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Pat ent No. 60/836,882, filed August 10, 2006, entitled "YULE WALKER BASED
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silence periods which contain bamw noi se only. Algorithnms to

[0001] The present application is related to TU.S.
Provisional Patent No. 60/836,882, filed August 10, 2006,
entitled “YULE WALKER BASED LOW-COMPLEXITY VOICE ACTIVITY
DETECTOR IN NOISE SUPPRESSION SYSTEMS”. U.S. Provisional
Patent No. 60/836,882 1is assigned to the assignee of the
present application and is hereby incorporated by reference
into the present disclosure as if fully set forth herein.
The present application hereby claims priority under 35

U.S.C. 8119(e) to U.S. Provisional Patent No. 60/836,882.
TECHNICAL FIELD

[0002] The disclosure relates generally to VOIP, noise
suppression and speech recognition systems, and in

particular to voice activity detectors (VADs).




identify these silence periods are called as voice-activity detection
(VAD) algorithnms and find inportant usage in speech application

al gorithns. VADs are generally used in speech recognition systens, voice
over Internet protocol (VolP) systens, speech coders, noise suppression
and/ or enhancenent systens, or any other suitable speech applications or
algorithns. [0004] VAD is becom ng increasingly inportant and relevant in
nodern tel econmuni cati on and speech enhancenent systens. Conventiona

voi ce- based communi cati on typicdéﬁnge ublic sw tched tel ephone network
(PSTN). Such systens are expensi e di stance between the calling
and called subscriber is |arge because of dedicated connection. [0005]
Dat a net , on the other hand, currently work on the best effort

del i vernggini q{i’ X oSJr%%%kﬁc@r@hé’ﬂtngCO%ﬁw?%m HPdGEH L¥r atitst i cal
mul tiplexing. Therefore, the cost of such data services is considerably

|l ess - 2PEEMSERVEVREAPSANDaSEBLSBFOF costheXR a 376t WELAENCRORSEHCAS do not
guarantee faithful voice transm ssion. [0006] VolP systens have to ensure
that voi ¥81gbal coptases baskospgnflf | agacky @aleri or atAl o thmsnettifor k

condi tions .
identify these silence periods are called as voice-activity

detection (VAD) algorithms and find important usage in
speech application algorithms. VADs are generally used in
speech recognition systems, voice over Internet protocol
(VoIP) systems, speech coders, noise suppression and/or
enhancement systems, or any other suitable speech

applications or algorithms.

[0004] VAD is becoming increasingly importaht and relevant
in modern telecommunication and speech enhancement systems.
ConVentional voice-based communication typically use public
switched telephone network (PSTN). Such systems are
expensive when the distance between the calling and called

subscriber is large because of dedicated connection.

[0005] Data networks, on the other hand, currently work on
the best effort delivery techniques and resource sharing
algorithms through statistical multiplexing. Therefore,

the cost of such data services is considerably less



such as packet-1oss and del ays. Therefore, providing toll grade voice
quality through VolP is a challenge given that designers often prefer to
| ower the average bit-rate of speech comrunication systens. The VAD is
used to selectively encode and transmt data. Apart fromdata savings,
VAD al so results in power savings in nobile devices and decreased
co-channel interference in nobile telephony. [0007] VAD is also used in
non real -tine systens such as voice recognition systenms. VAD is generally
critical for performance |evel demands associated with noi se suppression
syst ens. Hetakddet itéh, PHER ah3gcvaDBys6gSsy st aEa neetiwverky., bpeewee, when
speech is present, the conplexity of noise suppression systens is
gener al | ia &@tic syarpoves] fsbrefvbnveits orednsmpigsdaches i ncl ude rel atively
robust applications of VAD for discontinuous transm ssion (DTX) operation
of speech coders such as, for exanple, IS -3 641, GSM FR and GSM EFR based
syst ens. [0006hddi (oI, spivemppleaat | b0 easube eBsenvoiatef qual bngedodattery
life. [0009] Conventional VAD algorithns are typically based on heuristics
or fuzzy mail esigndlficansbyre dasasiogarer die to network conditions

such as packet-loss and delays. Therefore, providing toll

grade voice quality through VoIP is a challenge given that

designers often prefer to lower the average bit-rate of

speech communication systems. The VAD is wused to

selectively encode and transmit data. Apart from data

savings, VAD also results in power savings in mobile

devices and decreased co-channel interference in mobile

telephony.

[0007] VAD is also used in non real-time systems such as
voice recognition systems. VAD is generally critical for
performance level demands associated with noise suppression
systems. In addition, because VAD based systems need only
operate when speech is present, the complexity of noise

suppression systems is generally reduced.

[0008] Some conventional approaches include relatively
robust applications of VAD for discontinuous transmission

(DTX) operation of speech coders such as, for example, IS-




speech properties. Such design nethodol ogies nmakes it difficult to

optim ze relevant paraneters and obtain consistent results. Conventi onal
attenpts have been nade to develop a statistical nodel based VAD using,
for exanple, a likelihood-ratio test (LRT). O her conventional algorithns
suggest using a snoothed LRT or algorithnms based on Kull back-Lei bl er

di stance. Still other conventional nodels use statistical nethods that
conpare second order statistics of the signals to nodels. [0010] Most
conventional VAD detection is _perfornmed on a block by block basis.

Gener al | Y2 irneSH ok arde qsy‘gﬁ'gsé??s’%cﬁy%‘l"%‘ﬂsspeér@h 3ot d P EH
stationary. Speech is generally stationary for about 10nms-20nms. As an
exanpl e, CPEGAtACFafBR R racenbiaBkier kongen &dttsiryelibald be 160 (20
ns). Noise is considered to be stationary over a |onger period, typically
1s-2s. For a given block, a statistic (A is typically derived. Based on
the statil@d09%t (Mnvesrianali ovdP algorithms eoel dyvasseddywlsidest epeech is
present. -4 [0011] Consider two hypot heses Hl11l and Ho. Hl is when speech
pr esent , heirlistigsr eprestumt sy wherl espeent, absentsorEhe cases, general

speech properties. Such design methodologies makes it
difficult to optimize relevant parameters and obtain
consistent results. Conventional attempts have been made
to develop a statistical model based VAD wusing, for
example, a likelihood-ratio test (LRT). Other conventional
algorithms suggest using a smoothed LRT or algorithms based
on Kullback-Leibler distance. Still other conventional
models use statistical methods that compare second order

statistics of the signals to models.

[0010] Most conventional VAD detection is performed on a

block by block basis. Generally, the block size is chosen
such that speech is considered stationary. Speech is
generally stationary for about 10ms-20ms. As an example,

for a sampling rate of 8KHz, the block size would be 160
(20 ms). Noise is considered to be stationary over a
longer period, typically 1s-2s. For a given block, a
statistic (A) is typically derived. Based on the statistic
(A), conventional algorithms could assess whether speech is

present.



relative relationship between HL and Ho is shown by Equations la and |Ib
bel ow. H1: xk(n)=Sk(n)+nk(n) n=0..N-1 (Egn. la) HO xk(n)=nk(n) n=0...N1
(Egn. Ib) [0012] In Equations la and I b, xk (n) is the observed signal in
block k at tinme instant n. Also, in Equations la and 1b, Nis the
observation |length, sk(n) is the speech and nk(n) is the background noi se.
[ 0013] The background noise, nk(n), is generally a colored noise process.
Deciding the hypothesis HL or Ho is a generally a problemin detection
theory. The detection criterion shown by Equations 2a and 2b bel ow are
typi cal | Y00ldted CopsidesT tppghyprosiesper Hadand Bin. Hp)is ['@oam]speedyuat i ons
2a and 2b, T is generally a threshold. [0015] FIGJURE 1 generally

i |1 ustrap&ssens. r evhileondhi prepesserrs clwimn sseeekhl08bsenbi sy sfwech 100b
and the VAD output. In FIGURE 1, the VAD outputs a '1'" (Hl) when speech -5
is presemelgegige, pelatsodéRimndbétv¢emandHa '&nd (H@) wleen shown by

Equations la and 1b below.

H, :x,m)=s,m+n@m n=0..N-1 (Eqn. 1a)
Hy:x,(m=mnm) n=0..N-1 (Eqn. 1b)

[0012] In Equations la and 1lb, xx(n) is the observed signal
in block k at time instant n. Also, in Equations la and
1b, N is the observation length, sx(n) is the speech and

ng (n) is the background noise.

[0013] The background noise, nx(n), is generally a colored
noise process. Deciding the hypothesis H; or Hy, is a
generally a problem in detection theory. The detection

criterion shown by Equations 2a and 2b below are typically

used.
Hy: A>T (Eqn. 2a)
Hy: A<T (Eqn. 2b)

[0014] In Equations 2a and 2b, T is generally a threshold.

[0015] FIGURE 1 generally illustrates the relationship
between clean speech 100a, noisy speech 100b and the VAD

output. In FIGURE 1, the VAD outpﬁts a ‘l’" (H;) when speech



speech is absent (e.g., point 106). [0016] The probability of detection
is generally the probability of detecting speech (Hl), given that
speech is present (i.e., condition HL is true). The probability of a
false alarm (PF) is generally the probability of detecting speech (Hl)
when speech is absent (i.e., condition Ho is true). [0017] Accordingly,
and PF depend upon noise as well as speech statistics. However, in sone
cases only noise statistics are considered. In such cases, the systemis
typically designed for a given fal se al arm PF and hence
control G¥ePYSEENO0ER]T -Gt RALhvEM | 8RAI 1Ael head ar e YasEd)orvhere
principle that the expected val ue of periodogramis equal
spectral spessht §s(pbegnt e perpwidogrid)i.s
absol ute value of Fourier fast transform (FFT). The psd depends on the
statistics of the randomess of the signal. |If the periodogram of many
bl ocks of0Qlet siTheal preolalaileitagedf peteoddgnanPbends tgereeralagualhe o t he
-6 [0019] The decision statistic is typically given by the

(PD)

psd.

probability of detecting speech (H;), given that speech is
present (i.e., condition H; is true). The probability of a
false alarm (Py) is generally the probability of detecting
speech (H;) when speech is absent (i.e., condition H, is

true).

[0017] Accordingly, Pp and Pr depend upon noise as well as
speech statistics. However, in some cases only noise
statistics are considered. In such cases, the syétem is
typically designed for a given false alarm Pr and hence

there is no control over Pp.

[0018] Other conventional methods are based on the
principle that the expected value of periodogram is equal
to the power spectral density (psd). The periodogram is
typically the square of the absolute value of Fourier fast
transform (FFT). The psd depends on the statistics of the
randomness of the signal. If the periodogram of many
blocks of the signal are averaged, periodogram tends to be

equal to the psd.

there is no

to the power
typically the square of the

PD



rel ati onship seen in Equation 3 below. Ak -~ k(fl) (Eqn. 3) [0020] In
Equation 3, the termvk(fl) is the decision statistic for frequency bin fl
and block k and is defined by the relationship shown by Equation 4 bel ow.
VK(A) - Pgnk(AA) ( Egn . 4) Psd (A [0021] In Equation 4, pgnk (f |I) is the
peri odogramof the f 1 frequency bin obtained on the kth bl ock of observed
sanples. Also in Equation 4, psd(fl) is the psd estimte of the fl
frequency bin of the background noise. The termpsd(fl) is obtained over
the silence periods present in the training period at the beginning of the
phone call®019hherthe | deaisabhy statliyptic sksi sypiesdny) .giacaor diynglhg t he

rel ati onshi ps shown in Equations 5 and 6 bel ow can be nade, where k (and

t he summatilanjonshipspeansit EqatsiobloeklowZvi, (fl) 0 (Egqn. 5) k -7 JAK
O (Egn. 6) Kk [0022] The decision statistic is O if averaged over nany

Ak=;WHﬁ) v (Eqn. 3)

[0020] In Equation 3, the term w,(f,) is the decision

statistic for frequency bin f; and block k and is defined by

the relationship shown by Equation 4 below.

_pgm(fy)
Wk(ﬁ)-m (Bqn. 4)

[0021] In Equation 4, pgmk(f;) is the periodogram of the f;
frequency bin obtained on the k*® block of observed samples.
Also in Equation 4, psd(f;) is the psd estimate of the f;
frequency bin of the background noise. The term psd(f;) is
obtained over the silence periods present in the training
period at the Dbeginning of the phone call (when,
invariably, only noise is present). Accordingly, the
relationships shown in Equations 5 and 6 below can be made,

where k (and the summation) corresponds to noise blocks.

%Wk(fz)zo (Eqn. 5)



bl ocks containing only noise (Hypothesis Ho). Over each noise block, it is
assuned to take I ow values. In the presence of speech, the decision
statistic has a variable value and generally greater than those obtained
when speech is absent (noise blocks). There is, however, an overlap of

t hese values. The statistic is based on background noise only and no
speech information is used. Hence, the design or threshold can only be
chosen for a given false alarm [0023] There is therefore a need for

i nproved voice activity detection (VAD) in noise suppression systens. -8
SUMVARY [0024] Enbodi ments of the present dlscH@gnre6generally provi de

systens a thﬂd} for voice activity detection (VAD) in, for exanple,

noi se supfiressi on systens and VO P systens. In particular, one enbodi nent
of the preSquiaz)di sehosuss: L1y Idles YW g er Jbasedehoscomplexi ty VAD
[ 0025] In one enbodlnent t he presen Isclosure provides a net

det ectingq e r aV| a S|Ient erlod and a
speech perl\sghg r{#lé; él?lg% u e'}Bg @ﬁ]?ﬁhﬁegs an o currence 0 a%}h initial

silent  pen s%d1bfocrIP“t LPo A0 SULOLEYT oS VA L AR PAIATRLE Trgm the
presence of sgpeech, the decision statistic has a variable
value and generally greater than those obtained when speech
is absent (noise blocks). There is, however, an overlap of
these wvalues. The statistic is based on background noise
only and no speech information is used. Hence, the design

or threshold can only be chosen for a given false alarm.

[0023] There is therefore a need for improved voice

activity detection (VAD) in noise suppression systems.




initial silent period. The nethod could also include storing information

associated with the silent and speech periods in a database. The net hod

could further include outputting a decision value based on at |east one

of: the AR paraneter, the threshold and the database. [0026] In another

enbodi ment, the present disclosure provides a voice activity detector

(VAD). The VAD could include an input to receive a signal having an

initial silent period. The VAD could also include a first circuit to

conpute an autoregressive (AR) paraneter fromthe initial silent period.

The VAD could further include a -SUMMABEY to store a database of

informati on associated with the silent period. In addition, the VAD could

also include a second circuit to output a nodified version of the input

si gnal b&8®4] on Embadigwmintene off : thiee MResen&nmedéscindurde gelenbike. [ 0027]

In yet anot her enbodi ment, the present disclosure provides a nethod of

usi ng a waioyedactswsttgmsieardt methfides et hoticeulabtincltydedeeeest dmg an

i nput signal having an initial silent period. The nethod could al so

i ncl ude (@amputimg for aakample esabiee( ARppraksaiehersyistemst kad nvoiml
systems. In particular, one embodiment of the present

disclosure provides a Yule-Walker based low-complexity VAD.

[0025] In one embodiment, the present disclosure provides a
method of detecting voice activity from an input signal
having a silent period and a speech period. The method
includes determining an occurrence of an initial silent
period, computing an autoregressive (AR) parameter from the
initial silent period. The method could also include
storing information associated with the silent and speech
periods in a database. The method could further include
outputting a decision value based on at least one of: the

AR parameter, the threshold and the database.

[0026] In another embodiment, the present disclosure
provides a voice activity detector (VAD). The VAD could
include an input to receive a signal having an initial
silent period. The VAD could also include a first circuit
to compute an autoregressive (AR) parameter from the

initial silent period. The VAD could further include a



silent period using a Yul e-Wal ker rel ationship. The nethod

i nclude storing informati on associated with the silent period in a

dat abase and conputing an adaptive threshold using at |east one of:
paranmeters and the database. The nethod could still further include

could further

the AR

outputting a nodified version of the input signal based on at |east one

of :

the AR paraneter, the adaptive threshold and the database. [0028]

O her technical features nmay be readily apparent to one skilled in the art
fromthe followng figures, descriptions and clains. -10 BRI EF DESCRI PTI ON
OF THE DRERPRES t[coo%?r%a dafrabaseomil etef et aranaRIRFGItachiwitdh scl osur e

and its features,

reference is now nade to the follow ng description,

taken in t@@njst}ﬁ@nto@emlpﬁ t hdnaeddipanyi nghedVaihi ageldi alehi thelyd®30]

FIGURE 1 generally illustrates the relationship between clean speech,
o aporudi rey médi e endoosdi ovendf ofhe henguresent
[0031] FIGURE 2 is a sonewhat sinplified illustration of

noi sy spe@ectecamd \GARrawittp
di scl osur e;

ar chi t ectsigeadf tased o axt | Veadyt dehecbdr (EWAD)AR parameter and the

database.

[0027] In yet another embodiment, the present disclosure
provides a method of using a voice activity detector. The
method could include receiving an input signal having an
initial silent period. The method could also include
computing an autoregressive (AR) parameter from the initial
silent period using a Yule-Walker relationship. The method
could further include storing information associated with
the silent period in a database and computing an adaptive
threshold using at least one of: the AR parameters and the
database. The method could still further include
outputting a modified version of the input signal based on
at least one of: the AR parameter, the adaptive threshold

and the database.

[0028] Other technical features may be readily apparent to
one skilled in the art from the following figures,

descriptions and claims.

-10 -
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according to one enbodi nrent of the present disclosure; [0032] FIGURE 3 is
graph illustrating the test statistic of under both hypotheses according
to one enbodi mrent of the present disclosure; [0033] FIGURE 4 is a graph
illustrating the various VAD stages and associ ated VAD decisions in each
stage according to one enbodinent of the present disclosure; [0034] FI GURE
5is agraph illustrating the adaptive threshold and |local maxima of a
test statistic according to one enbodi nent of the present disclosure; -11
[0035] FIGURE 6 is a graph illustrating a histogramfor the adaptive
threshol d according t Ré%@ BEECBLRERONOPF t BRE DRAVWINGS di scl osure; and
[0036] FIGURE 7 is a sonewhat sinplified flow diagram illustrating a

t hod [ t ' t of ;th t discl =12 DETAI LED
DescR PTTORY] 0037 EnbBaensatE O« R B EeRECa ocf odiis GATGHATF provi ae
SOSHORR: 1 Eipe: AT SEAR TSI PR TS MR S 0 T S S R

description, taken in conjunction with the accompanying

drawings, in which:

[0030] FIGURE 1 generally illustrates the relationship
between clean speech, noisy speech and VAD output according

to one embodiment of the present disclosure;

[0031] FIGURE 2 is a somewhat simplified illustration of
the architecture of a voice activity detector (VAD)

according to one embodiment of the present disclosure;

[0032] FIGURE 3 is graph illustrating the test statistic of
under both hypotheses according to one embodiment of the

present disclosure;

[0033] FIGURE 4 is a graph illustrating the various VAD
stages and associated VAD decisions in each stage according

to one embodiment of the present disclosure;

[0034] FIGURE 5 i1is a graph illustrating the adaptive
threshold and local maxima of a test statistic according to

one embodiment of the present disclosure;

-11-




systens. It should be understood, however, that enbodi nents of the present
di scl osure could also be used in a variety of other applications such as,
for exanple, speech recognition systens, voice over |Internet protocol
(Vol P) systens, speech coders, noise enhancenent systens, and/or any other
sui tabl e speech applications or algorithns. [0038] Suppose a signal y(n)
is given by the relationship shown in Equation 7 below. P y(n) - a(i) y(n
- 1) +wn) (Egn. 7) i=11]0039] In Equation 7, y(n) is called as
aut oregressive (AR rocess of order p. The AR process of order p is
driven by003ghdi tﬁ@&ﬁﬁi& &sGRusEPRl AdilystranDNy % detstpeanand for tReuation 7
as w(n)) and passed through an infinite inpulse response (IIR) filter with
coeffici @deptaye) . tirneshelf faedanttina(ite areecakhkddihentAR abeftiiecci ents of
the process. -13 The autocorrelation function (ACF) of y(n) is b1 Nm1l
present disclosure; and

[0036] FIGURE 7 1is a somewhat simplified flow diagram
illustrating a method according to one embodiment of the

present disclosure.

-12-




ry (m =- 1 y(i +m y(i) Eqn(8a) Nj=o Nm1l ry (m = N1 m2Z Y(i +
mMY(i) Egn(8b) Zo [0040] The ACF can be biased ryb or unbiased ry. If the
ACF is biased, the average of the value over nmany realizations differs
fromthe true value. If the ACF is unbiased, the average over nany
realizations is equal to the true value. For the purposes of the present
disclosure, it is assuned that the ACF is unbiased and the superscript "u
will be dropped fromthe notation. [0041] The AR coefficients and ACFs are
related as shown in Equations 9 and 10 below. Ra=r (Egqn. 9) ry(1) ry(2)
ry(P) a(l) ry(2) R _ ry(P5TATLED DESCRLPIION) a a(2) ry(3) an r_ (Eqn.

ibj ry(P) ... ry(2) ry(1) a(p) ry(P) [0042] The relationships shown in
Equations 9 and 10 are generally referred to as the Yul e-Wal ker equati ons.
-14 [0037] Embodiments of the present disclosure generally

provide systems and methods for voice activity detection
(VAD) in, for example, noise suppression systems and VOIP
systems. It should be understood, however, that
embodiments of the present disclosure could also be used in
a variety of other applications such as, for example,
speech recognition systems, voice over Internet protocol
(VoIP) systems, speech coders, noise enhancement systems,
and/or any other suitable speech applications or

algorithms.

[0038] Suppose a signal y(n) is given by the relationship

shown in Equation 7 below.

y(n)=§a(i)y(n—i)+w(n) (Eqm. 7)

[0039] In Equation 7, y(n) is called as autoregressive (AR)

process of order p. The AR process of order p is driven by

additive white Gaussian noise (AWGN) (designated in
Equation 7 as w(n)) and passed through an infinite impulse
response (IIR) filter with coefficients al(i). The

coefficients a(i) are called the AR coefficients of the

process.

-13-



Low Conpl exity VAD [0043] In one enbodi ment, the rel ationships shown in the
Yul e- WAl ker equations are used to provide a | owconplexity voice activity
detector in, for exanple, noise suppression systens. [0044] Assunm ng that
sufficient blocks are available in the silence periods and are invariably
present during a speech call, the AR paraneters of noise, an, can be
estimated from those silence periods. Consider the statistic for the kth
bl ock (and assuming that Ho is the actual hypothesis or when speech is
absent) . 0045L The statjstic for, the kth block is shown by Equation 1la
bel ow. jutoggyrelatyen, fungtion WiCEH o feVAR) obSnatrices R and r are
cal cul ated on a block by block basis. [0046] If AK(HO is averaged over
many bl ocks, it should be equal to O, simlar to what is shown in Equation
6 above. The spatistld{self has a low val ue, a low variance and a zero
nmean. However, " iﬁ@gbn el éfﬁsyggeegﬁa¥§wgothesis Hl), the statistic
coul d be shown as Eq%atﬁﬁ% 11b bel ow. -15

e

N > yG+m)y() Eqn(8b)
—m =0

ry (m)=

[0040] The ACF can be biased Lf or unbiased =n". If the
ACF 1is biased, the average of the wvalue over many
realizations differs from the true value. If the ACF is
unbiased, the average over many realizations is equal to
the true value. For the purposes of the present
disclosure, it is assumed that the ACF is unbiased and the

superscript “u” will be dropped from the notation.

[0041] The AR coefficients and ACFs are related as shown in

Equations 9 and 10 below.

Ra=r (Eqn. 9)
RO 1@ .. rp) a(l) r®)
@ 0 o one-d| e | 5O

B S A =l (Eqn. 10)
B . 1@ rd) a(p) r,(p)

[0042] The relationships shown in Equations 9 and 10 are

generally referred to as the Yule-Walker equations.

-14 -



AK(H) =Ran -r (Eqn. 11b) [0047] However, using a nodified statistic
(which is a positive scalar in Equation 12 below), the presence or
absence of speech could be detected. Vk = Ran - r]T [Ran -r] (Eqn. 12)
[ 0048] The new statistic generally exhibits a low value in silence periods
and a variable value in the presence of speech. Wen the histograns of the
statistic are plotted under both hypotheses, there is relatively little
overlap between the two histograns as shown | ater herein. [0049] Hence,
according to _one_enbodi nent, an appropriate threshold could be used to
det ect tROWpFeupheXity ¥WMience of speech as shown by the rel ationship
found in Equations 13a and 13b. H : Ytk > T (Eqn. 13a) HO: fk < T
(Eqn. 1309043FontTmp| onggiesbneimsat) 0088 Fotatimnghinsenshewi én dfhe/AD,
there are many associated control |ogic operations such as, for exanple,
- 16 adapfinte-alkshokdeatARnparare tusedupaatmsyvisn goveow sehapiesxi tand
swi tching al gorithmns.

voice activity detector in, for example, noise suppression

systems.

[0044] Assuming that sufficient blocks are available in the
silence periods and are invariably present during a speech
call, the AR parameters of noise, a,, can be estimated from
those silence periods. Consider the statistic for the kth
block (and assuming that H, is the actual hypothesis or when

speech is absent).

[0045] The statistic for the kth block is shown by Equation
lla below.

(Egqn. 1lla)

The correlation matrices R and r are calculated on a block

by block basis.

[0046] If A(Hy) 1is averaged over many blocks, it should be
equal to 0, similar to what is shown in Equation 6 above.
The statistic itself has a low value, a low variance and a
zero mean. However, in the presence of speech (Hypothesis

H;), the statistic could be shown as Equation 11lb below.
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[ 0051] Adaptive thresholds are thresholds that need to be retrained
periodically. Accordingly, an adaptive threshold conputation unit

typically updates the threshold regularly. |In one enbodinent, the
threshold is determ ned based on a histogram of a database (as |ater
described in detail herein). The threshold is determ ned when, for

exanple, the following conditions are net: (1) at |least one transition
fromHL to Ho; (2) at least one transition from Ho to Hl, and/or the
states involved in the transition have |lasted for at |east 30 bl ocks.

After theAs t:aRa;r\—qf the new threshold, the entriesdpn t at abase
are deletegéﬁggd it 1s populated afresh. [0052] AR paran%%Q? Egggtes occur
frequently because AR paraneters of the background noi se needs to be
updat ed [004FhuerHdweveln oneiergbadi mexifitHesetapikaiies gwaipar fog mad when
silence periods of reasonable duration are detected such as, for exanple,

a m ni nupoeti t30ebl ©eksnr and Whghaten netrpenoRg, flta@ | pregéncdher
retraining flag could be set once every 500 bl ocks. -17 [0053] Hangover

schenmes abeeHsdabtYspe&SENolTH WD ed. the present disclosure an
inmplicit hangover schene is based

Vi =[Ran_r]T[Ran_r] (Egqn. 12)

[0048] The new statistic generally exhibits a low value in
silence periods and a variable value in the presencé of
speech. When the histograms of the statistic are plotted
under both hypotheses, there is relatively 1little overlap

between the two histograms as shown later herein.

[0049] Hence, according to one embodiment, an appropriate
threshold could be used to detect the presence or absence
of speech as shown by the relationship found in Equations

13a and 13b.

H: vy, >T (Eqn. 13a)

Control Logic Method
[0050] For the implementation of VAD, there are many

associated control logic operations such as, for example,

-16 -



on the averaging of |local maxima of the test statistic. [0054] VADs
generally need a silence period to train. Mdst VAD al gorithnms assune that

t he i nput speech signals start

with a silence period that could be used

for training purposes. In sone cases, however, there could be some input

signals which start with speech and not with a silence period. In these
an initialization block, which

cases,

typically determnes the first

occurrence of silence period, learns the AR paraneters during the silence

period and then switches to the actual algorithmas generally shown in

FI GURE 22dpp05%8¢ FhEgREORdEs ARsparahatesi npflatéed hihgstenmtsdrenss the

architecture of a VAD 200 according to one enbodi nent

di scl osured shéetehbodi abmbrofhmsAD 200 shown in FIGURE 2 is for

illustration only. O her enbodi ments of

VAD 200 may be used wi t hout

of the present

departing fromthe scope of this disclosure. [0056] In one enbodi nent,
200 i ncl (0053] swiadHptAR2 tdrdeshzAldectdme| Yheosib BSs | PEHT AGeAOILBY epeech to
one of a first initialization stage 204 (first circuit), a second

initializatk@inedaper208iESELPNd BLESHEIAGEPD A0 3GLse ve/ARhreshold

computation unit typically updates the threshold regularly.
In one embodiment, the threshold is determined based on a

histogram of a database (as later described in detail

herein). The threshold is determined when, for example,
the following conditions are met: (1) at 1least one
transition_from H; to Hy; (2) at least one transition from

Hy to H;, and/or the states involved in the transition have
lasted for at least 30 blocks. After the computation of
the new threshold, the entries in the database are deleted

and it is populated afresh.

[0052] AR parameter updates occur frequently because AR
parameters of the background noise needs to be updated
frequently. In one embodiment, these updates are performed
when silence periods of reasonable duration are detected
such as, for example, a minimum of 30 blocks, and when the
retraining flag is set. The retraining flag could be set

once every 500 blocks.

-17 -
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nodul e 208 (third circuit). [0057] According to one enbodinent, first

initialization stage 204 generally conputes the occurrence and duration of

silence period, AR paraneters, and a tentative threshold. First

initialization stage 204 outputs hypothesis H, as

descri bed herein.

[ 0058]

According to one enbodi nent, second initialization stage 206 generally
buil ds a database of the test statistic and conputes an initial value of

t he adaptive threshol d.

tentative VAD decisions as described herein based on the tentative
t hr eshol 0083hputihdaverhedhemsts iaxiet ivwduaddlyl @reskeage iff iViAXs agid clui t) .

[ 0059] According to one enbodi nent, actual VAD nodul e 208 periodically
retrai nstbe ppdates ARspacaurt eas, itpl bshol Hangyaaeresscudieorid Hemgkat abase.

Act ual

Second initialization stage 206 could al so out put

VAD nodul e 208 out puts VAD decisions as described herein. Adaptive

Thr eshol dnMehbodvEDQ6Dg | of dre-dnhediineniof the peesestatlisei®sure provi des

a nethod to choose the threshold adaptively. This nethod is

tracki ng the envel ope of the test statistic vi with

[0054] VADs generally need a silence period to train. Most
VAD algorithms assume that the input speech signals start
with a silence period that could be used for training
purposes. In some cases, however, there could be some input
signals which start with speech and not with a silence
period. In these cases, an initialization block, which
typically determines the first occurrence of silence
period, learns the AR parameters during the silence period
and then switches to the actual algorithm as generally

shown in FIGURE 2.

[0055] FIGURE 2 is a somewhat simplified illustration of
the architecture of a VAD 200 according to one embodiment
of the present disclosure. The embodiment of VAD 200 shown
in FIGURE 2 is for illustration only. Other embodiments of
VAD 200 may be used without departing from the scope of

this disclosure.

[0056] In one embodiment, VAD 200 includes switch 202 that
selectively couples incoming noisy speech to one of a first

initialization stage 204 (first circuit), a second

-18 -
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time. [0061] Suppose the test statistic for block i is denoted by [err].
In one enbodi nent, at each tinme instant i (block i), it is determ ned
whet her the test statistic is a local maxima or not. If it is a |ocal
maxi ma, the test statistic value is updated. If it is not, the previous
| ocal maxima value is retained. In one enbodinent, this instantaneous
| ocal maxima is averaged (or snoothed) over a few blocks. [0062] Based on
t he above processing, the snoothed local nmaxima is concentrated as two
clusters. For exanple, one cluster could be for speech and the other for
noi se. THaitadipeavéon hsesbel 206hbesesnd ¢hrasiol dunid detawmsml e
clusters by conputing a histogramof the logarithmof the snoothed |ocal
maxi ma t esdudealD8t (chiddecivatiogramis updated once speech and noi se
regions (at |east one each) of length greater than 30 bl ocks each are
detected. The histogramrelies on a database (db) of snoothed | ocal
maxi ma c§0g5a] ed myxeemdibbocko [dHME3Embbeiheht pwirigster ind @efiidddions are
generally used in the pseudocode shown herein below. The term|n(i)
represeniggagbe200cgbn8RXi IR E8hphE 8§ Kt he 398 Srdilte URHRt Btkatizh of

silence period, AR parameters, and a tentative threshold.

First initialization stage 204 outputs hypothesis H; as

described herein.

[0058] According to one embodiment, second initialization
stage 206 generally builds a database of the test statistic
and computes an initial value of the adaptive threshold.
Second initialization stage 206 could also output tentative
VAD decisions as described herein based on the tentative
threshold computed in the first initialization stage (first

circuit).

[0059] According to one embodiment, actual VAD module 208
periodically retrains or updates AR parameters, threshold
values and/or the database. Actual VAD module 208 outputs

VAD decisions as described herein.

Adaptive Threshold Method
[0060] In one embodiment, the present disclosure provides a

method to choose the threshold adaptively. This method is
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val ue or the previous value held. The termslimii) is generally the

snoot hed | ocal maxima. The term db generally represents the database of
loglo(slm.)). The termth(i) generally represents the value of the
threshold for block i where the initialization is done as per the second
initialization stage of the switching algorithmdescribed |ater herein.
Finally, the term NBLKS refers to the snoothing |ength/averaging |ength.

[ 0064] The VAD decision (0" for hypotheis Ho and "1' for Hl) is based on
the logarithmof the snoothed |ocal maxima of the test statistic Qutput
VAD deci ¥R/ 9nokr#Fking ogh® (envgigne I thauttgwt waBtdssisi en'vdithor Ho :
1ogl0(slmi)) <T where T is the adaptive threshold [0065] The steps or
pseudo cadeefor one enbodi ment of the adaptive threshold nethod descri bed
above is given below. The pseudo code is for illustration purposes only.
It should be understood that other suitable pseudo code could be used in
conj unct (81N t IBuppose lheu tektt BEaghi¥encpPs8HdPlo€IR0E. i d hesisd®ycode
coul d be inplenented, for exanple, on any suitable conputer program
enbodi ed yon ar€ WRtibod@RIAD! @MW ime instant i (block i), it

is determined whether the test statistic is a local maxima

or not. If it is a local maxima, the test statistic wvalue
is updated. If it is not, the previous local maxima value
ig retained. In one embodiment, this instantaneous local

maxima is averaged (or smoothed) over a few blocks.

[0062] Based on the above processing, the smoothed local
maxima is concentrated as two clusters. For example, one
cluster could be for speech and the other for noise. The
adaptive threshold chooses a threshold in between these
clusters by computing a histogram of the logarithm of the
smoothed local maxima test statistic. The histogram is
updated once speech and noise regions (at least one each)
of length greater than 30 blocks each are detected. The
histogram relies on a database (db) of smoothed local

maxima computed every block.

[0063] The following terms/definitions are generally used
in the pseudocode shown herein below. The term 1m(i)

represents the local maxima for block i and is the updated
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S

VWHI LE( speech block is present) IFi ==211Iml) =yr; /*initialization*/
ENDIF IFi >3 IFyr; , is alocal maxima In(i-1) = ELSE Im(i-1) = Inm(i-2)
/*hold the previous value*/ ENDIF END F /*do smoothing*/ |F i > NBLKS
slmii-1) = average of Inm(i-1), .., Inm(i - NBLK) ADD loglo(slmi-1)) to db

IF (This is a silence region lasted for nore than 30 blocks and retrain
flag is set) LEARN and RETRAIN AR paraneters over the silence period

value or the previous value held. The term slm(i) 1is
generally the smoothed local maxima. The term db generally
represents the database of logio(slm(.)). The term th(i)
generally represents the value of the threshold for block i
where the initialization is done as per the second
initialization stage of the switching algorithm described
later herein. Finally, the term NBLKS refers to the

smoothing length/averaging length.

[0064] The VAD decision ('0’ for hypotheis H, and ‘1’ for
H,) is based on the logarithm of the smoothed local maxima

of the test statistic

Output VAD decision'l'or H; : log,(slm(i)) >T
Output VAD decision '0'orH,,: log;,(sim(i))<T -

where T is the adaptive threshold

[0065] The steps or pseudo code for one embodiment of the
adaptive threshold method described above is given below.
The pseudo code is for illustration purposes only. It
should be understood that other suitable pseudo code could
be used in conjunction with or in lieu of the given pseudo
code. The pseudo code could be implemented, for example,
on any suitable computer program embodied on a computer

readable medium.
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ENDI F COVPUTE VAD deci si on based on threshold IF (at | east one speech and
one noi se region, each wth 30 or nore bl ocks, have been detected)

DETERM NE t hreshol d based on hi stogram of db DELETE all entries of db
ENDI F ENDI F ENDWHI LE
----------------------------------------------------------- -22 [0066] In
one enbodi nent, the correlations of input signal (Rand r in Egq(9)) are
stored during each block. Once the silent period is detected, the
correlation matrices (Rand r in Eq(9)) for all the blocks in the silent
period aré-added--and-the” AR parammeters —are -conputed-based umr “Yule Wl ker
equat i ONgpasEIBRVACcHh M E9Bk (83 -pddsedld) the AR paranters so determined are
| ess than 0.1 Fa.ngUf 1" isassigned to all the AR paranmeters. [0067] In
one enbodineng, the present disclosure provides a procedure to deternine
t he adaptive threshB(H) based/danatipilsesgient 6Hf dat abase (denoted by db
henceforth) wagpert he

IFi >3
IF y,, is a local maxima
Im(i-1) = Via
ELSE
Im(i-1) = 1m(i-2) /*hold the previous
value*/
ENDIF
ENDIF

/*do smoothing*/

IF 1 > NBLKS
slm(i-1) = average of lm(i-1), .., 1lm(i - NBLK)
ADD logio(slm(i-1)) to db

IF (This is a silence region lasted for more than
30 blocks and retrain flag is set)

LEARN and RETRAIN AR parameters over the
silence period

ENDIF

COMPUTE VAD decision based on threshold

IF (at least one speech and one noise region,
each with 30 or more blocks, have been detected)

DETERMINE threshold based on histogram of db
DELETE all entries of db
ENDIF
ENDIF

ENDWHILE
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foll owi ng notation could be used: [count range] = hist(db, nbins) [0068] In
t he above notation for the histogram "nbins" is nunber of equi-spaced
bi ns bet ween maxi mum and m ni num val ues of db, "range" is an array whose
el enents are the mdpoints of the bins and "count” is an array whose
el ements denote the nunber of occurrences of the elenents of db in each
bin. [0069] Now, suppose that the bin "locf" refers to the |location of the
first local maxima in the histogram bin "locb" refers to the |ocation of
the last local maxima in -23 the histogramand "mni" refers to the bin
correspobi6fl t dn tdree némbodimertuntthal certeldtieors st girpmanst grecdat ed
bet ween bins | ocf and | ocb. [0070] The threshold is then given by the
foll owi ndgR aedlati dans kgl WM eragret e drede shatithd Seagiveiliddk .l ogifbe tHw eshol d =
| ogl o(m nl) [0071] Then, the follow ng relationship could result for the
hi st ogr agidehb Bebitd: ifcaetéScedNogd cotvsliddlon Ahtck90€28] (Rmnrane
enbodi nent, upper and |ower clipping is
in Eq(9)) for all the blocks in the silent period are added
and the AR parameters are computed based on Yule Walker
equations as shown in Egn (9). If all the AR paramters so
determined are less than 0.1, a value ‘'l’ is assigned to

all the AR parameters.

[0067] In one embodiment, the present disclosure provides a
procedure to determine the adaptive threshold based on a
histogram of database (denoted by db henceforth) where the

" following notation could be used:
[count range] = hist (db, nbins)

[0068] In the above notation for the histogram, “nbins” is
number of equi-spaced bins between maximum and minimum
values of db, “range” is an array whose elements are the
midpoints of‘ the bins and “count” is an array whose
elements denote the number of occurrences of the elements

of db in each bin.

[0069] Now, suppose that the bin “locf” refers to the
location of the first local maxima in the histogram, bin

“locb” refers to the location of the last local maxima in
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applied to the threshold based on count3 and range3. Suppose further that
the foll owi ng pseudo code is used to apply the upper and | ower clipping as

descri bed above.
____________________________________________________________ UL:

(range3(2)+range3(3))/2 LL: (range3 (2) +range3 (1)) /2 /*range3(2) denotes
second el enent of array range3 and so on*/ |IF threshold > UL threshold =
UL ELSEIF threshold < LL threshold = LL END F

-------------- e eeesssesssesssesssssscsssccseeseceeeee---- =24 [0073] The
pseudo céBe fiveagupvvends norly | reSerat tontheubposesrmesgondinastoul d be
under st ood that other suitable pseudo code could be used in conjunction
with or ithelimindhumt heoyptvervgismuddncodde Théspsguan camd condatde

i npl enented on any suitable conputer program enbodied on, for exanple, a
conput er beeadabl binedlaonfi aklte reedul ting plots corresponding to the above
di scussion are given in

[0070] The threshold is then given by the following

relationship where the threshold is given in loglo0.
threshold = logjo(minl)

[0071] Then, the following relationship could result for

the histogram with 3 bins:
[count3 range3] = hist(db, 3)

[0072] In one embodiment, upper and lower clipping is
applied to the threshold based on count3 and range3.
Suppose further that the following pseudo code is used to

apply the upper and lower clipping as described above.

UL: (range3(2)+range3(3))/2
LL: (range3(2)+range3(1))/2

/*range3 (2) denotes second element of array range3 and so
on*/

IF threshold > UL
threshold = UL
ELSEIF threshold < LL
threshold = LL
ENDIF
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FIGURES 5 and 6. [0074] FIGURE 5 is a generally a graph 500 illustrating
the adaptive threshold and | ocal maxinma of a test statistic according to
one enbodi nent of the present disclosure. For illustration purposes VAD
decision of 112" and 110' are wused in lieu of "1' and "8 is used in lieu
of "0'". Note that in FIGURE 5 threshold gets updated around bl ocks 453

and 800. [0075] FIGURE 6, on the other hand, is a graph 600 illustrating a
hi stogram for the adaptive threshold according to one enbodi nent of the
present disclosure. Switching [0076] The VAD al gorithm described herein is
gener al | y007Bhsedten pbeudssurpdd oryitviead bbeve iis afioirni 11 Bhstestdiesh of
silence when it is possible to learn the noise AR -25 paraneters. However,

there arpuspbBeS 6391 esttVeabAlE p¥huAResEAGEd Wkdk SPEREH anttgonot have
any silence period to begin with. The algorithns fail in that scenario. To

overcorrersehaopeeQéeebala%écﬁgea TRt BEf hScP{aPAsat LU/ 1dd Ually, a
crude VAD based on forward prediction error (FPE) or an energy detector
(ED) is %ﬁ%d !ﬂk%h‘“%seudo code. The pseudo code could be
implemented on any suitable computer program embodied on,
for example, a computer readable medium. The resulting

plots corresponding to the above discussion are given in

FIGURES 5 and 6.

[0074] FIGURE 5 is a generally a graph 500 illustrating the
adaptive threshold and local maxima of a test statistic
according to one embodiment of the present disclosure. For
illustration purposes VAD decision of ‘12’ and ‘10’ are
used in lieu of ‘1’ and '8’ is used in lieu of *0’. Note
that in FIGURE 5 threshold gets updated around blocks 453

and 800.

[0075] FIGURE 6, on the other hand, is a graph 600
illustrating a histogram for the adaptive threshold

according to one embodiment of the present disclosure.

Switching

[0076] The VAD algorithm described herein 1is generally
based on the assumption that there is an initial period of

silence when it 1is ©possible to learn the noise AR
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determ ne a sizeable silence period. We then train our algorithmduring
that silence period to determne the AR paraneters. A tentative threshold
based on standard deviation and nmean of the FPE is also forned at this
stage. [0078] The crude VAD or the initialization is again repeated
(second circuit) . However, during this repetition we output tentative VAD
deci sions based on the tentative threshold calculated earlier and we al so
build up the histogram of the database to calculate the initial value of
the adaptive threshold which will be used once we switch to the actual VAD
(third cirezameierhe Hopsetan, othefret herer ustene VAD 729 dbeet navedtbonso reduce
the MPS involved in building up the database and calculating the initial
val ue of whiheh adapti wethhisgekehd and?2@d (b9 hakke dmiyt tdbldad iy iddher ef ore,
has two stages. The pseudo-code is given bel ow

-------- to- -begim -with: - The -atgorithms - fail- -irr - that - scenarfiiBxvals maxi mum
of sd(O, sd(i),..., sd(i) maxloc: location of maxval m nval: m ninum of

sd(0), s@ércome, tBHEipro®ldth Qf sWiQCH N @t hBlNY 8! proposed.
[0077] Initially, a crude VAD based on forward prediction
error (FPE) or an energy detector (ED) is used until we
determine a sizeable silence period. We then train our
algorithm during that silence period to determine the AR
parameters. A tentative threshold based on standard

deviation and mean of the FPE is also formed at this stage.

[0078] The crude VAD or the initialization is again
repeated (second circuit). However, during this repetition
we output tentative VAD decisions based on the tentative
threshold calculated earlier and we also build up the
histogram of the database to calculate the initial value of
the adaptive threshold which will be used once we switch to
the actual VAD (third circuit). The repetition of the crude
VAD is done mainly to reduce the MIPS involved in building
up the database and calculating the initial value of the

adaptive threshold.
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SECOND- STAGE- | NI' TI ALI SATI ON = FALSE | NI TI ALI SATION = TRUE WH LE
(I'NITIALI SATION == TRUE) e(i) = fpe of current bl ock of speech sd(i)

standard deviation of e(i), .., e(i-NBLK+l) nd(i) = mean of e(i), ,
e(i-NBLK+l') compute maxval, maxloc, mnval and mnloc conpute ratio =
maxval /mnval IF (sd(i) == mnval) tnp = 3*sd(i)+nmd(i) /*tentative

threshold is tnp*/ END F |F (SECOND- STAGE- I NI Tl ALI SATI ON ==TRUE) BUI LD db
QUTPUT VAD deci sions based on tentative threshold ENDF IF(ratio > 100)
AND ( SECOND- STAGE- | NI TI ALI SATI ON FALSE) silence period is from

m nl oc- NBRGA] t &The niwit 10GVRITPIAR Wearafetrer, s Imeertwchestsidesnce Pee i od
RESET nmaxval, maxloc, mnval, mnloc and ratio tentative threshold = tnp
-27 pseudo-code is given below

maxval: maximum of sd(0), sd(1),..., sd(i)
maxloc: location of maxval
minval: minimum of sd(0), sd(1),..., sd(i)

minloc: location of minval

SECOND_STAGE INITIALISATION = FALSE
INITIALISATION = TRUE
WHILE (INITIALISATION == TRUE)

e(i) = fpe of current block of speech
sd (i) = standard deviation of e(i), .., e(i-NBLK+1)
md(i) = mean of e(i), .., e(i-NBLK+1)

compute maxval, maxloc, minval and minloc
compute ratio = maxval/minval
IF (sd(i) == minval)
tmp = 3*sd(i)+md (i)
/*tentative threshold is tmp*/
ENDIF
IF (SECOND_STAGE INITIALISATION ==TRUE)
BUILD db
OUTPUT VAD decisions based on tentative threshold
ENDIF

IF(ratio > 100) AND (SECOND_STAGE INITIALISATION ==
FALSE)

silence period is from minloc-NBLK+1l to minloc
COMPUTE AR parameters over the silence period
RESET maxval, maxloc, minval, minloc and ratio

tentative threshold = tmp
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SECOND- STAGE- I NI TI ALI SATION = TRUE END F I F(ratio > 100) AND

( SECOND- STAGE- | NI TI ALI SATION TRUE) COMPUTE threshold from db DELETE al
entries in db [INTIALI SATION = FALSE ENDI F
----------------------------------------------------------- [ 0080] The
pseudo code given above is for illustration purposes only. It should be
under st ood that other suitable pseudo code could be used in conjunction
with or inlieu of the given pseudo code. The pseudo code coul d be

i npl emented on any suitable c ram enmbodi ed on a conputer
readabl e medi um [ 889§D Eﬁ%%@ﬁigﬁﬁ Q#) Pt es&RUEdi scl osure were tested

for a total olnNDZptest vectors. The various classes of test vectors

(classified according to the background noise) are - "Bureau" (office) -
“can" (Babble noise) - "gare" (train station) - "rue" (street noise) -
"train” (inside(2atidi B)100) AND (SECOND STAGE INITIALISATION ==

TRUE)

COMPUTE threshold from db

DELETE all entries in db

INITIALISATION = FALSE
ENDIF

[0080] The pseudo code given above is for illustration
purposes only. It should be understood that other suitable
pseudo code could be used in conjunction with or in lieu of
the given pseudo code. The pseudo code could be
implemented on any suitable computer program embodied on a

computer readable medium.

[0081] Embodiments of the present disclosure were tested
for a total of 62 test vectors. The various classes of test

vectors (classified according to the background noise) are

- "Bureau" (office)

- "can" (Babble noise)

- "gare" (train station)
- "rue" (street noise)

- "train" (inside a train)
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-28 About 18 babble test vectors, 13 | EEE test vector, 12 AMR testvectors
and 5 G729 test vectors were considered. There were car noi ses and cl ean
test vectors as well. [0082] FIGURE 3 is a plot 300 of test statistic

(i.e., the y-axis) over tinme (designated as frame nunber on the x- axis)
under both hypot heses, Ho and Hl according to one enbodi ment of the
present disclosure. Plot 300 shown in FIGURE 3 is for illustration only.

Q her enbodi nents of plot 300 nay be apparent wi thout departing fromthe
scope of this disclosure. [0083] Under Ho (approximately between franes

200 and BHEPC ASi DELBARYEEST pYecEts . whi | ' EERMFEStHYSCEBBr o2 AMR| v bet ween

frames 50-150 and franmes 525-675) both speech and noise are present.

Accor di nfl&FtveRePEs| 3nd 2| @429 di 83t ricadtorr g orerer icoppidarefie Therestatistic
when speech is present. [0084] FIGURE 4 is plot 400 illustrating the

vari ous WADe spxgaoifesrand ckemmdesitd wdrtarsciascwefld) and associated VAD
decisions in each stage according to one enbodi nent of the present

G sclosuigmf o R%heng L KL 4 [ il vsitaion oy, aner
of this the y-axis) over time (designated as frame number on the x-
axis) under both hypotheses, H, and H; according to one
embodiment of the present disclosure. Plot 300 shown in
FIGURE 3 is for illustration only. Other embodiments of

plot 300 may be apparent without departing from the scope

of this disclosure.

[0083] Under H, (approximately between frames 200 and 500)
noise only is present, while under H; (approximately between
frames 50-150 and frames 525-675) both speech and noise are
present. Accordingly, there is a clear distinction (or

rise) in the test statistic when speech is present.

[0084] FIGURE 4 is plot 400 illustrating the various VAD
stages (first, second and third circuits) and associated
VAD decisions in each stage according to one embodiment of
the present disclosure. Plot 400 shown in FIGURE 4 is for
illustration only. Other embodiments of plot 400 may be

apparent without departing from the scope of this
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-29 disclosure. For clarity, the value of VAD decisions in each stage is
different. [0085] The input signal is a noisy speech (i.e., corrupted
with, for exanple, babble noise) During the first stage of initialization
402 (first circuit), the VAD outputs Hl, determnes the
occurrence/ duration of silence period and conputes the AR paraneters and
tentative threshold. During the second stage of the initialization 404,
VAD out puts tentative decisions based on the tentative threshold conputed
inthe first_stage. After that, the _actual VAD stage 406 cones into
oper at | of1SARCPAFanet FOT r ELAALAY NG Bt uVaLlna 196t VA e deFisioseadd of
initialization 402 and during the actual VAD 406. [0086] FIGURE 5 is plot
500 il | useFht FRage hes adidifignant t hr eshol d and | ocal naxi ma of a test
statistic according to one enbodi nent of the present disclosure. This
occurs in the third circuit or when the actual VADis in operation. Plot
500 show)08Al FI GURELS i snpetr | bigsatatien enl yoi@yherspesmbodi (ieret.s of pl ot
500 may be apparent w thout departing fromthe scope of this disclosure.
[ 0087] Fromr&EpGRIREWSthi,t fLamn lexaopiervdohlbied hbésshvot hedring the

first stage of initialization 402 (first circuit), the VAD

outputs H;, determines the occurrence/duration of silence

period and computes the AR parameters and tentative

threshold. During the second stage of the initialization

404, VAD outputs tentative decisions based on the tentative

threshold computed in the first stage. After that, the

actual VAD stage 406 comes into operation. AR parameter

retraining occurs in both the first stage of initialization

402 and during the actual VAD 406.

[0086] FIGURE 5 1is plot 500 illustrating the adaptive
threshold and local maxima of a test statistic according to
one embodiment of the present disclosure. This occurs in
the third circuit or when the actual VAD is in operation.
Plot 500 shown in FIGURE 5 is for illustration only. Other
embodiments of plot 500 may be apparent without departing

from the scope of this disclosure.

[0087] From FIGURE 5, it can be observed that the smoothed

local maxima statistic slm(i) based on envelope detection
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| ocal maxima statistic sln(i) based on envel ope detection -30 separates
the test statistic into tw clusters. The adaptive threshold can be
easily obtained fromhistogramif it is based on loglo (sIm¢(i)) rather
than loglo ( yr;) , as seen in FIGURE 5. [0088] In particular, the sharp
fall/rise in loglo (sIlm(i) ) is evident when there is a transition from
speech/ noi se to noise/speech regions. In FIGURE 5, the threshold is
updated after the first 453 bl ocks and 800 bl ocks. [0089] FIGURE 6 is a
graph illustrating a histogramfor the adaptive threshold for the first
453 bl oclesPSEaRASI Nt GUREL 5shekbsiiag io dRe widodilmeterst t hdhsr esent

di scl osure. Plot 600 shown in FIGURE 6 is for illustration only. O her
enbodi me@depsfivpl bhrésohdycar hppasehlywobbained efrarn i mgstdgmem tife scope
of this disclosure. [0090] In FIGURE 6, there are generally two peaks, each
corr espondi ng thased sen abhdgspedntii) pgiranheFhehadapgicdgye( v, t) hr eshaledr602
corresponds to the bin (plotted along the x- axis) whose count val ue

(pl ottedial engukhesy-axis) is mninmum and | ocated between these two peaks.
In this case threshold 602 is chosen as a value close to 10 and is al so

[0088] In particular, the sharp fall/rise in logio(slm(i))
is evident when there is a transition from speech/noise to
noise/speech regions. In FIGURE 5, the threshold is

updated after the first 453 blocks and 800 blocks.

[0089] FIGURE 6 is a graph illustrating a histogram for the
adaptive threshold for the first 453 blocks shown in FIGURE
5 according to one embodiment of the present disclosure.
Plot 600 shown in FIGURE 6 is for illustration only. Other
embodiments of plot 600 may be apparent without departing

from the scope of this disclosure.

[0090] In FIGURE 6, there are generally two peaks, each
corresponding to noise and speech region. The adaptive
threshold 602 corresponds to the bin (plotted along the x-
axis) whose count value (plotted along the y-axis) is
minimum and located between these two peaks. In this case
threshold 602 is chosen as a value close to 10 and is also

shown in Figure 5.
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shown in Figure 5. -31 Conplexity [0091] Al sanples are w deband sanpl es
meani ng we have 16000 sanpl es per second. For a typical block | ength of
320, there are about 50 bl ocks per second. In one enbodinent, the present
di scl osure provides an algorithm that requires only four correlations. For
the reference algorithm each block is subdivided into a set of

overl apping snmall er bl ocks. [0092] For the algorithmfromthe prior art and
based on periodogram (Egn (4)), each block of length 320 is subdivided in
to smaller blocks of length 32. There is 50% overlap which nmeans we have
20 sub bICOPREEXEE¥h subbl ock is wi ndowed by a Hanning wi ndow before psd is
calculated. ~The psd is averaged over the 20 sub bl ocks. [0093] The

conpl exi 19091} t Als sRMRIPS fagie t Wedehand alsgmplesnsnean iy eHebaaye

Al gorithm Conplexity (Operation for 1 second of data) One Enbodi nent of

t he 1280066 CPPes@mP 1lBiss dbers ugecond. For a typical block length of

320, there are about 50 blocks per second. In one
embodiment, the present disclosure provides an algorithm
that requires only four correlations. For the reference
algorithm, each Dblock is subdivided into a set of

overlapping smaller blocks.

[0092] For the algorithm from the prior art and based on
periodogram (Egn (4)), each block of 1length 320 is
subdivided in to smaller blocks of length 32. There is 50%
overlap which means we have 20 sub blocks. Each subblock
isrwindowed by a Hanning window before psd is calculated.

The psd is averaged over the 20 sub blocks.

[0093] The complexity in terms of MIPS for the two

algorithms is given below.

Algorithm Complexity

(Operation for 1 second of data)

One Embodiment of the 128000
Present Disclosure

Reference 476800

Table 1: Complexity of algorithms
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Ref erence 476800 Table 1: Conplexity of algorithns -32 [0094] In one
enbodi nent, the present disclosure provides an algorithmthat has about
27% the conplexity of the reference algorithm If nultiply and accumul ate
(MAC) instructions are used, the conplexity of sone enbodinments is
further reduced by half. But this is not the case for the reference
algorithm [0095] FIGURE 7 is a sonewhat sinplified flow diagram
illustrating method 700 accordi ng to one enbodi nent of the present
di scl osure. Method 700 shown in FIGURE 7 is for illustration only. O her
enbodi nef094bt gt hoe 7epbagimeet, ushe \RaarRARt ddirelaswre reretiftescope of
this disclosure. [0096] In one enbodi nent, nethod 700 generally provides a
met hod f én VADDesiHyn YiibetWahaer aledutt | @7$hi phe assamdexiilizd ofierdien. | n
step 702, an input signal is received by the VAD such as, for exanple, VAD
200. Therefipuensegmalgosithnypi calfy molsipbpeectd (bceumutate uptMatwi th, for
exanpl e, babble noise). [0097] In step 704, the VAD conputes the first
occurrendestehicaishsenatrepardedl ofhé heomppekitigndl sk tdmbAMR ments

is further reduced by half. But this is not the case for

the reference algorithm.

[0095] FIGURE 7 1is a somewhat simplified flow diagram
illustrating method 700 according to one embodiment of the
present disclosure. Method 700 shown in FIGURE 7 is for
illustration only. Other embodiments of method 700 may be

used without departing from the scope of this disclosure.

[0096] In one embodiment, method 700 generally provides a
method for VAD using Yule-Walker relationships as described
herein. In step 702, an input signal is received by the
VAD such as, for example, VAD 200. The input signal is
typically noisy speech (i.e., corrupted with, for example,

babble noise).

[0097] In step 704, the VAD computes the first occurrence
of a silent period of the input signal and the AR
parameters. In step 706, the VAD accordingly computes a

tentative adaptive threshold and outputs hypothesis H;j.
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paranmeters. In step 706, the VAD accordingly conputes a tentative adaptive
t hreshol d and out puts hypothesis HL. -33 Steps 704 and 706 correspond to
the first circuit or the first initialization stage in 200. [0098] In step
708, the VAD builds a database of dB values based on the conputed test
statistic. In step 710, the VAD conputes an initial value of the adaptive
threshold (to be wused in actual VAD 208 or 712 and 714) and outputs
tentative VAD decisions. Steps 708 and 710 correspond to the second

circuit C S e |n|t|aI|z ti,on ste 712, the VAD
peri odi cg eg)%r %al <1?‘11'2(§J0r78upd:acir S SPOR, p{é]?%ngf‘ﬁﬁg ctll’fg fir &hothF val ues
and/or t g at.abas 13 %OOQ%A FlnaII , Inh step 714, the VAD outputs VAD
deci si ons & c&P&?ﬁ@ to2 r%ﬁ??ﬁ 2ff4/ or updated AR paraneters,

t hreshol d val ues and/or the databases. Method 700 could repeat any step or

conbi nat i f steps as necessary 0010 Accordi ngly, enbodi nents of the
present (ﬁ&@@fosﬂ% StfghetCh 1 yEhe %lgieb‘é%/ e GRkRAshRE P YRl ues

suppression wusing a |l ow conplexity, Yule-Wlker based VAD that achi eve
rel ati vePpsgo®rardicaapiudiside toatt citgricds.c. In step 710, the VAD

computes an initial value of the adaptive threshold (to be
used in actual VAD 208 or 712 and 714) and outputs
tentative VAD decisions. Steps 708 and 710 correspond to
the second circuit or second stage of initialization in
200. In step 712, the VAD periodically retrains or updates
the AR parameters, the threshold values and/or the

database.

[0099] Finally, in step 714, the VAD outputs VAD decisions
according to the retrained and/or updated AR parameters,
threshold wvalues and/or the databases. Method 700 could

repeat any step or combination of steps as necessary.

[00100] Accordingly, embodiments of the present disclosure
generally provide systems and methods of noise suppression
using a low-complexity, Yule-Walker based VAD that achieve

relatively good and acceptable performances.

[00101] In some embodiments, various functions described
above are implemented or supported by a computer program

that is formed from a computer readable program code and
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[00101] In sone enbodi nents, various functions described above are

i npl emented or supported by a conputer program that is fornmed froma
conput er readabl e program code and -34 that is enbodied in a conputer
readabl e nedium The phrase "conputer readabl e program code"” includes any
type of conputer code, including source code, object code, and executable
code. The phrase "conputer readable nediun includes any type of nedi um
capabl e of being accessed by a conputer, such as read only nenory (ROV,

random a S . Vs , .a _hard disk driy a conpact_dis cD), a

di gi t al VI%%Ol r%ggfé§égéyﬁraaﬁ$m8Pﬁgf F?Béa%fén%%§¥@£-[dﬁﬁ%z§héﬁ$%ay be
advant aggous to set forth definitions of  certain words and phrases used in
this pat er?f’mBBgﬁﬁenF?adﬂJeet HIUpI¥9Sand lF’F;uG@Fi vatYves'Ref & to any
direct or indirect communi catjon between two_or nore el enents, whether or
not t hosEBPERBAt SCATR | IR EBHFSEt hdhr Ghde&tot ReRe. THAG er ns
"include" and "conprise,"” as well as derivatives thereof, nean inclusion
wi t hout EFRFUARPSA. codfe t er e orthrase nitompyeer masaidaglandnestiunthe
phrases "associated with" and "associated therewith," as well as

derivat i vasludeseshy fmapemedn neslijunc|asg@blise dindeaided accessed by a

computer, such as read only memory (ROM), random access
memory (RAM), a hard disk drive, a compact disc (CD), a

digital video disc (DVD), or any other type of memory.

[00102] It may be advantageous to set forth definitions of
certain words and phrases used in this patent document.
The term “couple” and its derivatives refer to any direct
or indirect communication between two or more elements,
whether or not those elements are in physical contact with
one another. The terms “include” and “comprise,” as well
as derivatives thereof, mean inclusion without limitation.
The term “or” is inclusive, meaning and/or. The phrases
“associated with” and “associated therewith,” as well as
derivatives thereof, may mean to include, be included
within, interconnect with, contain, be contained within,
connect to or with, couple to or with, be communicable
with, cooperate with, interleave, juxtapose, be proximate
to, be bound to or with, have, have a property of, or the

like.
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wi thin, interconnect with, contain, be contained within, connect to or
with, couple to or with, be conmunicable wth, cooperate with, interleave,
j uxt apose, be proximate to, be bound to or with, have, have a property of,
or the Ilike. -35 [00103] While this disclosure has described certain
enbodi nents and general ly associ ated nethods, alterations and permnutations
of these enbodi nents and nethods will be apparent to those skilled in the
art. Accordingly, the above description of exanple enbodi nents does not
defi ne or %gfstraln this disclosure. O her changes, substitutions, and
al terati HH03} dhdile, p&@%ﬁbled%FFHSEPrGepaPPan PERTLPHE spFe¥taighd scope
of this disclosure, as defined the following clainms. -36 WHAT IS
CLAI NED EgPodimankgt o ogeaer@ﬁ/y ngseecéetadt ingthpds,onrhberatinns si gnal
having a silent period and a speech period, the nethod conprising:
det er mi niang aemut@ationse aff tiresai embbdsnéens padi odthodenmiflilngeean
autoregressive (AR) paraneter fromthe

apparent to those skilled in the art. Accordingly, the

above description of example embodiments does not define or
constrain this disclosure. Other changes, substitutions,
and alterations are also possible without departing from

the spirit and scope of this disclosure, as defined by the

following claims.
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initial silent period; storing information associated with the silent and
speech periods in a database; conputing a threshold fromthe database; and
outputting a decision value based on at | east one of: the AR paraneter,
the threshold and the database. 2. The method of Claim 1, wherein conputing
the AR paraneter further conprises using a Yule-Wal ker relationship. 3.
The nmethod of Claim1l wherein conputing the threshold further conprises
conputing an adaptive threshold using at |east one of: the AR paraneters

and the abas = The method of Claim3 further conprising:
periodicgﬁ?§ Egdg%%ﬁ%g%fiﬁéast one of: the AR paraneter, the adaptive

t hreshol d val ye agg t he d%tabgse. 5. The nethod of Claim 3 further
conprising: periodi C§IRPLpPAt i AGEEREIRAapIGRAE t RFEIHOFY VEXQR &1 | east

once between one of two silent periods separated by a speech period and
two speechPBEr id@Rade i Hitet By SdlenteRerigs iz a speech period,

the method comprising:

determining an occurrence of an initial silent period;

computing an autoregressive (AR) parameter from the
initial silent period;

storing information associated with the silent and
speech periods in a database;

computing a threshold from the database; and

outputting a decision value based on at least one of:

the AR parameter, the threshold and the database.

2. The method of Claim 1, wherein computing the AR
parameter further comprises using a Yule-Walker

relationship.

3. The method of Claim 1 wherein computing the
threshold further comprises computing an adaptive
threshold using at least one of: the AR parameters and the

database.
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6. The nethod of Claim3, wherein the step of outputting further conprises
outputting the decision value based on the adaptive threshold. 7. The

met hod of Claim1 wherein the decision value is based on all of: the AR
paranmeter, the threshold and the database. 8. The nethod of Claiml
further conprising: conputing a tentative adaptive threshold fromthe
initial silent period. -38 9. The nethod of Caim11 further conprising:
periodically updating the AR paraneter when a second silent period has a

duration greater than or al-to 30 plocks. 10. The_nethod of Claiml,
wherein the d%fabagge @%%%&#s%% é? o é?ﬂﬁﬁ%?%%‘§°?ﬁﬁbﬁﬁ8%-|oca| maxi ma of a

test statistic_of .the input signal computed on a block by block _basis.
11. A voice a@FF%Pg§ca%4%ct5P§f%*E§, ?ﬁnw#?%ﬁ%g:aﬂﬁ iPput t o-H&cedtfe a

signal having a silent geriod and a speech _period; a first circuit
Configur@&r eter, the adaptive threshold value and the database.

5. The method of Claim 3 further comprising:

periodically updating the adaptive threshold value at
least once between one of two silent periods separated by a
speech period and two speech periods separated by a silent

period.

6. The method of Claim 3, wherein the step of
outputting further comprises outputting the decision value

based on the adaptive threshold.

7. The method of Claim 1 wherein the decision value
is based on all of: the AR parameter, the threshold and the

database.
8. The method of Claim 1 further comprising:

computing a tentative adaptive threshold from the

initial silent period.
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determ ne an occurrence of an initial silent period, conmpute an
autoregressive (AR) paraneter froman initial silent period, and conpute a
threshold; a nenory to store a database of information associated wth the
silent and speech periods; and a second circuit configured to output a

deci sion value based on the threshold calculated in the first circuit. -39
12. The VAD of Claim 11, wherein the first circuit is configured to
conpute the AR paraneter using a Yule-Wal ker relationship. 13. The VAD of

Caimill, whegein nd cir ured to. conpute an adaptive
t hreshol d usi Ag at&ﬁgeggggo%e %féi%¥9 %wf%ﬁ;haﬁg CEFPTARd Phe dat abase. 14.
The VAD of C aim risi a third CIFCU%F configured to

out put a deC|?FSﬁogaFﬁgi%agggaSHBQttﬂF%a%% BREABFLEY h&RER (Far SPER, the
t hreshol d .and the .dat ba e. 15. The VAD of Claim 13, wherein the second

circuit s RaF sB BATAEIOR FHeAeTst'HITLPE 6HURhe tonpif
blocks.

10. The method of Claim 1, wherein the database
comprises a logarithm of a smoothed local maxima of a test
statistic of the input signal computed on a block by block

basis.

11. A voice activity detector (VAD), comprising:
an input to receive a signal having a silent period
and a speech period;
/ a first circuit configured to
determine an occurrence of an initial silent
period,
compute an autoregressive (AR) parameter from an
initial silent period, and
compute a threshold;
a memory to store a database of information associated
with the silent and speech periods; and
a second circuit configured to output a decision value

based on the threshold calculated in the first circuit.
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signal. 16. The VAD of Caim 13, wherein the test statistic is conputed
using a Yul e-\Wal ker rel ationship. -40 17. The VAD of Caim 13 further
conprising a third circuit configured to periodically update the adaptive
threshol d value at | east once between one of two silent periods separated
by a speech period and two speech periods separated by a silent period.

18. The VAD of Claim 11, wherein the first circuit is configured to
conpute a tentative adaptive threshold from the silent period. 19. The VAD

of Claim 11 fyrther, co ising.a.third ircuit configured to perjodically
update the ARqﬁara&BFegRBmﬁgngéaégcaﬁd ?ﬁ?gﬁfanP?oglﬁ%E %ﬂ%ﬁﬁiﬁiﬁﬁ gr eat er
than or equal to 30 bl ocks. 20. A nethod of using a voice activity
detectorC%ﬂ%&@PFe@héonéFﬁﬁﬁtéoﬁﬁ?ﬁé?hg?a¥%ﬂﬁﬁﬁﬁrﬁf%ﬂgi%pﬁ?l%T@ﬁ%ﬁe%aving a
silent period and a speech period; conmputing an autoregressive (AR

par anet e SAsFPRANIPRi tial silent period using a Yul e-Wal ker rel ationship;

13. The VAD of Claim 11, wherein the second circuit
is configured to compute an adaptive threshold using at

least one of: the AR parameters and the database.

14. The VAD of Claim 13, further comprising a third
circuit configured to output a decision value based on at
least one of: the AR parameter, the threshold and the

database.
15. The VAD of Claim 13, wherein the second circuit
builds the database based on a test statistic of the input

signal.

16. The VAD of Claim 13, wherein the test statistic

is computed using a Yule-Walker relationship.
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storing information associated with the silent period and the speech period
I n a database; conputing an adaptive threshold using at | east one of: the
AR paraneters and the database; and -41 outputting a decision val ue based
on at |east one of: the AR paraneter, the adaptive threshold and the

dat abase. 21. The nethod of Claim 19 further conprising: periodically
updating at | east one of: the AR paraneter, the adaptive threshold val ue
and t he database. -42

17. The VAD of Claim 13 further comprising a third
circuit configured to periodically wupdate the adaptive
threshold value at least once between one of two silent
periods separated by a speech period and two speech periods

separated by a silent period.

18. The VAD of Claim 11, wherein the first circuit is
configured to compute a tentative adaptive threshold from

the silent period.

19. The VAD of Claim 11 further comprising a third
circuit configured to périodically update the AR parameter
when a second silent period has a duration greater than or
equal to 30 blocks.

20. A method of wusing a voice activity detector
(VAD), the method comprising:

receiving an input signal having a silent period and a
speech period;

computing an autoregressive (AR) parameter from an
initial silent period using a Yule-Walker relationship;

storing information associated with the silent period
and the speech period in a database;

computing an adaptive threshold using at least one of:

the AR parameters and the database; and
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outputting a decision value based on at least one of:

the AR parameter, the adaptive threshold and the database.

21. The method of Claim 19 further comprising:

periodically updating at 1least one of: the AR

parameter, the adaptive threshold value and the database.
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