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INTRODUCTION

The measurement of areas of spectral resonance (formants) ln the. spectrum of
speech is essential In the identification of voiced speech sounds in recognition
systems employling knowledge-based feature extraction and {nterpretation.
Measurement of formant centre frequency is crucial 1n the identification of
vowels, and additicnally, pre- and post-vocalic consonant identification is
erhanced 1if formant movement, particularly that of the second formant (F2}, can
be tracked with respect to time.

Linear prediction coding (LPC) techniques [1,2] offer a convenient method of
spectral analysis of the speech waveform to allow formant estimation, but
characteristically offer only moderate signal-to-nofse immunity, with the limit
of usefulness being at approximately 15dB signal-to-noise power ratio (SHR).

The novel technique presented in this paper employs spectral estimation using
LPC techniques, but offers a substantial improvement in the signal-to-nolse
performance of formant frequency estimation. The objective of the technique is
essentially to enhance the detectlon of singularities (poles) in the estimated
transfer function of the vocal tract inherent in the LPC-based model. High

nolse immunity Ln formant estimation ls specifically conferred by the progressi-
ve over-estimation of model order in any single analysis frame, coupled with

the use of off-axis spectral estimation. An averaging filter function is applled
as the final step in each analysis frame to yleld nolse-robust estimates of
formant centre frequency. ‘

The study of spectrum-based formant tracking in itself demands consideration
of two sets of properties; those of the spectral estimator on the one hand,

and those of the spectral line tracking algorithm on the other. The latter
relies heavily on a knowledge of the dynamies of the speech mechanism, but the
design and comparison of such algorithms is not considered in this paper.
However, the examinatlion of the performance of the spectral estimation canponent
of the formant tracking system provides a reasonable measure of the likely
performance of the overall system, particularly in its ability to maintain the
integrity of any farmant track and to maintain separation of tracks which may
tend to merge.

In order to assess the nolse robustness of the pole enhancement technigue in
compar ison to classical LPC spectral estimators, a synthesised signal with
well-controlled parameters is used. The signal-to-nolse performance criteria
employed In this study are based in part on difference limen related to the
human perception of fine varlations in the spectral structure of voiced

speech [3,4).

Assessment of the technique within a formant tracking system is provided by a
comparison with an advanced LPC technique [5) which also employs off-axis
spectral estimation but uses a fixed model order, with both techniques sharing
a common line-tracking paradigm. It is shown that the pole enhancement technigque
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has a generally superior performance in terms of ability to separate formants
which merge together, and additionally can provide a 15dB improvement in
signal-to-noise lmminity when used in such a tracklng system.

THE POLE EMHANCEMENT TECHNIQUE

The design of the pole enhancement process is based on the well-established
result in the study of two-pole resonating systems that the less the damping
factor,% , the less the half-power bandwidth of the peak in the frequency
response of the system. In addition, the centre frequency of the resonance peak,
fn, moves upwards In frequency towards the undamped natural frequency of oscil-
lation, fpn as the damping decreases:

o= oVl - 282 (n

By analogy, the view can be taken that, as the search path in the transfer
function plane is diverted from the usual Fourler transform axis so as to
approach the singularity locations, the peaks assoclated with these poles in the
resulting off-axis spectrum behave as 1If thelr damping factor decreases, l.e.
their @-factor (= centre frequency/bandwidth} and centre frequency both increase.
However, in more complex rescnanting systems characterised by many pole pairs,
it is unlikely that the variatlon of any peak centre frequency will be monotonic
as the transform search path approaches the associated Singularity. This 1is due
to the effect of other poles on the freguency response of the system, In general,
the path of any glven peak centre frequency can be expected to follow equ.(l)
only at very high Q-factors, where the pole-palr associated with the peak
effectively dominates the enhanced frequency response and can be considered to
be decoupled from the rest of the system,

In LPC-based speech analysis, the vocal tract filter 1Is modeled as a set of
concatenated acoustic tube sections from the glottis te the 1llps, the amount of
sections being directly dependent on the chosen LPC model order. The input
excitation Ls assumed to be elther from the perlodic vibration of the vocal

cords {impulse train) or from a constriction in the vocal tract causing turbu-
lent air flow (white noise).

In general, the choice of model order Is seen as having a critical effect on the
performance of the spectral estimator, and usually the order Is chosen to be
between " p = 12 and p = 16 inclusive: with a low model order, LPC analysis fails
to separate formants which merge In certaln speech sounds; too large a value

of model order clutters the smocth spectrum with spurious peaks and Is conside-
red to degrade the signal-to-nolse performance of the estimator.

The pole enhancement technigque avelds the problem of masking of weak vocal
tract formants by more Intense formant features by employlng off-axis spectral
estimation. For any given analysis frame, several spectra are calculated using
various values of z-transform radius. Formant candidates are then extrated from
each off-axis spectrum using peak detection and parabelic interpolation.
However, the Improvements afforded by the technique are achleved by the delibe-
rate progressive over-estimation of the model order with each decrease in
z-transform radius, In this way, the acoustic tube mode!l becomes progressively
more likely to contain terms relating to weak formants; that is, the technique
1s successful at providing good spectral separatlion of formants which otherwlse
may merge, The progressive increase in model order can also be considered to
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ald In conferring improved noise immunity to the technique when used in
conjunction with a simple averaging filter.This is since, If the speech |s
contaminated with noise having nonstationary spectral characterlistics, then
formant-like features related to additive nolse can be expected to secupy
different positlons in the spectrum corresponding to each chofce of model crder.
When coupled with the simultaneous use of off-axis spectral estimation, the
progressive increase In model order can in tontrast. be expected to produce a
deterministic pattern of formant movement en the short-time statlonary charac-
teristics of the spectrum, namely the true formants assocliated with the vocal
tract, The final step In conferring high noise immunity on the formant estima-
tion process involves the use of an averaging filter using Q-Factor as a
welghting criterion. The objective of this final stage is to enhance those
spectral features which have remained consistent both across all pole -enhanced
spectra and as model order has changed, and to attenuate formant-llke features
which have exhibited nonstationary spectral behaviour as z-transform radius
and model order have changed.

EVALUATION OF FORMANT ESTIMATION AND TRACKING PERFORMANCE

¥he characterisation of the pole enhancement technique as a formant estimation
algorithm is divided into two performance criteria: (1) Noise tolerance
characterisation by comparing standard deviation of formant frequency estimation
from nominal steady state formant frequencles against that of a standard 16%-
order LPC analysis in the presence of additive white noise, and (2) the ability
to maintain separation of merging formants {n real speech and hence maintain

the integrity of formant tracking particularly with respect to the second
formant.

The investigation of nolse tolerance performance employed an artificlally-gene-

rated speech-like signal of 100ms duration. This signal Is characterised by 3 |
formant-1ike features in its short-time spectrum at nominally 500Hz, lkHz and |
2kHz with relative power amplitude of OdB, -6dB and -12dB respectively, and

each formant having a bandwidth of 100Hz. The signal is generated by exciting

a simulated parallel formant synthesiser with an Impulse train of frequency

150Hz * 3%. The equivalent sample frequency for the signal is lékHz, 12-bit
resolution, with a quantisation SNR of 60dB.

In both the pole enhancement technique and standard LPC analysis, a 25.6ms
Hamming-windowed analysis frame was used and the total analysis was performed
by moving the window exactly one sample point at a time to glve a total of 1192
analysis frames.

In the pole enhancement technique, 11 spectral estimates were produced using
z-transform radil in the range 0.9gr <1 decreasing in steps of ér = 0.01. The
initial model order was p = 12 for r = 1 increasing by +2 for each step decrease
in radjus, The value of radius step has been chosen to some extent arbitrarily,
and results have indicated that decreasing the radius much below 0.9 does not
appear to improve the performance of the technique. Experimentation has found
that the technique fs relatively Insensitive to choice of Initial model order
(values of between 8 and 16 were used with little observable change to the
results presented here). The LPC technique used in the camparative nolse
tolerance characterisation employed a fixed 16th-order model with z-transform
radius r = 1.

The evaluation process employed a statistical averaging routine to calculate
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average and standard deviation (with respect to the average) for each nominal
formant centre frequency. Thls routine extracted formant values both from each
signal frame and from each analysis technique on a "nearest neighbour" criterion,
with the nomlnal formant frequencles of the artifliclal signal, as detalled
above, being used to select the formant candidates.

The 100ms signal was contaminated by progressively more lntense additive white
noise in 5dB steps down to 15dB SNR and then in 1dB steps down to -6dB. The
results for the standard deviation of formant frequency estimatlion agalnst SNR
for each technigue and for formants F1 and F2 are shown in Figs. 1{a) and l{b)
for SNR values between 15dB and -4dB. The results for all curves can be
considered to remain constant at SNRs above 15dB.

Initial assessment of the performance of each technique Is based here on formant
difference limen of 5% of nominal formant centre frequency. This gives a
difference llmen criterion of 25Hz for F1l and 50Hz for F2. For formant F1, the
results Indicate that the limit of usefulness for the standard LPC estimator Is
4dB SHR, whereas the pole enhancement technique fails at -6dB 3NR, representing
an improvement of 10dB noise immunity in favour of the pole enhancement -
technique.

The performance curves for F2 show an apparent decrease In nolse immunity
improvement for the pole enhancement method. The standard LPC analysis ostensi--
bly falls the difference limen of 50Hz at 5dB SNR whereas the pole enhancement
technigue fails at -3dB, representing an Improvement of 8dB. However, the
standard LPC curve 1s affected below 11dB SNR by a drep in the number of formants
detected as representing F2, and Flg. 1(c} demonstrates the percentage of total
frames for each technigue in which a value for F2 was able to be extracted,
Thus, using l0dB as the limiting SNR for the standard LPC technique in this
case yields a nolse lmmunity Improvement of 13dB In favour of the pole enhance-
ment technique. Results for F3, although not shown here, demonstrated a noise
immunity improvement of 8dB in favour of the pole enhancement technlque,

In order to explere the separation of merging formants and Integrity of formant
tracking, a real speech signal was used. Here, the performance of the pole
enhancement technique 1s compared against that of an LPC-based formant tracking
system which also employs off-axis spectral estimation but which uses a fixed
model order(5). In this latter technique, if it is not possible to extract more
than 3 formants from the normal unit-circle LPC smooth spectrum for the current
analysfs frame, then the z-transform radlus is decreased in steps of 0,004,
down to a minimum radius of 0,88, until frequency values are found for the
missing formants. The model 1s held constant and there is no attempt to carry
out averaging of formant data. The analysls parameters for both techniques were
the same as those outlined In the nolse tolerance experiment above, save that
analysis frames were used at Sms intervals. Both techniques shared the same
formant line tracking algorithm [57.

The vowel segment used was the vowel /1/ segmented from the word "deed" spoken
by a male speaker in continuous speech, Typical results are shown In Figs. 2(a)
and 2(b), which demonstrate the superior performance of the pole enhancement
technique in separating F2 and F3 even In a very favorable SNR environment
{here, SNR = 60dB). (The application of a wideband spectrogram fails to separate
F2 and F3).
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Experimentation with the same speech signal contamlnated with additive white
noise has found that the pole enhancement technlque provides an additional 14dB
of noise Immunity in maintaining the integrity of the F2 formant track, l.e.
until the track first begins to break up.

SUMMARY AND CONCLUSION

A novel formant estimation technique has been presented which 1s based on linear
predictlon coding, but Improves formant estimates by seeking to enhance the
spectral effect of poles in the vocal tract transfer function by using off-axis
z-transformations. The use of an increasing LPC model order as z-transform
radius deecreases helps separate merged formants, and post-filtering the results
with a simple averaging fllter enhances the effects of statlonary features

In the short-time speech waveform at the expense of nonstatlonary spectral
features assoclated with additive broadbhand noise.

The increase in noise lmmunity afforded by the pole enhancement technique 1in
its réle as a spectrally-based formant estimator has been demonstrated to be
in the region of approximately 10-15dB depending on the formant, This improve-
ment in formant estimatlon has been found to similarly improve the noise
immunity of the assoclated line tracking algorithm.

Lastly, the processing mechanics of the pole enhancement technique provide the
formant estimation process with an Inherent relative insensitivity to model
order as campared to standard LPC analysis. This can be consldered to make the
overall performance of the formant tracking system less sensitive to variations
in the acoustic characterlstics of different talkers.
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Fig. 1 (a-b) Standard deviation of (a) F) and (b) F;

formant estimates against signal-to-nolse
ratio for the pole enhancement method and
standard LPC analysis using a 16th order model.

(c) Percentage of analysis frames containing
estimates for F» agailnst signal-to-nolse

ratlo for the pole enhancement method and
standard LPC analysis using a l6th order model.
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Fig. 2 {a) Formant tracks for F) - Fy using an LPC-based
spectral estimator employing off-axis spectral
estimation but with a fixed 16tP-order model.
SNR2, 604D .

{b) Formant tracks for Fy - Fy using the pole
enhancement technigue.
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