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ABSTRACT

In this paper, we present results of non-uniform vowel normaliza-
tion and show that the frequency-warping necessary to do non-
uniform vowel normalization is similar to the mel-scale. We com-
pare our methods to Fant’s non-uniform vowel normalization met-
hod and show that with proposed frequency warping approach we
can achieve similar performance without any knowledge of the
spoken vowel and the formant number. The proposed approach
is motivated by a desire to perform non-uniform speaker normal-
ization in automatic speech recognition systems. We also present
results of a more comprehensive study of our earlier work on non-
uniform scaling which again shows that mel-scale is the appropri-
ate warping function. All the results in this paper are based on data
from Peterson & Barney and Hillenbrandet al. vowel databases.

1. INTRODUCTION

There are wide differences in the formants(F1; F2; F3) of vowels
spoken by children, male and female speakers. These are usu-
ally attributed to the physiological differences in the vocal-tracts
of the speakers. Nordstr¨om and Lindblom [1] proposed a normal-
ization procedure in which the formants are scaled by a constant
scale factor based on the estimate of the speaker’s average vocal-
tract length in open vowels as determined from measurement of
F3. This is usually referred to as uniform scaling. Fant [2] then
proposed that the scale factor be made a function of both formant
number and vowel category. With this approach, Fant claims to re-
duce the female-male variance to one-half of that remaining after
simple uniform scaling of the type suggested by Nordstr¨om and
Lindblom.

In this paper, we propose two methods of non-uniform vowel
normalization, which unlike Fant’s method assume no prior knowl-
edge of the vowel category or formant number and yet achieve nor-
malization performance comparable to that of Fant’s. In the first
method, the basic idea is to scale each formant by its frequency
dependent scale factor (and not based on the formant number or
vowel category as Fant’s method does). In the second approach
we propose a model for the relationship between formant frequen-
cies of two speakers and use it for normalization. Corresponding
to this model, we obtain a mapping from physical frequency to
an alternate domain where the warped spectra are shifted versions
of one another for similar enunciations. Interestingly, this map-
ping which is estimated from vowel data is similar to mel-curve.
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We also present results of a more comprehensive study of our ear-
lier work, where we have computed a frequency-warping function,
such that in the warped domain, spectral envelopes from different
speakers are similar except for a possible translation factor. This
numerically computed frequency-warping function is also similar
to the mel-curve. The methods proposed in this paper are moti-
vated by a desire to do non-uniform speaker normalization in Au-
tomatic Speech Recognition (ASR) systems [3].

The paper is organized as follows. In Section 2, we review the
method of uniform scaling and Fant’s method. In Section 3, we
present our proposed methods of non-uniform scaling that do not
assume any prior information. In Section 4, we compare the per-
formance of our proposed methods with Fant’s method in terms
of residual variance after normalization and also using F-ratio to
determine the separability of vowels after normalization. All the
results in this paper are based on data from Peterson & Barney [4]
and Hillenbrandet al. [5] databases. In Section 5, we present re-
sults of a comprehensive study using these vowel databases to de-
rive a frequency warping function, such that in the warped domain
spectral envelopes from different speakers for similar enunciations
are similar except for a possible translation factor. We conclude
by pointing out to the interesting nature of the frequency warping
functions that are obtained by these two different methods.

2. REVIEW OF VOWEL NORMALIZATION METHODS

Nordström and Lindblom (N–L) have suggested a method for uni-
form scaling, where the formant frequencies of the subject to be
normalized are simply to be divided by the factor
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wherek is the scale factor expressed in percentage.F3sub and
F3ref are theaverageF3 of open vowels of the subject and the
male reference speaker respectively.

In Fant’s approach to non-uniform scaling, the correction fac-
tor k, is made a function of both formant number and vowel cat-
egory. Briefly, Fant calculates the reference scale factor,kjnF be-
tween the average female and the average male (i.e. the reference
speaker) for thenth formant ofjth vowel class. He calculates the
factor k for the average female to be 17 using a method slightly
different from that in Eq. (1), and by using 6–8 vowel databases
of different languages. Fant’s non-uniform normalization for any
particular adult subject speaker is given by the weighting ofk
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For the child speaker, Fant proposes the following non-uniform
normalization scheme.

k
j
n = k

j
nF

�
24

17

�
+ (k � 24) for k > 24 (3)

The above formula represents the best prediction of the subject’s
scale factor for a particular formant of a particular vowel.

In our experiment with Fant’s approach, we have observed that
using average female as the reference speaker provides better nor-
malization and also a common formula for both adult and child
speakers, which is given by
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where' is the scale factor between average male and the reference
speaker (i.e. average female). Based on the Fant’s approach, we
calculated' to be -14.65 for Peterson & Barney (PnB) and -12.18
for Hillenbrand (HiL) databases respectively. We have used the
subscriptM in the notationkjnM to emphasize that the scaling
is for the average male with respect to reference (average female)
speaker.

The above non-uniform normalization scheme cannot be di-
rectly applied for speaker-normalization since it requires knowl-
edge of the vowel category and formant number. We now propose
different two methods for non-uniform normalization and show
that their performance approaches to that of Fant’s and yet do not
make any assumptions and hence may be applied in ASR systems.

3. PROPOSED METHODS OF NON-UNIFORM
NORMALIZATION

3.1. Frequency Dependent Scale Factor,(f)

In frequency dependent scale factor (FDSF) approach, we model
the weighting factorknM as a function of frequency alone. This
is essentially done by plottingknM for each formant number and
vowel as a function of the subject’s formant frequency. This is
done for all speakers in the database and the averaging is done
along the frequency axis over small bands of 100 Hz width. We
denote this frequency dependent scale factor as(f). A plot of
(f) is shown in Fig. 1 for both the databases, where each stem
corresponds to the value of(f) over a 100 Hz band. The non-
uniform normalization scheme is given by
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Note that in this approach we do not need to know the formant
number,n and the vowel category,j, to do normalization.

3.2. Model Based Non-Uniform Normalization

In model based non-uniform normalization (MBN) approach, the
relationship between formant frequencies of a subject speaker and
the reference speaker is assumed to have the following form
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Fig. 1. Frequency dependent scale factor,(f) for (a) Peterson
& Barney database (b) Hillenbrand database.

Database b �b c �c
PnB 0.7710 0.3362 0.9756 0.0575
HiL 0.7369 0.2700 0.9761 0.0448

Table 1. Estimates of parametersb and c for model based non-
uniform normalization for Peterson & Barney (PnB) and Hillen-
brand (HiL) databases.�b and�c are the standard deviations ofb
andc respectively.

whereFR andFS are the formant frequencies of the reference
speaker and the subject speaker.�RS , b andc are the model pa-
rameters to be estimated. In our analysis the reference speaker is
taken to be the average female speaker of the database. The valid-
ity of the model was tested for all speakers and the average esti-
mation error energy in fitting the data is less than1:5% of the en-
ergy of the corresponding data. Note that while�RS changes from
speaker to speaker,b andc are assumed constant. Table 1 shows
the estimate ofb andc values of the model for the two databases.
Hence the normalization scheme involves using Eq. (6) whereb
andc are chosen from the table for the appropriate databases. The
speaker dependent parameter�RS can be computed from the least-
squares fit between the formant frequencies of the reference and
subject speaker. This step can be considered to be equivalent to
the estimation ofk in other approaches.

4. COMPARISON OF NON-UNIFORM
NORMALIZATION SCHEMES

In this section, we will compare the performance of the differ-
ent normalization methods. One of the measures used by Fant
to find the efficacy of the non-uniform normalization scheme is
the percentage of variance remaining after non-uniform normal-
ization when compared to the uniform normalization scheme of
Nordström and Lindblom. The variance in each of the three for-
mantsF1; F2; F3 after normalization is given by

Vn =
X

subject

X
vowel

jkn;observed � kn;predictedj
2
; n = 1; 2; 3

(7)



Residual Ad. & Ch. Adults Children
Variance(%) PnB HiL PnB HiL PnB HiL

R1 90 103 80 75 108 151
Fant R2 80 89 78 78 84 97

R3 93 78 92 83 96 74
R1 88 101 86 84 91 130

FDSF R2 78 81 82 81 72 81
R3 100 82 97 86 106 79
R1 93 80 96 77 85 84

MBN R2 72 79 79 74 62 83
R3 84 73 84 78 84 69

Table 2. Percentage variance remaining after different non-
uniform normalization methods when compared to uniform nor-
malization (N–L), for the three formants. Ad. stands for adult
speakers and Ch. stands for child speakers. FDSF refers to fre-
quency dependent scaling factor method and MBN refers to model
based non-uniform normalization method. PnB and HiL refer to
Peterson & Barney and Hillenbrand databases.

wherekn;observed is calculated using the actual value of thenth

formant of each vowel of the subject and the reference speaker.
kn;predicted is the predicted value of scale factor for thenth for-
mant of each vowel of the subject using the different normalization
schemes. We compute the percentage residual variance after non-
uniform normalization compared to uniform normalization (N–L)
for thenth formant as

Rn =
Vn;non�uniform

Vn;uniform
� 100 (8)

Table 2 shows that the performance of the proposed non-uniform
normalization schemes are comparable to Fant’s method even thou-
gh they assume no a priori information about the vowel category
and formant number unlike Fant’s method. Further, for Hillen-
brand data, it can be seen that the proposed model-based non-
uniform normalization outperforms Fant’s method especially for
children.

Since discriminability between vowel clusters is as important
as reduction of variance within any given vowel cluster, a good
measure for the usefulness of the normalization schemes would
be the F-ratio. In deriving F-ratio separability measure, letMi and
Ri denote the mean formant(F1; F2; F3) vector and its covariance
matrix, respectively, of theith vowel class. An equal probability
of vowel classes is assumed. LetMo = 1

I

PI

i=1Mi, whereI
denotes the number of vowel classes being compared. Then the
within-classSw and between-classSb scatter matrices, are com-
puted by,
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1

I

IX
i=1

Ri and Sb =
1

I

IX
i=1

(Mi �Mo)(Mi �Mo)
T

The separability criterion is then given by,

J = tracef(Sb + Sw)
�1
Sbg (9)

The vowel cluster discriminability in terms of F-ratio, J, for
unnormalized (unwarped), uniform normalization and non-uniform
normalization methods are shown in Table 3. From the table it can
be seen that even in terms of vowel discriminability the proposed
methods perform similar to Fant’s method. In Eq. (9) as the sepa-
rability improves, J should approach the ideal value of 3.

Ad. & Ch. Adults Children
F-Ratio (J) PnB HiL PnB HiL PnB HiL
Unwarped 2.01 2.13 2.21 2.28 2.31 2.31

N–L 2.42 2.47 2.45 2.56 2.43 2.37
Fant 2.49 2.52 2.52 2.63 2.41 2.40

FDSF 2.47 2.53 2.50 2.61 2.47 2.44
MBN 2.49 2.56 2.51 2.62 2.50 2.46

Table 3. Vowel cluster discriminability in terms of F-Ratio, J.
Ad. stands for adult speakers and Ch. stands for child speakers.

5. NUMERICAL COMPUTATION OF WARPING
FUNCTION FOR NON-UNIFORM SCALING

In uniform scaling, the formant frequencies are assumed to be
scaled versions of one another, or more commonly we assume
spectral envelopes between two speakers are scaled versions of
each other, i.e.S1(f) = S2(�12f). It can be easily seen that
in the log-warped domain, i.e.� = log(f) the spectral envelopes
are shifted versions of each other i.e.,

s1(�) = S1(f = e
�) = S2(�12e

�) = s2(�+ ln�12) (10)

In our previous work [6, 7], we have shown that the ratio of the
formants between any two speakers is not a constant (i.e. uniform
scaling is not true), and the trend is to have larger values (compres-
sion/dilation) at lower frequencies. We then proceeded to numeri-
cally compute the frequency warping function for the non-uniform
scaling such that in the warped domain the spectral envelopes for
similar enunciation are translated versions of one another. Inter-
estingly this warping function is similar to mel-scale. Our results
in the previous work were based on a small sample of vowels ex-
tracted from TIMIT database. In this paper, we have re-estimated
the frequency-warping function using larger vowel databases from
PnB and HiL. We show that the warping function is indeed very
similar to mel-scale and we also provide standard deviations to in-
dicate the reliability of the estimates.

In brief, we describe the numerical computation of the warp-
ing function as follows. We divide the frequency axis into logarith-
mically equal regions. In each region, we assume that the spectral
envelopes of any two speakers are scaled versions of each other.
So for theith frequency region,f 2 (Li; Ui), we have

S1 (f) = S2(�
�i
12
f); Li � f � Ui (11)

where�12 is a constant independent ofi (the frequency region)
and is dependent on the pair of speakers while�i depends only
on i and is independent of the speakers. We estimate�12 from
ratio of formants in the last frequency region (i.e. formants above
2400 Hz) assuming�i = 1 for the last band. This is reasonable
since the higher formants are mostly affected by the length of pha-
ryngeal cavity. Using this estimated value of�12 we compute the
values of�i in other frequency regions. Table 4 shows the esti-
mate of�i for PnB and HiL data obtained by averaging over all
pairs of speakers. We have also shown the standard deviations of
the estimates in Table 4. If we use the discrete implementation of
the warping function� = log f (exponential sampling of the fre-
quency axis), then in each band the spectral envelopes are shifted
versions of one another as shown below.

S1 (mik��i + lnLi) = S2((mik +
ln��i

12

��i
)��i+lnLi) (12)



Peterson & Barney Hillenbrand
Band (Hz) �i ��i Band (Hz) �i ��i
[190,356) 2.13 0.13 [310,524) 1.50 0.03
[356,667) 1.22 0.05 [524,893) 1.55 0.03
[667,1249) 1.51 0.05 [893,1523) 1.46 0.03
[1249,2339) 1.27 0.04 [1523,2598) 1.40 0.02
[2339,4381) 1.00 0.00 [2598,4431) 1.00 0.00

Table 4. Average estimates of�i obtained in each frequency re-
gion. ��i denotes the standard deviation of�i for ith frequency
band. In this case,1 � i � 5

wherek = 0; 1; 2; :::;Mi�1, Mi is the number of spectral sam-
ples inith frequency band and��i =

lnUi�lnLi
Mi

. It can be seen

that the two functions differ by a translation factor�i ln�12
��i

in the

ith frequency band. Since we desire the warped envelopes to be
translated versions of one another over the entire range of interest,
we require the following condition to be satisfied between any two
frequency regionsi andj: �i ln�12

��i
=

�j ln�12
��j

. Equivalently we
require�iMi = �jMj by making use of the fact that we have cho-
sen logarithmically equal regions which result inln Ui

Li
= ln

Uj
Lj

.
We can therefore chooseMi for different frequency regions (i.e.
the spacing of the samples in� domain) such that�iMi = �jMj

using estimates of�i given in Table 4. With this choice, the non-
uniformly spaced samples in� domain are represented as uni-
formly spaced samples in another domain (say� domain). Since
the scale is arbitrary in� domain, we can choose the spacing of
samples and origin to some convenient values. Fig. 2 shows the re-
lationship between physical frequency,f , and the warped domain,
�, at a discrete set of points determined from above constraint. The
curve has been obtained by connecting the discrete points. Note
the remarkable similarity between the warping function� = g (f)
and the mel-scale obtained using Shaughnessy formula, given by
� = 2595 log

�
1 + f

700

�
. We have also plotted the actual mel fre-

quency data points obtained by Stevens & Volkman [8].
Finally, we would like to point out that for our proposed non-

uniform normalization scheme based on model described in Eq. (6),
the following warping function
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results in the spectral envelopes being translated versions of each
other in the� domain. It is interesting to note that this is also
similar to mel-scale.

6. DISCUSSION & CONCLUSION

We have proposed two different ways of implementing nonuni-
form vowel normalization that require no prior knowledge about
the vowel category and formant number unlike Fant’s method. Us-
ing residual variance and F-ratio test for vowel discriminability
as performance measures, we show that our proposed methods are
comparable (or even better as in HiL data) to Fant’s method of non-
uniform normalization without requiring the knowledge of vowel
category and formant number. The motivation for the proposed
methods is to apply them for non-uniform speaker normalization
in ASR systems [3]. We also present results using Peterson &
Barney and Hillenbrand data verifying our previous work [6, 7],
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Fig. 2. � = g(f) numerically computed from�i estimates. We
have also shown the Shaughnessy formula for mel-scale and the
actual Stevens & Volkman data points from their mel-scale exper-
iments.

where we have shown that a mel-like warping function is neces-
sary to separate speaker dependent terms as a translation factor.
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