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Some Statistics on Vowel Formant Variability

David J. Broad and Hisashi Wakita

Speech Communications Research Laboratory, Inc.
800A Miramonte Drive

Santa Barbara , California 93109

ABSTRACT

Acoustic phonetic studies of vowels often present

averag e results with little of the information on formant

variability which is essential for defining the sizes of

acoustic phonetic categories and for evaluating the

comparative significance of contextual and inter—speake r

effects. In this study, phonetics instruction tapes provided

828 steady—state tokens of 17 unrounded and 13 rounded

non—nasalized, non—retroflexed vowels produced by a single

female speaker. The formant frequencies were measured via

the linear prediction method, and the most steady—state

108.8 ms of each token was located by an automatic algorithm .

Formant analysis errors and wild samples were eliminated by

visual inspection of scatter diagrams. The remaining 779

tokens (94.7% of the original tokens) result in standard

deviations of between 13 and 87 Hz for F1; 32 and 145 Hz for

F2; and 28 and 159 Hz for F3. Except for some indications of

multi—modality for cases of very high standard deviation , no

discernable systematic relation seems to exist between

formant variability and (1) articulatory features of the

I
_________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



vowels, (2) nativeness of the vowels , (3) formant frequency ,

or (4) formant bandwidth. Although some of the standard

deviations are larger than expected on the basis of earlier

studies, certain vowel configurations are found to be highly

reproducable. This find ing is related to acoustic phonetic

vowel classification.

[This work was supported by the Office of Naval Research

under Contract Number N000l4—76—C—0483.]
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Some Statistics on Vowel Formant Variability

David J. Broad and Hisashi Wakita

Speech Communications Research Laboratory, Inc.
800A Miramonte Drive

Santa Barbara , California 93109

Variability and Phonetic Classification

(Our study concerns the basic question:) how refined

should phonetic categories be? Measurements show that every

speech event is unique and that no one ever says the same

~~~ thing twice in exactly the same way. We therefore define

phonetic categories to allow for a degree of variation ,

(which should be small in comparison to the difference

between categories).

An important special case is the acoustic phonetic

classification of vowel sounds by their formant frequencies

[1]. To simplify matters, let us for the moment set aside

the problems of context effects and inter—speake r differences

and concentrate on classifying vowels produced in a

controlled context by a single speaker. Then for some

formant frequency we can imagine the situation shown in the

• first slide. Here, in the center , we see a normal

probability distribution of formant frequency values for

(some large number of) repetitions of some vowel. Now let us

attempt to divide this formant frequency axis into intervals

that will, together with similar divisions of the other

~
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f o r ~~an t  ~xcs, cofine the vowel  c a t e g o r i .~~s aco ;~~ t i c a l ly . I t

kes sense to rr~ ke such a div~.;ion accorCiw’ to the s~ read

of th~ d~ strib~ tiot: , because the cist~~ibut ion defines the

r : n ge  ~f f o r n a i ~t v a lu e s  t h a t  can  be co s~.c~~r ed to r e su l t  f r o m

sanc les  d r a w n  f r o n  the  same c at e c or y .

In t h i s  e x am p l e  an i n te r va l  Cf S IX  s t a nc s rc  ~ev1ations

is  m a r k e d  o f f  to show one :ossib le  c e f i n i t i o n  f o r  the

~ l low ab1e  i n t r J — c a t e g o r y  r an g e  f o r  t h i s  v o w e l .  ‘ Ibi s  ray  be

t oo  larc .?  f o r  a cat e g or y , f o r  i t  w o u l d  in~~ly t h a t  a sr~~~ie

f a l l i ng  at  t h e  b o u n d a r y  w a s  a r a r e  e x a n ~~le of the  sound , as

~‘ell as a r a r e  ex3rrp le  of the  n e i g h b o r i n g  cat e g or y  (w~.th a

e r o b a b i l i t y  of l ess  t h a n  0 . 0 1) .  It n i g h t  t h e r e f o r e  be b e t te r

to n r k e  t h e  cat e g or i e s  som ewhat  s m al l e r ,  as i l lu s t r a t e d  i.n

the n ex t  s l i d e .  Here  t h e  i n t e r v a l s  a r e  only  abou t  2— 1/ 2

s t a n d a r d  d ev i ct i o n ~ lone , and t h e r e  is s i z a b l e  o v e r l ap

between d i s t r i b u t io n s  f o r  n e i g h b o r i n g  ca tec or ie s ,  so t h a t  the

b o u n d a r i e s  no l o ng e r  r e p r e se nt  r a r e  sar~p les .  This  s o r t  of

r e a s o n i n g  in d i cat e s  t h a t  we sh ou l d  d e f i n e  an a cou s t i c

p h o n et i c  ca t eg o r y  to sp an so m e w h e r e  b e t .~een two and f o u r

s tan d a r d  d ev i a t i o ns  of a f o r m a n t  f r e çu en c y  a x i s  [ 1] .

Pev i .ew of F o r m a n t  V a r i a b i l i t y  Rcoor ted  in the  L i t e r a t u r e

In th is a ppr o a c h  to d~’f i n i nc  acoust i . c  phone t i c  ~‘owe 1

c a t e g o r ie s  i t  h~ comes  i!~ip o r t a n t  to k n o ~ the  v a lu e s  of t~ e

st a n d a r d  d e v i - ~t i - o n s .  The n e x t  ~l ide  su m m a r i z e s  t h e

l n f ) r n a t i o n  a v a i l a b l e  f r o ~r v a r i o u s  sou rces  in t h e  l i t e ra t u r e

__________________________________-

~~~ 
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Fi g u r e  2. E arr e as F i ’u r e  1, b u t  w i t h  cat e cor y  b o u n d a r i e s
.s~ accd 2 . 5 6  s t a n dar d  deviat ions . E i .gh ty  p e r c e n t  of the
~ i st r  i b u t i o n  ~~.3 w i t h  in t h e  b o u n d a r i e s .  F r o r r ~ [1]
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STANDARD DEVIATION

SOURCE cTF,(HZ) 0F2(HZ) 0F3(HZ)

POTTER 8i PETERSON 20 95 —

POTTER & STEINBERG 20-40 40-70 60-90
PETERSON 20 27 —

PETERSON & BARNEY 2-25 18-43 —

OHMAN 35 75 70
BROAD & FERTIG 15-20 55-66 60-75

DIFFERENCE LIMEN
FLANAGAN 12-27 20-90_{__—

F i g ur e  3. S u m m a r y  of i n f o r m a t i o n  an vowel  f o r m a n t
v a r i a b i l i t y  t a k e n  or i n f e r r e d  f r o m  v a r i o u s  source s  in t h e
liter~ ture [2—6 , G—S ].

____  ___ 
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[2,4,5,6,8,9] on the variability of vowel formant

frequencies. The different studies show similar values for

the inter—repetition variation of the formant frequencies;

these are also about the same as the formant difference

limena reported by Flanagan (3], which are shown in the

bottom line for comparison.

Our purpose was to extend this info rmation on formant

variability to ‘ a rich subset of the vowel space, and to

overcome some of the difficulties of spectrographic analysis

with digital analysis based on linear prediction.

Data and Methods

Our data are taken from a set of tape recording s

originally produced as instruction materials in phonetics.

The tapes contain steady—state productions of 823 tokens of

30 different non—nasal non—retroflex voiced vowels,

(including 17 unrounded vowel types and 13 rounded types).

The vowel types are shown in the next slide, which is taken

from the phonetic theory of Peterson and Shoup [7].

Within a given cell, the symbol on the left represents

the unrounded vowel for the place of articulation , and the

symbol on the right represents the corresponding rounded

vowel.

The vowels were originally recorded on audio tape by a

female speaker (in a sound treated room) . We digitized the

recordings at 10,000 samples per second , and stored them on
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HORIZONTAL PLACE OF ARTICULA TION

4
C~J £0 L()

- I I I UJ
.J > T

4 4 4 0
Iu~~~~~~~~ 4~~~~~ 

4 4
_J _.I _J _.I
4 W
0 0~ Q~ > >

_ _ _ _  _  _  _  _  2• iy 
_ _ _  _ _ _  _ _ _  

luu 
_ _ _  

HIGH-3 ~
Z Y  

_ _ _  + _ _ _  _ _ _  _ _ _  
HIGH-2 .J

eø 
_ _  _ _ _  _ _  

U 
_ _  

HIGH-I
C~~ 3G 93 

_ _  _ _  

MID-2

8 MID-I

a A3  ~ O LOW-3

a AO LOW -2

LOW-I

Figure 4. The 30 vowel types studied organized on a phonetic
chart showing horizontal and vertical places of articulation.
In each cell , unrounded vowel symbols are to the left and
rounded ones to the right. After [7].

_________________________ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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di sk .  F o r r n a n t  F r e q u en c i e s  w e r e  e st i m a t e d  (every 19.2 ms) via

t he  1 i n e a r  pr ’~d i ct  ion method ( u s i n g  a f r a m e  l e n g t h  of 32 ms)

then a s~.mp 1e a l g o r i t h m  located the most steady—state

sequence of ~ive fra~nes of each vowel. The average of these

five frames wus taken to characterize the utterance as a

whol ~~.

Next , the results were plotted for each vowel in order

to locate forriant analysis errors and wild samples. The next

slide illustrates our procedurc with a typ ical d istr i bu t ion

includin g a formant error. The ellipse represents the

2 — s t a n d a r d - d e ” i . a t i o n  r eg ion  calculated from all the samples;

the effect of the  s in g l e  f o r m a n t  e r r o r  on the  f i r s t  f o r m a n t

mean and s t a n d a r d  d e v i a t i o n  ~s apparent. When the wild

sample  i.3 e J i m i r a t e d , the  d i s t r i b u t i o n  is as shown in the

ne xt  slide . wh i-ch has an expanded F 1 scale.  Now the 2 cr

ellipse pi o v i d e s  a r ea s onab le  gene ra l  de sc r ip t i on  of the

d a t a .
‘-p

Resui. ts

The next slide shows the resultant 2o-ellipses fo r  all

the unrounded vowels. There is considerable variation in the

size of the ellipses, and there Seems to be no systematic

relation between the sizes of the elli pses an d their

locations art the formaut frequency diag ram . The same remarks

hold for the rounded vowels , wh ich are  shown in the nex t

slide. .
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VOWEL
_

m
_ _  _ _ _  _ _ __ _ _

3200 - - —__— ___ - —__ _ _ _

NJ 
- --

--- f
- 

~~~~~~~~~~~~~~~~ 

- -. _ _

3: *

Z 3000 ” -- — - _ _  —_ _ _

*----a - ~
_ _- -_ _-._ _

*
*2800 -’ - -___ _ _ _  — —  _ _ _

0 800 1600 2400

F
1 

IN HZ

Figure 5. Fhst two format-it frequencies measured for [ii.
The sampi€ at the right represents a formant identification
error. The e~ Jipse is two stai1dard deviations in radius, the
intersect ian at its axes is the mean of the distribution.

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _— ~~~~~~~~~~~~~~~~~~ • —
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VOWEL [ii
3200 - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

3000 - * \ \
NJ *= * *

c,.J *

2800 - * *
*

*

2600 - —i
200 300 400

F1 IN HZ

Figure 6. Same as Figure 5, but wi th the wild sample removed
and the first formant scale expanded .

_ _ _ _ _ _ _ _ _
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3000 - e

Z 2000
~~9~~~~~~~~~~~~ a

400 800 1200

F1 IN HZ

Figure 7. The two—standard—deviation ellipses for the 17
unrounded vowel types.

_ _ _ _ _ _ _ _ _  -- ---‘ .“— - -~~~~-
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3000 -

Z 2000 -

Li~ 

1000 u~~~~~~
u 
~~~~~

400 800 1200

F1 IN HZ

Figure 8. The two—standard—deviation ellipses for the 13
rounded vowel types.
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Variables Affecting Formant Variability

(There are several variables that might be expected to

affect the inter—repetition variability of vowel tokens.) To

study the variability a little more closely, the next slide

shows how all the vowels distribute on the plane defined by

the standard deviations of the first two formant frequencies.

The grid lines subdivide the space into approxima tely maximal

rectangles within which the standard deviations are

statistically indistinguishable. Rounded vowels are shown in

circles. The rounded and unrounded vowels seem to be

similarly distributed . Note that the same can be said of

those vowels wh ich are canonical allophones of phonemes of

Am erican English , the speaker ’s native language . These

vowels , which are shown with more heavily drawn symbols, are

distributed similarly to the vowels not so marked . It may be

significant that the two vowels [ii and [c I are two of the

more stable vowels, while their higher counterparts [i] and

[u] are among the more variable vowels. The problem with

this type of observation is that it does not generalize to

other vowels.

It might be thought that formant variability should be

related to formant frequency , to maintain, for example, a

fixed ratio of standard deviation to formant frequency . The

next slide shows the standard deviation of the first formant

frequency plotted against the formant frequency itself. Only

the weakest trend can be seen: no extremely high standard

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
L
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LU

4
-J

— >.4
~ LU 4 LUCl) ~ ..i >

160 -  
_ _ _  ___ _____  -

140 - 3

LU~~~
120 - “‘H LARGE

~~

100 - e C
_ _  a aM ‘~~~~~~ 

-

- • = I
Z 8 0 - { A

I MEDIUM

60-  
~~

40 SMALL

2 0-

0 -  I I

0 20 4 0 .  60 80 100

IN HZ

Figure 9. Standard deviation of the second formant frequency
plotted against that of the first for the thirty vowels
studied . Rounded vowels are shown in circles and native
vowels are shown with darker symbols.
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80-
. S •

- : • 
VERY LARGE

~~ 

eo
i 

• • • • 
I-

Z • LARGE
— 40-

I • .
• -

— - • I

5 MEDIUM
20- 

SMALL

0 200 400 600 800 1000

F, IN HZ

Figure 10. Standard deviation of the first formant freguency
plotted against the formant frequency itself.  

_ _  
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deviations exist below 550 Hz; above that frequency no

extremely low standard deviations are found.

The corresponding diagram for the second formant

frequency is shown in the next slide. Here no trend whatever

can be seen. The next slide shows the relationship for the

third formant; again, the distribution suggests nothing in

the way of a frequency—dependent standard deviation.

Another variable that could affect the standard

deviations is the forman t bandwidth, which might be taken as

a physical measure of uncertainty for the formant frequency

location. The next slide shows a composite graph of standard

deviation plotted against the average formant bandwidth

estimates. Each loop encloses the data for one formant.

There is a slight positive dependence of standard deviation

on the bandwidth estimates — the six bandwidths less than

75 Hz are associated with standard deviations of less than

30 Hz. Also , the largest bandwidth estimate is associated

with the largest standard deviation. Beyond this, the

relationship is again very weak , and not much of the format-it

frequency variability can be attributed to uncertainty in the

frequency measurement, (especially in view of the existence

of one example ~~~~~ in which the s tandard  deviation is less

than one fifth of the average bandwidth estimate.)

It appears, then, that there is no simple explanation

for the fact that these vowels differ among themselves in

their degree of variability .

_ _ _ _  _ _ _ _
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0 —  I I I I I

800 1200 1600 2000 2400 2800
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Figure 11. Standard deviation of the second formant
frequency plotted against the formant frequency itself.
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leo-
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$40 - 
S 

LARGE

. .
.

120 -
. S

NJ $00 - S

= - .. ~~ 
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Figure 12. Standard deviation of the third formant frequency
plotted against the formant frequency- itself.
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$6 0 -  
_ _  

_______

$00 - / -~, • s~x 
/
/

N.J X / /
/

= / ‘
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z 8 0-  ‘ ~/ • /
- 

/ X

I I

0 50 $00 $50 200 250 300 350

B1 IN HZ

Figure 13. Standard deviations of the formant frequencies
plotted against the respective average formant bandwidth
estimates. The three loops enclose the data for the three
fo rmants.
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Implicat ions for  Phonetic Ca tegor iza t ion

What does this mean in terms of dividing up the formant

space into phonetic categories, as suggested at the outset of

this paper?

If we were interested only in this one speaker, it would

appear that each phonetic category could be defined in terms

of its own observed distribution.

But our real goal is to subdivide the acoustic space

into catgories that will be general for all speakers. We do

not intend here to take up the very popular subject of

inter—speaker vowel normalization , but we will assume that

suc h a normal iza t ion  is possible , so that the coordinates in

the acoustic space can be viewed as normalized foruiant

frequencies. Subdiv iding normalized formant  f r  equencies into

categories on the basis of (the size of) the inter—repetition

var ia t ion  would then provide a general  c lass i f icat ion for

vowels produced by any speaker.  But this  would mean that the

categories could not be defined on the basis of data obtained

from only one speaker. We will therefore have to look at

data from a variety of speakers. Nevertheless, we can use

the information from this and preceding studies to form some

idea about a general acoustic phonetic categorization for

vowels.

We should particularly like to know whether the

vowel—to—vowel variation in the inter—repetition variability

follows similar patterns in different speakers. The next

_ 
_  - -
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slide shows the results obtained in this and other studies

[2,6,9) for the vowel [i]. For various reasons, these

standard deviations are difficult to compare as an aggregate.

Nevertheless, an Fmax test with 15 degrees of freedom applied

to each column reveals no significant difference (among the

standard deviations) at the 5% level.

The vowel L I] is one of the more stable configurations

in our data. The next slide shows the comparison for the

less stable vowel [~t ]  [6,8,91. Now the different studies

show highly significant differences. Interestingly, the

smaller standard deviations shown here for the vowel [ii are

comparable to those shown in the preceding slide for E d .  It

therefore seems that vowel—to—vowel differences in

variability are not preserved from speaker to speaker. —

Instead , these limited results suggest an interesting

hypothesis, namely , that there is some universal lower limit

on the standard deviations for formant frequencies which for

any vowel will be approached by some, but not all, speakers.

The present results can be interpreted in terms of this

hypothesis to mean that certain of the vowels studied ,

(especially [ii , Eu ] , [y] and (a]) approach this limit Ofl

repeatability , while the more variable vowels, (such as ( c J

and schwa) do not.

This hypothesis implies that acoustic phonetic vowel

categories could be defined as small subdivisions of the

normal ized formant frequency axes, only a few times as large 

- -~- - --- - -- - ‘- --—--- -
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VOWEL [I]

STAN DARD DEVIATION

SOURCE 0F1 (HZ) 0F2(HZ) 0F3(HZ)

POTTER & STEINBERG 28 44 43
PETERSON & BARN EY 25 49 —

BROAD & FERTIG 15 55 62
PR ESENT STUDY - 17 75 77

I ~~~ 3.48 2.91 3.21
LFmax crit (5%, 15d.f) 4.01 4.01 3.54

~~~‘N0 SIGNIFICANT DIFFERENCE

Figure 14. Comparison of the present results with those of
other studies for the vowel Li ] . 

- -‘~~~~- -.- -
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VOWEL [ael

STANDARD DEVIATION

SOURCE 0F1 (Hz) 
- 

0F2(HZ) 0F3(HZ)

POTTER & PETERSON 20 95 —

POTTER & STEINBERG 28 35 43
PETERSON & BARNEY 15 34 —

PRESENT STUDY 75 140 82

Fmax 25.0 17.0 3.6
Fmax crit ~~~ ISdi) 4.01 4.01 2.86

~~~ DIFFERENCES SIGNIFICANT

Figure 15. Same as Figure 14, but for the vowel [.~] .  

- - - - - —-.-~~~~ -~~ -~~~~—‘——--
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as the smaller observed standard deviations. The last slide

shows a hypothetical acoustic phonetic category defined by

small intervals of the first three normalized formant axes.

The standard deviations have been rounded convenient ly ,  and

3.3 was selected for the number of standard deviations in an

interval length, (partly to yield a numerically convenient

value and par t ly  because it is in the reasonable range

between two and four  s tandard deviations discussed ea r l i e r)

(About three or four hundred categories of this size

would be required to span the phonetic region of the

plane; a thousand or a few thousand might be needed to handle

additional phonetic variation due to higher formant

frequencies. This is certainly a large number, but we must

remember that at the phonetic level (as distinct from the

phonemic) human language is very rich in vowel sounds. At

this level of refinement , a highly variable intended vowel

such as our speaker ’s [~ ] would be distributed predominantly

over perhaps 20~ of these refined categories. This may be

somewhat more refined than would be needed for most cases,

but it is always easy to define less refined categories as

set unions of more refined ones. This is already done within

the vowel system of Peterson and Shoup [7], which provides

for a possible subdivision of each major vowel category into

nine subcategories, thus allowing a cho ice between a rough

level of transcription with 36 categories of place of

____ _______ _____________ ~~~~~~~~~~~~~~
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Fl
_ _ _ _  

50 Hz

r3
Mm o 1~~I5 Hz

Mm ~2~~Min o3~~3O Hz

Figure 16. A tentative acoustic phonetic category in the
F1F~F1 space defined as a parallelepiped with sides
pfo~oftional to the smallest observed standard deviations.
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articulation and a fine level with 324 such categories. The

latter number is about the same as would result from our

proposed subdivision of the F1—F 2 plane.)

There are interesting consequences in defining acoustic

phonetic vowel categories in this way [1], but time

unfortunately does not permit us to explote this in more

detail. The main point is that data on inter—repetition

variability can be used to say something about defining the

sizes of acoustic phonetic vowel categories.
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