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METHOD OF DENOISING SIGNAL
MIXTURES

FIELD OF THE INVENTION

This 1nvention relates to methods of extracting signals of
interest from surrounding background noise.

BACKGROUND OF THE INVENTION

In noisy environments, many devices could benefit from
the ability to separate a signal of interest from background
sounds and noises. For example, 1n a car when speaking on
a cell phone, 1t would be desirable to separate the voice
signal from the road and car noise. Additionally, many voice
recognition systems could enhance their performance 1f such
a method was available as a preprocessing filter. Such a
capability would also have applications for multi-user detec-
tion 1n wireless communication.

Traditional blind source separation denoising techniques
require knowledge or accurate estimation of the mixing
parameters of the signal of interest and the background
noise. Many standard techniques rely strongly on a mixing
model which is unrealistic in real-world environments (¢.g.,
anechoic mixing). The performance of these techniques is
often limited by the inaccuracy of the model 1n successtully
representing the real-world mixing mismatch.

Another disadvantage of traditional blind source separa-
fion denoising techmiques i1s that standard blind source
separation algorithms require the same number of mixtures
as signals 1n order to extract a signal of interest.

What 1s needed 1s a signal extraction technique that lacks
one or more of these disadvantages, preferably being able to
extract signals of interest without knowledge or accurate
estimation of the mixing parameters and also not require as
many mixtures as signals 1n order to extract a signal of
interest.

SUMMARY OF THE INVENTION

Disclosed 1s a method of denoising signal mixtures so as
to extract a signal of interest, the method comprising receiv-
ing a pair of signal mixtures, constructing a time-frequency
representation of each mixture, constructing a pair of
histograms, one for signal-of-interest segments, the other for
non-signal-of-interest segments, combining said histograms
to create a weighting matrix, rescaling each time-frequency
component of each mixture using said weighting matrix, and
resynthesizing the denoised signal from the reweighted
time-frequency representations.

In another aspect of the method, said receiving of mixing,
signals utilizes signal-of-interest activation.

In another aspect of the method, said signal-of-interest
activation detection 1S voice activation detection.

In another aspect of the method, said histograms are a
function of amplitude versus a function of relative time
delay.

In another aspect of the method, said combining of
histograms to create a weighting matrix comprises subtract-
ing said non-signal-of-interest segment histograms from
said signal-of-interest segment histogram so as to create a
difference histogram, and rescaling said difference histo-
gram to create a weighting matrix.

In another aspect of the method, said rescaling of said
welghting matrix comprises rescaling said difference histo-
gram with a rescaling function f(x) that maps x to [0,1].

10

15

20

25

30

35

40

45

50

55

60

65

2

In another aspect of the method, said rescaling function

tanh(x), x > 0
f(x)"{ 0. HG}'

In another aspect of the method, said rescaling function

F(x) maps a largest p percent of histogram values to unity
and the remaining values to zero.

In another aspect of the method, said histograms and
welghting matrix are a function of amplitude versus a
function of relative time delay.

In another aspect of the method, said constructing of a
time-frequency representation of each mixture 1s given by
the equation:

_ | Si(w, 1) ]
X (w, T) 1 1 1 _

 Xo(w, T) |

 Ni(w, T)
 Np(w, T)

|
_I_

L On(w, T) |

where X(w, 1) is the time-frequency representation of x(t)
constructed using Equation 4, w 1s the frequency variable (in
both the frequency and time-frequency domains), T is the
time variable in the time-frequency domain that specifies the
alignment of the window, a; 1s the relative mixing parameter
associated with the i source, N is the total number of
sources, S(m, T) 1s the time-frequency representation of s(t),
N,(m, T) or N,(w, T) are the noise signals n,(t) and n,(t) in
the time-frequency domain.

In another aspect of the method, said histograms are
constructed according to an equation selected from the

group:

Hym,m) = > | X (w, 0|+ X (@. 7). and

H,(m, n) = Z X (w, )| - | X (., D),

), T

where m=A(w, 1), n=A(w, T), and wherein

ﬁ(m: T)=[ﬂnum(&(m: r)_ﬂmm)/(ﬂmﬂ_ﬂmin)]: Ell‘ld

A, ©)=[8,,,(3(®, ©)=8,,,,)/(8,0:=8,,5,)]
wherea_..,a__ 0 . 0 _arethe maximum and minimum
allowable amplitude and delay parameters, a,,, 0,  are
the number of histogram bins to use along each axis, and
| f(x)] is a notation for the largest integer smaller than f(x).

Another aspect of the method further comprises a pre-
processing procedure comprising realigning said mixtures
so as to reduce relative delays for the signal of interest, and
rescaling said realigned mixtures to equal power.

Another aspect of the method further comprises a post-
processing procedure comprising a blind source separation
procedure.

In another aspect of the invention, said histograms are
constructed 1 a mixing parameter ratio plane.

Disclosed 1s a program storage device readable by
machine, tangibly embodying a program of instructions
executable by the machine to perform method steps for
denoising signal mixtures so as to extract a signal of interest,
saild method steps comprising receiving a pair of signal
mixtures, constructing a time-frequency representation of
cach mixture, constructing a pair of histograms, one for
signal-of-interest segments, the other for non-signal-of-

interest segments, combining said histograms to create a
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welghting matrix, rescaling each time-frequency component
of each mixture using said weighting matrix, and resynthe-
sizing the denoised signal from the reweighted time-
frequency representations.

Disclosed 1s a system for denoising signal mixtures so as
o extract a signal of interest, comprising means for receiv-
ing a pair of signal mixtures, means for constructing a
fime-frequency representation of each mixture, means for
constructing a pair of histograms, one for signal-of-interest
secgments, the other for non-signal-of-interest segments,
means for combining said histograms to create a weighting
matrix, means for rescaling each time-frequency component
of each mixture using said weighting matrix, and means for
resynthesizing the denoised signal from the reweighted
time-frequency representations.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an example of a difference histogram for a
real signal mixture.

FIG. 2 shows a difference histogram for a synthetic sound
mixture.

FIG. 3 shows another difference histogram for another
synthetic sound mixture.

FIG. 4 shows a flowchart of an embodiment of the method
of the invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

This method extracts a signal of interest from a noisy pair
of mixtures. In noisy environments, many devices could
benefit from the ability to separate a signal of interest from
background sounds and noises. For example, 1n a car when
speaking on a cell phone, the method of this invention is
desirable to separate the voice signal from the road and car
Noise.

Additionally, many voice recognition systems could
enhance their performance if the method of the mvention
were used as a preprocessing filter. The techniques disclosed
herein also have applications for multi-user detection 1in
wireless communication.

A preferred embodiment of the method of the imnvention
uses time-frequency analysis to create an amplitude-delay
welght matrix which 1s used to rescale the time-frequency
components of the original mixtures to obtain the extracted
signals.

The mvention has been tested on both synthetic mixture
and real mixture speech data with good results. On real data,
the best results are obtained when this method 1s used as a
preprocessing step for traditional denoising method of the
inventions.

One advantage of a preferred embodiment of the method
of the invention over traditional blind source separation
denoising systems 1s that the imvention does not require
knowledge or accurate estimation of the mixing parameters.
The invention does not rely strongly on mixing models and
its performance 1s not limited by model mixing vs. real-
world mixing mismatch.

Another advantage of a preferred embodiment over tra-
ditional blind source separation denoising systems 1s that the
embodiment does not require the same number of mixtures
as sources 1n order to extract a signal of interest. This
preferred embodiment only requires two mixtures and can
extract a source of interest from an arbitrary number of
interfering noises.

Referring to FIG. 4, 1n a preferred embodiment of the
invention, the following steps are executed:
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1. Receiving a pair of signal mixtures, preferably by
performing voice activity detection (VAD) on the mix-

tures (node 110).

2. Constructing a time-frequency representation of each
mixture (node 120).

3. Constructing two (preferably, amplitude v. delay) nor-
malized power histograms, one for voice segments, one
for non-voice segments (node 130).

4. Combining the histograms to create a weighting matrix,
preferably by subtracting the non-voice segment (e.g.,
amplitude, delay) histogram from the voice segment
(e.g., amplitude, delay) histogram, and then rescaling
the resulting difference histogram to create the (e.g.,
amplitude, delay) weighting matrix (node 140).

5. Rescaling each time-frequency component of each
mixture using the (amplitude, delay) weighting matrix
or, optionally, a time-frequency smoothed version of
the weighting matrix (node 150).

6. Resynthesizing the denoised signal from the
reweighted time-frequency representations (node 160).
Signal of interest activity detection (SOIAD) 1s a proce-
dure that returns logical FALSE when a signal of interest 1s
not detected and a logical TRUE when the presence of a
signal of interest 1s detected. An option 1s to perform a
directional SOIAD, which means the detector 1s activated
only for signals arriving from a certain direction of arrival.
In this manner, the system would automatically enhance the
desired signal while suppressing unwanted signals and
noise. When used to detect voices, such a system 1s known
as voice activity detection (VAD) and may comprise any
combination of software and hardware known 1n the art for
this purpose.
As an example as to how to construct a time-frequency
representation of each mixture, consider the following
anechoic mixing model:

N (1)
(D)= ) 50+ (1)

=1

N (2)
X (1) = Z a;s;(t—6;)+ (1)

s=1

where x,(t) and x,(t) are the mixtures, s(t) for j=1,..., N
are the N sources with relative amplitude and delay mixing
parameters a; and 9,, and n,(t) and n,(t) are noise. We define
the Fourier transform as,

F(w) =

1 |
(I) —F it tfﬁf
mf:f ¢

and then taking the Fourier transform of Equations (1) and
(2), we can formulate the mixing model in the frequency
domain as,

S ] 3
" X(w)] | 1 1 ' 1@) )

 X2(w) |

Ni(w)
 Na(w) |

|
_I_

[ Sn(w) |

where we have used the property of the Fourier transtorm
that the Fourier transform of s(t-8) is e *“°S(w, ). We define
the windowed Fourier transform of a signal f(t) for a given
window function W(t) as,
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Flw, T)= Wi—-1)fe*“ dr

1
Y 27 J—oo

and assume the above frequency domain mixing (Equation
(3)) is true in a time-frequency sense. Then,

| Silw, 1) (4)

Xi(w, D] | 1 1
 X2(w, T) |

 Ni(w, 7) |
 Na(w, 7) |

1
+

| Sn(w, T)

where X(w, T) is the time-frequency representation of x(t)
constructed using Equation 4, m is the frequency variable (in
both the frequency and time-frequency domains), T is the
fime variable 1n the time-frequency domain that specifies the
alignment of the window, a; 1s the relative mixing parameter
associated with the i”” source, N is the total number of
sources, S(m, T) 1s the time-frequency representation of s(t),
N,(m, T) or N,(w, T) are the noise signals n,(t) and n,(t) in
the time-frequency domain.

The exponentials of Equation 4 are the byproduct of a nice
property of the Fourier transform that delays in the time
domain are exponentials in the frequency domain. We
assume this still holds true in the windowed (that is, time-
frequency) case as well. We only know the mixture mea-
surements x,(t) and x,(t). The goal is to obtain the original
sources, s;(t), . . ., Saft).

To construct a pair of normalized power histograms, one
for signal segments and one for non-signal segments, let us
also assume that our sources satisfy W-disjoint
orthogonality, defined as:

S (o, 1), (0, 1)=0, Vizj, Vo, T (6)

Mixing under disjoint orthogonality can be expressed as:

Xi(w,n)] [ ] (7)

X2 (w, T) |

 Ni(w, 7) |
Nalw, 7) |

, for some i

S:(ew, T) +

For each (w, T) pair, we extract an (a, 0) estimate using:

(a(, ©),0(0, ©)=(R(w, D]Im(logR(w, T))/v)) (8)

where R(w, T) is the time-frequency mixture ratio:

(9)

Xlw (o, T)sz(fﬂa T)

Riw, —
(w, T) Hsz o T)HZ

Assuming that we have performed voice activity detection
on the mixtures and have divided the mixtures into voice and
non-voice segments, we construct two 2D weighted histo-
grams in (a, 9) space. That is, for each (&(w, T),0(w,T))

corresponding to a voice segment, we construct a 2D his-
togram H,, via:

Hym, n) = ) | X', D)+ | X3 (@, 7)| (10)
where m=A(w, T), n=A(w, T), and where:

“Zi(m: r)=:anum('§(m: T)_ﬂmm)/(amax_ﬂmm): (113')

ﬁ(m: T)=:6num(8(m: T)_amin)/(amax_ m.in): (11]3)
and where a a O O are the maximum and

FILLIFLY FRXD FIIFLY FRLX

minimum allowable amplitude and delay parameters, and
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a, .0 are the number of histogram bins to use along
each axis, and [f(x)] is a notation for the largest integer
smaller than f(x). One may also choose to use the product
X, Y(w, ©)X,"(w, T)| instead of the sum as a measure of
power, as both yield similar results on the data tested.
Similarly, we construct a non-voice histogram, H,, corre-
sponding to the non-voice segments.

The non-voice segment histogram 1s then subtracted from

the signal segment histogram to yield a difference histogram
H

Hva(m: H)/’V Hn(m: H)/” (12)

LI FLILFH

FIG. 1 shows an example of such a difference histogram
for an actual signal, the signal being a voice mixed with the
background noise of an automobile interior. The figure
shows log of amplitude v. relative delay ratio. Parameter m
1s the bin index of the amplitude ratio and therefore also
parameterizes the log amplitude ratio, n 1s the bin index
corresponding to relative delay.

The difference histogram 1s then rescaled with a function
f( ), thereby constructing a rescaled (amplitude, delay)
weighting matrix w(m, n):

(i, 18)=F (L (11, PN =L, )

HHJ’H)

(13)

where v n__ are the number of voice and non-voice
segments, and f(x) is a function which maps x to [0,1], for
example, f(x)=tanh(x) for x>0 and zero otherwise.
Finally, we use the weighting matrix to rescale the time-
frequency components to construct denoised time-frequency

representations, U, " (w, T) and U,"(w, T) as follows:

U™ (0, D=w@ (o, t),A(o, ©)X," (o, 1) (142)

U, (o, T)=w@A (o, 7),A(o, 1)X," (0, T) (14b)

which are remapped to the time domain to produce the
denoised mixtures. The weights used can be optionally
smoothed so that the weight used for a specific amplitude
and delay (w, T) is a local average of the weights w(A(w,
1),A(w, 7)) for a neighborhood of (w, T) values.

Table 1 shows the signal-to-noise ratio (SNR) improve-
ments when applying the denoising technique to synthetic
volice/noise mixtures 1n two experiments. In the first
experiment, the original SNR was 6 dB. After denoising the
SNR improved to 27 dB (to 35 dB when the smoothed
weights were used). The signal power fell by 3 dB and the
noise power fell by 23 dB from the original mixture to the
denoised signal (12 dB and 38 dB in the smoothed weight
case). The method had comparable performance in the
second experiment using a synthetic voice/noise mixture

with an original SNR of 0 dB.

TABLE 1
SNR, SNR, SNR,, signaly NO1SEy signal, o, noisey
6 27 35 -3 -23 -12 —38
0 19 35 —7 -26 -19 —-45

Referring to FIGS. 2 and 3, FIG. 2 shows the difference
histogram H , for the 6 dB synthetic voice noise mixture of
Table I and FIG. 3 shows that of the 0 dB mixture.

There are a number of additional or modified optional
procedures that may be used 1n addition to the methods
described, such as the following;:

a. A preprocessing procedure may be executed prior to
performing the voice activation detection (VAD) of the
mixtures. Such a preprocessing method may comprise
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realigning the mixtures so as to reduce large relative delays
0, (see Equation 2) for the signal of interest and rescaling the

mixtures (e.g., adjusting a; from Equation 2) to have equal
power (node 100, FIG. 4).

b. Postprocessing procedures may be implemented upon
the extracted signals of interest that applies one or more
traditional denoising techniques, such as blind source
separation, so as to further refine the signal (node 170, FIG.

4).

)c. Performing the VAD on a time-frequency component
basis rather on a time segment basis. Specifically, rather than
having the VAD declare that at time T all frequencies are
voice (or alternatively, all frequencies are non-voice), the
VAD has the ability to declare that, for a given time T, only
certain frequencies contain voice. Time-frequency compo-
nents that the VAD declared to be voice would be used for
the voice histogram.

d. Constructing the pair of histograms for each frequency
in the mixing parameter ratio domain (the complex plane)
rather than just a pair of histograms for all frequencies in
(amplitude, delay) space.

¢. Eliminating the VAD step, thereby effectively turning
the system 1nto a directional signal enhancer. Signals that
consistently map to the same amplitude-delay parameters
would get amplified while transient and ambient signals
would be suppressed.

f. Using as f(x) a function that maps the largest p percent
of the histogram values to unity and sets the remaining
values to zero. A typical value for p 1s about 75%.

The methods of the invention may be 1implemented as a
program ol 1instructions, readable and executable by
machine such as a computer, and tangibly embodied and
stored upon a machine-readable medium such as a computer
memory device.

It 1s to be understood that all physical quantities disclosed
herein, unless explicitly indicated otherwise, are not to be
construed as exactly equal to the quanfity disclosed, but
rather as about equal to the quantity disclosed. Further, the
mere absence of a qualifier such as “about” or the like, 1s not
to be construed as an explicit indication that any such
disclosed physical quantity 1s an exact quantity, irrespective
of whether such qualifiers are used with respect to any other
physical quantities disclosed herein.

While preferred embodiments have been shown and
described, various modifications and substitutions may be
made thereto without departing from the spirit and scope of
the invention. Accordingly, it 1s to be understood that the
present mvention has been described by way of 1illustration
only, and such 1llustrations and embodiments as have been
disclosed herein are not to be construed as limiting to the
claims.

What 1s claimed 1s:

1. A method of denoising signal mixtures so as to extract
a signal of interest, the method comprising:

receiving a pair of signal mixtures;

constructing a time-frequency representation of each mix-
ture,

constructing a pair of histograms, one for signal-of-
interest segments, the other for non-signal-of-interest
segments;

combining said histograms to create a weighting matrix;

rescaling each time-frequency component of each mixture
using said weighting matrix; and

resynthesizing the denoised signal from the reweighted
time-frequency representations.

2. The method of claim 1 wherein said receiving of
mixing signals utilizes signal-of-interest activation.
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3. The method of claim 2 wherein said signal-of-interest
activation detection 1s voice activation detection.

4. The method of claim 1 wherein said histograms are a
function of amplitude versus a function of relative time
delay.

5. The method of claim 1 wherein said combining of

histograms to create a weighting matrix comprises:

subtracting said non-signal-of-interest segment histo-
orams from said signal-of-interest segment histogram
so as to create a difference histogram; and

rescaling said difference histogram to create a weighting

matrix.

6. The method of claim 5 wherein said rescaling of said
difference histogram to create the weighting matrix com-
prises rescaling said difference histogram with a rescaling
function f(x) that maps x to [0,1].

7. The method of claim 6 wherein said rescaling function
f(x) is given by the equation:

- tanh(x), x > 0
f@%'{ 0, xEO}

8. The method of claim 6 wherein said rescaling function
J(x) maps a largest p percent of histogram values to unity
and the remaining values to zero.

9. The method of claim § wherein said histograms and
welghting matrix are a function of amplitude versus a
function of relative time delay.

10. The method of claim 1 wherein said constructing of a
time-frequency representation of each mixture 1s given by
the equation:

S (. T)
[Xl(wjf)} I | | | 1w, T

. Nl({f_}, T)}
= . : +
Xs(tw, T)

Ns(w, T)

AN w, T) |

where X(w, 1) is the time-frequency representation of x(t)
constructed using the equation for said constructing of a
time-frequency representation of each given mixture,  1s
the frequency variable (in both the frequency and time-
frequency domains), T is the time variable in the time-
frequency domain that specifies the alignment of the
window, a, 1s the relative mixing parameter associated with
the i”* source, N is the total number of sources, S(w, T) is the
time-frequency representation of s(t), N;(w, T) or N,(w, T)
are the noise signals n,(t) and n,(t) in the time-frequency
domain.

11. The method of claim 10 wherein said histograms are
constructed according to an equation selected from the

group:

Hym.n)= ) | X'(w, 7| +| X} (@, 7). and
), T

Hym,m) = > | X! (@, 0 - | X, 1)

where m=A(w, T), n=A(w, T); and
wherein

“Ei(m! T)=:ﬂnum(ﬁ(mﬂ T)_ﬂmm)/(ﬂmﬂ_ﬂmfn)]! and

ﬁ(m: T)=:6num(8(m? T)=0 i)/ (Omax—Opmin) |

where a a O are the maximum and mini-

I Umax? 6?}11’}1? FIX

mum allowable amplitude and delay parameters, a

FLELLFIL?
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0, . are the number of histogram bins to use along each
axis, and [f(x)] is a notation for the largest integer
smaller than f(x).

12. The method of claim 1 further comprising a prepro-

cessing procedure comprising:

realigning said mixtures so as to reduce relative delays for
the signal of interest; and

rescaling said realigned mixtures to equal power.

13. The method of claim 1 further comprising a postpro-
cessing procedure comprising a blind source separation
procedure.

14. The method of claim 1 wherein said histograms are
constructed 1n a mixing parameter ratio plane.

15. A program storage device readable by machine, tan-
o1bly embodying a program of instructions executable by the
machine to perform method steps for denoising signal
mixtures so as to extract a signal of interest, said method
steps comprising:

receiving a pair of signal mixtures;

constructing a time-frequency representation of each mix-
ture;

constructing a pair of histograms, one for signal-of-
interest segments, the other for non-signal-of-interest
segments;
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combining said histograms to create a weighting matrix;

rescaling each time-frequency component of each mixture
using said weighting matrix; and
resynthesizing the denoised signal from the reweighted

time-frequency representations.

16. A system for denoising signal mixtures so as to extract
a signal of 1nterest, comprising:

means for receiving a pair of signal mixtures;

means for constructing a time-frequency representation of
each mixture;

means for constructing a pair of histograms, one for
signal-of-interest segments, the other for non-signal-
of-1nterest segments;

means for combining said histograms to create a weight-
Ing matrix;

means for rescaling each time-frequency component of
cach mixture using said weighting matrix; and

means for resynthesizing the denoised signal from the
rewelghted time-frequency representations.
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