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PAbstract

The perceptual accuracy of an all-pole representation of the spectral envelope of voiced sounds may be enhanced by the
use of frequency-scale warping prior to LP modeling. For the representation of harmonic amplitudes in the sinusoidal cod-
ing of voiced sounds, the effectiveness of frequency warping was shown to depend on the underlying signal spectral shape
as determined by phoneme quality. In this paper, the previous work is extended to the other important dimension of spec-
tral shape variation, namely voice quality. The influence of voice quality attributes on the perceived modeling error in fre-
quency-warped LP modeling of the spectral envelope is investigated through subjective and objective measures applied to
synthetic and natural steady sounds. Experimental results are presented that demonstrate the feasibility and advantage of
adapting the warping function to the signal spectral envelope in the context of a sinusoidal speech coding scheme.
� 2006 Published by Elsevier B.V.
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A successful low bit rate speech coding algorithm
requires a good model for the speech signal together
with an effective parameter quantization algorithm.
A popular model for low bit rate speech coding has
been the sinusoidal model, an important example of
which is the multiband excitation (MBE) model
(Griffin and Lim, 1988). In the case of voiced
speech, the parameters of the model are the funda-
U
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mental frequency (or pitch), and the amplitudes
and phases of the harmonics. The harmonic ampli-
tudes represent the product of the source excitation
and vocal tract spectra. At low bit rates, estimated
phases are usually dispensed with, and the accurate
representation of the pitch and harmonic ampli-
tudes becomes critical to the perceptual quality of
decoded speech. Steady vowel sounds are particu-
larly sensitive to harmonic amplitude representation
errors.

The quantization of harmonic amplitudes is most
demanding on the bit allotment in sinusoidal cod-
ing, and methods for efficient quantization have
been an important topic of research. A widely used
method for the quantization of the amplitudes of
the harmonics is based on the modeling of a spectral
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envelope fitted to the harmonic peaks (MacAulay
and Quatieri, 1995). The spectral amplitudes are
then reconstructed from samples of the modeled
spectral envelope at harmonic frequencies. Repre-
senting the spectral envelope by the coefficients of
an all-pole filter enables the use of one of the many
efficient quantization methods available in the
speech coding literature. The order of the all-pole
model has a significant effect on the accuracy of
the modeled spectral amplitudes. While the all-pole
representation of the spectral envelope is expected
to capture local resonances accurately, capturing
additional features such as overall spectral tilt and
spectral zeros due to nasality typically lead to an
increase in the number of poles required for an ade-
quate approximation. Further, for similar spectral
envelope, low pitched sounds require higher LP
model order for similar perceived quality levels
(Champion et al., 1994; Rao and Patwardhan,
2005).

In the interest of achieving low bit rates, how-
ever, it is necessary to keep model order as low as
possible. Frequency-scale warping before all-pole
modeling of the spectral envelope is a widely used
method to improve the perceptual accuracy of mod-
eling for a given model order. Frequency-scale
warping leads to a more accurate representation of
the low frequency spectrum at the cost of increased
errors in the high frequency region. Although per-
ceptual scales such as the Bark-scale and its variants
have been widely used in LP modeling of speech
spectra, our recent work (Rao and Patwardhan,
2005) on synthetically generated steady vowel
sounds (using fixed excitation source parameters)
indicated that the performance of frequency warp-
ing depended to a great extent on the nature of
the underlying sound spectrum. It was observed that
front vowels such as [eI] and [i] in fact were better
modeled without Bark-scale warping. This was
explained by the low frequency first formant struc-
ture of these vowels which fails to mask high fre-
quency distortion adequately. In a subjective
experiment using natural speech, it was found that
the comparative behaviour of modeling error under
different warping conditions in the case of the non-
front vowels was inconsistent across speakers indi-
cating a further dependence on speaker voice qual-
ity as reflected in the overall spectral envelope.

In the present study we attempt to extend our
previous work by exploring aspects of voice quality
that could influence the spectrum modeling error.
The influence of voice quality on perceived model-
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ing error in frequency-warped all-pole modeling of
the spectral envelope is studied via the framework
of MBE model analysis–synthesis.

While the overall spectral envelope for voiced
speech is determined by the glottal source wave-
form, vocal tract transfer function and lip radiation,
it is the glottal source waveform that most directly
affects the relative strengths of the low and high fre-
quency harmonics. The scope of the present study is
restricted to variations in laryngeal voice qualities
for they are closely linked to gross differences in
spectral envelope. An investigation based on subjec-
tive and objective experimental evaluation is pre-
sented. Finally, the applicability of the results to
improving speech quality in a low bit rate sinusoidal
coder is discussed.

2. Frequency-warped LP modeling of discrete

spectra

A discrete spectrum, characterized by a funda-
mental frequency and the amplitudes of the compo-
nents at harmonic frequencies, can be represented
by the coefficients of an all-pole model. A smooth
spectral envelope is first derived to fit the harmonic
amplitudes using a suitable interpolation method
such as linear interpolation of log amplitudes (Her-
manksy et al., 1985; Rao and Patwardhan, 2005).
The power spectrum obtained from the interpolated
envelope is used to compute the autocorrelation
function via the inverse DFT. The Levinson–
Durbin algorithm is applied to obtain the LP coeffi-
cients. The spectral amplitudes can be recovered by
sampling the reconstructed spectral envelope repre-
sented by the all-pole coefficients at the harmonic
frequency locations. Frequency-scale warping may
be incorporated in the spectral envelope modeling
by mapping the input harmonic frequencies to cor-
responding warped frequency locations by means of
a warping function based on a chosen perceptual
scale. The log-linear interpolation of the discrete
spectral amplitudes (now non-uniformly spaced in
frequency) is carried out to obtain a densely sam-
pled spectral envelope as detailed in Section 3 of
(Rao and Patwardhan, 2005). Uniformly spaced
samples at 20 Hz interval are found to be adequate
for the LP modeling of narrowband speech spectra
in the sinusoidal coding context.

In this work, we use the framework of MBE nar-
row band coding of speech to evaluate frequency-
warped LP modeling of voiced sounds. The MBE
analysis–synthesis model offers a convenient frame-
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work for the evaluation of spectral envelope model-
ing (Molyneux et al., 1998; Rao and Patwardhan,
2005) although the results are applicable more gen-
erally to other vocoders. Voiced regions are mod-
eled by harmonics of a fundamental frequency in
the MBE vocoder, and unvoiced bands by spectrally
shaped random noise. Thus parameters of the MBE
speech model consist of the fundamental frequency,
band voicing decisions, and the harmonic ampli-
tudes (Griffin and Lim, 1988).

MBE analysis involves the use of high resolution
DFT in an analysis-by-synthesis loop for the accu-
rate determination of pitch, voicing and spectral
amplitudes for each input frame of speech (typically
20 ms duration). In the case of fully voiced speech,
synthesis is achieved by summing of sinusoids each
corresponding to one harmonic. Adjacent frames
are combined using either overlap-add or the inter-
polation of phase depending on the extent of pitch
variation (Griffin and Lim, 1988). With unquantised
parameters, synthesized speech of very high quality
is obtained, particularly in voiced regions. Spectral
envelope-interpolated LP modeling is utilized to
achieve the low bit rate coding of the harmonic
spectral amplitudes in an MBE model based speech
coder. In the present work, we investigate some
aspects of the performance of frequency-scale warp-
ing in obtaining improved quality at low LP model
order. Based on the considerations discussed in
(Rao and Patwardhan, 2005) the LP model order
selected for the speech quality evaluation experi-
ments is 10. The test and evaluation framework is
U
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speech

parameters
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Fig. 1. Generation of MBE model
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depicted Fig. 1 which shows the generation of
reference and test signals used in the quality
comparisons.

3. Voice quality and its spectral correlates

Voice quality refers to the auditory impression a
listener gets upon hearing the speech of another
talker. Voice quality is determined by the articula-
tors of the vocal tract as well as the characteristics
of the vocal folds. For speech, the vocal folds have
a predominant importance. We refer to this aspect
of voice quality that results from differences in vocal
cord vibratory patterns, or laryngeal voice quality
(Childers and Lee, 1991). Periodic glottal excitation
is a characteristic of ‘‘modal’’ voices. The perceptual
and spectral variations within modal voices can be
attributed to the differences in the timing para-
meters of the glottal pulse. Since we are concerned
with the spectral representation of steady periodic
sounds, we do not consider those voice types that
are characterized by voicing aperiodicities such as
aspiration noise and pitch/amplitude jitter.

3.1. Modal voice production parameters

The speech signal is generated by excitation of
vocal tract caused by the modulated flow of air gen-
erated by the lungs. The volume of air passing
through the vocal cords, also known as glottal vol-
ume flow is the excitation signal which is periodic in
the case of voiced speech. The glottal pulse shape
synthesis

synthesis
reference signal

test signal

MBE

MBE

ed test and reference signals.
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has been extensively studied and modeled for differ-
ent voice qualities. A typical glottal pulse period
(glottal volume flow) and its derivative (Childers,
2000; Childers and Lee, 1991) are shown in
Fig. 2(a) and (b).

The parameter tp denotes the instant of the max-
imum in the glottal flow waveform. The parameter
te is the instant of the maximum negative differenti-
ated glottal flow. The ta is the time constant of the
exponential curve of the second segment of the LF
model, and parameter tc is the instant at which com-
plete glottal closure is reached. The spectral shape
of the glottal pulse derivative is dependent on the
values of the timing parameters. Modal voices, com-
mon among male speakers, are characterized by the
nearly complete closure of the vocal folds. Fig. 2(c)
shows glottal pulse derivative waveforms corre-
sponding to three different sets of timing parameters
and Fig. 2(d) shows the corresponding spectra. An
abrupt closure of the vocal folds (low ta) creates
strong high frequency harmonics while a relatively
U
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Fig. 2. Temporal and spectral structure of glottal pulse. (a) Glottal flo
different sets of timing parameters, (d) spectra corresponding to (c).
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gradual closure of vocal folds results in spectra with
strong low frequency harmonics and weak high fre-
quency harmonics. The perceptual correlate of the
relative strengths of the low and high frequency har-
monics in the glottal source spectrum is the bright-
ness of the voice. ‘‘Dark’’ voices have relatively
weak high harmonics while ‘‘bright’’ voices are
characterized by flatter spectra. Apart from the
abruptness in the closure of the vocal folds, the sym-
metry of the open phase of the glottal pulse as cap-
tured by the ‘‘pulse skew’’ also affects the spectrum.
It influences the relative amplitudes of the low fre-
quency harmonics (especially the first and second
harmonics) (Doval and d’Alessandro, 1997).

3.2. Spectral correlates

Spectral shape can provide useful cues to relevant
aspects of voice quality. Some of the important cues
that reflect the characteristics of glottal signal are as
follows:
E
D
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H1–A3: This is the ratio of amplitude of first har-
monic (H1) relative to that of the third-
formant spectral peak (A3), and has
been used by Hanson (1997) to charac-
terize spectral tilt. The middle and high
frequency components are directly
affected by the duration of glottal pulse.
An abrupt closure in the glottal cycle
results in relatively strong middle and
high frequency components, i.e. A3 is
typically higher than what it would be
with a gradual glottal closure. Fig. 3
shows the comparison of harmonic spec-
tra for vowel [2] for dark and bright
sounds. It clearly shows the differences
in slopes of overall spectral envelopes.

H1–H2: This is the ratio of amplitudes of the first
two harmonics. It is affected by the glot-
tal pulse skew as well as the open quo-
tient (OQ) of the glottal pulse. The
glottal pulse skew is measured by the
speed quotient (SQ) which is computed
as ratio of opening interval to the closing
interval. While the open quotient is ratio
of open glottal interval to the pitch per-
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Fig. 3. Temporal waveforms and spectra of ‘‘dark’’ and ‘‘bright’’ vo
amplitude of first harmonic, H2 – amplitude of second harmonic, A1 – a
amplitude of third formant.
F

iod. A higher SQ indicates lower H1–H2
(Doval and d’Alessandro, 1997), while
higher OQ implies higher H1–H2.

Roll-off: Roll-off is an indicator of shape of the
spectrum. This is defined as frequency
within which 85% of the total accumu-
lated magnitude is concentrated (Burred
and Lerch, 2004). The roll-off is deter-
mined by the largest DFT bin ‘‘R’’,
which satisfies
0
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Owhere X(Æ) is the DFT spectrum of the in-

put frame. N1 and N2 define the DFT
bins corresponding to the range of fre-
quencies over which the roll-off is com-
puted. Based on the values of N1 and
N2, R can represent the roll-off in any
frequency region of interest. The roll-off
computed over the full frequency spec-
trum (0, 4000 Hz) captures the overall
slope of the spectrum. For right-skewed
spectra the value of roll-off turns to be
high while for left-skewed spectra the
Dark [aa]

1 2 3 4

kHz

ustic parameters labeled in ‘‘bright’’ [2] are: H1 –
rst formant, A2 – amplitude of second formant, A3 –



T

296
297
298
299
300
301
302
303

304

305
306
307
308
309
310
311

312

313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331

332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371

6 P. Patwardhan, P. Rao / Speech Communication xxx (2006) xxx–xxx

SPECOM 1528 No. of Pages 16, Model 3+

31 January 2006 Disk Used
ARTICLE IN PRESS
O
R
R
E
C

roll-off is lower. For bright vowels we ex-
pect a high roll-off.

It must be remarked that perceived voice quality
may also be influenced by recording conditions. The
spectral measures described in this section would
reflect both glottal waveform characteristics as well
as the transfer function of the recording setup.

4. Experimental evaluation

Experiments were designed to investigate the
influence of voice quality on the modeling error
from frequency-warped LP modeling of the spectral
envelope as presented in Section 2. Vowels uttered
in low pitched modal voices of different brightness
were obtained by synthesis as well as extraction
from natural speech.

4.1. Test set generation

Natural and synthetic samples corresponding to
eight distinct vowels, as shown in Table 1, were gen-
erated for the experiment. Synthesis of vowels
allowed the manipulation of the glottal timing
parameters which in turn enabled control over the
voice quality. The synthetic vowels were generated
using articulatory synthesis with the articulation
parameters estimated from provided target speech
based upon an analysis-by-synthesis approach
(Childers, 2000). For the synthesis of each of the
vowels the estimated articulatory parameters
together with an excitation signal, separately gener-
ated using an LF model with fixed parameters, are
used in a period-by-period synthesis. The synthe-
sized voice quality is dependent on the LF model
parameters (to, tp, ta, te, tc and Ee) (Childers,
2000). By varying the timing parameters it is possi-
ble to generate variations in the spectral slope (and
consequently in the perceived brightness) of the
U
N
C

Table 1
Set of vowels used in the experiment

Vowel ID IPA symbol Typical word ARPABET (symbol)

1 2 ‘‘guard’’ [aa]
2 æ ‘‘cat’’ [ae]
3 c ‘‘orchid’’ [ao]
4 L ‘‘cut’’ [uh]
5 o¨ ‘‘lotus’’ [ow]
6 ¨ ‘‘boot’’ [uw]
7 i ‘‘beet’’ [iy]
8 eI ‘‘mate’’ [ey]
E
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voice. The four sets of glottal pulse timing parame-
ters used in the experiment are shown in Table 2.
Four instances of each vowel corresponding to each
set of glottal parameters (i.e. a total of 32 synthetic
sounds) were generated. Based on the resulting
overall spectral slope, we term these as ‘‘dark’’,
‘‘weak-dark’’, ‘‘weak-bright’’ and ‘‘bright’’. Each
vowel was generated at 120 Hz pitch (i.e.
to = 8.3 ms) for a duration of 350 ms. The start
and end of the sound were tapered to avoid abrupt
transitions at the boundaries.

The set of natural vowels consisted of four
instances of each vowel (pitch ranging between
80 Hz and 120 Hz) taken from slowly uttered words
with neutral intonation from a set of six male
(Indian) speakers. The sounds were selected such
that two instances of each vowel were of bright
quality and two of dark quality as judged by listen-
ing as well as visual examination of the spectral
slope. The ends were tapered to eliminate abrupt
transitions. This resulted in a total set of 32 vowel
sounds (four instances of eight distinct vowels
selected in all across six speakers). In a few instances
of the vowel sounds (i, c, ¨) it was found that the
actual vowel durations were in between 250 ms
and 280 ms and insufficient for judgment. The dura-
tion of such sounds were extended to reach the min-
imum duration of 350 ms by repeating the first two
periods at the start of the sounds and final two peri-
ods at the end of file. This artificial extension was
not detectable upon listening. The sounds were ana-
lyzed by the MBE model algorithm to estimate the
pitch and spectral amplitudes. The spectral ampli-
tudes thus obtained for each 20 ms speech frame
were modeled with 10th order frequency-warped
LP coefficients with a chosen frequency warping fac-
tor. The synthesis was carried out by standard sinu-
soidal synthesis method (MacAulay and Quatieri,
1995) using the spectral amplitudes obtained by fre-
quency-warped all-pole model approximation. It
Table 2
Glottal waveform timing parameters as a % of to, (Childers, 2000)
used to generate the synthetic vowels with four voice qualities

Voice quality Timing parameters

tp (%) te (%) ta (%)

Dark 35 50 15
Weak-dark 40 50 15
Weak-bright 40 50 2
Bright 45 50 2

to = 8.3 ms; tc = 0.9to; Ee = 40.
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was then compared with a reference sound synthe-
sized using originally estimated spectral amplitudes.
There were three test sounds for each of the 32 ref-
erence sounds: LP modeled sound without fre-
quency warping (‘U’), LP modeled with a mild
version of Bark-scale warping (‘M’) and LP mod-
eled with Bark-scale warping (‘B’) based on the fre-
quency warping scales described in (Rao and
Patwardhan, 2005).

4.2. Subjective test

A subjective listening experiment was set up to
compare the perceived qualities of the LP modeling
with different warping factors. Six normal hearing
listeners participated in the test. The test material
was presented to the subject at normal listening lev-
els through high quality head-phones connected to a
PC sound card in a quiet room. For each of the test
sounds the following ‘‘trio’’ presentation format
was used: ‘‘reference-test-reference’’ where 250 ms
silence separated the sounds. This format made
the degradation of the test with respect to the refer-
ence sound relatively easy to detect. The reference
sound was also separately available for listening.

The subjects were asked to rank (using ranks 1, 2
and 3) the relative perceived degradations of the test
sounds U, M and B with respect to the correspond-
ing reference sound for each of the vowel sounds in
test set. Rank 1 would correspond to the least deg-
radation. An undetectable difference would result in
a suitable tied ranking. Subjects were allowed to lis-
ten to the test trios associated with a given reference
any number of times before making a decision. Each
listener did the test using the same set of items in dif-
ferent orders on three separate occasions. Since it
was found that the subjective ranks were nearly con-
stant across listeners and trials, an overall ranking
order was derived for each test vowel by combining
the numerical ranks across listeners and trials as
follows.

A numerical value is assigned to each rank in a
single trial as follows: rank 1 = 2 points, rank
2 = 1 point, rank 3 = 0 point. In case of a tie, equal
number of points are given to both (i.e. two points
each for first position or one point each for second
position). The points are summed for each item
across listeners to get the ‘‘total score’’. The total
scores are then used to derive an overall subjective
ranking. While the data within each item (i.e. refer-
ence sound) can be compared, this is not so across
items because the relative degradations were rated
E
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from best to worst (ranked) only within each item
set. E.g. a high score in item 1 may indicate percep-
tually transparent modeling, while the same score in
item 2 may indicate a small but clearly audible
degradation.

4.3. Objective measurement of degradation

To quantify the perceived modeling error in each
of the vowel sounds, we used partial loudness (PL),
a psychoacoustical distance measure with demon-
strated correlation with subjective judgement of
spectral degradation in steady vowel sounds (Moore
et al., 1997; Rao and Patwardhan, 2005). The spec-
trum modeling error is treated as the signal whose
loudness is to be estimated in the presence of a back-
ground masker (the reference sound). The reference
sound is intended to take the role of the background
noise and the modeled sound that of the signal plus
background noise (reference sound plus the model-
ing error). The linear spectral distortion is treated
as additive noise with power spectrum given by
the difference between reference and modeled power
spectra (Rao et al., 2001). The PL of the spectrum
modeling error is computed for each frame and
averaged across frames to obtain the PL value for
the entire sample.

The objective rankings of relative degradation
across U/M/B warping conditions were derived
based upon the computed distortion measure for
each of the reference-test sound pairs. The perfor-
mance of an objective distance measure in predict-
ing subjective judgments may be evaluated by
computing a measure of correlation between corre-
sponding objective and subjective rankings. The
Spearman’s correlation coefficient (Miller, 1989) is
a suitable measure since it makes minimal assump-
tions about the data.

4.4. Sentence level test

The experiments described so far involved quality
judgments on isolated vowels. In order to obtain a
perspective on the usefulness of the observations
in the context of a speech coding application, a sen-
tence-level listening test was designed. Phonetically
balanced sentences as well as sentences which pre-
dominantly contained one or another vowel were
collected for a subjective listening experiment.
Low pitched voices from a set of male speakers were
selected. Table 8 lists the 15 sentences along with an
indication of the dominant phonetic content as well
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as perceived brightness of the voice. The sentences
were uttered by speakers whose voices would be
clearly classified as bright sounding or dark sound-
ing in neutral speech.

Each of the sentences was subjected to MBE
analysis and synthesis. The reference sentence was
taken to be the one synthesized with the estimated
spectral amplitudes while the test sentences were
synthesized from 10th order LP modeled spectral
amplitudes with and without Bark-scale warping
to obtain ‘‘B’’ and ‘‘U’’ versions, respectively. Eight
subjects were presented with the reference and the
two corresponding test sentences, and asked to
choose the one perceptually most similar to the ref-
erence sentence. Based on a spectral shape measure
described in Section 5.3, test sentences constructed
by switching the warping parameter between ‘‘U’’
and ‘‘B’’ (depending on the nature of the frame)
were also included in the listening test.

5. Results and discussion

Tables 3 and 4 summarise the results of subjec-
tive and objective ranking of the experiment involv-
ing the natural vowels. Tables 5 and 6 are the
corresponding results for the synthetic vowels.

The best rank (rank 1) implies the least perceived
degradation among the three test sounds, while the
worst (rank 3) implies perceived degradation was
U
N
C
O
R
R
E
C

Table 3
Objective and subjective results on degradation due to spectral envelop

ID IPA sym. Sample Subjective results

Scores Ranks

U M B U M B

1 2 1 2 14 19 3 2 1
2 5 20 28 3 2 1

2 æ 1 3 22 24 3 2 1
2 4 22 23 3 2 1

3 c 1 8 25 28 3 2 1
2 7 20 27 3 2 1

4 L 1 7 15 25 3 2 1
2 5 23 22 3 1 2

5 o¨ 1 9 26 18 3 1 2
2 4 20 27 3 2 1

6 ¨ 1 1 26 18 3 1 2
2 2 15 27 3 2 1

7 i 1 30 15 0 1 2 3
2 24 21 4 1 2 3

8 eI 1 28 16 3 1 2 3
2 24 20 3 1 2 3

All vowels were modeled with 10th LP model order with each of the thre
and Bark-scale warped (B).‘‘1’’, ‘‘2’’ indicate samples from different vo
coefficient between subjectively and objectively measured ranks.
E
D
P
R
O
O
F

maximum among the three test sounds. Higher
score, and lower PL value, implies lower perceived
degradation. The last column contains Spearman’s
rank correlation (Miller, 1989) which is an indicator
of how close to each other the subjective and objec-
tive ranks are. In this section, we comment on sev-
eral aspects of the obtained experimental results.

5.1. Subjective ranking experiment

We first discuss the observations on frequency-
warped all-pole modeling of natural vowels. From
Table 3, which provides the subjective and objective
evaluation of the reference-U, reference-M and ref-
erence-B pairs of the dark sounding vowels, we
observe that the reference-B pair is ranked better
than the reference-U for all the vowels except for
the vowels [eI] and [i]. This is consistent with the
experimental results of (Rao and Patwardhan,
2005). From Table 4 we observe that in the case
of the ‘‘bright’’ vowels the reference-B pair is always
degraded as compared to the reference-U pair. This
is evident from the fact that it has always been
ranked subjectively lower than the reference-U pair.
This is contrary to what has been generally accepted
in the literature. The reference-M pair is seen to be
typically ranked between the other two warping
scales. In the case of the synthetic vowels, we see
from Table 5 that the dark vowels satisfy the same
e modeling of natural vowels with dark voice quality

Objective results Correlation
coefficientPL Ranks

U M B U M B

0.77 0.28 0.25 3 2 1 1
0.86 0.14 0.09 3 2 1 1
1.34 0.45 0.57 3 1 2 0.5
0.77 0.23 0.23 3 1 1 0.75
0.51 0.25 0.24 3 2 1 1
1.28 0.82 0.61 3 2 1 1
0.44 0.33 0.33 3 1 1 0.75
1.29 1.01 0.98 3 2 1 0.5
0.59 0.13 0.14 3 1 2 1
1.28 0.17 0.15 3 2 1 1
0.85 0.11 0.13 3 1 2 1
0.99 0.68 0.31 3 2 1 1
0.64 0.83 0.94 1 2 3 1
0.38 0.32 0.42 2 1 3 0.5
0.15 0.19 0.36 1 2 3 1
0.09 0.16 0.2 1 2 3 1

e warping conditions: unwarped (U), mild-Bark-scale warped (M)
ice qualities. The last column shows the Spearman’s correlation
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530

531
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Table 4
Same as Table 3 but for natural vowels with bright voice quality

ID IPA sym. Sample Subjective results Objective results Correlation
coefficientScores Ranks PL Ranks

U M B U M B U M B U M B

1 2 1 30 11 5 1 2 3 0.34 0.93 0.6 1 3 2 0.5
2 30 15 0 1 2 3 0.11 0.35 0.49 1 2 3 1

2 æ 1 30 17 2 1 2 3 0.31 0.57 0.57 1 2 2 0.75
2 25 23 8 1 2 3 0.43 0.24 0.48 2 1 3 0.5

3 c 1 26 8 12 1 3 2 0.59 0.64 0.94 1 2 3 0.5
2 14 7 5 1 2 3 0.04 0.06 0.14 1 2 3 1

4 L 1 28 13 4 1 2 3 0.33 0.31 0.38 2 1 3 0.5
2 29 16 0 1 2 3 0.43 0.49 0.78 1 2 3 1

5 o¨ 1 30 9 6 1 2 3 0.15 0.39 0.34 1 3 2 0.5
2 28 16 1 1 2 3 0.29 0.16 0.39 2 1 3 0.5

6 ¨ 1 30 14 1 1 2 3 0.43 1.04 1.02 1 3 2 0.5
2 30 15 0 1 2 3 0.21 0.92 0.77 1 3 2 0.5

7 i 1 29 19 3 1 2 3 0.11 0.07 0.49 2 1 3 0.5
2 30 15 0 1 2 3 0.1 0.37 0.83 1 2 3 1

8 eI 1 28 17 2 1 2 3 0.3 0.3 0.37 1 1 3 0.75
2 27 10 8 1 2 3 0.4 0.39 0.52 2 1 3 0.5

Table 5
Objective and subjective results on degradation due to spectral envelope modeling of synthetic vowels with dark voice quality

ID IPA sym. Sample Subjective results Objective results Correlation
coefficientScores Ranks PL Ranks

U M B U M B U M B U M B

1 2 1 5 19 11 3 1 2 0.46 0.09 0.11 3 1 2 1
2 6 14 13 3 1 2 0.11 0.10 0.09 3 2 1 0.5

2 æ 1 0 19 11 3 1 2 0.70 0.08 0.06 3 2 1 0.5
2 3 19 11 3 1 2 0.29 0.06 0.04 3 2 1 0.5

3 c 1 3 19 14 3 1 2 0.82 0.11 0.12 3 1 2 1
2 5 18 15 3 1 2 0.32 0.10 0.13 3 1 2 1

4 L 1 9 13 11 3 1 2 0.67 0.29 0.44 3 1 2 1
2 5 13 14 3 2 1 0.39 0.32 0.28 3 2 1 1

5 o¨ 1 4 11 16 3 2 1 0.42 0.13 0.12 3 2 1 1
2 2 13 15 3 2 1 0.25 0.17 0.13 3 2 1 1

6 ¨ 1 7 12 17 3 2 1 0.38 0.10 0.12 3 1 2 0.5
2 0 16 14 3 1 2 0.36 0.10 0.12 3 1 2 1

7 i 1 16 16 4 1 1 3 0.42 0.21 0.27 3 1 2 �0.25
2 16 15 2 1 2 3 0.22 0.18 0.35 2 1 3 0.5

8 eI 1 18 14 2 1 2 3 0.19 0.15 0.24 2 1 3 0.5
2 20 10 0 1 2 3 0.06 0.12 0.15 1 2 3 1

All vowels were modeled with 10th LP model order with each of the three warping conditions: unwarped (U), mild-Bark-scale warped (M)
and Bark-scale warped (B).‘‘1’’, ‘‘2’’ indicate samples from different voice qualities. The last column shows the Spearman’s correlation
coefficient between subjectively and objectively measured ranks.
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Utrend as the dark natural vowels (that is reference-B
pair has been ranked better except for [i] and [eI]).
Table 6 for the bright vowels, shows some inconsis-
tencies in [ c] and [¨] while all other vowels show the
expected superiority of reference-U. An explanation
for the inconsistencies is provided in Section 5.3.
535
5.2. Correlation with partial loudness

Tables 3–6 indicate an overall high positive cor-
relation between subjective ranks and partial loud-
ness based ranks. In fact, the relative positions of
non-warped and Bark-warped in the subjective pref-
erence are correctly captured by the objective dis-
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Table 6
Same as Table 5 but for synthetic vowels with bright voice quality

ID IPA sym. Sample Subjective results Objective results Correlation
coefficientScores Ranks PL Ranks

U M B U M B U M B U M B

1 2 1 15 14 5 1 2 3 0.06 0.07 0.15 1 2 3 1
2 15 12 6 1 2 3 0.05 0.06 0.15 1 2 3 1

2 æ 1 2 18 10 3 1 2 0.13 0.04 0.09 3 1 2 1
2 15 13 3 1 2 3 0.08 0.03 0.09 2 1 3 0.5

3 c 1 1 19 12 3 1 2 0.43 0.05 0.20 3 1 2 1
2 8 18 12 3 1 2 0.28 0.06 0.23 3 1 2 1

4 L 1 13 14 5 2 1 3 0.25 0.34 0.5 1 2 3 0.5
2 14 13 6 2 1 3 0.31 0.52 0.43 1 3 2 0.5

5 o¨ 1 12 12 8 2 1 3 0.15 0.17 0.22 1 2 3 0.5
2 14 13 6 1 2 3 0.19 0.16 0.27 2 1 3 0.5

6 ¨ 1 3 14 19 3 2 1 0.70 0.16 0.17 3 1 2 0.5
2 2 15 13 3 1 2 0.55 0.20 0.27 3 1 2 1

7 i 1 18 14 2 1 2 3 0.19 0.09 0.56 2 1 3 0.5
2 12 17 2 2 1 3 0.37 0.32 0.75 2 1 3 1

8 eI 1 20 10 2 1 2 3 0.05 0.13 0.22 1 2 3 1
2 20 10 7 1 2 3 0.05 0.14 0.26 1 2 3 1
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tance. By and large, the only inconsistencies are
with respect to the relative position of mild-Bark-
warped test sounds.

The partial loudness is an indication of how audi-
ble is the spectral distortion. It is the sum of the par-
tial specific loudness contributions of the distortion
distributed across the signal spectrum. In frequency-
warped LP modeling, there is an improved spectral
match in the low frequency region at the cost of
increased errors in the high frequency region.
Whether frequency warping improves the overall
perceptual accuracy of the fit will depend on
whether the increase in the partial loudness of the
high frequency distortion is exceeded by the
decrease in the partial loudness of the low frequency
distortion. Fig. 4 shows, for a particular frame of a
dark vowel sound [2] the comparison between Bark-
warped and non-warped LP modeling in terms of
spectral amplitude distortion and partial loudness
distribution. On comparing Fig. 4(a) and (b), we
note the reduced low frequency distortion and
increased high frequency distortion introduced by
the Bark-scale frequency warping. Further, a com-
parison of the partial loudness distributions of
Fig. 4(c) and (d) indicates that the reduction in the
low frequency distortion contributes more to
decreasing audible error than the effect of the
increase in the high frequency distortion. The cor-
rect prediction of this perceptual effect by the partial
loudness model indicates that the high frequency
E
Dspectral distortion is masked to a great extent by

the relatively strong low frequency signal spectral
components. This explanation is consistent with
the opposite behaviour of the front vowels [i] and
[eI] since their low first formant causes reduced
spread of masking to the high frequency region. In
the corresponding plots of Fig. 5 for a frame of a
bright vowel [2], we note the similar effect. That
is, the reduction in the low frequency distortion
due to Bark-scale warping does not compensate
adequately for the increased high frequency distor-
tion as observed in the partial loudness distributions
of Fig. 5(c) and (d). The higher ‘‘loudness’’ of the
high frequency error can be attributed to the insuf-
ficient masking from the low frequency components
of the reference signal which are only comparable in
strength to the high frequency components.

5.3. Relation to spectral cues

Although the partial loudness is able to predict
the subjectively preferred warping condition accu-
rately in most cases, it is desirable to have a less
computationally complex measure for use in prac-
tice. The simple spectral cues of Section 3.2 capture
the overall spectral balance in some way or other
and therefore merit investigation.

Fig. 6 plots the H1–A3 of each of the set of 32
natural vowels plus 32 synthetic vowels used in the
experiments. The H1–A3 is measured for a repre-
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Fig. 4. Modeling of ‘‘dark’’ natural [2] with pitch = 105 Hz, without and with Bark-scale frequency warping at LP model order = 10. (a)
and (b) Spectral harmonic amplitudes of reference (s) and modeled (*) sounds are connected with a dotted line to show the spectral
envelopes without warping and with Bark-scale warping respectively. (c) and (d) Partial loudness distribution of spectral distortion in
unwarped and Bark-warped modeling, respectively.
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Csentative frame picked from center of steady vowel

sound. The bright sounding vowels fall at the lower
end of the y-axis relative to the corresponding vow-
els with dark voice quality.

Based on the results of Tables 3 and 4, the vowel
instances that have been ranked better with Bark-
scale frequency-warped all-pole modeling are shown
encapsulated by a triangle while the ones without
warping before modeling are shown encapsulated
by a square. Fig. 6 clearly shows that the sounds
with higher H1–A3 benefit more from Bark-scale
warping whereas the ones with lower H1–A3 benefit
less (but for the expected cases of [i] and [eI]). In
fact, from the data on natural vowels, it appears
that H1–A3 = 10 dB may be considered a rough
threshold for prediction on whether Bark-warping
before LP modeling would help to improve per-
ceived quality. From Fig. 6(b) we note that the syn-
thetic vowels [¨] and [ c] in our set had H1–A3 values
clustered at the higher end of the scale which may
explain why they do not show any variation in the
subjectively preferred warping condition. It is seen
that while H1–A3 captures the overall spectral tilt,
it is insensitive to the relative distribution of spectral
energy in the low frequency region, and hence can-
not distinguish the low first formant characteristic
of the vowels [i] and [eI].

In the view of these above observations, it is
desirable to have a measure that describes not only
the overall frequency concentration but also that in
a specific frequency region. The spectral roll-off
defined in Section 3.2 was adapted for the purpose.
Experiments revealed that the spectral roll-off value
of (1) evaluated in the region (0, 1500 Hz) was a
good indicator of the lowness of the first formant
as well as of the largeness of the gap between the
first and second formant. That is, this measure is
low only in cases of front high and front-mid vowels
where there is large gap between F1 and F2. Further
the spectral roll-off computed in the reverse direc-
tion in the same interval was a good indicator of
the low frequency skew as represented by H1–H2.
Based on these considerations and experimentally
determined thresholds, the following roll-off based
rule was applied to determine whether warping
should be enabled:
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Fig. 5. Modeling of ‘‘bright’’ natural [2] with pitch = 105 Hz, without and with Bark-scale frequency warping at LP model order = 10. (a)
and (b) Spectral harmonic amplitudes of reference (s) and modeled (*) sounds are connected with a dotted line to show the spectral
envelopes without warping and with Bark-scale warping respectively. (c) and (d) Partial loudness distribution of spectral distortion in
unwarped and Bark-warped modeling, respectively.
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Fig. 6. Spectral cue H1–A3 along with subjective preference of quality between Bark-warped and unwarped modeling (a) natural vowels
and (b) synthetic vowels. (n) Bark-scale warping preferred. (h) Unwarped preferred, ‘‘o’’: Vowels with ‘‘bright’’ voice quality, ‘‘*’’:
Vowels with ‘‘dark’’ voice quality.
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if ðSR < 1700 HzÞ and ðPSR > 400 HzÞ and
ðRPSR < 350 HzÞ; use Bark warping.

SR is the roll-off computed (0, 4000 Hz), PSR is the
roll-off computed in (0, 1500 Hz), RPSR is the roll-
off computed in (1500, 0 Hz). Table 7 shows the nor-
malized correlation of the objectively predicted pre-
ferred warping condition with the subjectively
preferred condition for each vowel for the three
objective measures: PL, H1–A3 and roll-off based.
We see that the roll-off based rule does better than
H1–A3 and is comparable to PL while being signif-
icantly less complex computationally.

5.4. Some comments on nasalised vowels

Nasalisation of vowels is known to be associated
with a change in the first formant region of the spec-
trum that may be modeled with an added pole and
zero, and therefore expected to be difficult to model
with a low order LP model. Since a prominent fea-
ture of nasal vowels lies in the low frequency spec-
trum, it is expected that Bark-scale warping before
the LP modeling would help to retain the perception
of nasality. Informal listening experiments with arti-
ficially nasalized natural vowels support the above
observation. To nasalize the vowels, a filter was
applied that had a zero and a pole located above
the first formant (Feng and Castelli, 1996). A sepa-
ration of 100 Hz between F1 (frequency of first
formant), FNZ (frequency of zero) and FNP (fre-
quency of pole) is sufficient to introduce perceptible
nasality in the vowel. In a listening experiment with
nasalised vowels, when asked to rank overall qual-
ity, however, with and without Bark-scale warping
before LP modeling, subjects often judged that
modeling without warping was less degraded com-
U
N
C
O 709

710
711
712
713
714
715
716
717
718
719
720
721
722
723

Table 7
Normalised correlation values between subjectively observed and
objectively predicted preferred warping condition (between non-
warped and Bark-warped only) for each vowel set

Vowel Natural Synthetic

PL H1–A3 Roll-off PL H1–A3 Roll-off

2 1 1 1 1 1 1
æ 1 1 1 1 0.75 0.5

c 1 1 1 1 0.75 1
L 1 1 1 1 0.5 0.5
o¨ 1 1 1 1 0.5 0.5
¨ 1 1 1 1 0.75 1
i 1 0.5 1 0.75 0.75 1
eI 1 0.5 1 1 0.75 1
E
D
P
R
O
O
F

pared with modeling with Bark-scale warping, espe-
cially in the case of bright vowels. In the case of
dark vowels too, high frequency distortion from
warping was sometimes more significant than in
the case of the corresponding non-nasalised vowel.
This may be attributed to lowered masking from
reduced low frequency components due to the pres-
ence of a spectral zero. Overall there was less consis-
tency between subjects and also less correlation
between subjective and objective rankings (based
on the partial loudness measure) compared with
the results on the non-nasalised vowels. This may
be explained by the existence of conflicting percep-
tual effects from the two different spectral cues
namely of loss of nasality, and high frequency spec-
trum distortion. In such cases, it is expected that
higher level cognition would come into play in a
subject’s judgement of rank, a situation that cannot
be predicted from a low level distance measure
based on a model of the peripheral auditory system.

5.5. Sentence level test

Table 8 shows the preferred warping condition
(as selected between non-warped, ‘‘U’’ and Bark-
warped, ‘‘B’’) in terms of overall subjective quality
on sentences. We note that in the case of the dark-
voiced sentences, subjects preferred the Bark-
warped condition except when the phonemes [eI]
and [i] dominated. In the case of the bright voices,
the subjects preferred modeling without warping in
all cases. These observations are consistent with
the isolated phoneme results discussed earlier. For
the speech coding application, this suggests the pos-
sibility of improving overall perceived quality by
making available a limited set of warping factors
for dynamic selection based on frame-level spectral
characteristics. Information on the selected warping
factor can be conveyed to the decoder via one or
two bits depending on the number of distinct warp-
ing factors available.

In the second part of the experiment instead of
switching the frames manually, the prediction rule
of Section 5.3 was implemented and warping condi-
tion was switched automatically frame by frame. A
subjective listening test comparing the dynamically
switched warped sentences with the preferred fixed
warping condition of Column 5 of Table 8 revealed
that in all cases the subjects rated the former either
better or indistinguishable from the latter. This is
shown in Column 6 of Table 8. The percentage of
frames that were selectively switched to Bark-scale
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Table 8
Sentences used in the subjective evaluation of preferred frequency warping at the sentence level

Sr. no. Sentences Voice
quality

Predominant
phoneme

Subjective
preference

% Switched to B

1 All the balls were
brought from shopping mall

Dark [ c] B S 49

2 By and large he was un-harmed Dark [2] B S 42
3 Lord Paul was tall Dark [ c] B N 71
4 Early bird earns a worm Dark [L] B N 57
5 Can that man carry those pans Dark [æ] B S 39
6 Draw each graph on new axis Dark Balanced B S 35
7 They may say the same in Spain Dark [eI] U N 15
8 His meal is eel meat bright [i] U N 0
9 We were away to walla walla Dark [eI], [i], [2] U S 55
10 They all agree that

the essay is barely intelligible
Bright Balanced U N 17

11 Thick glue oozed out of the tube Bright [i], [¨] U N 4
12 Dont ask me to carry

an oily rag like that
Bright Balanced U N 4

13 A muscular abdomen
is good for your back

Bright,
nasal

Balanced U N 7

14 Withdraw only as much
money as you need

Dark, nasal Balanced B N 48

15 Withdraw only as much
money as you need

Bright, nasal Balanced U N 13

The first sub-column of the ‘‘subjective preference’’ indicates the warping condition preferred by listeners between two fixed warping
conditions (‘‘U’’ and ‘‘B’’). The second sub-column indicates the subjective preference when the automatic warping condition prediction
rule was used. ‘‘S’’: automatically switched preferred, ‘‘N’’: unable to differentiate and ‘‘O’’: fixed warping preferred.
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warped modeling is shown in the last column of
Table 8. We find that, for sentences no. 7, 8, 10,
11, 12, 13 and 15, the automatic algorithm keeps
most frames unwarped. These sentences are charac-
terized by either bright voice or presence of [eI] and
[i], which are better modeled without warping.

At this point, it is relevant to comment on the use
of high frequency pre-emphasis commonly used to
improve LP modeling of speech spectra (Markel
and Gray, 1976). Pre-emphasis serves to suppress
the spectral tilt to an extent and thus improve the
LP modeling of the formants. However it is sug-
gested that pre-emphasis be avoided for unvoiced
speech, while in the case of voiced speech, the pre-
emphasis factor should ideally be signal dependent
(Markel and Gray, 1976). This is also borne out by
our own observations where we found that while
pre-emphasis improves the modeling of voices with
high spectral tilt (such as breathy, female voices), it
degrades sounds with low energy at low frequencies
[also noted by (Wong et al., 1980)] including sound
spectra characterised by low H1–H2. Pre-emphasis
was not used in the present study. It is anticipated
that the selective use of pre-emphasis combined with
frequency-scale warping based on the considerations
presented in this paper can help to achieve further
improvements in the perceptual accuracy of low
order LP modeling of the speech spectral envelope.

6. Conclusion

Frequency-warping according to a perceptual
scale is often applied to improve the perceptual
accuracy of low order LP modeling of the speech
spectral envelope in sinusoidal speech coding.
Understanding the factors that influence the subjec-
tive perception of spectral envelope modeling errors
can be useful in improving the attained speech qual-
ity. Steady vowel sounds are particularly sensitive to
spectrum envelope modeling errors. Experimental
investigations of the relative improvement in per-
ceived quality from the use of different warping
functions on natural and synthetic steady vowels
have been presented. Contrary to what is generally
accepted, it is found that whether the widely used
Bark-scale frequency warping is effective depends
on the vowel and voice quality attributes of the sig-
nal spectrum. Dark voices with their steep spectral
slopes were found to benefit from Bark-scale warp-
ing but not so the relatively bright voices. The
exceptions to this are the front-mid and front-low
vowels [eI] and [i]. These vowels are observed to typ-
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ically degrade when modeled with Bark-scale fre-
quency warping relative to the reproduced quality
without warping. In summary, our studies based
on observations presented in this paper and a previ-
ous paper (Rao and Patwardhan, 2005) suggest that
the vowels [eI] and [i] dominate over the dark/bright
voice quality differences.

The subjective ratings of relative perceived degra-
dation were closely predicted by an objective distance
measure based on the partial loudness of the spec-
trum distortion. This suggested that frequency mask-
ing plays a role in determining whether the improved
low frequency spectrum match from Bark-scale
warping is sufficient to compensate for the accompa-
nying high frequency spectrum distortion. Only
when the low frequency components of the spectrum
are relatively strong and sufficiently spread is there a
clear benefit from Bark-scale warping. This condi-
tion was shown to be closely linked to the spectral
slope as quantified by measures such as H1–A3 and
roll-off which can therefore act as useful cues in pre-
dicting the suitability of a warping function for a par-
ticular sound. A rule has been proposed to predict the
subjectively preferred warping condition. The rule is
based on a combination of spectral roll-off values
computed in different regions of the spectrum.

A sentence-level listening test confirmed the
results of the isolated vowel experiments and also
demonstrated the effectiveness of the warping predic-
tion rule. For the speech coding application, this sug-
gests the possibility of improving overall perceived
quality by making available a limited set of warping
factors for dynamic selection based on frame-level
spectral characteristics. Information on the selected
warping factor can be conveyed to the decoder via
one or two bits depending on the number of distinct
warping factors available. Alternatively, a simple but
slightly less effective solution is to use fixed warping
according to a mild version of the Bark-scale.

Audio demonstrations may be accessed at http://
www.ee.iitb.ac.in/~prao/speech_comm_1/index.
html.
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