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Introduction

In  modern voice communications ~ systems
transmission errors, noise, distortion and losses due to low
bit-rate coding and packet transmission corrupts received
speech signal. Modern restoration techniques of speech
signals employ Linear Prediction[1], Hidden Markov
Models [2], Artificial Neural Networks [2], various
Bayesian technique [3], to name a few. However, quality
of the restored speech signal and usefulness of restoration
technique is usually expressed as improved signal to noise
ratio (SNR) or reduces mean square error (MSE) between
original and restored speech signals. But just how do they
relate to human perception?

This paper continues started in [4, 5] investigation of
a problem of restoration of speech signal, when sufficiently
long segments of speech signals constituting essential
information are lost. It was shown that proposed
restoration technique improves quality of restored speech
signal in MSE sense, however, had problem in a junction
of original and restored speech segments that was
overcame by low-pass filtering of signal samples in the
vicinity of a junction.

Here new method for approximation of speech signal
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Fig. 1. Example of approximation of period of fundamental frequency and intensity characteristics of speech signal
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characteristics will be proposed and employed in speech
signal restoration algorithm. Also, quality of the restored
signal will be estimated using perceptual evaluation of
speech quality (PESQ) algorithm according to ITU
recommendation P.862.

Approximation of Characteristics

Let us examine first syllable of Lithuanian word
“kaltas” spoken by male speaker of 450 ms duration,
recorded with sampling rate of 8 kHz. Corresponding
characteristics of the period of fundamental frequency
(calculated by modified autocorrelation method with
clipping) and intensity (calculated as a normalized power
for each period of fundamental frequency) are shown by
circles in Fig. 1 (a) and (b) respectively.

Suppose that the speech signal segment
approximately from 0.12 s until 0.28 s is missing. In such
time interval non-linearity of characteristics became to
reveal (see Fig. 1). To obtain missing values of period of
fundamental frequency and intensity characteristics the
third order MSE approximation over anchor points (shown
by crosses in Fig. 1) is proposed.

The employment of third order polynomial lets us

1.1 T T T
X anchor points
1.0 ° original char.
third order approx.
097 Ol e linear approx.
2
‘s 08¢r
=
o
£ 07¢
pe)
Q
N o6t
@
£
g 05
0.4+
03
0.2 . . . . . . .
0 0.05 0.1 0.15 02 025 03 035 0.4
Time, s
(b)



Table 1. Approximation errors of period of fundamental

frequency and intensity characteristics

Third order Linear
approximation approximation
MSE | MAX MSE MAX
Intensity 0.0075 | 0.20 0.0078 0.19
Period of fund. freq. 1.7 3.04 7.7 6.15

have smooth transition between known and approximated
parts of curves and preserve nature of characteristics
course. In order to compare proposed method with
ancestors which generally used linear interpolation [6],
linear approximation of period of fundamental frequency
and intensity characteristics is shown by dashed lines, too.

Approximation errors for example given in Fig. 1 are
presented in Table 1. However values of these errors will
depend not only on duration of approximated segment but
also on its position. To evaluate relation of approximation
errors with quality of restored speech signal the restoration
experiment will be performed further.
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Restoration of Speech Signal

As it was stated in [5], the voiced speech signal can
be viewed as quasi-periodical signal (black and gray solid
lines in Fig.2 (a)) s, with varying intensity /(n) and
period T'(n):

s, (I(n), T(n),n) = I(n)-s,(n=T(n)). (1

In the restoration of a missing segment of speech
signal (black solid line in Fig. 2 (a)) we employ forward
together with backward processing in time [6], more
precisely

So(my=w! 3] )+ w” (3] (), )

where used weighting function is of a form
Wﬁb(n)=l-|:licos[ nr ]:| 3)

2 ny —m

Here n e [nl,nz] , ny and n, are limits of the restoration,

subscripts f/b indicate processing direction.
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Fig. 2. Restoration example of the utterance of Lithuanian word “kdltas™: (a) shows distorted (black solid line) and undistorted (gray
solid line) waveforms; (b), (c) and (d) presents restored waveforms (gray solid line) using original, approximated by third order and
linear polynomials intensity and fundamental frequency characteristics respectively
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Signal restoration carried out from different
directions inheritable is the same, the main difference
being in the time direction, i.e. indexes. Also, it is
unnecessary to take into account variation of intensity and
fundamental frequency at each time step [4], thus we use
only their variation with period of fundamental frequency,
in the following expressions introducing new variable k&
as index of period of fundamental frequency. Therefore,
expression (1) of the restored voiced speech signal could
be re-written by

&/ (n) = 1(k) o T(k—1)(n—-T(k-1)) @
v I(k-1)"" T(k) '
Now intensity and fundamental frequency

characteristics do not depend on time index and expression
is valid for particular speech signal period. Note that in the
calculation of time indexes ratio of periods must be integer
number that is why operation of rounding to minus

infinity, | | is used here. Expression (4) could be used

recursively in the restoration of accent in speech signal.

A restoration example of the utterance of Lithuanian
word “kaltas” using described method is shown in Fig. 2.
Here (a) shows distorted (black solid line) and original
(gray line) waveforms; (b) — restored using original, (c)
and (d) — restored using approximated by third order and
linear polynomial characteristics (see Fig. 1).

From restoration example shown in Fig. 2 can be seen
that in all three approximation cases the lost speech signal
segment was restored. However to judge quality of
restoration from depicted waveforms is difficult or perhaps
impossible.

Quality Evaluation

The quality of restored segment of speech signal will
depend not only on distortion duration but also on place of
missing segment. In order to evaluate quality of restored
word using proposed method, restoration experiments were
performed. Restoration was done on artificially distorted
utterance of Lithuanian word “kdltas” varying the place
and duration of the distortion. To be more precise, the
duration of distorted segment is varied from length of the
1 till the 25 periods of fundamental frequency, while the
beginning of distorted segment varies approximately from
0.07 suntil 0.32 s.

In restoration algorithm proposed new approximation
of intensity and period of fundamental frequency
characteristics method was used. In order to judge
proposed approximation method a restoration using linear
approximation of employed speech signal characteristics
was performed, too. To show limits, i.e. best restoration
possible, of described restoration technique a restoration
with original characteristics also was done. In total 1405
restorations were performed.

The quality of restored speech signal was evaluated
using PESQ algorithm that is able to predict subjective
quality of speech signal with good correlation in a very
wide range of conditions, which may include coding
distortions, errors, noise, filtering, delay, and variable
delay [7, 8]. A PESQ result is objective Mean Opinion
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Fig. 3. Results of quality evaluation of restored utterance of
Lithuanian word “kdltas”

Score (MOS), which is mapped to the MOS scale that
directly expresses the voice quality. The PESQ MOS as
defined by the ITU recommendation P.862 ranges from 1.0
(worst) up to 4.5 (best). The ITU scale ranges up to 5.0,
but PESQ simulates a listening test and is optimized to
reproduce the average result of all listeners (MOS stands
for Mean Opinion Score). Statistics however prove that the
best average result one can generally expect from a
listening test is not 5.0 ("excellent") but 4.5.

Experimentation results were summarized and mean
values of MOS are depicted in Fig. 3. As a reference point
was taken MOS=4.5 obtained by passing to PESQ
algorithm undistorted word “kdltas”.

It can be seen that proposed restoration technique
using third order approximation of employed speech signal
characteristics outperforms linear interpolation starting
from ninth period of fundamental frequency where starts to
reveal non-linearity of intensity and fundamental
frequency characteristics.

The fundamental limit of proposed method is
depicted by solid gray line in Fig. 2. In this case speech
signal restoration algorithm uses original intensity and
fundamental frequency characteristics.

Conclusions

=  Proposed approximation method of speech signal
characteristics increases restoration accuracy in the cases
when speech signal is corrupted by long term impulsive
noise or gaps.

=  The employment of third order polynomial gives
smooth transition between known and approximated parts
of curves and preserves nature of characteristics course,
thus bypassing low-pass filtering of signal samples in the
vicinity of a junction and simplifying restoration
procedure.

= By the experimental study was shown that the
approximation of period of fundamental frequency and
intensity characteristics using the third order polynomial
comparing with the linear approximation improves quality
of restored speech signal in case where intensity and
fundamental frequency characteristics becomes non-liner.
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Pristatomas naujas kalbos signalo intensyvumo ir pagrindinio tono periodo charakteristiky aproksimavimo metodas, kuris toliau
pritaikomas atkuriant kalbos signala sugadinta ilgai trunkancio impulsinio triuk§mo ar segmento praradimo. Pasitlytos atkiirimo
technikos tinkamumas vertinamas atkurto kalbos signalo kokybe. Kalbos kokybé nustatoma taikant kalbos suprantamumo jvercio
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