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Abstract

W e describ e the atten uation of the second v o w el forman t p eak near the second reso-

nance of the subglottal system, and test whether it is a quan tal acoustic-articulatory

relation (Stev ens 1972, 1989) dividing fron t and bac k v o w els. W e �nd strong evidence

for this h yp othesis within English and cross-linguistically , and illustrate one w a y to

test prop osed quan tal relations.
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Chapter 1

In tro duction

\Ph ysical and ph ysiological represen tations ma y represen t unfamiliar ter-

ritory for most phonologists. Nev ertheless, the one who asks the question

presumably is resp onsible for pro viding the answ er."

{ John Ohala, \The Phonetics and Phonology of Place Assimilation"

Human sp eec h is pro duced when the v o cal tract �lters the sound pro duced b y

the vibrating v o cal folds, a seemingly simple system that forms the basis of the

complexities of h uman language. There are appro ximately 6000 languages in the

w orld to da y , eac h of whic h consists of w ords made from sounds dra wn from a language-

sp eci�c rep ertoire of 50-200 phonemes . Coun tless other languages ha v e existed in the

past. Y et all these languages dra w their in v en tories from the same set of a few

h undred p ossible sounds, a phonetic p erio dic table called the In ternational Phonetic

Alphab et (IP A). Eac h language has a distinctiv e sound pattern made up of a set of

sounds and conditions on ho w they can b e distributed in sp eec h. The sound pattern

of English prescrib es long v o w els after consonan ts lik e /b/ and /d/, short ones after

consonan ts lik e /p/ and /t/, and allo ws w ords to end but not b egin with /pt/, all

rules whic h most other languages do not ob ey . Sounds can also b e in
ected in subtle

w a ys that are utilized di�eren tly in di�eren t languages { an English sp eak er do es not

consciously notice that the /p/ in \pat" is more aspirated than that in \spat," but in

man y Indian languages, the same t w o sounds follo w ed b y a v o w el w ould b e p erceiv ed

13



as di�eren t w ords.

Human sp eec h systems are studied in t w o ma jor con texts. Phonology aims to

describ e the sound patterns of the w orld's languages and construct a theory of ho w

these sounds are represen ted in sp eak ers' minds, based on generalizations o v er man y

languages. Phonetics is the study of the ph ysical realization of sounds, whic h aims to

understand the sp eec h pro duction pro cess and ho w and wh y sounds di�er. Broadly

sp eaking, phonology is qualitativ e and deductiv e, while phonology is quan titativ e and

inductiv e.

F rom either p ersp ectiv e, a successful theory of p ossible sp eec h sounds m ust de-

scrib e what categories (if an y) mak e up their abstract represen tation, and what the

basis is for these categories. Cross-linguistically , phonological rules are observ ed to

alw a ys act on the same sets of sounds, called natur al classes . A rule ma y act one

w a y on (/i/,/e/,/�/) and another (/a/,/o/,/u/), but nev er on an y of the other nine

p ossible pairs of three v o w els. F urthermore, rules often op erate on the same sets of

t w o natural classes, suc h as the t w o ab o v e. Phonologists sa y that the t w o classes

are de�ned b y a di�erence in one binary-v alued fe atur e , suc h as [bac k]. The set

(/i/,/e/,/�/) is [-bac k] while (/a/, /o/, /u/) is [+bac k], referring to the horizon tal

p osition of the tongue when these v o w els are pro duced. Ev ery p ossible sound is then

a v ector of binary v ariables corresp onding to features.

F eature theory is the basis of mo dern phonology , and a core set of features and

their acoustic and articulatory correlates are more or less agreed on. Ho w ev er, a

deriv ation of these features from phonetics is lac king { what de�nes the b oundaries

b et w een segmen ts di�ering b y one feature, and wh y do es h uman language mak e use of

the features it do es? Answ ers to these questions w ould pro vide the crucial connection

b et w een phonetics and phonology . One attractiv e prop osal is Kenneth Stev ens' quan-

tal theory (Stev ens 1972, 1989), in whic h features arise from nonlinear articulatory-

acoustic relations in the v o cal tract when an acoustic parameter of the sp eec h signal

rapidly shifts from one stable region to another for a linear articulatory mo v emen t

(sc hematized in Fig. 1-1). F or example, mo ving the tongue slo wly from [+an terior]

/s/ to [-an terior] / A / pro duces an abrupt transition b et w een the t w o. The corre-

14



Acoustic Parameter

Parameter

I II III

Articulatory

Figure 1-1: Sc hematic of a quan tal relation. Regions I and I I I corresp ond to [+feature]

and [-feature] v alues, region I I is the abrupt transition b et w een them.

sp onding shift from a dominan t higher (�fth or fourth) to lo w er (third) forman t in

the sp ectrum is the prop osed quantal r elation for the feature [an terior].

Quan tal relations ha v e b een prop osed for man y features. Y et with the exception

of studies on a few of those features (Stev ens and Blumstein 1975, Ladefoged and

Bhask ararao 1983, P erk ell and Cohen 1989, Halle and Stev ens 1991, P erk ell et al.

2004), quan tal theory is often cited and rarely tested, either directly or indirectly {

most pap ers in the 1989 Journal of Phonetics sp ecial issue on quan tal theory (Ohala

1989) are largely theoretical. One pap er raises the \di�cult y of [quan tal theory's] v er-

i�cation" (ten Bosc h and P ols, 1989: 63). This ob jection is v alid, but symptomatic of

more general facts { quan titativ e, testable theories are relativ ely new to b oth phonet-

ics and phonology , and it is m uc h easier to prop ose than test theories ab out language.

Although some linguistic traditions searc h for la ws, man y imp ortan t, established facts

ab out h uman language are tendencies across all p ossible v ariables (language, gender,

sp eak er, age, so cial class), implying a heft y burden of pro of to conclusiv ely falsify

or supp ort general h yp otheses. Moreo v er, man y more nonlinear acoustic-articulatory

relations than are needed for quan tal theory arise from the v o cal tract { wh y are

only some c hosen as the basis for features? It is unkno wn whether quan tal theory

is a theoretical construct, a set of w eak phonetic constrain ts, or \a principal factor

15



shaping the in v en tory of... attributes that are used to signal distinctions in language"

(Stev ens 1989: 3). Eac h w ork on individual languages and sp eak ers only giv es mo dest

evidence for or against ev en the last p ossibilit y .

Ho w ev er, suc h w ork m ust b e done, not only out of go o d scien ti�c practice, but

as the only w a y to elucidate the basis of phonology (and p erhaps phonetics). In

this thesis, w e demonstrate one w a y to in v estigate a nonlinear acoustic-articulatory

relation and test whether it is used as a quan tal relation. Sp eci�cally , w e describ e

atten uation of the second forman t p eak (the \subglottal atten uation e�ect") near the

second subglottal resonance due to oral-subglottal coupling, and test whether it is a

quan tal relation for [bac k]. Although this do es in v olv e data from a n um b er of sp eak ers

and languages, w e hop e to sho w that testing quan tal theory is b oth easier and more

rew arding than one migh t exp ect, esp ecially if the data are already at hand. A t b est

w e will ha v e grounded a piece of phonology , and at w orst understo o d an in teresting

nonlinear phenomenon of the ph ysics of sp eec h.
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Chapter 2

Mo deling Oral-Subglottal Coupling

2.1 Visualizing Sp eec h

Sp eec h is pro duced using the anatom y sho wn in Fig. 2-1. The diaphragm exp els air

from the lungs in to the v o cal tract, causing the v o cal folds (glottis) to vibrate at high

enough pressure. The glottal output is �ltered b y the v o cal tract, whose shap e can b e

c hanged b y mo ving the articulators : T ongue b o dy , tongue blade, tongue tip, tongue

ro ot, ja w, lips, uvula (not pictured), and v elum. The F ourier transform of the sound

pressure signal yields a sp ectrum whose resonan t p eaks v ary in lo cation and shap e as

the articulators mo v e. The c hanging sp ectrum is most commonly view ed o v er time in

a sp e ctr o gr am , a frequency vs. time plot, as sho wn in Fig. 2-2. The c hanging frequency

bands are formants . Di�eren t sounds ha v e v ery distinctiv e forman t patterns, and a

sp ectrogram of sp eec h can b e readily parsed in to segmen ts up on listening, allo wing

for the quan titativ e study of ho w di�eren t sp eak ers mak e the same sounds.

2.2 Mo deling Sp eec h

F an t's pioneering w ork (1960) demonstrated that the v o cal tract can to a v ery go o d

appro ximation b e mo deled as a linear system. An y linear system whic h can b e written

in terms of the same equations as force/distance or v oltage/curren t can b e represen ted

as a mec hanical or electrical circuit b y making the appropriate c hanges of v ariables
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Figure 2-1: Sc hematized sp eec h pro duction anatom y , adapted from Kulk arni and

Jain.

Figure 2-2: Sample sp ectrogram of \hoid."
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Electric v ariable Sym b ol Acoustic v ariable Sym b ol

V oltage V Sound Pressure [dynes/cm

2

] P

Curren t I V olume V elo cit y [cm

3

/sec] U

Imp edance Z Acoustic Imp edance [dyne-sec/cm

5

] (Acoustic Ohms)] Z

Resistance R Acoustic Resistance [Acoustic Ohms] R

Inductance L Acoustic Mass [gm/cm

4

] M

Capacitance C Acoustic Compliance [cm

4

/dyne] C

T able 2.1: Acoustic-electric circuit equiv alences, cgs acoustic units.

(Beranek 1986: Ch. 3). As sound pressure and air v olume v elo cit y are related

b y these equations, acoustic systems can con v enien tly b e understo o d via electrical

circuits. The v o cal tract is directly analogous to a transmission line, where the tract

w alls ha v e a p osition-dep enden t c haracteristic imp edance based on the mec hanical

w all prop erties and tub e area function. A full set of acoustic equiv alences for electric

v ariables is giv en in T able 2.1.

The v olume v elo cit y output of the glottis, U

0

( ! ), is �ltered b y the v o cal tract,

with transfer function T ( ! ). The v olume v elo cit y outside the mouth is then giv en b y

U

m

= U

0

( ! ) � T ( ! ) : (2.1)

T o mo del U

m

, w e �rst dev elop an expression for T ( ! ).

2.3 T ransfer F unction

The in teraction b et w een the oral and subglottal ca vities can b e represen ted b y the

circuit sho wn in Fig. 2-3.

Z

l

is the imp edance of the subglottal system, whic h can b e appro ximated b y a

tub e of length l

l

terminated in a lossy capacitor of imp edance Z

c

(Ishizak a et al.

1976). Z

g

is the glottal imp edance, giv en b y

Z

g

= R

g

+ i! M

g

; (2.2)

where R

g

=

12 �h

l

g

d

3

+

K �U

g

( l

g

d )

2

, M

g

=

�h

l

g

d

, � is the co e�cien t of viscosit y , l

g

; d; h are the
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Vocal TractLungs

tract

Volume velocity flow
out of lungs, into vocal

U

0

U

0

Z

g

Z

l

Z

v

Figure 2-3: Circuit analogy of the v o cal tract and subglottal system.

Z

v

Z

f

Z

r

Figure 2-4: Tw o-tub e mo del of the v o cal tract, with imp edances lo oking forw ard.

length, width, and thic kness of the glottis, U

g

is the v olume 
o w through the glottis,

� is the densit y of air in the v o cal tract, and K is a constan t tak en to b e � 1 (Stev ens

1998: 165). U

g

c hanges with time, so w e appro ximate it here b y its a v erage v alue

in order to use a linear system analysis. This is a resonable appro ximation, as the

p erio d of U

g

is small compared to sp eec h phenomena.

The t w o v olume v elo cit y sources represen t 
o w to and from the lungs, and Z

v

is

the imp edance lo oking in to the v o cal tract from the glottis. T o �nd Z

v

, w e use the

t w o-tub e mo del of the v o cal tract sho wn in Fig. 2-4. This mo del is su�cien tly accurate

to predict the �rst t w o forman t frequencies, whic h c haracterize di�eren t v o w els (at

least along the bac kness and heigh t dimensions). W e neglect the w all imp edances,
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l

f
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f
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b

/a/: A

b

/ A

f

=1/8,

l

b

/ l

f

=1.2

/i/: A

b

/ A

f

=8,

l

b

/ l

f

=1.5

Figure 2-5: Tw o-tub e mo dels of /a/ and /i/, adapted from (F an t, 1960: 66).

sacri�cing accurate forman t bandwidths for simplicit y . Z

r

is the radiation imp edance

at the lips, and Z

f

is the imp edance lo oking in to the fron t ca vit y . F or the frequency

range sim ulated here, Z

r

can b e appro ximated as

Z

r

=

�!

2

4 c

K

s

( ! ) + i

! � ( : 8 a )

A

m

; (2.3)

where A

m

is the area of the mouth op ening, tak en here to b e A

f

, and � a

2

= A

m

.

K

s

( ! ) is a n umerical factor accoun ting for the ba�ing e�ect of the head whic h can b e

appro ximated as 1 at lo w frequencies, rising to 1.7 b y 2000 Hz., and 1.5 for frequencies

ab o v e 2000 Hz (Stev ens 1998: 153).

Belo w, w e will mo del an /ai/ diph thong. The t w o-tub e shap es and corresp onding

parameters for /a/ and /i/ are sho wn in Fig. 2-5. The imp edance lo oking do wn a

tub e of length l and area A terminated in an imp edance Z is (Kinsler and F rey 1962:

201)

Z

0

( l ; A; Z ) =

�c

A

�

Z + i

�c

A

tan k l

�c

A

+ iZ tan k l

; (2.4)

where c is the sp eed of sound in the tub e. W e th us ha v e Z

f

= Z

0

( l

f

; A

f

; Z

r

), and

Z

v

= Z

0

( l

b

; A

b

; Z

f

).

T o �nd T ( ! ) =

U

m

U

0

, w e m ust �rst �nd U

v

, the 
o w in to the v o cal tract, giv en b y
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the v olume v elo cit y (curren t) across Z

v

. The sp ectrum of U

v

can b e computed b y the

principle of sup erp osition { since the circuit in Fig. 2-3 is a linear system (taking U

g

to b e a constan t), sup erimp osing the resp onses for eac h ! giv es the en tire sp ectrum

of U

v

. Accordingly , for an input U

0

( ! ), solving the circuit giv es

U

v

U

0

=

i! L

g

+ R

g

i! L

g

+ Z

v

+ Z

l

+ R

g

; (2.5)

W e no w �nd

U

m

U

v

. P ( x ) and U ( x ) in the fron t ca vit y are giv en b y general solutions to

the w a v e equation of the form

P

f

= ( �

f

e

ik x

+ �

f

e

� ik x

) ; U

f

= ( �

f

e

ik x

� �

f

e

� ik x

) =K

f

; (2.6)

where K

f

=

�c

A

f

is the c haracteristic imp edance of the fron t ca vit y . The pressure and

v olume v elo cit y for the bac k ca vit y are giv en b y analogous expressions using �

b

, �

b

,

and K

b

. Solving for the � and � co e�cien ts b y imp edance matc hing at the en trances

to the fron t and bac k ca vities giv es

U

m

U

v

=

[ K

b

cos ( ! l

b

=c ) � i sin ( ! l

b

=c ) Z

f

][ K

f

cos ( ! l

f

=c ) � i sin ( ! l

f

=c ) Z

v

]

K

b

K

f

: (2.7)

W e then ha v e

T ( ! ) =

U

m

U

v

U

v

U

0

; (2.8)

using the expressions from (2.5) and (2.7). Lastly , at a distance r from the mouth

(normal to the head), w e appro ximate the radiation c haracteristic of sound at the lips

as that of a simple source on a sphere (far �eld),

R ( ! ) =

K

f

! �

4 � r

e

� ik r

; (2.9)

where K ( f ) is a n umerically computed function rising from 0 dB at lo w frequencies

to � 5 dB at 2 kHz and higher (Stev ens 1998: 199). Microphones record the sound

pressure of sp eec h. The sound pressure p

r

at distance r from the ab o v e source is
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Figure 2-6: Sp ectrogram for an /oi/ diph thong sho wing F2 atten uation near AccF2.

p

r

= U

m

( ! ) R

(

! ), giving

p

r

= U

0

( ! ) T ( ! ) R ( ! ) : (2.10)

The glottal source U

0

can b e computed analytically , but the pro cess is su�cien tly

in v olv ed that an empirically measured male U

0

is used here. Using this and the

expressions in (2.8) and (2.9), w e can no w sim ulate sp ok en v o w el sp ectra.

2.4 The Subglottal A tten uation E�ect

The subglottal atten uation e�ect results from coupling b et w een the oral and subglot-

tal ca vities. This coupling is usually negligible, but b ecomes imp ortan t when an oral

ca vit y forman t approac hes a subglottal resonance. Based on general considerations

of coupled resonators, the forman t p eak is then predicted to b e atten uated, and its

frequency will app ear to \jump," skipping the subglottal resonance. The second sub-

glottal resonance (AccF2) is 1300-1500 Hz. dep ending on the sp eak er, whic h is also

appro ximately the dividing line b et w een the second forman t (F2) of fron t ([-bac k])

and bac k ([+bac k]) v o w els. An individual sp eak er's fron t and bac k v o w els are usually

fairly w ell-divided, but what determines the b oundary is unkno wn. W e h yp othesize

that atten uation of the F2 p eak near AccF2 is the quan tal relation for [bac k]. This

e�ect can b e anecdotally observ ed in some fron t-bac k diph thongs, as in Fig. 2-6.

23



1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500
1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

Time [msec]

F
2 

[H
z]

Speaker M1 /ai/ (from "hide")

Data 

Model 

Second Subglottal
Resonance 

Figure 2-7: Observ ed and mo deled F2 trac k for an /ai/ diph thong, sp eak er M1,

sho wing an F2 jump near AccF2.

W e �rst test whether our mo del predicts this e�ect. The sound pressure at the

microphone w as sim ulated using a mo del written in MA TLAB, based on the ab o v e

analysis. Substituting in t ypical v alues of all parameters for a male sp eak er (Stev ens

1998) and sim ulating an /ai/ diph thong b y transitioning linearly b et w een the tub e

shap es in Fig. 2-5 do es in fact giv e an atten uation e�ect. After some t w eaking of

parameters, the sim ulated trac k of the second forman t prominence frequency matc hes

one recorded b y hand for one of sp eak er M1's /ai/ diph thongs, as sho wn in Fig. 2-

7. Th us the mo del has some preliminary success in sim ulating this e�ect. Ho w ev er,

as there are signi�can t di�erences b et w een sp eak ers' v o cal tracts, their nonlinear

articulatory-acoustic relations presumably v ary greatly . W e m ust no w c hec k to what

exten t the subglottal atten uation e�ect is robust across sp eak ers, and whether it can

b e correlated with the fron t-bac k distinction. The mo del predicts that the e�ect

itself will b e relativ ely robust, giv en that its parameters are ones that do not v ary

tremendously from sp eak er to sp eak er, and that sp eak ers with more coupling b et w een

the oral and subglottal ca vities will exhibit a stronger e�ect.
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Chapter 3

Data Collection and Preliminary

Analysis

3.1 Data Collection

T o study the in teraction b et w een subglottal resonance frequencies and v o w el pro-

duction, sp eec h from appro ximately 18 sp eak ers from the MIT studen t, facult y , and

sta� p opulation w as recorded.

1

Of these, 7 male and 7 female sp eak ers whose data

w ere clean enough to analyze are presen ted here as M1-M7 and F1-F7. The remain-

ing sp eak ers' data w ere harder to analyze due to random exp erimen tal errors, not a

systematic error in their sp eec h.

All sp eak ers w ere nativ e sp eak ers of American English except M7, a nativ e sp eak er

of British English, and M1, a nativ e sp eak er of Canadian English. Sub jects w ere

recorded sa ying the phrase \hVd, sa y hVd again" for eac h of the American English

monoph thongs and diph thongs, sho wn in T able A.1 (except for M7, who used the

v ery similar British set of v o w els). Man y phoneticians transcrib e the diph thongs as

/e � /, /a � /, / 4� /, /a H /, /j H /. Our notation is adopted for simplicit y's sak e, and do es

not c hange the bac kness of an y v o w els. W e considered the �rst v o w el of /ei/ to b e

English /e/, and treated it as a monoph thong to get as man y v o w els as p ossible. Eigh t

1

Man y thanks to Xuemin Chi, who did m uc h of this recording and collab orated with me on the

analysis.
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Sym b ol Bac kness W ord

/�/ F ron t \had"

/ 4 / Bac k \ha w ed"

/ � / F ron t \head"

/ �` / Cen tral \heard"

/i/ F ron t \heed"

/ � / F ron t \hid"

/ � / Bac k \ho dd"

/o w/ Bac k \ho ed"

/ H / Bac k \ho o d"

/ � / Bac k \h ud"

/u w/ Bac k \who'd"

/ei/ F ron t/F ron t \hade"

/ai/ Bac k/F ron t \hide"

/oi/ Bac k/F ron t \hoid"

/au/ Bac k/Bac k \ho w'd"

/iu/ F ron t/Bac k \h ued"

T able 3.1: American English v o w el IP A sym b ols, bac kness, and carrier w ords used.

sp eak ers sho w ed a distinction b et w een / � / and / 4 / and 6 did not, replicating a w ell-

attested di�erence b et w een English dialects. M4's dialect app eared to also include

/a/, whic h w as elicited using \hahd." Sp eak ers w ere recorded in a sound ro om using

a microphone h ung appro ximately 8 inc hes from the head. In addition, sp eak er's

subglottal pressure signals w ere tak en using an accelerometer attac hed externally to

the nec k appro ximately 1 inc h ab o v e the sternal notc h, on the skin of the trac heal

op ening. Accelerometers transform skin vibrations in to v oltage signals, and w ere

demonstrated b y Cheyne (2002) to b e a surprisingly accurate and con v enien t w a y

to determine subglottal resonances. The �rst and second subglottal resonances are

clearly visible in the sample accelerometer sp ectrum and sp ectrogram sho wn in Fig. 3-

1.

3.2 Preliminary Analyses

T o study the relationship b et w een F2 and AccF2, their v alues w ere found for all

v o w els for all sp eak ers. F or eac h sp eak er, for all 10 rep etitions of eac h monoph thong,
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Figure 3-1: Sample accelerometer sp ectrogram and sp ectrum.

F2 w as tak en b y hand using the xkl w a v eform analysis soft w are. It is p ossible to

do this automatically , but none of the a v ailable algorithms w ork with the accuracy

desired here. Since AccF2 sta ys relativ ely constan t during phonation, its v alues for

all monopthongs w ere instead determined using a forman t trac k er. Means of this data

o v er a v o w el w ere found to agree with hand-tak en data for sev eral test v o w els. The

AccF2 v alues for eac h sp eak er conform reasonably w ell to normal distributions, and

agree with previously rep orted AccF2 v alues found using in v asiv e tec hniques (Ishizak a

et al. 1976, Cranen and Bo v es 1987). Since subglottal resonance data are sparse in the

literature, basic statistics on eac h sp eak er's AccF2 distribution are sho wn in T able 3.2

and all data on AccF2 and F2 are giv en in App endix A.

3.3 Analysis of /oi/ diph thongs

T o c hec k the robustness of the h yp othesized second forman t p eak atten uation across

sp eak ers, w e analyzed 3-4 /oi/ diph thongs for all sp eak ers. /oi/ w as c hosen b ecause

the F2 trac k alw a ys crosses sp eak ers' AccF2. All sp eak ers sho w ed an atten uation e�ect

for all diph thongs analyzed, though the strength of the e�ect v aried. T o c hec k whether

a stronger e�ect w as correlated with more oral-subglottal coupling, w e measured H1-

H2, the di�erence b et w een the �rst and second harmonics, at 5 p oin ts eac h in 10

pro ductions of / � / (c hosen b ecause its high F1 p eak in terferes minimally with lo w
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Sp eak er �x (Hz.) � (Hz.) �

2

�

M1 1374 12 1.3

M2 1280 18 1.0

M3 1310 20 0.86

M4 1405 17 0.84

M5 1384 22 0.79

M6 1303 18 0.98

M7 1454 20 0.89

F1 1620 28 0.70

F2 1469 23 0.80

F3 1447 30 1.1

F4 1568 28 0.82

F5 1496 28 0.99

F6 1383 27 1.0

F7 1508 19 0.89

T able 3.2: Mean, � , and �

2

�

(normal distribution) for sp eak ers' AccF2 distributions,

across monoph thongs and diph thongs.

harmonics) for all sp eak ers. H1-H2 is an indicator the br e athiness of a v oice, whic h is

related to the prop ortion of a glottal cycle that the glottis is op en. Breathier v oices

ha v e a stronger lo w frequency comp onen t, giving a higher H1-H2. Sp eak ers with

breathier v oices should ha v e greater oral-subglottal coupling, a v eraged o v er time.

Statistics on a v erage jump size and atten uation in /oi/, di�erence b et w een jump

cen ter frequency and AccF2 (�

f r eq

), and H1-H2 are sho wn in T able 3.3. �

f r eq

for a

w ord w as calculated b y appro ximating the frequency of the middle of the F2 trac k

jump, then subtracting the a v erage AccF2 v alue for the w ord's v o w el. The sp eak ers

are arranged in order from the smallest H1-H2 to the largest H1-H2, separately for

eac h gender. The data sho w a go o d correlation b et w een H1-H2 and jump size and

H1-H2 and atten uation, and a w eak er correlation b et w een H1-H2 and �

f r eq

, at least

when separated b y sex. This separation is w ell-motiv ated b y the signi�can t di�erences

b et w een male and female sp eec h. The atten uation e�ect is th us observ ed to b e b oth

robust and dep enden t on the degree of oral-subglottal coupling, as predicted b y the

mo del. The source of the w eak dep endence of �

f r eq

on H1-H2 is unkno wn, but

is minor and will b e ignored here. Since the frequency of maxim um atten uation is

signi�can tly di�eren t from AccF2 for some sp eak ers, it is certainly v alid to w onder ho w
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Sp eak er H1-H2 Jump Size (Hz.) A tten uation (dB) �

f r eq

M7 -8.5 99 1.9 -25

M2 -4.5 280 3.8 -135

M4 -4.3 143 2.6 16

M6 -3.6 183 2.1 68

M5 -3.1 211 2.9 -53

M3 -1.3 248 4.0 36

M1 -1.1 225 4.2 -59

Sp eak er H1-H2 Jump Size (Hz.) A tten uation (dB) �

f r eq

F1 -3.1 108 1.3 -25

F6 -2.1 145 1.7 -44

F4 -1.6 164 1.3 -102

F5 0.4 195 1.7 -65

F3 1.7 156 1.2 13

F7 3.8 196 3.3 -85

F2 5.1 311 4.0 -202

T able 3.3: Breathiness, jump, atten uation, and �

f r eq

a v erages for male and female

sp eak ers, arranged b y ascending breathiness. Correlation co e�cien ts b et w een H1-H2

and the jump v ariables are .69, .74, .10 for males, .84, .83, -.56 for females.

these sp eak ers could b e dividing their fron t and bac k v o w els based on the atten uation

e�ect, as h yp othesized. Ho w ev er, w e found that ev en when AccF2 is not near the

jump cen ter frequency , it is alw a ys within the p erio d of atten uation. Th us, sp eak ers

could just as w ell b e using the atten uation e�ect asso ciated with AccF2, ev en when

the exact frequencies are o�.

The subglottal atten uation e�ect is therefore robust and fairly strong across sp eak-

ers, suggesting that it could b e used as a quan tal relation { w e no w test whether it

is.
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Chapter 4

Evidence for a Quan tal Relation

4.1 Evidence from English Data

T o test whether sp eak ers' fron t-bac k distinctions migh t b e structured around the

subglottal atten uation e�ect, AccF2-F2 v alues for all monoph thongs for all sp eak ers

w ere examined. W e call eac h group of 10 rep etitions of the same v o w el pro duced

b y the same sp eak er a vowel gr oup . W e tested whether AccF2-F2 w as signi�can tly

( p < : 05) p ositiv e or negativ e for all v o w el groups, taking � for all AccF2 v alues for

eac h sp eak er to b e the � for their en tire AccF2 distribution (across all v o w els), and

taking � for a v o w el group's F2 to b e the standard deviation of F2 v alues for v o w els

in the group.

P ositiv e AccF2-F2 for bac k v o w els or negativ e AccF2-F2 for fron t v o w els w ere

\exp ected" under our h yp othesis. All fron t v o w el groups w ere signi�can tly p ositiv e,

but at least one group w as not signi�can tly negativ e for eac h bac k v o w el. In T able 4.1,

statistics for only bac k v o w el groups across all sp eak ers are giv en. The /d/ in \h ud"

has a tendency to pull the F2 of / � / up w ards. Using data from \h ub" instead and

taking F2 less conserv ativ ely for /u/

1

giv es the statistics for bac k v o w el groups in

T able 4.2. Finally , statistics including fron t and bac k v o w el groups are giv en for the

1

There is some debate ab out ho w to tak e F2 for this v o w el, since F2 often falls across the en tire

v o w el due to the rounding gesture, but m ust b e tak en at a p oin t where some rounding has o ccurred

b ecause /u/ is [+round]. In T able 4.1 /u/ w as tak en with minimal rounding, in T able 4.2 halfw a y

b et w een minim um and maxim um rounding.

31



Signi�can t, Non-Signi�can t, Non-Signi�can t, Signi�can t,

Exp ected Exp ected Non-Exp ected Non-Exp ected

65 ( 83% ) 6 ( 8% ) 3 ( 4% ) 4 ( 5% )

T able 4.1: Bac k v o w el group statistics, conserv ativ e F2's. 14 sp eak ers, 78 groups.

Signi�can t, Non-Signi�can t, Non-Signi�can t, Signi�can t,

Exp ected Exp ected Non-Exp ected Non-Exp ected

71 ( 91% ) 2 ( 3% ) 2 ( 3% ) 3 ( 4% )

T able 4.2: Bac k v o w el group statistics for problem groups, less conserv ativ e F2's. 14

sp eak ers, 78 groups.

conserv ativ e and less conserv ativ e F2 v alues in T ables 4.3 and 4.4. The n um b er of

v o w el groups in these tables are not p erfect m ultiples of 12 (the n um b er of American

English monoph thongs) b ecause di�eren t sp eak ers' dialects ha v e di�eren t n um b ers of

lo w v o w els.

The data in these tables supp ort our h yp othesis across English sp eak ers, at least

as a highly signi�can t asymmetry in ho w v o w els are pro duced. One p ossibilit y is

that this is merely a scaling e�ect { all the resonan t frequencies of sp eec h, including

AccF2, could scale together, so that it w ould not surprising that w e see the same

pattern across sp eak ers. But the statistics for the / �` / v o w el groups in T able 4.5

sho w that this v o w el patterns ab o v e and b elo w AccF2, dep ending on the sp eak er.

Assuming / �` / scales similarly to other v o w els, this rules out a general scaling e�ect.

In terestingly , the / �` / data supp orts sp ecifying cen tral v o w els as neither [+bac k] or

[-bac k], one prop osed solution to the long-standing phonological dilemma of ho w to

treat cen tral v o w els.

Another p ossibilit y is that this pattern is just a prop ert y of English v o w els, as

the v o w el spaces of di�eren t languages ha v e di�eren t c haracteristic shap es, to some

degree. W e th us turn to cross-linguistic data.

Signi�can t, Non-Signi�can t, Non-Signi�can t, Signi�can t,

Exp ected Exp ected Non-Exp ected Non-Exp ected

135 ( 91% ) 6 ( 4% ) 3 ( 2% ) 4 ( 3% )

T able 4.3: F ron t and bac k v o w el group statistics, conserv ativ e F2's. 14 sp eak ers, 148

groups.
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Signi�can t, Non-Signi�can t, Non-Signi�can t, Signi�can t,

Exp ected Exp ected Non-Exp ected Non-Exp ected

141 ( 95% ) 2 ( 1% ) 2 ( 1% ) 3 ( 2% )

T able 4.4: F ron t and bac k v o w el group statistics, less conserv ativ e F2's. 14 sp eak ers,

148 groups.

Signi�can t, Non-Signi�can t, Non-Signi�can t, Signi�can t,

Exp ected Exp ected Non-Exp ected Non-Exp ected

5 ( 42% ) 1 ( 8% ) 1 ( 8% ) 5 ( 42% )

T able 4.5: / �` / v o w el group statistics, 14 sp eak ers, 12 groups (F2 and F3 could not

b e distinguished for sp eak ers M5 and M6).

4.2 Evidence from Cross-Linguistic Data

Ideally , to test our h yp othesis cross-linguistically , analyses of man y individual sp eak-

ers of a genetically div erse set of languages w ould b e carried out to rule out the

p ossibilit y that the e�ect observ ed for English is a prop ert y of English dialects or

Germanic languages. This unfortunately w as not p ossible. Analyses of sp eak er M7

(British English) and a male nativ e P olish sp eak er (not included in the rest of the

study) supp ort our h yp othesis. This is encouraging, but only anecdotal.

Instead, w e assem bled a corpus of published v o w el forman t data for 53 languages,

describ ed in App endix B. Only data a v eraged o v er three or more sp eak ers w ere used,

giving male data from 46 languages and female data from 19 languages, encompassing

26 v o w el qualities and long, short, oral, nasal, breath y , and pharyngealized v arian ts.

T o the b est of our kno wledge, this is the largest cross-linguistic corpus of forman t

data to date. Graphing this data on an F1-F2 plot giv es an idea of ho w fron t, bac k,

and cen tral v o w els pattern cross-linguistically , sho wn in Figs. 4-1 and 4-2. Figs. 4-3

and 4-4 sho w that ev en cross-linguistically , there is a fairly sharp b oundary b et w een

fron t and bac k v o w els. T o determine this b oundary's lo cation, w e c hose an arbitrary

error metric,

error ( f ) = (3 � fron t v o w els b elo w f + bac k v o w els ab o v e f ) : (4.1)

W e w eigh the fron t v o w els relativ e to the bac k v o w els, since fron ting pro cesses
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Figure 4-1: Male cross-linguistic forman t v alues. Dotted lines are the implied b ound-

ary of v o w el space.
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Figure 4-2: F emale cross-linguistic forman t v alues. Dotted lines are the implied

b oundary of v o w el space.
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Figure 4-3: Male cross-linguistic fron t and bac k forman t v alues. Dotted line indicates

a p ossible fron t-bac k b oundary .
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Figure 4-4: F emale cross-linguistic fron t and bac k forman t v alues. Dotted line indi-

cates a p ossible fron t-bac k b oundary .
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Figure 4-5: Male error metric plot, with quadratic �t.

are far more common than bac king pro cesses diac hronically . Ho w ev er, the n umerical

factor (3) is arbitrary { it could p erhaps b e determined more carefully b y c ho osing

a n um b er whic h maximizes the go o dness of �t of some standard distribution to the

resulting error metric curv e.

Plots of the metric in (4.1) v ersus frequency and quadratic �ts are sho wn in Figs. 4-

5 and 4-6. By this metho d, the b oundary lines are found to b e at 1385 Hz (male)

and 1592 Hz (female), in go o d agreemen t with the a v erage AccF2 v alues of 1355 � 56

and 1528 � 104 found b y a v eraging our AccF2 data with that rep orted in previous

studies (Ishizak a et al. 1976, Cranen and Bo v es 1987) for Japanese and Dutc h.

Also, male cen tral v o w els are split 20/42 (20 ab o v e) b y 1385 Hz. and female

cen tral v o w els are split 6/14 (6 ab o v e) b y 1592 Hz. While these ratios are far from

the 1:1 predicted b y the h yp othesis that cen tral v o w els are unsp eci�ed for [bac k],

they are encouraging, giv en that the iden tit y of v o w els transcrib ed as cen tral is often

uncertain or con tested.
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Figure 4-6: F emale error metric plot, with quadratic �t.

These results should b e tak en with a grain of salt { not only is the w eigh ting factor

in (4.1) arbitrary , but the forman t data surv ey is w eigh ted to w ards Indo-Europ ean

languages, esp ecially Germanic ones. As Germanic languages ha v e p ossibly the largest

a v erage n um b er of v o w els of an y language subfamily , a Spr achbund e�ect could p oten-

tially sk ew our result. Nonetheless, giv en 2000 Hz. of p ossible v alues to tak e on, it is

remark able that the b oundary line b et w een fron t and bac k v o w els cross-linguistically

should b e so close to AccF2.

4.3 Theoretical Implications

In terpreting the graphs ab o v e in ligh t of our h yp othesis, v o w el spaces are constrained

b y an unstable region near AccF2, and ma y structure their fron t-bac k distinction

based on it. These facts are not fully captured in curren t theories of v o w el in v en tories.

In Adaptiv e Disp ersion Theory (Lijencran ts and Lindblom 1972, Lindblom p as-
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sim ), v o w el spaces tend to w ards minimal articulatory e�ort, maxim um con trast,

and maxim um n um b er of v o w els, measured b y phonetic metrics. Flemming (1995)

captures the same principles in an Optimalit y Theory framew ork as more detailed

phonetically-based constrain ts whose m utual ranking determines the v o w el in v en tory .

Later v ersions of Adaptiv e Disp ersion Theory are able to incorp orate an y w arping

of p ossible v o w el space, in principle including atten uation near AccF2. Flemming's

mo del do es not include disfa v ored frequency ranges, but could incorp orate them as

constrain ts. Ho w ev er, neither of these adjustmen ts mak es the connection demon-

strated here b et w een a disfa v ored frequency region and the iden tit y of the sounds

that a v oid it. More generally , neither of these theories incorp orate features, or ex-

plain the mapping b et w een v o w els' phonological iden tities and phonetic realization.

Although the evidence is scarce so far, it seems plausible that features should pla y

some role in dividing up and structuring v o w el space phonetically , since they do so

phonologically . By the same tok en, p erhaps all theories dealing with sounds in an y

w a y as abstract, phonological units con trasting with eac h other should someho w in-

corp orate features. This is esp ecially true for theories of v o w el in v en tory structure,

since patterns in v o w el in v en tories, view ed phonologically , arguably form the primary

evidence for features.
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Chapter 5

Conclusion

W e ha v e sk etc hed out one w a y of understanding a nonlinear acoustic-articulatory

relation and testing whether it is a quan tal phenomenon. W e �rst mo deled the re-

lation, �t the mo del parameters to sample data, and predicted that its e�ect should

b e robust across sp eak ers and dep enden t on a sp eak er-dep enden t parameter (oral-

subglottal coupling). These predictions w ere b orne out b y quan tifying the e�ect for a

n um b er of English sp eak ers. W e then examined whether the w a y sp eak ers pro duced

[+feature] and [-feature] sounds could b e correlated with the e�ect, and found that

it could. Finally , w e tested for the same correlation cross-linguistically as b est w e

could. Ideally , w e w ould also ha v e tested the prop osed correlation p erceptually , as in

Stev ens and Blumstein's study of retro
ex consonan ts (1975), esp ecially since quan tal

relations are b oth articulatory and ac oustic e�ects.

All of these tests are somewhat anecdotal, and certainly in v olv e enough a v eraging

and sub jectiv e h uman judgmen t to giv e one pause. The cross-linguistic evidence rests

on man y a v erages and an arbitrary scale factor, while the evidence from individual

sp eak ers rests on forman t v alues consciously tak en b y hand. Encouragingly , none

of these tests falsi�ed the h yp othesis, but is our h yp othesis that the e�ect is used

as a quan tal relation falsi�able? A similar atten uation e�ect exists for AccF1 and

do es not app ear related to the features [lo w] or [high] on preliminary analysis (not

presen ted here), but one could argue that the relation is v ery w eak, re
ecting the

debated in terpretation of ho w to represen t v o w el heigh t phonologically .
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More generally , what do es it mean for a nonlinear acoustic-articulatory relation

to b e \used" as a quan tal phenomenon? It is imp ossible to test directly whether a

sp eak er is consciously or unconsciously \using" his kno wledge of the phenomenon to

structure v o w el space. Y et ev en if it w ere p ossible, failure to �nd the sp eak er do-

ing so w ould not rule out the p ossibilit y . Curren t phonological w ork assumes that

mec hanisms for structuring sound patterns and phonological pro cesses are presen t

in the mind at some lev el, op erating from a primarily rationalist viewp oin t. This is

certainly a reasonable assumption to mak e for older phonological analyses, in whic h

features and rules are abstract enough that it is di�cult to see what general princi-

ples they w ould result from if not stored explicitly in the mind. But as phonology

has incorp orated increasingly more phonetics o v er the past �fteen y ears, what suc h

general principles w ould b e is increasingly clear. Man y constrain ts prop osed in Op-

timalit y Theory are indirect statemen ts of phonetic prop erties of the v o cal tract, as

are all prop osed quan tal relations. Though w e cannot tell whether suc h statemen ts

of phonetic kno wledge are truly someho w stored in the brain or not, it seems equally

p ossible that these principles are stored no where except in the la ws of ph ysics as that

they are stored in sp eak ers' minds. P erhaps sp eak ers kno w that nonlinear acoustic-

articulatory relations exist and utilize them, or p erhaps these relations w arp naiv e

sp eak ers' phonetic output, sync hronically and diac hronically .

Whether a nonlinear relation is stored in ph ysical la ws or the mind, w e can only

test whether it is used as a quan tal relation b y observing ho w sp eak ers pro duce and

p erceiv e di�eren t sounds. Giv en the most careful exp erimen tal w ork in this area, little

enough is curren tly kno wn ab out ho w sp eec h and language w ork in the brain that

the result can almost alw a ys b e in terpreted to fuel theoretical argumen ts from an y

p ersp ectiv e. Th us, p erhaps quic k er progress in understanding the basis of features,

and ma yb e phonetics and phonology more generally , rests on pursuing researc h based

on data, quan titativ e or not, that remains as op en to theoretical in terpretation as

p ossible. A fo cus on data, rather than its in terpretation, w ould exploit the p o w erful

tec hnologies no w a v ailable to study sounds and sound patterns, and adv ance our

kno wledge of phonetics and phonology indep enden t of the ultimately correct theory .
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App endix A

Acoustic and Accelerometer Data

Carrier w ords for eac h English v o w el are listed in T able A.1. Sp eak er M4 had an

additional lo w v o w el, elicited using \hahd." The v o w els in eac h sp eak er's dialect

can b e read o� from the data, whic h also includes F2 and AccF2 measuremen ts for

all utterances. If a sp eak er only has data for one of \ha w ed" or \ho dd," the v o w el

pro duced is / � /, regardless of the notation.

F or eac h w ord X, a sp eak er rep eated the sen tence \X, sa y X again" 5 times.

\Rep etition" is the rep etition n um b er, and \1st" and \2nd" refer to the �rst and

second X in the utterance. \n/a" app ears for diph thong F2's, since they are b y

de�nition dynamic.

Sp eak er Rep etition W ord 1st F2 2nd F2 1st AccF2 2nd AccF2

M1 1 had 1710 1850 1344 1379

M1 2 had 1800 1840 1372 1365

M1 3 had 1850 1750 1359 1341

M1 4 had 1758 1806 1360 1366

M1 5 had 1830 1710 1375 1369

M1 1 hade 2050 2220 1373 1391

M1 2 hade 2040 2180 1362 1371

M1 3 hade 2130 2130 1384 1379

M1 4 hade 2050 2075 1376 1383

M1 5 hade 2030 2075 1368 1372

M1 1 ha w ed 780 880 1379 1376

M1 2 ha w ed 780 780 1373 1352

M1 3 ha w ed 859 840 1372 1382

M1 4 ha w ed 830 850 1367 1355

M1 5 ha w ed 852 830 1374 1374

M1 1 head 1953 2024 1372 1355

M1 2 head 1910 1930 1376 1349

M1 3 head 1890 1990 1388 1383

M1 4 head 1960 1825 1379 1367

M1 5 head 1880 1910 1385 1379

M1 1 heard 1172 1211 1363 1366

M1 2 heard 1061 1104 1377 1373

M1 3 heard 1133 1172 1388 1393
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Sym b ol Bac kness W ord

/�/ F ron t \had"

/ 4 / Bac k \ha w ed"

/ � / F ron t \head"

/ �` / Cen tral \heard"

/i/ F ron t \heed"

/ � / F ron t \hid"

/ � / Bac k \ho dd"

/o w/ Bac k \ho ed"

/ H / Bac k \ho o d"

/ � / Bac k \h ud"

/u w/ Bac k \who'd"

/ei/ F ron t/F ron t \hade"

/ai/ Bac k/F ron t \hide"

/oi/ Bac k/F ron t \hoid"

/au/ Bac k/Bac k \ho w'd"

/iu/ F ron t/Bac k \h ued"

T able A.1: American English v o w el IP A sym b ols, bac kness, and carrier w ords used.

M1 4 heard 1225 1220 1387 1385

M1 5 heard 1140 1172 1385 1384

M1 1 heed 2290 2320 1356 1386

M1 2 heed 2266 2295 1367 1396

M1 3 heed 2200 2324 1373 1383

M1 4 heed 2350 2340 1382 1396

M1 5 heed 2290 2315 1368 1369

M1 1 hid 2050 2050 1363 1372

M1 2 hid 2070 2000 1377 1377

M1 3 hid 2020 2070 1376 1369

M1 4 hid 2010 2070 1386 1372

M1 5 hid 1930 2060 1367 1380

M1 2 hide n/a n/a 1364 1371

M1 3 hide n/a n/a 1345 1345

M1 4 hide n/a n/a 1357 1353

M1 5 hide n/a n/a 1360 1357

M1 1 ho dd 1025 1025 1361 1351

M1 2 ho dd 980 1020 1374 1382

M1 3 ho dd 1030 1025 1391 1391

M1 4 ho dd 1030 1030 1366 1362

M1 5 ho dd 1050 1040 1371 1380

M1 1 ho ed 859 830 1388 1361

M1 2 ho ed 880 810 1380 1369

M1 3 ho ed 850 800 1387 1375

M1 4 ho ed 850 780 1385 1377

M1 5 ho ed 811 898 1373 1379

M1 1 hoid n/a n/a 1376 1369

M1 2 hoid n/a n/a 1379 1390

M1 3 hoid n/a n/a 1378 1386
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M1 4 hoid n/a n/a 1371 1386

M1 5 hoid n/a n/a 1380 1375

M1 1 ho o d 977 1025 1366 1367

M1 2 ho o d 977 1000 1374 1366

M1 3 ho o d 1016 950 1395 1379

M1 4 ho o d 1005 1055 1389 1368

M1 5 ho o d 1000 1025 1407 1376

M1 1 ho wd n/a n/a 1374 1348

M1 2 ho wd n/a n/a 1362 1361

M1 3 ho wd n/a n/a 1363 1374

M1 4 ho wd n/a n/a 1347 1379

M1 5 ho wd n/a n/a 1372 1372

M1 1 h ub 1016 1094 1367 1362

M1 2 h ub 1016 1090 1373 1362

M1 3 h ub 1094 1215 1374 1371

M1 4 h ub 1075 1016 1377 1371

M1 5 h ub 1016 1080 1353 1365

M1 1 h ud 1133 1133 1341 1368

M1 2 h ud 1120 1140 1375 1378

M1 3 h ud 1075 1150 1388 1380

M1 4 h ud 1150 1190 1376 1373

M1 5 h ud 1150 1190 1390 1376

M1 1 h ued n/a n/a 1368 1368

M1 2 h ued n/a n/a 1380 1370

M1 3 h ued n/a n/a 1373 1378

M1 4 h ued n/a n/a 1365 1383

M1 5 h ued n/a n/a 1377 1393

M1 1 who d 898 938 1387 1365

M1 2 who d 918 938 1391 1365

M1 3 who d 898 935 1395 1380

M1 4 who d 1016 1070 1386 1370

M1 5 who d 1016 977 1385 1380

M2 1 had 1563 1543 1284 1267

M2 2 had 1689 1572 1286 1307

M2 3 had 1602 1630 1268 1290

M2 4 had 1553 1573 1268 1302

M2 5 had 1593 1576 1297 1300

M2 1 hade 1972 1985 1281 1283

M2 2 hade 1992 2057 1252 1273

M2 3 hade 1944 1992 1260 1273

M2 4 hade 2001 1953 1281 1305

M2 5 hade 2010 2005 1299 1289

M2 1 ha w ed 898 875 1265 1256

M2 2 ha w ed 850 830 1271 1276

M2 3 ha w ed 943 924 1282 1284

M2 4 ha w ed 898 910 1219 1278

M2 5 ha w ed 820 781 1296 1298

M2 1 head 1738 1728 1224 1298

M2 2 head 1758 1788 1319 1313

M2 3 head 1738 1728 1285 1303

M2 4 head 1742 1738 1282 1271

M2 5 head 1827 1829 1292 1295

M2 1 heard 1094 1270 1272 1270

M2 2 heard 1055 977 1267 1283
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M2 3 heard 1040 1000 1293 1280

M2 4 heard 898 820 1271 1274

M2 5 heard 1030 1260 1256 1319

M2 1 heed 2193 2198 1237 1277

M2 2 heed 2095 2338 1241 1291

M2 3 heed 2079 2292 1278 1272

M2 4 heed 2109 2266 1253 1282

M2 5 heed 2168 2118 1276 1268

M2 1 hid 2020 2061 1258 1264

M2 2 hid 1822 2050 1270 1272

M2 3 hid 1875 1905 1279 1276

M2 4 hid 1870 2031 1270 1297

M2 5 hid 1914 2040 1263 1290

M2 1 hide n/a n/a 1283 1293

M2 2 hide n/a n/a 1285 1307

M2 3 hide n/a n/a 1293 1294

M2 4 hide n/a n/a 1262 1294

M2 5 hide n/a n/a 1293 1291

M2 1 ho ed 1075 1055 1247 1276

M2 2 ho ed 1025 990 1277 1302

M2 3 ho ed 1025 955 1269 1300

M2 4 ho ed 977 977 1280 1252

M2 5 ho ed 1080 1016 1267 1288

M2 1 hoid n/a n/a 1283 1305

M2 2 hoid n/a n/a 1275 1281

M2 3 hoid n/a n/a 1290 1298

M2 4 hoid n/a n/a 1280 1314

M2 5 hoid n/a n/a 1284 1281

M2 1 ho o d 1090 1269 1289 1294

M2 2 ho o d 1080 1030 1279 1256

M2 3 ho o d 1060 977 1280 1254

M2 4 ho o d 990 1030 1279 1301

M2 5 ho o d 1016 1080 1273 1282

M2 1 ho wd n/a n/a 1284 1304

M2 2 ho wd n/a n/a 1259 1256

M2 3 ho wd n/a n/a 1276 1278

M2 4 ho wd n/a n/a 1263 1299

M2 5 ho wd n/a n/a 1259 1285

M2 1 h ub 1055 1230 1272 1272

M2 2 h ub 1080 1270 1301 1263

M2 3 h ub 1060 1328 1259 1288

M2 4 h ub 1055 1280 1262 1308

M2 5 h ub 1080 1094 1301 1256

M2 1 h ud 1280 1280 1261 1284

M2 3 h ud 1280 1260 1272 1283

M2 4 h ud 1270 1308 1268 1339

M2 5 h ud 1289 1260 1279 1296

M2 1 h ued n/a n/a 1259 1256

M2 2 h ued n/a n/a 1290 1278

M2 3 h ued n/a n/a 1295 1310

M2 4 h ued n/a n/a 1246 1274

M2 5 h ued n/a n/a 1266 1279

M2 1 who d 760 830 1277 1255

M2 2 who d 800 781 1281 1309
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M2 3 who d 830 820 1276 1283

M2 4 who d 898 900 1274 1293

M2 5 who d 770 825 1268 1298

M3 1 had 1620 1602 1307 1325

M3 2 had 1660 1771 1268 1277

M3 3 had 1620 1573 1322 1335

M3 4 had 1556 1602 1297 1323

M3 5 had 1611 1630 1294 1313

M3 1 hade 1959 2148 1314 1331

M3 2 hade 2178 2230 1311 1309

M3 3 hade 2188 2298 1314 1317

M3 4 hade 2109 2115 1325 1327

M3 5 hade 2175 2227 1304 1287

M3 1 head 1630 1627 1273 1300

M3 2 head 1981 1939 1319 1343

M3 3 head 1771 1758 1310 1292

M3 4 head 1777 1747 1323 1306

M3 5 head 1710 1869 1307 1327

M3 1 heard 1200 1172 1336 1321

M3 2 heard 1172 1211 1320 1336

M3 3 heard 1150 1190 1327 1335

M3 4 heard 1094 1211 1309 1347

M3 5 heard 1172 1172 1333 1320

M3 1 heed 2300 2320 1308 1297

M3 2 heed 2402 2461 1305 1327

M3 3 heed 2461 2416 1312 1327

M3 4 heed 2320 2344 1287 1268

M3 5 heed 2330 2363 1312 1329

M3 1 hid 1914 2001 1314 1278

M3 2 hid 2210 2198 1312 1328

M3 3 hid 1990 2148 1305 1324

M3 4 hid 2039 2059 1319 1307

M3 5 hid 2020 2031 1336 1338

M3 1 hide n/a n/a 1322 1254

M3 2 hide n/a n/a 1265 1301

M3 3 hide n/a n/a 1298 1316

M3 4 hide n/a n/a 1274 1292

M3 5 hide n/a n/a 1324 1328

M3 1 ho dd 1094 1073 1308 1281

M3 2 ho dd 1133 1055 1305 1311

M3 3 ho dd 1148 1205 1310 1290

M3 4 ho dd 1133 1160 1335 1324

M3 5 ho dd 950 977 1277 1297

M3 1 ho ed 1055 1133 1302 1316

M3 2 ho ed 1055 1035 1319 1297

M3 3 ho ed 1094 1172 1293 1295

M3 4 ho ed 1060 1065 1313 1317

M3 5 ho ed 1040 1075 1292 1326

M3 1 hoid n/a n/a 1320 1321

M3 2 hoid n/a n/a 1310 1339

M3 3 hoid n/a n/a 1278 1333

M3 4 hoid n/a n/a 1290 1294

M3 5 hoid n/a n/a 1323 1314

M3 1 ho o d 1055 1211 1328 1342
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M3 2 ho o d 1120 1250 1316 1297

M3 3 ho o d 1172 1211 1286 1284

M3 4 ho o d 1172 1211 1300 1302

M3 5 ho o d 1172 1230 1331 1330

M3 1 ho wd n/a n/a 1307 1259

M3 2 ho wd n/a n/a 1277 1335

M3 3 ho wd n/a n/a 1293 1301

M3 4 ho wd n/a n/a 1287 1309

M3 5 ho wd n/a n/a 1300 1272

M3 1 h ub 1094 1090 1290 1306

M3 2 h ub 1020 1120 1259 1301

M3 3 h ub 1090 1085 1280 1300

M3 4 h ub 1145 1060 1304 1280

M3 5 h ub 1133 1058 1262 1266

M3 1 h ud 1090 1110 1343 1320

M3 2 h ud 1030 1063 1305 1334

M3 3 h ud 1094 1114 1307 1306

M3 4 h ud 1075 1030 1275 1296

M3 5 h ud 1110 1123 1284 1266

M3 1 h ued n/a n/a 1332 1338

M3 2 h ued n/a n/a 1315 1334

M3 3 h ued n/a n/a 1329 1325

M3 4 h ued n/a n/a 1319 1315

M3 5 h ued n/a n/a 1316 1293

M3 1 who d 1010 1048 1317 1315

M3 2 who d 977 996 1325 1290

M3 3 who d 938 898 1293 1303

M3 4 who d 977 1445 1303 1297

M3 5 who d 1020 1016 1290 1304

M4 1 had 1690 1608 1387 1360

M4 2 had 1580 1563 1377 1396

M4 3 had 1593 1503 1370 1415

M4 4 had 1523 1520 1380 1389

M4 5 had 1573 1530 1387 1412

M4 1 hade 2852 2656 1391 1403

M4 2 hade 2109 2120 1406 1409

M4 3 hade 2344 2461 1424 1393

M4 4 hade 2109 2305 1398 1436

M4 5 hade 2207 2070 1405 1439

M4 1 hahd 1094 1166 1403 1416

M4 2 hahd 1172 1211 1411 1411

M4 3 hahd 1072 1140 1404 1401

M4 4 hahd 1094 1211 1419 1397

M4 5 hahd 1172 1194 1429 1402

M4 1 ha w ed 970 950 1402 1404

M4 2 ha w ed 953 1011 1382 1399

M4 3 ha w ed 1027 977 1404 1384

M4 4 ha w ed 1049 985 1431 1404

M4 5 ha w ed 962 1005 1442 1413

M4 1 head 1771 1750 1416 1356

M4 2 head 1680 1689 1381 1427

M4 3 head 1689 1667 1387 1410

M4 4 head 1738 1641 1409 1414

M4 5 head 1708 1611 1428 1420
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M4 1 heard 1180 1230 1394 1404

M4 2 heard 1250 1300 1380 1403

M4 3 heard 1289 1240 1422 1423

M4 4 heard 1240 1367 1405 1408

M4 5 heard 1260 1320 1421 1437

M4 1 heed 3055 3125 1409 1392

M4 2 heed 3086 3018 1379 1403

M4 3 heed 3208 3125 1361 1384

M4 4 heed 3020 3125 1417 1426

M4 5 heed 3130 3220 1415 1442

M4 1 hid 2607 2591 1384 1413

M4 2 hid 2569 2491 1385 1383

M4 3 hid 2519 2491 1423 1426

M4 4 hid 2578 2510 1448 1386

M4 5 hid 2485 2480 1417 1415

M4 1 hide n/a n/a 1405 1398

M4 2 hide n/a n/a 1402 1408

M4 3 hide n/a n/a 1406 1410

M4 4 hide n/a n/a 1389 1419

M4 5 hide n/a n/a 1411 1402

M4 1 ho dd 1016 945 1419 1385

M4 2 ho dd 951 975 1399 1383

M4 3 ho dd 996 957 1399 1403

M4 4 ho dd 1016 979 1408 1417

M4 5 ho dd 996 972 1401 1409

M4 1 ho ed 938 1105 1382 1390

M4 2 ho ed 940 950 1413 1397

M4 3 ho ed 1016 955 1381 1404

M4 4 ho ed 970 980 1413 1431

M4 5 ho ed 930 907 1363 1424

M4 1 hoid n/a n/a 1388 1421

M4 2 hoid n/a n/a 1410 1383

M4 3 hoid n/a n/a 1403 1389

M4 4 hoid n/a n/a 1399 1399

M4 5 hoid n/a n/a 1390 1409

M4 1 ho o d 1130 1205 1402 1402

M4 2 ho o d 1094 1230 1412 1412

M4 3 ho o d 1055 1080 1401 1435

M4 4 ho o d 1190 1150 1401 1420

M4 5 ho o d 1070 1160 1416 1407

M4 1 ho wd n/a n/a 1379 1406

M4 2 ho wd n/a n/a 1394 1404

M4 3 ho wd n/a n/a 1422 1433

M4 4 ho wd n/a n/a 1423 1405

M4 5 ho wd n/a n/a 1423 1385

M4 1 h ub 1140 1176 1362 1394

M4 2 h ub 1133 1094 1379 1380

M4 3 h ub 1060 1211 1404 1411

M4 4 h ub 1147 1172 1434 1429

M4 5 h ub 1250 1328 1419 1400

M4 1 h ud 1215 1328 1394 1402

M4 2 h ud 1290 1300 1419 1423

M4 3 h ud 1289 1328 1383 1401

M4 4 h ud 1328 1350 1396 1424
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M4 5 h ud 1255 1280 1414 1413

M4 1 h ued n/a n/a 1366 1408

M4 2 h ued n/a n/a 1392 1410

M4 3 h ued n/a n/a 1402 1404

M4 4 h ued n/a n/a 1373 1399

M4 5 h ued n/a n/a 1412 1399

M4 1 who d 898 960 1395 1421

M4 2 who d 850 912 1374 1394

M4 3 who d 905 820 1415 1430

M4 4 who d 900 930 1437 1416

M4 5 who d 810 860 1399 1406

M5 1 had 1514 1576 1373 1343

M5 2 had 1596 1533 1355 1343

M5 3 had 1563 1582 1358 1390

M5 4 had 1630 1530 1368 1395

M5 5 had 1680 1650 1352 1363

M5 1 hade 2422 2330 1329 1352

M5 2 hade 2430 2525 1369 1400

M5 3 hade 2422 2435 1383 1387

M5 4 hade 2320 2305 1386 1382

M5 5 hade 2328 2617 1379 1413

M5 1 head 1621 1612 1333 1353

M5 2 head 1738 1680 1350 1384

M5 3 head 1660 1630 1386 1406

M5 4 head 1758 1602 1384 1385

M5 5 head 1680 1728 1348 1376

M5 1 heard n/a n/a 1395 1387

M5 2 heard n/a n/a 1415 1407

M5 3 heard n/a n/a 1425 1422

M5 4 heard n/a n/a 1422 1426

M5 5 heard n/a n/a 1409 1403

M5 1 heed 2487 2422 1334 1364

M5 2 heed 2440 2383 1338 1315

M5 3 heed 2500 2452 1375 1394

M5 4 heed 2452 2396 1386 1380

M5 5 heed 2474 2383 1386 1379

M5 1 hid 2422 2344 1340 1419

M5 2 hid 2383 2393 1373 1364

M5 3 hid 2539 2500 1397 1403

M5 4 hid 2450 2344 1349 1414

M5 5 hid 2578 2422 1406 1407

M5 1 hide n/a n/a 1367 1361

M5 2 hide n/a n/a 1381 1410

M5 3 hide n/a n/a 1389 1408

M5 4 hide n/a n/a 1381 1375

M5 5 hide n/a n/a 1350 1388

M5 1 ho dd 1055 1087 1384 1374

M5 2 ho dd 1080 1139 1386 1386

M5 3 ho dd 1053 1140 1386 1380

M5 4 ho dd 1102 1074 1354 1388

M5 5 ho dd 1064 1065 1379 1433

M5 1 ho ed 1110 1055 1350 1355

M5 2 ho ed 1190 1060 1365 1377

M5 3 ho ed 1113 1029 1382 1392

52



M5 4 ho ed 1126 1172 1401 1393

M5 5 ho ed 1170 1224 1396 1415

M5 1 hoid n/a n/a 1373 1385

M5 2 hoid n/a n/a 1387 1384

M5 3 hoid n/a n/a 1397 1405

M5 4 hoid n/a n/a 1424 1411

M5 5 hoid n/a n/a 1384 1410

M5 1 ho o d 1133 1310 1396 1395

M5 2 ho o d 1211 1220 1391 1397

M5 3 ho o d 1177 1295 1404 1401

M5 4 ho o d 1165 1225 1414 1398

M5 5 ho o d 1220 1215 1401 1393

M5 1 ho wd n/a n/a 1358 1389

M5 2 ho wd n/a n/a 1372 1423

M5 3 ho wd n/a n/a 1370 1389

M5 4 ho wd n/a n/a 1358 1376

M5 5 ho wd n/a n/a 1367 1385

M5 1 h ub 1172 1220 1355 1385

M5 2 h ub 1185 1250 1385 1450

M5 3 h ub 1197 1380 1369 1380

M5 4 h ub 1220 1218 1374 1399

M5 5 h ub 1152 1211 1376 1419

M5 1 h ud 1250 1429 1370 1404

M5 2 h ud 1160 1320 1387 1393

M5 3 h ud 1230 1445 1383 1427

M5 4 h ud 1217 1250 1370 1380

M5 5 h ud 1180 1250 1401 1412

M5 1 h ued n/a n/a 1367 1371

M5 2 h ued n/a n/a 1378 1362

M5 3 h ued n/a n/a 1385 1393

M5 4 h ued n/a n/a 1375 1397

M5 5 h ued n/a n/a 1379 1383

M5 1 who d 1289 1310 1364 1388

M5 2 who d 1328 1390 1376 1378

M5 3 who d 1484 1530 1382 1420

M5 4 who d 1454 1406 1399 1389

M5 5 who d 1380 1328 1390 1406

M6 1 had 1646 1484 1292 1299

M6 2 had 1602 1641 1291 1294

M6 3 had 1686 1591 1308 1307

M6 4 had 1553 1602 1306 1300

M6 5 had 1560 1530 1328 1291

M6 1 hade 1875 1992 1315 1290

M6 2 hade 1939 1933 1275 1292

M6 4 hade 1914 2109 1310 1306

M6 5 hade 1914 2270 1312 1310

M6 1 ha w ed 1016 1067 1296 1310

M6 2 ha w ed 1014 1053 1272 1274

M6 3 ha w ed 986 1079 1325 1311

M6 4 ha w ed 1035 1007 1298 1316

M6 5 ha w ed 1020 1172 1306 1323

M6 1 head 1532 1593 1298 1304

M6 2 head 1610 1641 1292 1268

M6 3 head 1680 1563 1305 1309

53



M6 4 head 1475 1563 1282 1301

M6 5 head 1533 1570 1280 1266

M6 1 heard n/a n/a 1279 1266

M6 2 heard n/a n/a 1333 1302

M6 3 heard n/a n/a 1290 1282

M6 4 heard n/a n/a 1346 1298

M6 5 heard n/a n/a 1282 1331

M6 1 heed 2070 2148 1306 1306

M6 2 heed 2220 2227 1280 1277

M6 3 heed 2201 2179 1326 1302

M6 4 heed 2296 2357 1323 1300

M6 5 heed 2266 2220 1285 1305

M6 1 hid 1680 1719 1331 1336

M6 2 hid 1725 1777 1302 1282

M6 3 hid 1728 1719 1318 1329

M6 4 hid 1749 1768 1302 1287

M6 5 hid 1738 1777 1322 1337

M6 1 hide n/a n/a 1314 1306

M6 2 hide n/a n/a 1304 1328

M6 3 hide n/a n/a 1316 1302

M6 4 hide n/a n/a 1314 1293

M6 5 hide n/a n/a 1292 1216

M6 1 ho dd 1195 1211 1299 1285

M6 2 ho dd 1098 1077 1320 1302

M6 3 ho dd 1094 1111 1305 1312

M6 4 ho dd 1116 1119 1321 1305

M6 5 ho dd 1115 1138 1300 1320

M6 1 ho ed 1055 938 1300 1302

M6 2 ho ed 1045 1055 1290 1299

M6 3 ho ed 1040 1020 1322 1311

M6 4 ho ed 1094 1150 1340 1323

M6 5 ho ed 985 1005 1296 1293

M6 1 hoid n/a n/a 1317 1292

M6 2 hoid n/a n/a 1312 1307

M6 3 hoid n/a n/a 1289 1293

M6 4 hoid n/a n/a 1318 1302

M6 5 hoid n/a n/a 1296 1313

M6 1 ho o d 1172 1260 1301 1298

M6 2 ho o d 1110 1250 1266 1278

M6 3 ho o d 1055 1140 1301 1297

M6 4 ho o d 1240 1289 1289 1300

M6 5 ho o d 1250 1395 1330 1271

M6 1 ho wd n/a n/a 1308 1317

M6 2 ho wd n/a n/a 1273 1279

M6 3 ho wd n/a n/a 1302 1290

M6 4 ho wd n/a n/a 1315 1317

M6 5 ho wd n/a n/a 1294 1307

M6 1 h ub 1220 1100 1305 1314

M6 2 h ub 1130 1150 1273 1253

M6 3 h ub 1211 1142 1312 1318

M6 4 h ub 1070 1150 1291 1279

M6 5 h ub 1140 1055 1299 1300

M6 1 h ud 1211 1225 1299 1316

M6 2 h ud 1150 1220 1278 1295
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M6 3 h ud 1211 1240 1311 1303

M6 4 h ud 1191 1250 1340 1336

M6 5 h ud 1245 1270 1324 1322

M6 1 h ued n/a n/a 1321 1314

M6 2 h ued n/a n/a 1296 1266

M6 3 h ued n/a n/a 1302 1292

M6 4 h ued n/a n/a 1308 1305

M6 5 h ued n/a n/a 1303 1298

M6 1 who d 1016 1150 1308 1298

M6 2 who d 1055 1094 1276 1254

M6 3 who d 1290 1211 1301 1293

M6 4 who d 1000 1205 1314 1321

M6 5 who d 1367 1220 1301 1311

M7 1 had 1458 1537 1445 1524

M7 2 had 1533 1536 1463 1422

M7 3 had 1464 1569 1467 1459

M7 4 had 1563 1516 1508 1489

M7 5 had 1509 1553 1464 1463

M7 1 haird n/a n/a 1440 1439

M7 2 haird n/a n/a 1420 1418

M7 3 haird n/a n/a 1482 1442

M7 4 haird n/a n/a 1488 1448

M7 5 haird n/a n/a 1479 1458

M7 1 hard 1078 1094 1444 1420

M7 2 hard 1098 1094 1436 1458

M7 3 hard 1055 1090 1448 1427

M7 4 hard 1069 1090 1456 1465

M7 5 hard 1005 1133 1443 1453

M7 1 ha w ed 610 664 1435 1452

M7 2 ha w ed 781 625 1465 1455

M7 3 ha w ed 820 742 1469 1478

M7 4 ha w ed 664 703 1461 1458

M7 5 ha w ed 664 664 1473 1469

M7 1 ha y ed 1710 1797 1459 1444

M7 2 ha y ed 1758 1641 1460 1446

M7 3 ha y ed 1628 1651 1462 1463

M7 4 ha y ed 1660 6141 1473 1469

M7 5 ha y ed 1719 1641 1453 1447

M7 1 head 1602 1602 1423 1424

M7 2 head 1602 1680 1428 1451

M7 3 head 1608 1630 1414 1417

M7 4 head 1654 1602 1450 1434

M7 5 head 1608 1615 1469 1474

M7 1 heed 2260 2270 1467 1441

M7 2 heed 2838 2675 1437 1432

M7 3 heed 2841 2723 1469 1458

M7 4 heed 2782 2708 1437 1439

M7 5 heed 2109 2148 1468 1477

M7 1 herd 1543 1602 1418 1430

M7 2 herd 1630 1602 1429 1432

M7 3 herd 1493 1602 1463 1442

M7 4 herd 1484 1602 1490 1471

M7 5 herd 1503 1589 1446 1456

M7 1 hered n/a n/a 1451 1445
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M7 2 hered n/a n/a 1446 1438

M7 3 hered n/a n/a 1467 1465

M7 4 hered n/a n/a 1442 1446

M7 5 hered n/a n/a 1439 1456

M7 1 hid 1836 1810 1464 1417

M7 2 hid 1875 1758 1454 1431

M7 3 hid 1749 1760 1474 1471

M7 4 hid 1710 1875 1483 1463

M7 5 hid 1836 1850 1451 1476

M7 1 hide n/a n/a 1430 1417

M7 2 hide n/a n/a 1431 1445

M7 3 hide n/a n/a 1447 1453

M7 4 hide n/a n/a 1456 1445

M7 5 hide n/a n/a 1437 1443

M7 1 hired n/a n/a 1463 1485

M7 2 hired n/a n/a 1465 1443

M7 3 hired n/a n/a 1468 1418

M7 4 hired n/a n/a 1461 1450

M7 5 hired n/a n/a 1485 1457

M7 1 ho d 898 977 1455 1469

M7 2 ho d 938 938 1431 1486

M7 3 ho d 910 977 1453 1446

M7 4 ho d 914 900 1476 1455

M7 5 ho d 920 970 1467 1498

M7 1 ho ed n/a n/a 1479 1457

M7 2 ho ed n/a n/a 1460 1439

M7 3 ho ed n/a n/a 1449 1422

M7 4 ho ed n/a n/a 1441 1451

M7 5 ho ed n/a n/a 1494 1434

M7 1 hoid n/a n/a 1438 1438

M7 2 hoid n/a n/a 1440 1427

M7 3 hoid n/a n/a 1449 1430

M7 4 hoid n/a n/a 1464 1464

M7 5 hoid n/a n/a 1457 1474

M7 1 ho o d 1430 1523 1452 1439

M7 2 ho o d 1484 1563 1465 1426

M7 3 ho o d 1172 1484 1441 1441

M7 4 ho o d 1380 1509 1507 1468

M7 5 ho o d 1289 1425 1497 1473

M7 1 ho wd n/a n/a 1451 1414

M7 2 ho wd n/a n/a 1454 1461

M7 3 ho wd n/a n/a 1469 1466

M7 4 ho wd n/a n/a 1456 1438

M7 5 ho wd n/a n/a 1470 1453

M7 1 h ub 1211 1270 1436 1449

M7 2 h ub 1094 1172 1451 1439

M7 3 h ub 1172 1220 1442 1463

M7 4 h ub 1107 1172 1418 1447

M7 5 h ub 1100 1211 1454 1450

M7 1 h ud 1172 1320 1421 1447

M7 2 h ud 1211 1250 1477 1490

M7 3 h ud 1250 1294 1445 1452

M7 4 h ud 1211 1172 1457 1454

M7 5 h ud 1172 1202 1442 1449
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M7 1 h ued n/a n/a 1454 1440

M7 2 h ued n/a n/a 1437 1450

M7 3 h ued n/a n/a 1447 1442

M7 4 h ued n/a n/a 1454 1457

M7 5 h ued n/a n/a 1458 1491

M7 1 who d 1602 1680 1432 1424

M7 2 who d 1445 1367 1465 1434

M7 3 who d 1553 1666 1440 1442

M7 4 who d 1553 1680 1457 1475

M7 5 who d 1497 1611 1446 1462

F1 1 had 1875 1800 1604 1627

F1 2 had 1729 1770 1619 1588

F1 3 had 1764 1775 1596 1563

F1 4 had 1884 1758 1614 1569

F1 5 had 1822 1767 1610 1551

F1 1 hade 2540 2405 1605 1601

F1 2 hade 2441 2550 1635 1631

F1 3 hade 2500 2461 1619 1644

F1 4 hade 2405 2410 1617 1579

F1 5 hade 2422 2470 1618 1644

F1 1 head 1983 2080 1605 1655

F1 2 head 2044 2050 1624 1680

F1 3 head 2109 2089 1626 1656

F1 4 head 1966 2070 1623 1581

F1 5 head 2022 2100 1603 1662

F1 1 heard 1640 1738 1609 1582

F1 2 heard 1641 1738 1627 1579

F1 3 heard 1680 1816 1609 1614

F1 4 heard 1705 1895 1628 1635

F1 5 heard 1660 1836 1638 1663

F1 1 heed 2891 2826 1611 1614

F1 2 heed 2910 2875 1611 1645

F1 3 heed 2882 2841 1643 1639

F1 4 heed 2800 2780 1605 1671

F1 5 heed 2843 2877 1619 1569

F1 1 hid 2100 2163 1604 1618

F1 2 hid 2168 2260 1603 1615

F1 3 hid 2253 2246 1635 1610

F1 4 hid 2175 2181 1644 1711

F1 5 hid 2198 2255 1635 1642

F1 1 hide n/a n/a 1609 1638

F1 2 hide n/a n/a 1655 1607

F1 3 hide n/a n/a 1618 1567

F1 4 hide n/a n/a 1608 1595

F1 5 hide n/a n/a 1607 1594

F1 1 ho dd 1421 1615 1620 1591

F1 2 ho dd 1520 1563 1595 1589

F1 3 ho dd 1445 1563 1603 1558

F1 4 ho dd 1445 1641 1594 1667

F1 5 ho dd 1490 1549 1616 1565

F1 1 ho ed 1367 1426 1600 1609

F1 2 ho ed 1289 1504 1631 1574

F1 3 ho ed 1289 1465 1598 1676

F1 4 ho ed 1445 1445 1612 1626
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F1 5 ho ed 1230 1367 1613 1640

F1 1 hoid n/a n/a 1609 1633

F1 2 hoid n/a n/a 1621 1638

F1 3 hoid n/a n/a 1616 1648

F1 4 hoid n/a n/a 1594 1602

F1 5 hoid n/a n/a 1624 1647

F1 1 ho o d 1570 1671 1596 1610

F1 2 ho o d 1512 1621 1636 1627

F1 3 ho o d 1386 1537 1632 1704

F1 4 ho o d 1473 1615 1624 1581

F1 5 ho o d 1450 1475 1621 1683

F1 1 ho wd n/a n/a 1628 1619

F1 2 ho wd n/a n/a 1627 1615

F1 3 ho wd n/a n/a 1599 1651

F1 4 ho wd n/a n/a 1633 1670

F1 5 ho wd n/a n/a 1629 1644

F1 1 h ub 1484 1632 1650 1582

F1 2 h ub 1484 1553 1644 1624

F1 3 h ub 1497 1600 1636 1651

F1 4 h ub 1475 1656 1600 1640

F1 5 h ub 1500 1558 1636 1625

F1 1 h ud 1543 1738 1621 1571

F1 2 h ud 1484 1713 1654 1633

F1 3 h ud 1550 1686 1610 1573

F1 4 h ud 1445 1590 1623 1591

F1 5 h ud 1550 1693 1602 1642

F1 1 h ued n/a n/a 1613 1612

F1 2 h ued n/a n/a 1622 1655

F1 3 h ued n/a n/a 1613 1595

F1 4 h ued n/a n/a 1638 1650

F1 5 h ued n/a n/a 1612 1644

F1 1 who d 1406 1641 1643 1641

F1 2 who d 1504 1550 1607 1588

F1 3 who d 1230 1550 1628 1627

F1 4 who d 1460 1484 1624 1705

F1 5 who d 1560 1465 1617 1610

F2 1 had 1849 1836 1445 1426

F2 2 had 1841 1849 1486 1448

F2 3 had 2005 1855 1458 1479

F2 4 had 1992 1997 1456 1439

F2 5 had 1990 1973 1459 1468

F2 1 hade 2461 2539 1465 1481

F2 2 hade 2539 2539 1473 1441

F2 3 hade 2422 2510 1472 1451

F2 4 hade 2500 2569 1470 1462

F2 5 hade 2530 2525 1468 1446

F2 1 ha w ed 1133 1094 1468 1424

F2 2 ha w ed 1113 1113 1486 1435

F2 3 ha w ed 1094 1113 1480 1476

F2 4 ha w ed 1074 1016 1472 1425

F2 5 ha w ed 996 1133 1510 1490

F2 1 head 2020 2031 1494 1418

F2 2 head 2017 2109 1487 1408

F2 3 head 2040 2022 1472 1426
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F2 4 head 2011 1953 1502 1448

F2 5 head 2122 1914 1506 1519

F2 1 heard 1445 1503 1487 1409

F2 2 heard 1490 1475 1510 1445

F2 3 heard 1458 1475 1456 1437

F2 4 heard 1289 1529 1448 1457

F2 5 heard 1425 1432 1485 1440

F2 1 heed 2799 2813 1455 1483

F2 2 heed 2803 2930 1480 1462

F2 3 heed 2743 2803 1467 1447

F2 4 heed 2793 2800 1466 1417

F2 5 heed 2743 2787 1491 1466

F2 1 hid 2415 2338 1479 1472

F2 2 hid 2285 2266 1470 1460

F2 3 hid 2330 2275 1455 1487

F2 4 hid 2266 2236 1472 1463

F2 5 hid 2448 2275 1474 1437

F2 1 hide n/a n/a 1437 1465

F2 2 hide n/a n/a 1488 1455

F2 3 hide n/a n/a 1468 1472

F2 4 hide n/a n/a 1461 1471

F2 5 hide n/a n/a 1468 1514

F2 1 ho dd 1390 1397 1469 1518

F2 2 ho dd 1393 1406 1489 1500

F2 3 ho dd 1400 1400 1457 1463

F2 4 ho dd 1415 1367 1472 1483

F2 5 ho dd 1390 1470 1463 1492

F2 1 ho ed 1040 1005 1498 1421

F2 2 ho ed 1110 1065 1495 1487

F2 3 ho ed 1020 1055 1419 1455

F2 4 ho ed 1015 1020 1475 1499

F2 5 ho ed 977 972 1484 1512

F2 1 hoid n/a n/a 1479 1484

F2 2 hoid n/a n/a 1479 1489

F2 3 hoid n/a n/a 1433 1449

F2 4 hoid n/a n/a 1469 1449

F2 5 hoid n/a n/a 1474 1489

F2 1 ho o d 1367 1445 1490 1440

F2 2 ho o d 1392 1523 1469 1488

F2 3 ho o d 1328 1425 1474 1494

F2 4 ho o d 1438 1419 1472 1480

F2 5 ho o d 1390 1477 1461 1468

F2 1 ho wd n/a n/a 1467 1469

F2 2 ho wd n/a n/a 1458 1486

F2 3 ho wd n/a n/a 1459 1465

F2 4 ho wd n/a n/a 1464 1442

F2 5 ho wd n/a n/a 1459 1487

F2 1 h ub 1367 1415 1432 1497

F2 2 h ub 1367 1406 1445 1492

F2 3 h ub 1440 1460 1422 1463

F2 4 h ub 1390 1450 1466 1453

F2 5 h ub 1380 1406 1482 1503

F2 1 h ud 1395 1450 1470 1444

F2 2 h ud 1440 1455 1471 1444
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F2 3 h ud 1380 1464 1483 1453

F2 4 h ud 1497 1440 1471 1429

F2 5 h ud 1373 1503 1494 1467

F2 1 h ued n/a n/a 1477 1507

F2 2 h ued n/a n/a 1463 1492

F2 3 h ued n/a n/a 1465 1443

F2 4 h ued n/a n/a 1489 1483

F2 5 h ued n/a n/a 1472 1437

F2 1 who d 977 1040 1483 1470

F2 2 who d 1016 1000 1463 1491

F2 3 who d 898 1090 1502 1509

F2 4 who d 938 1030 1476 1488

F2 5 who d 1010 1035 1483 1458

F3 1 had 1845 1719 1436 1484

F3 2 had 1719 1845 1437 1466

F3 3 had 1836 1750 1415 1499

F3 4 had 1797 1758 1419 1467

F3 5 had 1836 1820 1434 1380

F3 1 hade 2305 2280 1458 1378

F3 2 hade 2310 2280 1445 1468

F3 3 hade 2422 2357 1455 1399

F3 4 hade 2275 2250 1445 1491

F3 5 hade 2257 2375 1480 1421

F3 1 ha w ed 1250 1328 1447 1481

F3 2 ha w ed 1450 1320 1429 1450

F3 3 ha w ed 1480 1350 1460 1431

F3 4 ha w ed 1406 1340 1453 1471

F3 5 ha w ed 1510 1520 1447 1456

F3 1 head 1910 1770 1428 1441

F3 2 head 1930 1816 1467 1393

F3 3 head 1875 1866 1446 1419

F3 4 head 1888 1836 1405 1467

F3 5 head 1923 1914 1484 1447

F3 1 heard 1493 1570 1404 1418

F3 2 heard 1670 1602 1412 1384

F3 3 heard 1563 1602 1409 1382

F3 4 heard 1596 1615 1413 1415

F3 5 heard 1612 1625 1442 1404

F3 1 heed 2552 2597 1455 1410

F3 2 heed 2589 2682 1457 1458

F3 3 heed 2675 2725 1461 1500

F3 4 heed 2656 2656 1460 1428

F3 5 heed 2734 2679 1473 1467

F3 1 hid 2031 2227 1440 1434

F3 2 hid 2001 2183 1479 1452

F3 3 hid 1992 2220 1474 1454

F3 4 hid 2011 2109 1466 1421

F3 5 hid 2017 2118 1462 1430

F3 1 hide n/a n/a 1458 1512

F3 2 hide n/a n/a 1433 1490

F3 3 hide n/a n/a 1435 1455

F3 4 hide n/a n/a 1431 1493

F3 5 hide n/a n/a 1474 1376

F3 1 ho dd 1406 1367 1459 1463
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F3 2 ho dd 1440 1500 1453 1493

F3 3 ho dd 1420 1340 1471 1490

F3 4 ho dd 1450 1484 1462 1485

F3 5 ho dd 1445 1400 1453 1416

F3 1 ho ed 1410 1399 1458 1395

F3 2 ho ed 1406 1397 1476 1395

F3 3 ho ed 1440 1358 1463 1387

F3 4 ho ed 1406 1370 1466 1476

F3 5 ho ed 1450 1410 1481 1420

F3 1 hoid n/a n/a 1443 1384

F3 2 hoid n/a n/a 1469 1453

F3 3 hoid n/a n/a 1462 1402

F3 4 hoid n/a n/a 1459 1443

F3 5 hoid n/a n/a 1452 1412

F3 1 ho o d 1415 1650 1457 1411

F3 2 ho o d 1450 1670 1479 1424

F3 3 ho o d 1440 1484 1439 1450

F3 4 ho o d 1450 1438 1466 1420

F3 5 ho o d 1445 1430 1472 1435

F3 1 ho wd n/a n/a 1442 1474

F3 2 ho wd n/a n/a 1451 1468

F3 3 ho wd n/a n/a 1460 1437

F3 4 ho wd n/a n/a 1447 1479

F3 5 ho wd n/a n/a 1449 1376

F3 1 h ub 1453 1582 1505 1514

F3 2 h ub 1400 1575 1489 1471

F3 3 h ub 1445 1553 1448 1510

F3 4 h ub 1450 1436 1491 1437

F3 5 h ub 1406 1415 1462 1422

F3 1 h ud 1611 1617 1468 1370

F3 2 h ud 1582 1602 1434 1529

F3 3 h ud 1445 1627 1433 1450

F3 4 h ud 1610 1641 1460 1410

F3 5 h ud 1615 1635 1481 1386

F3 1 h ued n/a n/a 1468 1431

F3 2 h ued n/a n/a 1480 1427

F3 3 h ued n/a n/a 1467 1454

F3 4 h ued n/a n/a 1425 1457

F3 5 h ued n/a n/a 1472 1441

F3 1 who d 1460 1430 1457 1443

F3 2 who d 1405 1465 1485 1458

F3 3 who d 1370 1530 1467 1464

F3 4 who d 1450 1440 1472 1410

F3 5 who d 1415 1475 1466 1473

F4 1 had 2148 2227 1565 1547

F4 2 had 2257 2230 1562 1545

F4 3 had 2266 2227 1536 1578

F4 4 had 2227 2227 1547 1580

F4 5 had 2266 2305 1557 1584

F4 1 hade 2669 2344 1563 1514

F4 2 hade 2270 2550 1553 1491

F4 3 hade 2260 2266 1577 1574

F4 4 hade 2260 2422 1572 1540

F4 5 hade 2402 2383 1577 1563
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F4 1 ha w ed 1005 1230 1557 1518

F4 2 ha w ed 1211 1300 1563 1522

F4 3 ha w ed 1211 1328 1563 1554

F4 4 ha w ed 1230 1280 1586 1542

F4 5 ha w ed 1200 1260 1561 1588

F4 1 head 2178 2120 1594 1578

F4 2 head 2148 2160 1546 1530

F4 3 head 2100 2178 1551 1588

F4 4 head 2148 2119 1568 1547

F4 5 head 2100 2145 1552 1558

F4 1 heard 1689 1641 1559 1558

F4 2 heard 1693 1953 1558 1581

F4 3 heard 1593 1582 1546 1571

F4 4 heard 1596 1595 1582 1553

F4 5 heard 1732 1572 1566 1564

F4 1 heed 2773 2675 1555 1620

F4 2 heed 2695 2764 1564 1579

F4 3 heed 2773 2813 1573 1643

F4 4 heed 2793 2793 1561 1621

F4 5 heed 2813 2704 1578 1516

F4 1 hid 2367 2389 1531 1612

F4 2 hid 2281 2236 1538 1547

F4 3 hid 2281 2207 1576 1526

F4 4 hid 2246 2291 1549 1604

F4 5 hid 2314 2188 1538 1597

F4 1 hide n/a n/a 1565 1545

F4 2 hide n/a n/a 1599 1569

F4 3 hide n/a n/a 1599 1541

F4 4 hide n/a n/a 1563 1542

F4 5 hide n/a n/a 1592 1570

F4 1 ho dd 1289 1298 1612 1528

F4 2 ho dd 1211 1280 1582 1563

F4 4 ho dd 1260 1240 1564 1567

F4 5 ho dd 1289 1289 1580 1558

F4 1 ho ed 1200 867 1588 1516

F4 2 ho ed 1094 1100 1572 1596

F4 3 ho ed 900 1016 1532 1541

F4 4 ho ed 1080 1200 1553 1519

F4 5 ho ed 1133 1191 1579 1559

F4 1 hoid n/a n/a 1572 1566

F4 2 hoid n/a n/a 1558 1569

F4 3 hoid n/a n/a 1585 1555

F4 4 hoid n/a n/a 1586 1574

F4 5 hoid n/a n/a 1562 1511

F4 1 ho o d 1250 1593 1559 1565

F4 2 ho o d 1250 1172 1561 1587

F4 3 ho o d 1386 1580 1587 1567

F4 4 ho o d 1280 1445 1568 1628

F4 5 ho o d 1406 1445 1596 1593

F4 1 ho wd n/a n/a 1581 1550

F4 2 ho wd n/a n/a 1586 1573

F4 3 ho wd n/a n/a 1591 1599

F4 4 ho wd n/a n/a 1553 1567

F4 5 ho wd n/a n/a 1598 1564
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F4 1 h ub 1211 1373 1580 1556

F4 2 h ub 1236 1375 1542 1560

F4 3 h ub 1220 1410 1530 1606

F4 4 h ub 1347 1380 1543 1573

F4 5 h ub 1333 1367 1561 1550

F4 1 h ud 1380 1590 1566 1537

F4 2 h ud 1380 1573 1570 1559

F4 3 h ud 1367 1516 1571 1519

F4 4 h ud 1401 1535 1548 1529

F4 5 h ud 1289 1445 1576 1591

F4 1 h ued n/a n/a 1558 1565

F4 2 h ued n/a n/a 1548 1610

F4 3 h ued n/a n/a 1548 1629

F4 4 h ued n/a n/a 1575 1599

F4 5 h ued n/a n/a 1552 1645

F4 1 who d 1255 1289 1581 1598

F4 2 who d 1181 1172 1573 1607

F4 3 who d 1289 1211 1551 1645

F4 4 who d 1133 1211 1609 1643

F4 5 who d 1269 1260 1601 1529

F5 1 had 1700 1610 1471 1499

F5 2 had 1583 1602 1503 1445

F5 3 had 1580 1523 1505 1472

F5 4 had 1490 1523 1468 1498

F5 5 had 1484 1580 1506 1491

F5 1 hade 2305 2270 1495 1446

F5 2 hade 2344 2350 1483 1515

F5 3 hade 2320 2422 1486 1508

F5 4 hade 2330 2266 1502 1484

F5 5 hade 2318 2280 1485 1497

F5 1 ha w ed 1010 1048 1476 1428

F5 2 ha w ed 1016 990 1514 1534

F5 3 ha w ed 1055 1060 1482 1466

F5 4 ha w ed 990 1010 1514 1494

F5 5 ha w ed 1055 1065 1520 1536

F5 1 head 2891 2813 1542 1503

F5 2 head 2383 2422 1476 1548

F5 3 head 2422 2836 1468 1456

F5 4 head 2422 2861 1510 1558

F5 5 head 1875 1880 1477 1479

F5 1 heard 1416 1440 1454 1477

F5 2 heard 1430 1434 1484 1447

F5 3 heard 1512 1523 1483 1470

F5 4 heard 1497 1055 1500 1496

F5 5 heard 1445 1094 1525 1506

F5 1 heed 2484 2431 1515 1494

F5 2 heed 2431 2422 1532 1541

F5 3 heed 2441 2409 1475 1526

F5 4 heed 2392 2413 1500 1503

F5 5 heed 2445 2422 1512 1519

F5 1 hid 2240 2188 1434 1436

F5 2 hid 2355 2266 1429 1431

F5 3 hid 2270 2195 1484 1556

F5 4 hid 2393 2194 1525 1522
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F5 5 hid 2141 2134 1496 1509

F5 1 hide n/a n/a 1513 1479

F5 2 hide n/a n/a 1504 1468

F5 3 hide n/a n/a 1498 1497

F5 4 hide n/a n/a 1528 1490

F5 5 hide n/a n/a 1481 1483

F5 1 ho dd 1209 1061 1480 1450

F5 2 ho dd 1250 1407 1458 1467

F5 3 ho dd 1005 1416 1456 1491

F5 4 ho dd 1260 1367 1493 1502

F5 5 ho dd 1372 1392 1511 1509

F5 1 ho ed 1206 1211 1516 1441

F5 2 ho ed 1240 1211 1502 1431

F5 3 ho ed 1289 1250 1500 1456

F5 4 ho ed 1259 1250 1491 1480

F5 5 ho ed 1289 1289 1515 1497

F5 1 hoid n/a n/a 1479 1480

F5 2 hoid n/a n/a 1458 1472

F5 3 hoid n/a n/a 1481 1474

F5 4 hoid n/a n/a 1487 1493

F5 5 hoid n/a n/a 1522 1504

F5 1 ho o d 1280 1289 1487 1498

F5 2 ho o d 1220 1289 1470 1485

F5 3 ho o d 1211 1350 1506 1511

F5 4 ho o d 1289 1250 1478 1543

F5 5 ho o d 1328 1289 1524 1520

F5 1 ho wd n/a n/a 1476 1476

F5 2 ho wd n/a n/a 1512 1465

F5 3 ho wd n/a n/a 1487 1533

F5 4 ho wd n/a n/a 1523 1501

F5 5 ho wd n/a n/a 1481 1465

F5 1 h ub 1289 1296 1520 1540

F5 2 h ub 1240 1328 1439 1453

F5 3 h ub 1219 1202 1467 1446

F5 4 h ub 1225 1209 1472 1465

F5 5 h ub 1300 1248 1549 1472

F5 1 h ud 1320 1250 1487 1472

F5 2 h ud 1250 1400 1512 1484

F5 3 h ud 1275 1510 1515 1529

F5 4 h ud 1220 1470 1474 1485

F5 5 h ud 1250 1250 1472 1473

F5 1 h ued n/a n/a 1519 1500

F5 2 h ued n/a n/a 1508 1532

F5 3 h ued n/a n/a 1521 1536

F5 4 h ued n/a n/a 1541 1534

F5 5 h ued n/a n/a 1513 1532

F5 1 who d 1133 1300 1512 1538

F5 2 who d 1133 1110 1540 1539

F5 3 who d 1140 1133 1510 1538

F5 4 who d 1180 1030 1499 1526

F5 5 who d 1133 1133 1488 1508

F6 1 had 1738 1840 1381 1351

F6 2 had 1758 1810 1388 1356

F6 3 had 1806 1846 1393 1370
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F6 4 had 1797 1953 1395 1377

F6 5 had 1836 1815 1382 1347

F6 1 hade 2519 2552 1418 1420

F6 2 hade 2486 2480 1393 1353

F6 3 hade 2539 2422 1377 1403

F6 4 hade 2530 2567 1412 1350

F6 5 hade 2476 2539 1407 1342

F6 1 ha w ed 1289 1280 1381 1438

F6 2 ha w ed 1309 1250 1380 1411

F6 3 ha w ed 1320 1260 1384 1424

F6 4 ha w ed 1330 1306 1378 1449

F6 5 ha w ed 1230 1339 1414 1366

F6 1 head 2374 2188 1333 1390

F6 2 head 2285 2337 1398 1356

F6 3 head 2291 2298 1380 1386

F6 4 head 2390 2305 1355 1341

F6 5 head 2376 2392 1384 1328

F6 1 heard 1744 1690 1395 1311

F6 2 heard 1719 1712 1372 1335

F6 3 heard 1803 1708 1386 1381

F6 4 heard 1797 1719 1386 1366

F6 5 heard 1788 1771 1373 1383

F6 1 heed 2682 2714 1381 1374

F6 2 heed 2695 2690 1416 1374

F6 3 heed 2705 2695 1405 1344

F6 4 heed 2617 2640 1391 1385

F6 5 heed 2723 2704 1424 1376

F6 1 hid 2408 2539 1368 1364

F6 2 hid 2486 2374 1377 1387

F6 3 hid 2363 2402 1397 1392

F6 4 hid 2491 2369 1401 1372

F6 5 hid 2413 2402 1367 1416

F6 1 hide n/a n/a 1336 1359

F6 2 hide n/a n/a 1358 1439

F6 3 hide n/a n/a 1376 1364

F6 4 hide n/a n/a 1393 1417

F6 5 hide n/a n/a 1378 1342

F6 1 ho ed 1573 1406 1407 1388

F6 2 ho ed 1395 1367 1379 1352

F6 3 ho ed 1320 1289 1402 1448

F6 4 ho ed 1358 1484 1392 1409

F6 5 ho ed 1406 1380 1383 1371

F6 1 hoid n/a n/a 1398 1391

F6 2 hoid n/a n/a 1379 1345

F6 3 hoid n/a n/a 1373 1338

F6 4 hoid n/a n/a 1362 1346

F6 5 hoid n/a n/a 1395 1358

F6 1 ho o d 1454 1591 1375 1396

F6 2 ho o d 1470 1560 1351 1379

F6 3 ho o d 1445 1550 1429 1365

F6 4 ho o d 1493 1523 1396 1368

F6 5 ho o d 1523 1503 1384 1398

F6 1 ho wd n/a n/a 1444 1371

F6 2 ho wd n/a n/a 1410 1329
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F6 3 ho wd n/a n/a 1391 1322

F6 4 ho wd n/a n/a 1399 1342

F6 5 ho wd n/a n/a 1413 1345

F6 1 h ub 1410 1530 1393 1416

F6 2 h ub 1530 1460 1439 1385

F6 3 h ub 1436 1550 1456 1378

F6 4 h ub 1484 1540 1391 1391

F6 5 h ub 1406 1523 1431 1431

F6 1 h ud 1576 1783 1350 1387

F6 2 h ud 1445 1563 1394 1339

F6 3 h ud 1484 1634 1361 1383

F6 4 h ud 1563 1725 1391 1389

F6 5 h ud 1543 1680 1384 1351

F6 1 h ued n/a n/a 1413 1421

F6 2 h ued n/a n/a 1413 1408

F6 3 h ued n/a n/a 1418 1369

F6 4 h ued n/a n/a 1382 1390

F6 5 h ued n/a n/a 1396 1382

F6 1 who d 1040 1020 1412 1416

F6 2 who d 1406 1360 1396 1391

F6 3 who d 1300 1380 1381 1369

F6 4 who d 1350 1365 1420 1397

F6 5 who d 1445 1410 1385 1415

F7 1 had 1630 1719 1539 1519

F7 2 had 1749 1641 1535 1522

F7 3 had 1611 1680 1516 1511

F7 4 had 1728 1719 1527 1506

F7 5 had 1630 1758 1545 1510

F7 1 hade 2500 2530 1537 1509

F7 2 hade 2383 2431 1510 1500

F7 3 hade 2510 2408 1519 1489

F7 4 hade 2593 2402 1495 1476

F7 5 hade 2578 2410 1502 1541

F7 1 head 1981 1712 1506 1491

F7 2 head 1939 1738 1498 1503

F7 3 head 1940 1719 1533 1484

F7 4 head 1776 1782 1510 1502

F7 5 head 1944 1783 1534 1508

F7 1 heard 1454 1419 1500 1486

F7 2 heard 1471 1523 1489 1502

F7 3 heard 1471 1523 1490 1499

F7 4 heard 1494 1563 1503 1512

F7 5 heard 1523 1586 1512 1505

F7 1 heed 2843 2891 1507 1539

F7 2 heed 2871 2960 1520 1509

F7 3 heed 2978 2949 1502 1509

F7 4 heed 2988 2930 1514 1475

F7 5 heed 2862 2891 1497 1485

F7 1 hid 2530 2095 1502 1525

F7 2 hid 2402 2363 1511 1501

F7 3 hid 2227 2402 1513 1517

F7 4 hid 2383 2367 1484 1521

F7 5 hid 2353 2383 1526 1498

F7 1 hide n/a n/a 1526 1510
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F7 2 hide n/a n/a 1526 1515

F7 3 hide n/a n/a 1505 1516

F7 4 hide n/a n/a 1499 1516

F7 5 hide n/a n/a 1504 1489

F7 1 ho dd 1068 1085 1534 1523

F7 2 ho dd 1115 1094 1515 1530

F7 3 ho dd 1090 1074 1520 1490

F7 4 ho dd 1094 1119 1519 1520

F7 5 ho dd 1085 1065 1503 1507

F7 1 ho ed 1020 854 1507 1496

F7 2 ho ed 1090 898 1510 1506

F7 3 ho ed 977 890 1513 1501

F7 4 ho ed 910 861 1497 1502

F7 5 ho ed 885 901 1511 1500

F7 1 hoid n/a n/a 1520 1500

F7 2 hoid n/a n/a 1501 1500

F7 3 hoid n/a n/a 1502 1493

F7 4 hoid n/a n/a 1510 1511

F7 5 hoid n/a n/a 1496 1498

F7 1 ho o d 1199 1211 1517 1506

F7 2 ho o d 1228 1289 1547 1499

F7 3 ho o d 1250 1419 1533 1481

F7 4 ho o d 1211 1189 1502 1530

F7 5 ho o d 1250 1484 1520 1501

F7 1 ho wd n/a n/a 1505 1531

F7 2 ho wd n/a n/a 1503 1479

F7 3 ho wd n/a n/a 1515 1535

F7 4 ho wd n/a n/a 1530 1489

F7 5 ho wd n/a n/a 1502 1423

F7 1 h ub 1493 1454 1530 1468

F7 2 h ub 1425 1436 1489 1506

F7 3 h ub 1432 1386 1495 1522

F7 4 h ub 1436 1376 1492 1636

F7 5 h ub 1386 1386 1533 1533

F7 1 h ud 1588 1406 1509 1529

F7 2 h ud 1416 1563 1483 1531

F7 3 h ud 1425 1484 1495 1480

F7 4 h ud 1593 1416 1531 1521

F7 5 h ud 1514 1464 1499 1491

F7 1 h ued n/a n/a 1497 1491

F7 2 h ued n/a n/a 1511 1492

F7 4 h ued n/a n/a 1509 1513

F7 5 h ued n/a n/a 1514 1533

F7 1 who d 845 859 1515 1420

F7 2 who d 889 848 1519 1444

F7 3 who d 928 911 1528 1509

F7 4 who d 928 895 1537 1498

F7 5 who d 898 907 1526 1519
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App endix B

F orman t Studies

Bibliograph y of sources for v o w el forman t data plotted in 4.2.

1

V o w el con texts are

not listed, but the author is dev eloping a w ebsite for data and information on the

metho ds and v o w el con texts for these and other studies.

Due to theoretical and t yp ographic uncertain ties, the status of lo w bac k v o w els in

a giv en language is often debatable. W e to ok the lo w bac k unrounded v o w el for ev ery

language to b e [ � ], unless there w ere t w o suc h v o w els, one of whic h w as explicitly

describ ed as cen tral [a].

An asterisk (*) next to the n um b er of male/female sp eak ers indicates the male/female

data w ere not used due to small sample size. A double asterisk indicates the data

w as not used b ecause data for the same language with more sp eak ers w as a v ailable

in another study . A question mark alone indicates that the n um b er of male v ersus

female sp eak ers is not giv en, while a question mark next to a n um b er indicates that

this is probably the n um b er of male/female sp eak ers, though not explicitly stated in

the text.

1

Thanks to Oc k e-Sc h w en Bohn for allo wing the use of his F risian data prior to its publication.
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Language Reference Males F emales

W estern Apac he P otter et. al. 2000 5 3

Av atime Maddieson 1995 8 4

Baarin Mongolian Sv an tesson 1985 1* 0

Bana w� a Ladefoged et. al. 1996 5 0

Bengali Chakrabarti 20 0

Bora P ark er 2001 8 6

Chic k asa w (short, lengthened, long v o w els) Gordon et. al. 2000 8 5

Shanghai Chinese Sv an tesson 1989 3 0

Danish Fisher-J�rgensen 1972 8 0

Defak a (oral, nasal v o w els) Shry o c k et. al. 1996/1997 12 0

DhoLuo Jacobsen 1978 8? 0?

Dink a (non-breath y , breath y v o w els) Malou 1988 3 0

Dutc h v an Nierop et. al. 0 25

Dutc h P ols et. al. 1973 50 0

British English W ells 1962 25? 0?

California English Hagiw ara 1997 ? ?

General American English P eterson and Barney 1952 33 28

Midw estern English Hillen brand et. al. 1995 45 48

F ering (North F risian) Bohn 2004 10 0

Finnish (short, long v o w els) Wiik 1965 ? 0?

F renc h Do wd et. al 1998 0 7

Ba v arian German Disner 1983 8 0

Standard German (short, long v o w els) Iiv onen 1987b 5? 0?

Viennese German (short, long v o w els) Iiv onen 1987a 0 3

Greek Sfakianaki 2002 10 10

Hadza Sands et. al. 1996 3 4

Hebrew Aronson et. al. 1996 6 6

Hindi Khan and Rizvi 1994 15 6

Italian Disner 1983 25 0

Kabardian Choi 1990 3 0

Khalkha Mongolian Sv an tesson 1985 1* 0

Khonoma Angami Blank enship et. al. 1993 4 2*

Korean Y ang 1996 10 10

Kw a wu (Ak an) Hess 1987 1* 0

Mon (non-breath y , breath y v o w els) Thongkum 1987 8 0

Norw egian Disner 1983 10 0

P aici (oral, nasal v o w els) Gordon and Maddieson 1996a 5 3

Brazillian P ortugese Go dinez 1978 9 0

Lisb on P ortuguese Delgado-Martins 1964 8 0

Sele Gordon and Maddieson 1996b 8 6

�

Siliingol Monglolian Sv an tesson 1985 1* 0

Solon Sv an tesson 1985 1* 0
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Language Reference Males F emales

Argen tine Spanish Go dinez 1978 4? 0?

Castillian Spanish Go dinez 1978 6? 0?

Mexican Spanish Go dinez 1978 6? 0?

Finnish Sw edish (Short, Long v o w els) Reuter 1971 4 0

Sw edish Eklund and T raunm • uller 1997 6** 6

Sw edish F an t 1973 24 0

T aiw anese (H, L tones) Zee 1978 3 0

T elugu (short, long) Ma jumder et. al. 1978 3 0

T o da Shalev et. al. 1993 6 0

Tsez (plain, pharyngealized) Maddieson et. al. ? ?

Tsou W righ t and Ladefoged 1994 8 5

W ari' MacEac hern et. al. 1996 6 6

Y oruba Disner 1983 10? 0?

Aronson, L., J. Rosenhouse, G. Rosenhouse, and L. P o doshin (1996). An acoustic

analysis of mo dern Hebrew v o w els and v oiced consonan ts. Journal of Phonetics, 24 283-

293.

Blank enship, B., P . Ladefoged, P . Bhask ararao, N. Chase (1993). Phonetic structures

of Khonoma Angami. Linguistics of the Tib eto-Burman A r e a, 16 , 69-88.

Bohn, O.-S. (2004). Ho w to organize a fairly large v o w el in v en tory: The v o w el of F ering

(North F risian). Journal of the International Phonetic Asso ciation , to app ear.

Chakrabari, S.K. (1980). F orman t structure of Bengali v o w els and some p ossible uses

of a trac king lo op forman t extraction system. Indian Journal of Pur e and Applie d Physics,

18 , 692-701.

Choi, J.-D. (1990). Kabardian v o w els revisited. UCLA Working Pap ers in Phonetics,

74 , 1-15.

Delgado-Martins, M.R. (1964-1973). An� alise ac � ustica das v ogais orais t� onicas em p or-

tugu ^ es. Boletim de Filolo gia (Lisb o a) , no. 3/4, 303-14 (data quoted in Go dinez 1978).

Disner, S.F. (1983). V owel quality: The r elation b etwe en universal and language-sp e ci�c

factors . UCLA Working Pap ers in Phonetics, 58 .

Dobro v olsky , M. (1995). The phonetics of reduced v o w els in Ch uv ash: Implications for

the phonology of T urkic. Pr o c e e dings of the Thirte enth International Congr ess of Phonetic

Scienc es, v ol. 1, 62-65.

Do wd, A., J.R. Smith, and J. W olfe (1998). Learning to pronounce v o w el sounds in a

foreign language using acoustic measuremen ts of the v o cal tract as feedbac k in real time.

L anguage and Sp e e ch, 41 , 1-20.

Eklund, I. and H. T raunm • uller (1997). Comparativ e study of male and female whisp ered

and phonated v ersions of the long v o w els of Sw edish. Phonetic a, 54, 1-21.

F an t, G. (1973). Sp e e ch Sounds and F e atur es . Cam bridge, MA: MIT Press.

Fisher-J�rgensen, E. (1972). F orman t frequencies of long and short Danish v o w els. In

E.S. Sc herab on et. al. (eds.), Studies for Einar Haugen (1972), The Hague: Mouton,

189-213.

Flemming, E., P . Ladefoged, and S. Thomason (1994). Phonetic structures of Mon tana

Salish. UCLA Working Pap ers in Phonetics, 87 , 1-34.
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Go dinez, M. (1978). A comparativ e study of some Romance v o w els. UCLA Working

Pap ers in Phonetics, 41 , 3-19.

Gordon, M., P . Munro, and P . Ladefoged (2000). Some phonetic structures of Chic k a-

sa w. A nthr op olo gic al Linguistics 42, 366-400.

Gordon, M. and I. Maddieson (1996a). The phonetics of P aici v o w els. UCLA Working

Pap ers in Phonetics, 93, 111-124.

Gordon, M. and I. Maddieson (1996b). Notes on the phonetics of Sele, with particular

atten tion to v o w els. UCLA Working Pap ers in Phonetics, 93 , 149-163.
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