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(57) Abstract

Apparatus for detecting a fundamental frequency in speech by statistically analyzing a discriminant variable gen-
erated by a discriminant voiced detector (102) so as to determine the presence of the fundamental frequency in a changing
speech environment. A statistical calculator (103) is responsive to the discriminant variable to first calculate the average of
all of the values of the discriminant variable over the present and past speech frames and then to determine the overall
probability that any frame will be unvoiced. In addition, the calculator informs two values, one value represents the statis-
tical average of discriminant values that an unvoiced frame’s discriminant variable would have and the other value repre-
for voice frames. These latter calculations are performed utilizing
not only the average discriminant value but also a weight value and a threshold value which are adaptively determined by
a threshold calculator (104) from frame to frame. An unvoiced/voiced determinator (105) makes the unvoiced/voiced deci-

sion by utilizing the weight and threshold values.
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AN ADAPTIVE THRESHOLD VOICED DETECTOR

Technical Field

This invention relates to determining whether or not speech contains a
fundamental frequency which is commonly referred to as the unvoiced/voiced
decision. More particularly, the unvoiced/voiced decision is made by a two stage
voiced detector with the final threshold values being adaptively calculated for the
speech environment utilizing statistical techniques.

Background and Problem 7

In low bit rate voice coders, degradation of voice quality is often due
to inaccurate voicing decisions. The difficulty in correctly making these voicing
decisions lies in the fact that no single speech parameter or classifier can reliably
distinguish voiced speech from unvoiced speech. In order to make the voice
decision, it is known in the art to combine multiple speech classifiers in the form
of a weighted sum. This method is commonly called discriminant analysis. Such
a method is illustrated in D. P. Prezas, et al., "Fast and Accurate Pitch Detection
Using Pattern Recognition and Adaptive Time-Domain Analysis," Proc. IEEE Int.
Conf. Acoust., Speech and Signal Proc., Vol. 1, pp. 109-112, April 1986. As
described in that article, a frame of speech is declared voice if a weighted sum of
classifiers is greater than a specified threshold, and unvoiced otherwise. The
weights and threshold are chosen to maximize performance on a training set of
speech where the voicing of each frame is known.

A problem associated with the fixed weighted sum method is that it
does not perform well when the speech environment changes. The reason is that
the threshold is determined from the training set which is different from speech
subject to background noise, non-linear distortion, and filtering.

One method for adapting the threshold value to changing speech
environment is disclosed in the paper of H. Hassanein, et al., "Implementation of
the Gold-Rabiner Pitch Detector in a Real Time Environment Using an Improved
Voicing Detector," IEEE Transactions on Acoustic, Speech and Signal
Processing, 1986, Tokyo, Vol. ASSP-33, No. 1, pp. 319-320. This paper discloses
an empirical method which compares three different parameters against
independent thresholds associated with these parameters and on the basis of each
comparison either increments or decrements by one an adaptive threshold value.
The three parameters utilized are energy of the signal, first reflection coefficient,
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‘and zero-crossing count. For example, if the energy of the speech signal is less
" than a predefined energy level, the adaptive threshold is incremented. On the

other hand, if the energy of the speech signal is greater than another predefined

energy level, the adaptive threshold is decremented by one. After the adaptive
threshold has been calculated, it is subtracted from an output of a elementary pitch

detector. If the results of the subtraction yield a positive number, the speech
frame is declared voice; otherwise, the speech frame is declared on unvoice. The
problem with the disclosed method is that the parameters themselves are not used
in the elementary pitch detector. Hence, the adjustment of the adaptive threshold
is ad hoc and is not directly linked to the physical phenomena from which it is
calculated. In addition, the threshold cannot adapt to rapidly changing speech
environments.

Solution , '

' The above described problem is solved and a technical advance is
achieved by a voicing decision apparatus that adapts to a changing environment by
utilizing adaptive statistical values to make the voicing decision. The statistical
values are adapted to the changing environment by utilizing statistics based on an
output of a voiced detector. The statistical parameters are calculated by the
voiced detector generating a general value indicaﬁhg the presence of a

fundamental frequency in a speech frame in response to speech attributes of the

frame. Second, the mean for unvoiced ones and voiced ones of speech frames is
calculated in response to the generated value. The two means are then used to
determine decision regions, and the determination of the presence of the
fundamental frequency is done in response to the decision regions and the present

speech frame.

Advantageously, in response to speech attributes of the present and
past speech frames, the mean for unvoiced frames is calculated by calculating the
probability that the present speech frame is unvoiced, calculating the overall
probability that any frame will be unvoiéed, and calculating the probability that
the presént speech frame is voiced. The mean of the unvoiced speech frames is
then calculated in response to the probability that the present speech frame is
unvoiced and the overall probability. In addition, the mean of the voiced speech '

~ frame is calculated in response to the probability that the present speech frame is

voiced and the overall probability. Advantageously, the calculations of
probabiliti_es are performed utilizing a maximum likelihood statistical operation.
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Advantageously, the generation of the general value is performed
utilizing a discriminant analysis procedure, and the speech attributes are speech
classifiers. _

Advantageously, the decision regions are defined by the mean of the
unvoiced and voiced speech frames and a weight and threshold value generated in
response to the general values of past and present frames and the means of the
voiced and unvoiced frames.

The method for detecting the presence of a fundamental fret;uency in
speech frames comprises the steps of: generating a general value in response to a
set of classifiers defining speech attributes of a present speech frame to indicate
the presence of the fundamental frequency, calculating a set of statistical
parameters in response to the general value, and determining the presence of the
fundamental frequency in response to the general value and the calculated set of
statistical parameters. The step of generating the general value is performed
utilizing a discriminant analysis procedure. Further, the step of determining the
fundamental frequency comprises the step of calculating a weight and a threshold
value in response to the set of parameters.

Brief Description of the Drawing

FIG. 1 illustrates, in block diagram form, the present invention; and

FIGS. 2 and 3 illustrate, in greater detail, certain functions performed
by the voiced detection apparatus of FIG. 1.

Detailed Description _
FIG. 1 illustrates an apparatus for performing the unvoiced/voiced

decision operation by first utilizing a discriminant voiced detector to process voice
classifiers in order to generate a discriminant variable or general variable. The
latter variable is statistically analyzed to make the voicing decision. The
statistical analysis adapts the threshold utilized in making the unvoiced/voiced
decision so as to give reliable performance in a variety of voice environments.
Consider now the overall operation of the apparatus illustrated in
FIG. 1. Classifier generator 100 is responsive to each frame of voice to generate
classifiers which advantageously may be the log of the speech energy, the log of
the LPC gain, the log area ratio of the first reflection coefficient, and the squared
correlation coefficient of two speech segments one frame long which are offset by
one pitch period. The calculation of these classifiers involves digitally sampling
analog speech, forming frames of the digital samples, and processing those frames
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and is well known in the art. Generator 100 transmits the classifiers to silence
detector 101 and discriminant voiced detector 102 via path 106. Discriminant
voiced detector 102 is responsive to the classifiers received via path 106 to
calculate the discriminant value, x. Detector 102 performs that calculation by

 solving the equation: x = cyHd Advantageously, "c" is a vector comprising the

weights, "y" is a vector comprising the classifiers, and "d" is a scalar representing

a threshold value. Advantageously, the components of vector ¢ are initialized as
follows: component corresponding to log of the speech energy equals 0.3918606,
component corresponding to log of the LPC gain equals -0.0520902, component '
corresponding to log area ratio of ,the' first reflection coefficient equals 0.5637082,

" and component corresponding to squared correlation coefficient equals 1.361249;
" and d initially equals -8.36454. After calculating the value of the discriminant

variable x, the detector 102 transmits this value via path 111 to statistical
calculator 103 and subtracter 107. ,
Silence detector 101 is responsive to the classifiers transmitted via

“path 106 to determine whether speech is actually present on the data being

received on path 109 by classifier generator 100. The indication of the presence
of speech is transmitted via path 110 to statistical calculator 103 by silence
detector 101. , 7

For each frame of speech, detector 102 generates and transmits the
discriminant value x via path 111. Statistical calculator 103 maintains an average
of the discriminant values received via path 111 by averaging in the discriminant
value for the present, non-silence frame with the discriminant values for previous
non-silence frames. Statistical calculator 103 is also responsive to the signal
received via path 110 to calculate the overall probability that any frame is
unvoiced and the probability that any frame is voiced. In addition, statistical

~ calculator 103 calculates the statistical value that the discriminant value for the

present frame would have if the frame was unvoiced and the statistical value that

' the discriminant value for the present frame would have if the frame was voiced.

Advantageously, that statistical value may be the mean. The calculations

- performed by calculator 103 are not only based on the present frame but on

previous frames as well. Statistical calculator 103 performs these calculations not
only on the basis of the discriminant value received for the present frame via

‘path 106 and the average of the classifiers but also on the basis of a weight and a

threshold value defining whether a frame is unvoiced or voiced received via
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path 113 from threshold calculator 104.
Calculator 104 is responsive to the probabilities and statistical values

of the classifiers for the present frame as generated by calculator 103 and received
via path 112 to recalculate the values used as weight value a, and threshold value

5 b for the present frame. Then, these new values of a and b are transmitted back
to statistical calculator 103 via path 113.

Calculator 104 transmits the weight, threshold, and statistical values
via path 114 to U/V determinator 105. The latter detector is responsive to the
information transmitted via paths 114 and 115 to determine whether or not the

10 frame is unvoiced or voiced and to transmit this decision via path 116.

Consider now in greater detail the operations of blocks 103, 104, 105,
and 107 illustrated in FIG. 1. Statistical calculator 103 implements an improved
EM algorithm similar to that suggested in the article by N. E. Day entitled
“Estimating the Components of a Mixture of Normal Distributions", Biometrika,

15 Vol 56, No. 3, pp. 463-474, 1969. Utilizing the concept of a decaying average,
calculator 103 calculates the average for the discriminant values for the present
and previous frames by calculating following.cquations 1,2, and 3:

n=n+l if n <2000 (1)
z = 1/n )
20 X, = (I-2) X,-1 + zx, 3)

X, is the discriminant value for the present frame and is received from
detector 102 via path 111, and n is the number of frames that have been processed
up to 2000. z represents the decaying average coefficient, and X, represents the
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averagé of the discriminant values for the present and past frames. Statistical
calculator 103 is responsive to receipt of the z, X, and X, values to calculate the
variance value, T, by first caléulaﬁng the second moment of xp, Qq, as follows:

Qq = (1-2)Qu-1 + 27 . _ @
After Q, has beenr calculated, T is calculated as follows:
T=Q-x2. - )

The mean is subtracted from the discriminant value of the present frame as
follows:

Xa = %n — X i ©®

Next, calculator 103 determines the probability that the frame represented by the
present value x; is unvoiced by solving equation 7 shown below:

P(u .I Xn) = 1

 1+exp(axpth) ™

After solving equation 7, calculator 103 determines the probability that the
discriminant value represents a voiced frame by solving the following:

P(vixy = 1-P(ulxy . - (8)
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Next, calculator 103 determines the overall probability that any frame will be

unvoiced by solving equation 9 for p,:

Pn = (1=2) Py + z P(ulxy . O

After determining the probability that a frame will be unvoiced,

5 calculator 103 determines two values, u and v, which give the mean values of
discriminant value for both unvoiced and voiced type frames. Value u, statistical
average unvoiced value, contains the mean discriminant value if a frame is
unvoiced, and value v, statistical average voiced value, gives the mean
discriminant value if a frame is voiced. Value u for the present frame is solved

10 by calculating equation 10, and value v is determined for the present frame by

calculating equation!11 as follows:
Uy = (1-2) upy + z X, P(ulxg)/py — 2%, (10)
vy = (1-2) vy + 2 Xy P(VIXg)/(1=pny — 2%, (11)

Calculator 103 now communicates the u, v, and T values, and probability p, to

15 threshold calculator 104 via path 112.
Calculator 104 is responsive to this information to calculate new

values for a and b. These new values are then transmitted back to statistical
calculator 103 via path 113. This allows rapid adaptations to changing
environments. If n is greater than advantageously 99, values a and b are

20 calculated as follows. Value a is determined by solving the following equation:

1 (Va=Up) (12)
1-pn(1=pg) T (p=va)®

a=T"
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Value b is determined by solving the following equation:

b= a(ug#v,) + ogl(1-pa)/pa 1 (13)

- Afier calculating equations 12 and 13, calculator 104 transmits values a, u, and

10

15

to block 105 via path 114, ' B

Determinator 105 is responsive to this transmitted information to
decide whether the present frame is voiced or unvoiced. If the value a is positive,
then, a frame is declared voiced if the following equation is true:

axy — A(ugtvg 2> 05 ' (14)

or if the value a is negative, then, a frame is declared voiced if the following

equation is true:
axX, — 8tV 2<0 . | (15)
Eqpation 14 can also be expressed as:
aﬁfn +b- 10é[(1—pn)/pn1 > 0.
Equation 15 can also be expressed as:

axy + b —log[(1-py)/pa] < O .
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If the previous conditions are not met, determinator 105 declares the frame
unvoiced.

In flow chart form, FIGS. 2 and 3 illustrate, in greater detail, the
operations performed by the apparatus of FIG. 1. Block 200 implements
block 101 of FIG. 1. Blocks 202 through 218 implement statistical
calculator 103. Block 222 implements threshold calculator 104, and blocks 226
through 239 implement block 105 of FIG. 1. Subtracter 107 is implemented by
both block 208 and block 224. Block 202 calculates the value which represents
the average of the discriminant value for the present frame and all previous |
frames. Block 200 determines whether speech is present in the present frame; and
if speech is not present in the present frame, the mean for the discriminant value
is subtracted from the present discriminant value by block 224 before control is
transferred to decision block 226.

However, if speech is present in the present frame, then the statistical
and weight calculations are performed by blocks 202 through 222. First, the
average value is found in block 202. Second, the second moment value is
calculated in block 206. The latter value along with the mean value X for the
present and past frames is then utilized to calculate the variance, T, also in
block 206. The mean X is then subtracted from the discriminant value X, in
block 208.

Block 210 calculates the probability that the present frame is unvoiced
by utilizing the present weight value a, the present threshold value b, and the
discriminant value for the present frame, x;. After calculating the probability that
the present frame is unvoiced, the probability that the present frame is voiced is
calculated by block 212. Then, the overall probability, py, that any frame will be
unvoiced is calculated by block 214.

Blocks 216 and 218 calculate two values: u and v. The value u
represents the statistical average value that the discriminant value would have if
the frame were unvoiced. Whereas, value v represents the statistical average value
that the discriminant value would have if the frame were voiced. The actual
discriminant values for the present and previous frames are clustered around either
value u or value v. The discriminant values for the previous and present frames
are clustered around value u if these frames had been found to be unvoiced;
otherwise, the previous values are clustered around value v. Block 222 then
calculates a new weight value a and a new threshold value b. The values a and b
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are used in the next sequential frame by the preceding blocks in FIG. 2.

Blocks 226 through 239 implement U/V determinator 105 of FIG. 1.
Block 226 determines whether the value a for the present frame is greater than '
zero. If this condition is true, then decision block 228 is executed. The latter
decision block determines whether the test for voiced or unvoiced is met. If the
frame is found to be voiced in decision block 228, then the frame is so marked as

| - voiced by block 230 otherwise the frame is marked as unvoiced by block 232. If

- 10

the value a is less than zero for the present frame, blocks 234 through 238 are
executed and function in a similar manner to blocks 228 through 232.

It is to be understood that the afore-described embodiment is merely
illustrative of the principles of the invention and that other arrangements may be
devised by those skJJIed in the art without departing from the spirit and the scope
of the invention.
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Claims
1. An apparatus for detecting the presence of a fundamental frequency
in frames of speech, comprising:
means responsive to a set of classifiers defining speech attributes of
one said frames of speech for generating a general value indicating said presence

of said fundamental frequency;
means responsive to said general value for calculating a set of

statistical parameters; and
means responsive to said general value and the calculated set of
statistical parameters for determining said presence of said fundamental frequency.

2. The apparatus of claim 1 wherein said generating means comprises
means for performing a discriminant analysis to generate said general value.

3. The apparatus of claim 1 wherein said determining means comprises
means for calculating a threshold value in response to said set of said parameters;

means for calculating a weight value in response to said set of said
parameters; and

means for communicating said weight and threshold values to said
means for calculating said set of parameters to be used for calculating another set
of parameters for another one of said frames of speech.

4. The apparatus of claim 3 wherein said mean for calculating said set
of parameters further responsive to the communicated weight and threshold values
and another general value of said other one of said frames for calculating another
set of statistical parameters.

5. The apparatus of claim 4 wherein said means for calculating said
set of parameters further comprises means for calculating the average of said
general values over said present and previous ones of said speech frames; and

means responsive to said average of said general values for said
present and previous ones of said speech frames and said communicated weight
and threshold values and said other general value for determining said other set of
statistical parameters.

6. An apparatus for detecting the presence of a fundamental frequency
in frames of speech, comprising: '

means responsive to a set of classifiers defining speech attributes of
one of said frames of speech for generating a general value indicating said
presence of said fundamental frequency;
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means for estimating a mean for unvoiced ones of said frames in

response to said general value;

means for estimating a mean for voiced ones of said frames in
response to said general value;

means responsive to said mean for unvoiced ones of said frames and
said mean of voiced ones of said frames for determining decision regions; and

' means for making the determination of said presence of said '
fundamental frequency in response to said decision regions and a present one of A
said frames. , :
7. The apparatus of claim 6 wherein said means for determining

cbmprises means for calculating the variance of said general values over said
present and previous ones of said speech frames; '

means for gencrating said decision regions in response to said mean
for unvoiced ones of said frames and Said mean of voiced ones of said frames and

7 said vanance,

sald means for esumatmg said mean of said unvoiced frames
compnses means responsive to present and past ones of said frames for
calculating the probability that said present one of said frames is unvoiced;

' means responsive to said present and past ones of said frames and
said probabﬂlty that said present one of said frames is unvoiced for calculatmg the
overall probability that any frame will be unvoiced;

said means for estimating said mean of said voiced frames furthcr
comprises means for calculating the probability that said present one of said
frames is voiced;

means responsive to said probability that said present one of said
frames is unvoiced and said overall probability and said variance for calculating
the said mean of said unvoiced ones of said frames; and ,

means responsive to said probability that said present one of said
frames is voiced and said overall probability and said variance for calculating the
saJd mean of said voiced ones of said frames. .

8. The apparatus of claim 7 wherein said means for ca.lculatmg said

probability that said present one of said frames is unvoiced performs a maximum

‘likelihood statistical operation.

9.  The apparatus of claim 8 whercm said means for calculating said
probability that said present one of said frames is unvoiced further responsive to a
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weight and threshold value to perform said maximum likelihood statistical

operation.

10. A method for detecting the presence of a fundamental frequency in

frames of speech comprising the steps of: '

generating a general value in response to a set of classifiers defining
speech attributes of one of said frames of speech to indicate said presence of said
fundamental frequency;

calculating a set of statistical parameters in response to said general
value; and

determining said presence of said fundamental frequency in response
to said general value and the calculated said set of statistical parameters.

11. The method of claim 10 wherein said step of generating comprises
the step of performing a discriminant analysis to generate said general value.

12. The method of claim 11 wherein said step of determining
comprises the steps of calculating a threshold value in response to said set of said
parameters;

calculating a weight value in response to said set of said parameters;
and

communicating said weight and threshold values to said means for
calculating said set of parameters to be used for calculating another set of

parameters for another one of said frames of speech.

13. The method of claim 12 wherein said step of calculating said set
of parameters further responsive to the communicated weight and threshold values
and another general value of said other one of said frames for calculating another
set of statistical parameters.

14. The method of claim 13 wherein said step of calculating said set
of parameters further comprises the steps of calculating the average of said general
values over said present and previous ones of said speech frames; and

determining said other set of statistical parameters in response to said
average of said general values for said present and previous ones of said speech
frames and said communicated weight and threshold values and said other general

values.
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