SETEE
- @ SoTam
B SCTRE
- @~ BELEZ
o BoaEE
‘B~ SRt
B- BLiET
B- BoTLL
B TO~3BEA0E
@- BoZET
@ SEES
" - LEbiE
> @ 2EESH
B £TE3Z
B-T@-ASTTES
‘B- 2005
o sTeaE
G-TO-ASTTLH

s [@] £SEEE
N [Nn] 28TESR
0 [¢] ZTEas
I [0] ITEET
I[2] TR5ES
o [8] TE-3ITTGT
T[] Srbs
S [T 2878
Ty [9] ETLE
N [Nn] TS+
0 [€] ESEE
I [0] TB-328T2
I [3] £S5
9 [9] TE—32858
7 [1] TESL
s [!] bR =]
¢ o] ESPJZ
N [n] TEELE
0 [<] ETZ55
I [0] ETLER
1 [3] ETETS
9 [®] TRETS
0] ESEET
s [! Tases
7 {o]” BSLT
N [n] aEszE
0 [c] GRS
I [0] BLLAZT
I [3] BO9ST
o [8] BOSST
3 [1] SEasT
s [!] BaHlE
BACE ZTETT
N [n] LAETHE
0 [c] TIGRE
1 [0] ZTETT
I [3] £TEET
0 [8] TEE-ISE9cE
T[] TR-ISZTES
s [1] LETES

"g-(0T)SL £q

SUOT303g

T=2M0A B3 JO S1STSUOD sSanTeA 2

g TE-362T8%

peonpax aie (senTea uo
X03°o®I ® Aq paonpag aae (senTea u
‘UOT309S 310BI] TEBOOA JUSISIITP ' Sureq sonTea 14y8Te

&B-
G-

8
a

]

‘a
‘a
‘B
‘G
g
‘@
@
g
@
k=
G
“Gim
"G
B
L%
@
‘|
L

B~
@~

G
i

G-
5}

T8 B TZEREe ‘B TEB5Z '@ 85287 -
TSzZ82 G LPE0 T TE-3ITTLZS O ST TT
LE2F T~ S22TE T- CLET T- BEdes
STE55 '9- TEesz ‘e- SA0ELd B gs2TH
ETL8% ‘8- TESRE B- ESPLS ‘B-Te-380052
T@-3ZTR2ZH @ ETZ25 B TELET 'O TO~300ES5
TESTE @ ESPIT @ TE052 6 Ta-IEerLe
8ZLT T 22T T TEST T BEETL
S4828 '@ easz+ e~ 735 g Sregs
STTOL ‘B SL4T T SITST '@ S2TE
&2z T 5285 E—- L858 T- ZTETS
SLE4T B-TO~3QEEBT O 225k G- STETE
SIEZE G- BsZEs 9- SL899 G- EQ5TS
SL8ET B TO-IGHSTE G- SLEET @ CBGLE
LEST g GRRST G SIS e SZRELT
2ETT T aa58s @ SLETE D SLEHH
ETLLAT B SETBT B-To-JBEes. @ TezsE
ETdLy ' SZ2EC 6 TE-J0052E8 8- TEas5Z
T22T5 B- SieLT w—- Beosh o- ESPLE
TBLET B-TO-3A=L8+ O [ R E2RLE
TEETE ‘B— HLETT ‘B- vozaz 6~ (303 e
TO-3ILTIOT ‘B-TE-3OST9T O~ GHeesT ‘8- 5TEET
Ta-3ZTISE @~ SZTBT ‘@- BRSZE '@ ETZAT
E1Zab G 52522 B GRESZT G TEO8L
TO-A5L5FE '8 TO-3L9STE B-TE-35TEZL B FoBel
SivBT @ PEESE B E9ET8 '@ tPE2Z
2182L B- SETLT B-TE-HL2T2b B~TE6-320@+ 2
CHPEE B-LE~AZZLLE B LELRZ | o o
CTIGE @-TO~3ISCTE @-ZH- U889 B- SGISE
885:5T B SePET ‘@- FELBT '8 To-3.£65T
£30+T @- HB50Z B-ZO-JBEE9r B-TO-3LEPIs
225+ 9 +rEAZ B F222T ' TO-ILSSTI
FEBLE B SBETT B 20+3+ ‘8- TEB52
PEBZy G S8PET o 2OPSP O TEBSE *
S59PS a- SBsTT 6 +EEPZ TaL88
PERBT B +EOZE B- PPEZE '@ TB-3ZT2ES
SESEE B-ZE-3TZ95T B SEIZT B-TO-3LTLHT
S5TLT ‘@ 2araT 9 TE-32Lt35 B ETZTE
TE-3LNSTZ G- FPEET O-TO-38Lr8E D E22ET
FESZS '@ TB~3L9CTE B FES8ZE D EREPT

9yl £q pojussoadsa aie sisyeads

IuLI93ITQ

g Te-Irogos
8 Te-3L25TE
B Te-32568T
fm

-
G

i2=t50n
quPr8s
+ESTS

TieTasp Lousnbaiy juewioy sy3) Tz-gT suorioss ¢
oT31eTA®pP yjdop XukieT pue

A B

& TEZES
? ESETH B
G- TEBEL
B TE062
o TEETT
@- ESEHE
'8 Te-3TTSZE
o Z2ip T
@ SBPEL
© prEgs
‘B- SEbeR
B-LO-3SPITE
@ SHEST
‘B-To-ISTEne
o SSTTT
o PEIZ T
B ZISE
@ BEPTT
- ZSBTH
B-TO-I52892
G- ZTEPT
- eSTET
- 29ceT
© LESEE
G PEBIE
@ SBPTE
‘o PEETE
‘B- SEEST
B PEEFE
B Te-3L05TS
= pESEZ
o SEHls
o SESPZ

BLlieh G-
GaeEe B
‘8- BO5ZS B~
A 8587 B~
‘a- BRsiT B-
G BEZT+ B
‘B- BESLTE B
BOSET B8
‘a- ETLES B-
g TE2% '@
‘B-To~-IZTEET '@
@ ETZST ‘&—
P ETLE8L B-
@ TL86T 8
- TESLAT B
TELET @
8- 2587 @-
B *HE+S G
‘o QLA B
B Te-3is6+T G-
‘B SSALT B-
i) PESET B
‘B-TE~-JE9STS G-
B Iy B
‘B ETLTT G~
B TE&L55 @
B-TH-38238, B~
B TO-3ITTLGL &
‘B- EXPST HB-
‘g TE~32STZ+ G-
B BPEZZ B~
‘@ TO-ISLEHT B-
B E2FET B
k5 ETZL8 B
‘B-TH~ILBSPE @
‘8- ETLAZ B
@ TELZZ B—
B TELls B-
‘B- TZISTP @-
& ETZEE B8
$9-(0T)SL 30

‘sdIT ‘y1993 By3l) zz pue ‘gT /7
Jo dnoi8 yoes ‘santea UOTIBTASD
y31e jyo dnoi8 sarsseoons Lioas UOTUM UTYITM SUWNTOD TBOTIISA
" (pavp pesseooad) senmypa uoirgvrasq IIT xipusddy

88



Appendix III: Deviation values (continued)
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Appendix III: Deviation values (continued)
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Appendix III: Deviation values (continued)
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Appendix IV: Representative solutions (analyzed data)

This appendix consists of representative factor loadings for factor
analysis solutions of one through four factors. It is ordered so that
the six-subject solutions appear first, followed by the four-subject
solutions. Within each of these divisions, the sixteen-section solu-
tions occur first, followed by the twelve-section solutions. In one
case (6 speakers, 16 sections, 4 factors) there are two solutions pre-
sented. This is a case of a multiple solution; the solution presented
second represents a single solution in disagreement with five matching
solutions (the first representation).

The loadings appear in tabular form on each left-hand page; the
respective amalogical counterparts are on the facing pages. In these
displays zero is indicated for the speaker and vowel loadings as a
cipher and for the vocal tract loadings as a thin center line. By con-
vention I have given positive values to the majority of the speakers
and arranged the vowel loadings so that [i] is always positive. The
scales are purposely not calibrated since it is only the relative mag-
nitude and order of the loadings that concern us.
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Table Al. Omne-factor unique solu- Table A2. Two-factor unique solu-

tion (6 speakers, 16 sections). tion (6 speakers, 16 sections).
Correlation squared= 0.6237559. Correlation squared= 0.7396172.
MODE A: SPEAKERS MODE A : SPEAKERS
1 8.3861 1-2. 1806 B.2948
2 8.4135 2-0+.3755 01659
3 8.2935 3-0. 1460 8.3253
4 8.3712 4-0.3312 .9029E-01
$ 0.5297 5-0. 4601 @.2316
6 6.3122 6-0@+ 3424 B.5610E-01
MQDE B: VOWELS MODE B: VOWELS
1 [i] 1586 1 [i] -1.695 ~1.003
2 {\] @-8716 2 [1L]1-8.5934 ~1.318
3 [e] @+4435 3 [e]=-0.2517 -0.8469
4 [¢]=@e2323 4 [e] 8.5993 ~-@.6633
5 [0]~B8.7891 5 [o] @8.5972 8.9665
6 [o] =1.728 6 [0] 1.604 1.489
7 [u] B.5769 7 [u]l -8.9632 @. 6322
8 [0]=0B7286 8 [o] B8.7030 0.7419
MODE C: VOCAL TRACT SECTIONS MODE C: VOCAL TRACT SECTIONS
1 8.7545%E-01 } 85495 6.9553
2 9.2558 2 8.6354 2. 6509
3 0.6814 3 8.9669 D. 4658
4 0.7947 4 1.322 P. 6622
5 1462 5 14853 P.1165
6 1.415 6 1698 -B3.5516E-01
7 1.278 7 1.451 -9.2018
8 1.0853 8 1163 ~@.3043
9 P.5859 9 B.5335 -9.3399
10 8.8472E-081 18 0.1422 3.1153
11-8.5089 11-0. 3089 @.6372
12-G-9566 ‘2‘a06l75 1.884
13 -1.281 13-8.7654 1. 629
14 -1.367 14-0.77909 1.840
15 -1.293 15-8.7388 1.728
16 ~1.166 16-3.5711 1.767
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Table A3. Three-factor unique solution (6 speakers, 16 sectiomns).
Correlation squared= 0.8246202.

JAUDE A: SPEAKERS ‘

1 -1.6186 ~GeB62S 1. 329
2-1.7367 Gec435 1.326
3 -1.443 -%e3236 o BA5GS
4 P.3714 2.078 Ge 43BE-01
6~0.2834 Ue3768 1+210
MODE b: VOWELS
T[i] -t1.167 1. 6069 -1.332
2 [v] -1.365 1.224 Ge. 1300
3 [e]-2.7758 Petbulz -¢e3766E-31
4 [e]-0.4064) ~Pe.2662 BeT943
5 [0] ©.9¢e24 -1.826 G.1413
6 [0] 1.455 -1.583 1285
7 [u]l @.63386 ~@e 1405 -1.799
8 [e] @.714l -g.2582 Z.51178

MODE (: VOCAL TRACT SECTIONS
1-@.1751 ~Ge lBTEE~@4-Ge 1T45
E~BeF0I4E-~Ul CeTB4TE-B2-2.21588
3-0.49522-02 B.3692E-061-0.2993
4=« 2140E-01 @eBBTIL-61-2.4183

5 G.1784 2.3499 ~Qe 44037
C L.’Joglld U-Sggl‘i —@.353@
T G.2246 Gelil99 ~Ge2456
3 %.1566 ?.3533 -y.2162
3 Gelaup2 BolT Ul ~Ge 4BB1E~-G1
16-6+7T5060E-02 @. 1874 Fe5999E-¢1
11-6G. 1699 Ge1399E-01 G.1454
12~2.30634 ~Ge128 £e1923
13-0.4494 -3.2091 Ve 1992
14-5.5031 -Be.2535 Bel729
15-0.4798  ~Fe2765 @elasd
Lo-Ge 4729 ~2+28675 = B.353BE~C1
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Table A4.

ODE Ati SPEAKERS

Four-factor unique solution (6 speakers, 16 sections).
Correlation squared= 0.8787379.

1-%+ 1316 @.7352 1275 1. 335
2-GeT614 1e 4GB BeB3192 G.3027
G4 =-1.718 ~1.294 Gol377 1299
5 -1.2%4 1.092 1119 #9981
6=0e7437 1.600 Bea42s @.5993
{OCE L: VOWELS
1[i] -1.864 B.9520 -%+5513 1.255%
2 [V]-5.9672 ~G.2891 -1.349 ~(.1456E-22
3 [e]-6.30608 Be 2264 ~BeB623 -2.1280
4 [e]l ©6.5748 ~Qe24a27 -1.116 -1.129
5 [o] @.8553 B.1797 B.T461 -g.3%24
6 [>] 1.519 ~B3.9062 B.6851 -1.599
7 [u]l-9.3455 1.775 1.395 1.613
8 [e] @.4743 ~1.699 1.812 Ge5647
{{CDE C: VOCAL TRACT SECTIONS
1 2.1799 Bs1274 Z.23%1 -03.1327
2 Pella2 Zs1615 %+ 1336 -3.9267TE-02
3 B.8R1TE-Dl G.1717 #e35TSE=21 %1625
4 Z.1003 Be2841 Z.50335E-01 0.2316
S Zeld97 Ge2777 -4« 1115E-U1 ©.1569
& Beas21 P.2364 ~Ge L 1BBE-G1 Be49208E-€]
7 ©.5318 B.1633 -(.3387E~G2-2.67315-01
8 Ze4435 Ze 1585 “2e2773E-01-0.7451E-01
9 G.3603 GeB4L9E=-0G1 241379L-062-0.1661
16 9e3555 B.13525~-31 @. 134D -~Gs 3506
11 3.2250 ~Be5968E-G1 De2426 -geal27
12 3.1113 -B.1094 Ge3355. -G.u34l
13 2.4221E-31-2.1533 Bedh61l4 -0.4218
14-0.2796E-61-0.1569 GelI10 -0.34%7
15-5+91365E~-21-0+1533 Geau62 ~Ge2438
16-%. 1052 ~0.1230 Bod279 -0 18530
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Table A5.

#GODZ At SPEAKERS

Four-factor nonunique solution (6 speakers, 16 solutions).
Correlation squared= 0.8756670.

1 B.2435 1.394 -1.373 £.34867
2 B.5281 1.071 -1.83% 1e264
Z-£.532% <003 -Le3758C 2.1703
4 -2.283 B.7734E-€1-7.2479 G. 6027
S Gedas4el 1.173 -1.131 1.536
6 85173 £.06531 ~-%.7185 1159
HOUDE B $ VOWELS -
1{i] -1.281 -G. 6443 -0.45313 -1.3C5
2 [L] -1¢295 -1e 4B 1 -1.319 -ZeT138
3 [el-8.33¢¢ -Z.7393 -0. 6525 -0.2873
4 [e] B+2731E-G1-6-9644 -1+859 . l949
6 [0] 1.193 2+58563 21977 le 452
7 [u] ©.88935 1611 1.876 -G.7131
8 [0]-8.6123 27633 67623 B.9249
MODE C: VOCAL TRACT SECTIONS
w 1=P.6633E-81 B.T797 5792 -g.2212
2 g.1211E-31 §.187¢C 2+937TE-G2-2. 1898
3 Qe UlZUE~T1-F. 4369 -g. 60248 -Be2¢31
4 £.1333 -%.3958 -1.277 -P.2452
5 B.2551 -5.7543 -Z+3663 -G+ 4828
6 Be2583 -5.3341 -£.38%7 -3.50353
7 6.2125 Z.1304 £.1786 ~-%.5137
8 B.2B74 21617 £.1473 -0+ 4225
9 g.1632 G.5G44 F.5872 -2.2792
12 2.5612E-81 1.356 1.383 —-—Fe 2418
11-2+.8978E-81 1.819 1.768 -B.1160
12-2.1973 _2.89¢ 1946 -Be1430E-C1
13-2.2275 2.192 1.918 8.7231E~-21
- 14-8.2247 1.953 1.621  g.13¢8
. 1,5_@. 1983 . i ‘543 e e e ﬂ.wl. 211 e A.w,‘g, 173# s ey raeann e e e
16-0. 1849 1.278 £2.9326 1636
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101



Table A6.

00~ OV W N

MODE A: SPEAKERS

I 8.8115
2 1.052
3 6.8308
4 1.085
S 1.410
6 8.7382

MODE B: VOWELS

{i] -1.563
[L1-8.9599
[e]l-@.4888
[e] B.1444
[0] @.8436
[0] 1.716
[ul-@.4262
[0] 8.7338

MODE C: VOCAL TRACT SECTIONS

1-9.5393
2-6.5282
3-8.4836
4-9.3983
5-8.2321

6-8.3909E~-081

7 8.19084
8 0.3629
9 0.4934
10 2.5301
11 8.50822
12 8.4575

One~factor unique solu-
tion (6 speakers, 12 sections).
Correlation squared= 0.6965267

Tab

le A7. Two-factor unique solu-
tion (6 speakers, 12 sectioms).

Correlation squared= 0.8031501

o~ P WNR

1 =1.482
2~g.824t
3 -1.413
4-8.1817
5-‘.9789
6-8.3709

MODE B: VOWELS

[1] 14163
[t 1e111
[e] @.B@4S
[e] 8.3781
[o]-.9$02
[0] =-1.883

MODE A: SPEAKERS

@« 1855
-1.818
-3.3044
~]1e351
-1e494
-B.8821

1.768
P.8748
$.2983

=@.5351
-0+7434
4"’10528

[u]=B+1694E~82 B.5782

[0]=8. 7502

MODE C : VOCAL TRACT SECTIONS

~B.7134

1-3.5508E~-01-08.5378
2-0.4066E~-81~0.5401
3-8.1631E~81-8.5150
4-~8.2829E-01-9.4163
5 @.4494E-02~0.2543

6 8.1351
71 9.2485
8 B8.3275
9 @.4210
18 #.4343
11 B8.3842
12 @.3661
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Figure A6. One-factor unique solution (6 speakers, 12 sections)
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Figure A7. Two-factor unique solution (6 speakers, 12 sections)
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Table A8. Three-factor unique solution (6 speakers, 12 sectiomns).
Correlation squared= 0.8695671.

MODE A: SPEAKERS

1 B.1528 1+567 Be4136
2 07743 B.6361 l1.206
3 B.4332 1465 g. 1167
4 1-886 -Qde 4419 005838
5 1.138 p.80@72 1+ 675
6 0.5828 D.2600 l1.102
MODE B: VOWELS
1 [l] -1e439 1. 289 -@.9186
2 [v] -1.385 1.217 B.2420
3 [e]-0.3568 G.8724 ~B.8401E-01
4 [e]-0.331BE~-01 0.5163 B.7661
5 o] 1.418 -0.9182 -B.5264
6 [0] 1.237 -1.650 1.830
7 [U] go7g95 -8-3364 ‘10841
8 [0]-0.2299 -0.7943 1.332
MODE C: VOCAL TRACT SECTIONS
1-8.3748 0. 6239E-01-0. 4640
2-08.4128 Q. 4968E-01-0.4028
3~8. 4255 P.2874E~-B1-@+ 3135
4~Q@ 3447 Qe 3442E~-01-0.2774
5-0.2758 -0.1226E-01-8.9549E~01
- 6-0.1678 ~B.1244 -3.3808E-082
7 B.1166E-81-b.2111 2.9357TE~01
8 6.1533 -0.2T744 B. 1598
9 B.2347 -2.3693 P.1923
18 2.2788 -2.3876 g.1829
11 9.2769 -0.3528 @+ 1749

12 B.2587 -3.3389 B.1393
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Tabl

0O~ U PN

e A9.

MODE A: SPEAKERS

1 8.2684 -1.276
2 0.5737 -1.038
3-@8.4965 -1.025
4 -2.043 -B.1948

,5 ﬂ09133 ‘10337
6 0.5897 -0.6447
MODE B: VOWELS
[i] -t.002 -2.8042
[L] -1.19@ -1.276
[e]l-g.22088 -0+ 6713
[e]l-@.1634 -1+ 140
[o] 1.560 8.9636
[b] @8.79@5 07971
[ul 1.213 1.332
[c]-2.9876 8.7986

MODE C: VOCAL TRACT SECTIONS
1 8.2183 @.2234
2 2.1981 @.-1005
3 @.1545
4 B.1557
5 @.1293 -0.1517
6 @.380B5E-01-0.4594
7-8.7878E-@1~0+ 6597
8-0+1702 -0.7978
9-0.1991 -0.9114
19-8.1944 ~0@.8 648
11-8.1715 ~0.7250
12~8.1584 -0.6258

1256
1059
@.8285
B.6342
1311
B.7044

-@. 1393E-41

“B.8791
-@. 3536
-1+476
@.58 68
-P.4522
2.010
0.58@6

6.2776

Four—-factor unique solution (6 speakers, 12 sections).
Correlation squared= 0.9311647.

B.2754
1.113
@.3198
B.9648
1+ 646
B.9723

1736
B.7774
0.2763

-0. 6809
-B.6551
~1499
6.7851
~Be7411]

B.4687

@.T7789E-B1 B.5242
~0+510B4E-01-8. 1409
~0«3964E-061-0.1256

~3.2813
~B.5490
~@.6486
-Be 6845
~B. 6683
-@«5414
-0.3908
-@.2722
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Table AlO0.

O ~NOULP W N

MODE A: SPEAKERS

1-0.7474
2 - 1 0043
3 -1.387
4-0.8036

MODE B: VOWELS

[i] 1.507
[v] B.7102
[e] B.4527
[e]~@B.2442
[0]=8+5635
[O] ~1.675
[LI] 2.8609
[e] =l.048

MODE C: VOCAL TRACT SECTIONS
1-8.9475E-81

2-8.1643
3-0.2967
4-0. 4001
5-0.6223
6-0-5833
T-@.5088
8-8.3971
$-~08.1837

10-8.9728E-82

11 8.2071
12 0.3634
13 8.5048
14 @.5427
15 8.5198
16 @.4588

One-factor unique solu-

tion (4 speakers, 16 sections).
Correlation squared= 0.6978931.
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Table All.
tion.

Two-factor unique solu-
(4 speakers, 16 sections).

Correlation squared= 0.8169475.

o~ S~

MODE A: SPEAKERS

1 9.5068 1.235
2 1.0895 8.8628
3 1l1.218 1.256
4 1.829 2.3914
MODE B: VOWELS
[i] =1.617 -0.9486
[v]1-0.2048 -1.363
[e]-@.1712 -g.8211
[e] B.6963 -0.5682
[o] @.3451 8.8017
[o] 1.399 1. 625
[ul] -1.376 @.3359
[c] @.9287 2.9299
MODE C: VOCAL TRACT SECTIONS
l'go 2452 Zo 1854
2-0.2967 @. 1457
3-8.3716 3. 6808E-0!
4-8+5177 0.9198E=81
5-8+6165 ~@.6365E-@1
6-0.5213 -0.1243
7~-0.39 66 -@.1783
8-0.3758 -0.76506E-01
9-9.1208 -0.9842E-01
10 0.8413E-02-0.2149E~01
11 8.1219 @.1232
12 8.1918 @.2398
13 B8.2211 B.3896
14 @8.2027 B.4629
15 8.1863 B.4499
16 8.1228 B.4526
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Table Al2.

Three-factor unique solution (4 speakers, 16 sections).

Correlation squared= 0.8827122.

1

CoONOYUT AW N

MODE A:: SPEAKERS

1 -1.322 =~1.129 6.7277E-01
2-0.8531 =1.865 -1.0825
3 ~1.167 -@.80841 -1.419
4-0.4021 ~0.9722 “B.9637
MODE B: VOWELS
“] loﬂll -1-150 “10834
[L] 1248 B.2711 -@.5325
[e] 8.8313 -0.1248 “B.1799
[e] B.4155 0.9255 B.6176
[0]-8+7832 @.125] @.4356
[0] =-1.753 1.324 1.267
[u]-@. 3624E-81 -1.915S -0.9151
[0]=0.9316 05439 1.143
MODE C: VOCAL TRACT SECTIONS
1 8.1730 B.1916 0.9550E-0@1
2 0.1247 9.2024 0+1386
3 B.-6831E~-82 0.2959 @0.9171E-01
4 0.1486E-081 0.4262 B 1152
5-0. 1037 B.2732 2.3816
6-0.1329 #-1186 P.4375
T7-6+1516 ~@+3157TE-B1 B8+4636
8-08+5400E~-€1 B.S698E-22 0.4053
9-B«496]1E~-21~B.1455 2.2889
1@ @+5611E-081-8.2327 A.2538
11 8.2602 -0.2467 B 1595
12 B.3081 -g.2221 0. 6233E~0!
13 @+4460 ~B.1436 -8.3530E~01
14 8.5021 ~B+5990E-081-8.9739E-01
15 @.4673 0.1614E-01-8.1650
16 04477 B.1210 -0.2055
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Table Al3. Four~factor unique solution (4 speakers, 16 sections).
Correlation squared= 0.9076660.

1

(o< 2R N < WU BF S PO N

MODE A: SPEAKERS
1-8.060813 1.396 -1.455
2 87099 9.8392 -@.8016
3 1684 1.135 -1.186
4 B+5450 G.2499 -2.1324
MODE B: VOWELS
[i] 1.957 06.8083 B.6712
[v] B.6326 0.8800 @.-7816
[e] B.1492 8.9815 @.9258
[e]-@.8885 -@.2755 ~0. 4274
[o]-@.2992 -B.4114 ~0.2948
[D] -1.169 '2-001 '200]9
[u]l] @.6532 B.9182 1897
[e] =1+044 -0.8160 -8.7301
MODE C: VOCAL TRACT SECTIONS
l 6.3621E-01-8.6381 -B.4431
2 @.7947E-01-0.7 407 -0.61880
3 0.2570E-01~@.1542 -@.1485
4 B+6514E-01-0.6409 -3 6547
S 8.3119 -0. 5622E~01-0.2620
6 B8.3324 Be 6765 B+ 4839
7 0.3310 1.213 1.034
8 @.2525 1.049 1815
9 0.1539 1.244 1.239
180 0.1259 8.9231 1.833
1l 8.7518E-21 ©8-.1186 2.3808
12 0.2557E-@1~-8.6334 -8-2711
13 G.8134E~92 ~-1.818 -1¢343
14-06.8250E-02 ~2.470 =1.972
15-8.4532E-81 -2.646 -24196
16-0@.7274E~01 ~-2.852 ~2.437
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1140
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1539
~B+1396
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-0« 6469
-@.3693
=-1.243

1665
-2.8583

@.3057

3. 3007
8.36828

@+ 4775
g.3126
0.20879
2.9683E-01
2.19@3

2. 1653E-01
-@.4511E-81
~0.7024E-01
-8.7513E-21
~@+5666E-31
~8.1622E-01
@.1052E-01
B.8434E-01
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Table Al4. One-factor unique solu-
tion (4 speakers, 12 sections).
Correlation squared= 0.7693765.

Table Al5. Two~factor unique solu-
tion (4 speakers, 12 sections).
Correlation squared= 0.8680746.

MODE A: SPEAKERS MODE As SPEAKERS

1-8.77817 1 1.252 ~0.6290E-0)
2 ~1.018 2 2.9138 @.9824
3 -1.366 3 1.158 1.466
4=8.T7209 4 B.5058 2.93%4

MODE B: VOVWELS MODE Bs: VOVWELS
1 [i] 1.471 1 [i] =1el54 ~1.801
2 [.] 8.8532 2 [1] -1.839 ~8.5115
3 [e] B8.5135 3 [e]=B.7598 ~3.1558
4 [e]=@+1482 4 [e]-B.2352 G.8014
5 [0]-@.6081 5 [0] B.7509 @+.3534
6 [0] =1.699 6 [0] 1839 §.255
7 [u] 8.6722 7 [Ul=8.3467 ~-1.062
'8 [o] =1-855 8 [0] B+9444 1.660
MODE C3 VOCAL TRACT SECTIONS MODE C: yOCAL TRACT SECTIONS

1-0.6019 1-9.1815 -8.5293
2-0.5721 2-0.1835 -8.4750
3-8.5883 3-0.1689 -@e4179
4-0.3882 4-0.6293E-01-0.3984
5-6.1882 5-0.2701E-@1-8.1977
6~-8+1559E-01 6 B.9443E-01-8.1253

7 8.2058 7 0.2632 ~0.4978E-81

8 2.3660 8 0.3796 2.1178E-81

9 B.5158 9 0.5138 2.4313E-01

i@ 0.5588 10 8.5557 @.5288E~81

11 8.5376 11 8.5048 B.8180E~-01

i2 8.4811 12 #.4552 @.7566E-01
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Table Al6. Three-factor unique solution (4 speakers, 12 sections).
Correlation squared= 0.9308652.

MODE A s SPEAKERS

1 1.192 -0+5176E-81 1.138
2 0.9285 ~1.001 8.9430
3 1.221 -1.483 1.239
4 @.4756 -3.8921 05469
MODE B : VOWELS
1[i] 9.6307 1.723 9.9427
2 [L]=§+3537 2.5475 @.3634E-01
3 [e] B8.2418 3.2158 B.4283
4 [e] =1.457 ~2.8570 -1.151
5 [o] 8.3571 -8.3700 8.5833E-01
6 [0] -1.236 “1.263 -1.601
7 [u]l 1.906 1.855 1697
8 [0]=B+BB62E~01 ~1.0852 -B.4019
MODE C: VOCAL TRACT SECTIONS
1-8.2496 -0.3942 9.5281
2-0.4166 -B.4360 0.5508
3-0.5138 -@.4483 @.5144
4-9.2576 =0.4396 B.1995
5=8.2767 -B.2955 2.1011
6 B.1561E-81-0.2844 -3.3278
7 9.5172 -9.2353 -2.9130
8 8.90870 ~-%.1680 T =1e317
9 Jf.418 -Be1111 -1.797
10 1.629 “@e6511E~01 -1.954
11 1.554 @.1212E-01 ~-1.780
12 1+513 B+5782E-01 -1.628
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Table Al7. Four~factor unique solution (4 speakers, 12 sections).
Correlation squared= 0.9480866.

MODE A: SPEAKERS

1-0.8872 -1.947 @.1936 Be4276
2-8.9298 ~-B.7811E~@1 1.055 3.9687
3 ~1.344 8.1375 1.481 1416
4-0.8227 B.4287 8.8103 8.9345
MODE B: VOWELS
1 [i]-g.2681 -0.6836 -1.516 -3.2753
2 [1]-8.8101 -B.30612 -1.020 -0.6871
3 [e]-B.4302E-01-0.6781 B.2531E-092 B.1212
4 [e] -1.674 1.551 ~3.8448 ~1.526
5 [o] B.7366 B.1542 @.9438 B8.6856
6 [o]=B.4148 1.353 ~@.2233E~01-08.82%6
7 [ul 1.827 -1.632 1.087 = 1.886
8 [o] B.6459 B.2366 1.369 B.6252
MODE C; VOCAL TRACT SECTIONS
1 8.5719 2.1303 -@.8235 1.432
2 @.6096 B+.5896E-021~0.80851 1.352
3 @.5722 P+.2316E-22-8.7414 1.166
4 0.4882 ~@+.8060E~B1-0.5773 1.004
5 $.2033 -8.11085 ~2.3316 0.3974
6-8.2115 -@+2056 -0+ 1482 -@.20854
7-0.7802 -g.2872 0.8435E-01~0.9262
8 -1.126 -3.3209 @.2849 -1.379
9 =1.684 -0.3630 @.4485 -1+892
16 -1.783 ~@.3474 @.5056 ~2.056
11 -1.678 -g.2813 B.5141 ~1.929
12 =14669 -@.2095 B8.4543 ~1.842
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