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Abstract— An extension of the AutoRegressive (AR) model
is studied, which allows transformations and distortions on
the regressor to be handled. Many important signal processing
problems are amenable to this Extended AR (i.e. EAR) model.
It is shown that Bayesian identification and prediction of the
EAR model can be performed recursively, in common with the
AR model itself. The EAR model does, however, require that the
transformation be known. When it is unknown, the associated
transformation space is represented by a finite set of candidates.
What follows is a Mixture-based EAR model, i.e. the MEAR
model. An approximate identification algorithm for MEAR is
developed, using a restricted Variational Bayes (VB) procedure.
It preserves the efficient recursive update of sufficient statistics.
The MEAR model is applied to the robust identification of AR
processes corrupted by outliers and burst noise respectively, and
to click removal for speech.

Index Terms— Bayesian identification, probabilistic mixtures,
sufficient statistics, recursive identification, Variational Bayes,
adaptive systems, filter-bank, burst noise.

I. INTRODUCTION

Bayesian identification of a model is defined as evaluation
of the posterior distribution of the model parameters [1], [2].
Recursive Bayesian identification is concerned with updating
the parameter distribution as new data become available.
A numerically efficient solution is possible for the class
of models with conjugate parameter priors. The linear Au-
toRegressive (AR) model belongs to this class. Linear AR
processes are widely applied in filtering [3], speech analysis
[4], spectrum analysis [5], control [6], etc. However, the
underlying assumptions (i.e. linear combination of measured
values, and Gaussian distribution for the residue) are rarely
met in practice. Physical models, typically requiring complex
non-linear modelling, may then be used to fit the observed
data. Attempts to extend the AR model itself have also been
made [7], [8]. However, these solutions are computationally
expensive and thus unsuitable for processing of large amounts
of data or for on-line (real-time) identification. Typically,
therefore, AR models continue to be used even in these cases.

In this text, we propose an extension to the AR model
that preserves analytical tractability, allowing fast, recursive,
on-line identification of the model. Recursive algorithms are

important in on-line control applications [9], and for adaptive
filtering [10]. In off-line cases, the emphasis on computational
issues and recursive methods can also pay off, for example in
the off-line processing of massive datasets [11].

The link between conjugacy and recursive Bayesian identi-
fication is reviewed in Section II and applied to the AR model
in Section III. In Section IV, we extend to all possible models
whose posterior distribution on parameters is as given in
Section III. In Section V, we further extend the model to allow
for unknown transformations of data. The price paid is loss
of recursive conjugacy in the resulting probabilistic mixture.
Conjugacy is restored via an approximation, optimal in the
sense of Kullback-Leibler distance. It yields a numerically
efficient identification procedure for this set of models. This
is used in Section VI to de-noise AR processes corrupted
by isolated outliers, and by burst noise, respectively. An
application in speech analysis is also given. Discussion and
Conclusions follow in Sections VII and VIII respectively.

II. BAYESIAN RECURSIVE IDENTIFICATION

Our concern is with the inference of unknown model param-
eters at all observation times, n = 1,2, 3,.... The Bayesian
perspective requires evaluation of a probability distribution on
these unknowns at all n. This contrasts with the point esti-
mation task, where unknowns are represented by a decision-
theoretic certainty equivalent. Tractability of the identification
task is assured when the parameter distribution is confined to
the family of distributions that is conjugate to the observation
model. A full review of the concept of conjugacy is available
in [12] and briefly summarized next.

The data measured at time n are denoted by x,, and the
history of the system is defined as X,, = [x1,Z2,...,Z,]. Let
the data be generated by an observation model formalized as
a probability density function (distribution), f (2|0, X;,—1),
with Xy = {} by assignment. This model is parameterized
by unknown 6. Identification of the model is equivalent to
evaluation of the posterior distribution of 6, ¥n. From Bayes’
rule:



Since (1) is recursive, analytical tractability of the update is
assured if distributions f (0| X,,) and f (6|X,—1) are of the
same form. This is achieved if there exists a mapping, s,, =
s(Xp),sn € RY, satisfying the condition

s (+) is time-invariant and finite-dimensional (¢ < c0), and s,
are known as the sufficient statistics [12]. Then, f (0]-) is said
to be conjugate to the observation model, f (x,|6, X, —1).
Since (2) must be valid for n = 0, the prior, f (0) = f (0]s0),
must also be conjugate. A conjugate distribution exists for
every observation model in the exponential family [13]. Under
(2), functional recursion (1) can be replaced by an algebraic
recursion on s,, achieving Bayesian identification of 6, Vn,
and guaranteeing a numerically stable procedure.

ITII. REVIEW OF BAYESIAN IDENTIFICATION FOR THE
AUTOREGRESSIVE (AR) MODEL

A univariate time-invariant AR model is of the form

P
Tn = _Zakxnfk + oen, (3)
k=1
where p > 1, e, denotes the input and =z, the output
(observation) of the system, as illustrated in Fig. 1 (left). The
problem is to estimate fixed, unknown, real parameters, o and
a=lay,..., ap]/, of this model. Here, ’ denotes transposition.
The classical solution to this problem is based on the Wiener
criterion. Point estimates are obtained by solution of the
normal equations. Two principal approaches to its solution
are the covariance and correlation methods respectively [14].
Recursive solutions exist, such as the Recursive Least Squares
(RLS) algorithm [9].
The Bayesian approach assumes that (3) is driven by white
noise of Gaussian distribution, i.e. f (e,,) = N (0, 1). Then,

f (In|a7 g, Xn) :N(—a/Xn,O'2), (4)

where n > p, and x,, = [Tp—1 .. .xn,p]/ is the regression
vector at time n.

(4) belongs to the exponential family, and so both a conju-
gate prior and sufficient statistics are available. The parameter
distribution which is conjugate to (4) is of the Normal-inverse-
Gamma (NiG) type [12]:
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I'(-) denotes the Gamma function [15], and (7) denotes
a partitioning of V' € RP+DX®+1) into blocks, isolating
Vi1, the (1,1) element. V,v are the sufficient statistics of
N iga,a’ ()

The statistics of the conjugate prior distribution, Vy, vy, are
chosen to reflect our initial parameter knowledge. If we do

] , A=V = VOV Va. (D)

not have any preferences, we use a diffuse (non-committal)
distribution. Typically, Vo = pl,11, vo = p, where I, is
the (p + 1) x (p + 1) identity matrix, and p is a small positive
scalar. Substituting (4) into (1), and using (5) at time n — 1,
the posterior distribution at time n > p is

f(aaU|Xn) :Niga,d (anl/n) ) ()
Vo =Vo1 + %%, =Vo + > %%, )
i=p+1

Up =VUn-1+1=vo+ (n—p). (10)

Here, X, = [z,,%/] is the extended regression vector. The
outer product, X, X/, will be called a dyad in this paper. Since
the recursion begins at n = p+ 1, (9) and (10) are initialized
with V, = Vjy and v, = 1y respectively. This is equivalent to
choosing a stationary distribution for n < p.

For many practical tasks, we need to derive moments of
these distributions. They are:

E(alXn) = Vi Valn = an, (11)
A N
2 Xn L — 2n 12
E(°1Xn) = — 45 =" (12)
An
£ ((a— a,) (a—a,) |Xn) = —pVaa’n’ (13)

where the quantities in (7) have been evaluated at time n.
These (and subsequent) formulae are also valid when z,
is a vector of measured data. The distributions of unknown
variables are then the corresponding multivariate forms.

The Bayesian posterior moments (11)—(13) correspond to
point estimates employed in the signal processing literature.
(11), (12) are algorithmically identical to the results of the
covariance method [14], and are valid Vn > p, as derived. The
Bayesian identification framework above yields the following
extensions.

Computational Issues: a numerically efficient solution to
(9), (11) is based on the LD decomposition [16]; i.e. V,, =
L,D,L,, where L, is lower triangular and D,, is diagonal.
The update of the sufficient statistics (9) is replaced by
recursions on L, and D,, [17]. The resulting identification
algorithm is then compact, efficient, and numerically stable.

Prediction: the one-step-ahead predictive distribution is
given by the ratio of normalizing coefficients (6), a result
established in general for the exponential family in [12]. For
the AR model,

Inig (Vi + i"JrlX;z s Un +1
f(@n1|X5) = (\/2— — )7
7T-,Z-./\fig (Vnayn)

using (6). This is the Student ¢-distribution with v, — p + 2
degrees of freedom. The mean value of this distribution is
readily found to be

(14)

& (xn+1|Xn) = anxn-ﬁ—l = ‘%n-i-lu (15)

using (11), and is therefore equal to the intuitively appealing
result from classical theory [14].
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Fig. 1. Block diagrams of the AutoRegressive (AR) (left) and Extended AR (EAR) (right) models.

Model Order Determination: when the model order, p,
in (3) is unknown, it must be handled as a discrete random
variable in the Bayesian identification framework, and repre-
sented as such in the notation. Application of the chain rule
n — p times, using (14), and Bayes’ rule yield the following
posterior distribution of p:

f (p|Xn) X Tnrig (Vnayn) f (p) .

f (p) denotes the prior distribution of model order, typically
chosen as uniform on integer support p € {1,...,Pmax},
where ppmax > 1 is a hyperparameter.

Exponential forgetting: the assumption of constant pa-
rameter values is rarely met in practice. In many applications,
however, a complete model of parameter variations—such as
that required in [1], [18]—is not known. The full Bayesian
parametric solution must then be replaced by heuristic tech-
niques. The standard batch (off-line) algorithm uses window-
ing [19]. Alternatively, the concept of forgetting [20] is used
in adaptive signal processing [21] and recursive estimation [9].

A Bayesian treatment of forgetting was developed in [22].
There, the missing model of parameter evolution is handled
via a probabilistic operator:

£ (0n]Xn1) < [f (Bt | Xno1)g |7 F(02)" %"

The notation f (-), indicates the replacement of the argument
of f (-) by 6,,, where 0, is the time-variant unknown parameter
set at time n. f (+) is a chosen (known) alternative distribution,
expressing auxiliary knowledge about 4,, at time n. Coefficient
¢n, 0 < ¢, <1 is known as the forgetting factor. The NiG
conjugate family (5) is closed under the convex combination
(i.e. geometric mean) in (17), yielding another member of the
NiG family. Hence, we choose f, to be NiG (f/, 17), with

time-invariant parameters, V and 0. The posterior distribution
is then given by (8), with statistics

Vn - ¢nVn—l + ini; + (1 - (bn) Vu
Vn :¢nyn—1 +1+(1_¢n)17u

(16)

a7)

(18)
19)

with n. > p. Note that V, & play an important role in these
identification recursions, as they are injected at each step. In
order to minimize their influence, we can choose f diffuse,
having, for example, the same parameter values as the prior:
‘7 = Vb, U= p.

IV. THE EXTENDED AUTOREGRESSIVE (EAR) MODEL

In this section, the largest set of models is proposed
for which the algorithms in Section III remain valid. The
favourable algorithmic properties for the AR model are based
on the elegant recursive form (9), (10) of the N4G sufficient
statistics (5). This distribution remains N3G if there is a
change in the conditioning variables of (8), or even an increase
in the number of variables in the conditioning set by an
auxiliary vector of known exogenous terms, W, :

f (a, U|G(Xna Wn)) = f (37 Jb_’n) = Niga,a (Vnu Vn) .
(20)
Here, the known transformation, G, is in general a set of p+ 1
nonlinear functions:

yn = gO (X’n,u Wn)7
Yim = i (Xpn_1,Wn),i=1,2,...,p,

where the latter are the p transformed regressors at time n.
/

21
(22)

The regression vector is therefore y, = [Y1;n, Y2:n, - - - » Ypin]
and the extended regression vector at time n is

This is illustrated in Fig. 1 (right). Auxiliary variable, W,
may contain any known variables, such as the time index, n,
for time-variant systems, or a measured external (exogenous)
signal, etc. (20) implies an AR structure (3) defined with
respect to an internal variable, y,,. Hence, the distribution of
observations is obtained by transformation of (4):

f ($n|a, o, Xn-1, G) = |Jn (wn)lN (_aIYna 02) s (24)

where J, () is the Jacobian of transformation go (21); i.e.
In () = ngZ. This creates an additional restriction that gg
be a differentiable, one-to-one mapping for each setting of W,.
Moreover, gg must explicitly be a function of x,, in order that
Jn # 0. This ensures uncertainty propagation from e,, to z,,
(Fig. 1).

Bayesian identification with this model is, by design, of the
same form as for the AR model (4)—(13), replacing the dyadic

update of V,, in (9) with one in terms of y,:

The update for v,, (10) is unchanged.



The EAR model class includes the following important
cases [2]: (i) the ARMA model with a known MA part; (ii)
the ARX model, i.e. AR with exogenous observed input, w,;
(iii) an AR process, y,, observed via a known bijective non-
linear transformation, =, = g, 1(yn); (iv) the incremental
AR process with the regression defined on increments of the
measurement process.

Prediction: this is given by (14) with x,4; replaced by
Yn+1 and V,, given by (25). Using (21):

[ (@n1| X, G) = Xn) | Xn, G).

(26)
Note that (26) remains a Student ¢-distribution (14) iff Jaco-
bian J,,4; is independent of x,,41, i.e. for linear transforma-
tions, go (21).

Model Structure Determination: the structure of the EAR
model is no longer dependent solely on p (Fig. 1) but on the
whole transformation, G. The structure determination problem
is then one of calculating the a posteriori probabilities of
choices, {G1,Ga,...,G.}, from a finite set. From Bayes’
rule:

(27
where the first term on the right-hand-side is formed from
n — p(i) terms of the kind in (26), and X,\,;) =
[%p(i)+15- - - Tn |, where p(i) is the regression length (i.e. or-
der (3)) of the ith EAR model.

|Jn+1 ($n+1)| f (90 (xn+17

V. THE MIXTURE-BASED EAR (MEAR) MODEL
We now relax the EAR assumption (20) which requires G
to be known. Instead, we consider a finite set, G, of possible
transformations, called the filter-bank:

G={Gi,i=1,...,c}. (28)

We assume that the observation, x,, at each time n was
generated by one element of G. (24) can be rewritten as

f(wnla, 0, Xn1, G, 1,) Hf (znla, o, Xpo1,Gy)' .

=1
(29)
Here, the active transformation is labelled by a new discrete
auxiliary variable, 1, = [l1., ..., lcm]/, with possible states

l, € {e1,...,e.}. Here, g; is the ith elementary basis vector:
ei=06.()=[0(i—1),....6(i—¢),i=1,...,¢
(30)
1, ifp=0
— ) 9 1
2 (p) {0, otherwise. S

l,, constitutes a hidden field which we model via a first-
order homogeneous Markov chain, with transition matrix 7' €
[07 1]c><c:

f (ln|Ta lnfl) = Mul Tln 1

HH#”M L (32)

1=17=1

ie. Pr(l, =¢&|T,l,—1 =€) = t; ;, the ijth element of T
Muy, (+) denotes the multinomial distribution, whose con-

jugate distribution is Dirichlet [23] with matrix parameter
T e (R

F(T|®) = Dir (T) = Ip HH#"“ L33
v 1=17=1
Tpsi (\I/) _ Hi:lcnjzlc (U’Lj) ’ (34)
r (Zi—l Zj—l ¥ j)
T=E¢& (TY) = =————— (35)
Zz 1 Zg 1¢w
The extended observation model is
Tn,tnja, 0,1, Apn_1,G,lp_1) =
I (@n, 1y T X G,l,-1)
f(xn|a7 g, Xn—luGuln)f(ln|T7 ln—l) 3 (36)

which may be evaluated via (29), (32). Hence, the conditioning
model parameter set is a, 0 augmented by 7, 1,,_;. Marginal-
ization over [,, yields an observation model in the form of a
probabilistic Mixture of EAR components with common AR
parameterization, a, o:

f (In|aa g, T7 X'n.flv G7 l’nfl) -

Z .f (‘Tﬂv l, = €i|aa g, Tv anlv lenfl) .
i=1
This defines the MEAR model. Next, consider the pos-
terior distribution of model parameters at time n — 1,
ie. f(a,0,T,1,,—1|X,—1,G). This is updated by (36) accord-
ing to Bayes’ rule:

(37)

f (a7 g, Ta lnvln71|X’na G) 08 f (aa g, T7 ln71|anla G) X
f(xnuln|a7 g, T7 Xn—17G7ln—1) . (38)

The update introduces the extra random variable, I,,. Hence,
the parameter distributions at times n and n — 1 have different
functional forms, violating conjugacy. After m updates, m
random variables will have been generated, with ¢ possible
states. This renders the update (38) unsuitable for on-line
identification. We overcome this problem via the following
conditional independence approximation of the posterior dis-
tribution at time n (38):

7(37 g, T; ln7ln—1|X’ﬂ7G) = 7(3‘ g, Tan7G)

(l |XnaG) (n 1|XmG) (39)

where the f (-) denote approximating distributions. Using (39)
at both n and n — 1 (i.e. for the first two terms in (38)
respectively), we see that f (a,0,7|X,_1,G) is updated in
the step from n — 1 to n independently of the label sequence
l,,, avoiding the exponential explosion referred to above. An
optimal approximation within the class (39) may be found via
minimization of the Kullback-Leibler (KL) distance [24]:

KL (F(0)]1f (6 /f de

Here, for convenience, 6 denotes a, o, T,ln,ln,l. KL opti-
mization of a conditional independence model (39) defines

(40)



the Variational Bayes (VB) procedure [7]. The VB procedure
requires iterations between the optimizing functions (39) at
each time n, rendering it unsuitable for on-line identification.
To avoid this, we assign the third and second terms on the
right-hand-side of (39) respectively, as follows:

T(ln71|Xna G) - f (ln71|Xn717 G)7
7(ln|Xm G) =f (ln|Xm G)-

(41)
(42)

These assignments are obtained from marginalization of the
exact model (38). Then, the only functional variant in (39)
is the first term on the right-hand-side. It may be optimized
by minimization of the KL distance (40) from (39) to (38),
subject to constraints (41), (42):
f(a,0,T|") = arg_ min
f(a,0,T])

KL [7 (a? U? T7 ln? ln,1 |) ||f (aa Ga T7 ln7 ln*1|)} . (43)
It is easy to show that the unique solution of (43) is
7 (a7 0-7 T|Xn7 G) S8
exp gf(ln")f(Ln71|') [ln f (a7 g, T, ln, ln—l |)(n7 G)] . (44)

Here, £.. [-] denotes expectation with respect to (41) and (42).
Substituting (29) and (32), via (36), into (38), and the result
into (44), we obtain

f(a,0,7T|X,,G) x f(a,o,T|X,-1,G) X

11f @ala,o X0y, G T [T 85", @5)
i=1 i=1j=1
where
wy, =& (1,| X0, G). 46)

(45) is a KL-optimized approximate update of the MEAR
model parameter inference from time n — 1 to n. We now
design the parameter distribution to be self-replicating under
this update. The second term on the right-hand-side of (45) is a
geometric mean of Gaussian distributions (24), being therefore
Gaussian with NiG conjugate distribution (5). The third term
is multinomial (32), with Dirichlet conjugate distribution (33).
The required conjugate distribution at time n — 1, subject to
approximation (39), is therefore

f (a7 07T|Xn717 G) = f (a7 07T|Xn717 G) =

Niga,a (anlv anl) D'LT (\I/nfl) . (47)
Substituting (47) into (45) yields the update equations:
[(a,0,T|X0,G) = NiGaq (V) Dir (), (48)
Vn - Vn—l + Z wi;nyi,n}_’;,nu (49)
i=1
Up = Vp-1+1, (50)
\Ijn = \Ijnfl + wnw;_la (51)

with n > p. Update (49) is a weighted sum of dyads, each
generated respectively from the extended regressor, y; ,, of

the ith filter in (28). Note that (49) is similar to the result
derived in [25], using the Quasi-Bayes (QB) principle [26].
It remains to evaluate w,, (46). The first term on the right-
hand-side of (38) may be expanded using the chain rule, and
(41), (47) then substituted. Furthermore, (29) and (32) may
be substituted into the second term on the right-hand-side of
(38). Then, integrating over a,o,T,1,,_1, it follows that

F (| X0, G) = Muy, (wy), (52)

Wisn X Inig (Vo1 + Yin¥im> Vn—1 + 1) X

Zwm,lzm (Uno1+eie)), i=1...c. (53)
j=1

Finally, (41) is found by replacing n by n — 1 in (52).

Computational Issues: the implied MEAR identification
algorithm (49)—(51) requires about 2¢ times more operations—
c for (53) and c for (49)—than the standard AR procedure (9),
(10). Once again, the efficient LD decomposition of V,, may
be exploited (Section III).

MEAR-based Prediction: the MEAR predictor can be
found by marginalization, using (36) (replacing n by n + 1),
(48), and the chain rule:

(@] X5, G) = Z Zfi,jwj;n—lf (Tn41|1 X0, Gi)

i=1 j=1
(54)
where tAZ-J- is the 7jth element of (35). (54) is therefore a
mixture of EAR predictors (26). All non-central moments—
e.g. the expected value, Z,4;—of (54) can be obtained as
the weighted algebraic mean of non-central moments of the
candidates. This does not hold for the central moments [27].

MEAR Model Structure Determination: the key restric-
tion of the MEAR model-—namely, common AR parameters
a, o (37)—implies that all filter candidates, G; € G (28), must
have the same dimension, p (Fig. 1). The identification of the
MEAR model does not provide inference of p, and additional
treatment is required. However, various choices of filter-bank,
G, can be tested via (54), in the same way as for the EAR
model (27).

Exponential forgetting: the assumption of a stationary
parameter set, a, o, T, can be relaxed by means of the proba-
bilistic operator in (17). The prior for the update (47) is then
replaced by

F (@, 00, T X1, G) o
|:7 (a’ﬂ—17 Un—l |Xn—1, G’) :Z j|
[f (Th1| Xy, G)TJ

where we have used the notation in (17). Two time-invariant
forgetting factors, ¢n;g and ¢p;, are chosen to reflect the
conditional independence in (47). The alternative distributions,
f , are assumed to be time-invariant, and are chosen as NG (5)
and Dt (33), respectively, to ensure that (55) is self-replicating
(conjugate) under the KL-optimized update (45). The recur-
sions on sufficient statistics (49)—(51) are then reformulated

PNiG ~ s
f(anaan)l bdNig %

@) 69)



as (n > p):

Vi =bnigVa1+ Y Win¥in¥in + (1= drig) V, (56)
=1
Vn = ONigVn—1 + 1+ (1 — dnig) U,
U, = ¢pi¥, 1 +wawl, | + (1 — ¢p;) T,

(57)
(58)

where V,7 and ¥ are the parameters of the alternative
distributions, and w,, is given by (53) adapted appropriately
via (56)—(58).

VI. APPLICATIONS IN THE ROBUST IDENTIFICATION OF
CORRUPTED AR PROCESSES

A. Identification of an Outlier-corrupted AR Process

We consider the problem of isolated outliers. These are not
modelled by (3), since the outlier-affected observed value does
not become an element of any future regression. Hence, the
autoregressive variable, z,, is unobserved, and the observation
process is
(59

Ty = Zn + Wny,

where w,, denotes a possible outlier at time n. For an isolated
outlier, it holds that

Priwpy; =0lwn, 0] =1, i=1,...,p. (60)

The AR model is identified via f (a,o|X,) (8) (i.e. not via
f(a,o0|Z,)) and so the outlier has influence if and only if
it enters the extended regressor X,, (9). Since X,, is of finite
length, p+1, and since the outliers are isolated, a finite number
of mutually exclusive scenarios can be defined. Each of these
scenarios can be expressed via an EAR model and combined
together using the MEAR approach, as follows.

a) None of the values in X,, is affected by an outlier:
ie. Tp_j = zp—4,¢ = 0,...p. G1 is then the unity transfor-
mation: y,, = X,,. For ease of notation, we have dropped the
component index, ¢, in y;.,,, here and in what follows.

b) The observed value, x,, is affected by an outlier: from
(60), all delayed values are unaffected; i.e. ,,—; = 2p—i, 1 =
1, ...p. For convenience, w,, can be expressed as w,, = hp0€,,
where h,, is an unknown multiplier of the realized AR residual
(3). From (3), (59):

T, = —a'x, + (1 + hy) oe,.

Dividing across by (14 h,,) reveals the appropriate EAR
transformation (23):

1
Gy: y, = X1 - 61
2y 1+h, X (61)
(G5 is parameterized by h,,, with constant Jacobian, Jo = ﬁ

(24).

¢) The k-steps-delayed observation, x.,,_, is affected
by an outlier, k € {1,...,p}: in this case, the known
transformation should replace this value by an interpolant,
Zn—k, Which is known at time n. The set of transformations
for each k is then

G2+k DY =Xp 6p+1 (k + 1) (271—/@ - (En—k) ’

where vector 9. () is defined in (30). G2y is parameterized
by Z,_k, with Jacobian Jo;p = 1.

We have described an exhaustive set of ¢ = p + 2 filters,
G, transforming the observation regressors, X,, to EAR
regressors, y,, for which the AR model (3) is valid, via (24).
Parameters h,, and Z,_; must be defined. We choose the
parameter of G2 to be a known fixed h,, = h. Alternatively, if
the variance of outliers is known to vary significantly, we can
split G2 into w > 1 candidates with respective fixed values
hay < hy < ... < hy. Next, Z,— is chosen as the k-
steps-delayed value of the following causal reconstruction:

tn =& {mlln =5} £ (I = &)X, G)
j=1

c

Al
Z Wjin | — W@y _1Xp.  (62)
J=1,j#2

:x’ﬂ

Here, we are using (15), (52), and the fact that z,, = z,, for
all transformations except G.

A second-order, stable, stationary AR process with param-
eters a = [—1.8,0.98]), ¢ = 0.01, was simulated with a
random outlier at every 30th sample. The total number of
samples was N = 200, and u = 1 (i.e. ¢ = 4), with h = 10.
Identification results (using stationary identification (49)—(51)
with non-informative priors) are illustrated in Fig. 2 along with
the reconstruction (62). When an outlier occurs, all candidate
filters are sequentially used (middle diagram). Thus, the re-
gressors, y; », containing the outlier are sequentially removed
from (49) very effectively. The marginal distribution of a is
Student-t, Vn > p, with moments given by (11) and (13). The
terminal moments are illustrated in Fig 2 (right), via the 95%
Highest Posterior Density (HPD) ellipses [12]. The MEAR
inference of a is close that using (8) with uncorrupted data.
Robust identification has therefore been achieved. In effect,
the procedure has unified the pre-processing and identification
tasks for the AR model.

B. Identification of a Burst-noise-corrupted AR Process

A burst noise scenario requires more than one outlier to be
considered in the regressor. We transform the underlying AR
model (3) into state-space form [9]:

Znt1 = Az, + roe,, (63)
—a1 —as —ap 1
1 o .- 0 0

A= | . ) =1, (64
0 e 1 0 0

such that A € RP*P and r € RP*!. The observation process
with burst noise is modelled as

Tp = C/Zn + hnagna (65)

where ¢ = [1,0,...,0]'e ®RP*!, and &, is distributed as
N (0,1), independent of e,,. h,o denotes the time-dependent
standard deviation of the noise which is assumed strictly
positive during any burst, and is zero otherwise. Note that (63),
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Reconstruction and identification of an AR(2) process corrupted by isolated outliers. Left: comparison of the measured and reconstructed signal.

Middle: weights (53) of the MEAR components (outlier occurred at n = 150). Right: comparison of the terminal (n = N = 200) moments of the marginal

posterior distributions of a.

(64) is identical to the AR model in the previous example (3).
The only modelling difference is in the observation process
(65) compared to (59), (60). We identify a finite number of
mutually exclusive scenarios, each of which can be expressed
using an EAR model:

a) The AR process is observed without distortion: i.e.
hp=hn1=...=hyp_p =0. Formally, G| : ¥, = X,.

b) The measurements are all affected by constant-
deviation burst noise: i.e. hy = hp_1 = ... = hp_p = h.
The state-space model (63), (65) is now defined by the joint
distribution

f (Zn, :Enlaa 0,Zn—1, h) =

Az, 1 o rr’ 0
(ol ) o

(66) cannot be directly modelled as an EAR process because it
contains unobserved state vector z,,. Using standard Kalman
Filter (KF) theory [2], [9], we can multiply terms together
of the kind in (66), and then integrate over the unobserved
trajectory—i.e. over {z,i1,...,Z,}— to obtain the direct
observation model:

[ (zala, 0, X0 1,h) =N (azn,0%¢y) . (67)

The moments in (67) are defined recursively as follows:
Gn =h* +'Sn_1c, (68)
Zp=8n_1—q; (Sp_1¢) (Sp_1¢)’, (69)
2y = A2y +h 2 Zpe(x, — A2y ), (70)

S, =rr' + AZ, A (71)

(67) can be expressed as a valid EAR model (24), if z,, and ¢,
are independent of the unknown AR parameters, a,o. From
(68) and (70) however, both ¢,, and z,, are functions of A (a)
(64). In order to obtain a valid EAR model, we replace A (a)
in (70), (71) by its expected value, A, 1 =A (4,—1), using
(11). Then, (67) is a valid EAR model defined by the set of
transformations

Gy : Yn = L

72
N (7%)

[T, 2:1]/7

_1
with time-variant Jacobian, J,, = ¢n 2 (X, —1), evaluated re-
cursively using (68). G2 is parameterized by unknown h, each

setting of which defines a distinct candidate transformation.
Note that y,, in (72) depends on a,,—; (11). Parameter updates
are therefore correlated with previous estimates, &, 1.

c¢) Remaining cases: cases a) and b) do not address
the case where hj is not constant on a regression interval
k € {n—p,...,n}. Complete modelling for such cases
is prohibitive, since [hy_p,...,h,] exists in a continuous
space. Nevertheless, it is anticipated that such cases might be
accommodated via a weighted combination of the two cases
above.

A non-stationary AR(2) process was studied, with ay,, in
the interval [—0.98, —1.8] (as displayed in Fig. 3 (right)),
az, = az = 098, 0, = o = 0.01, and N = 200.
Realizations are displayed in Fig 3 (left). For n < 95,
a1;n 18 increasing, corresponding to faster signal variations.
Thereafter, ai,, decreases, yielding slower variations. The
process was corrupted by two noise bursts (samples 50-80
and 130-180), with parameters i = 8 and h = 6 respectively
(65). The process was estimated using ¢ = 3 filter candidates:
namely the unity transformation, G1, along with G (h = 5)
and Gy (h = 10). Identification results, using (48), (56)-
(58), are displayed in Fig. 3 (middle). Specifically, the 95%
HPD interval, via (11) and (13), of the marginal Student ¢-
distribution of a1, and asg,, respectively, is displayed. The
process was identified using forgetting factors (55) ¢paig =
0.92, ¢p; = 0.9, and non-informative, stationary, alternative
NG distribution, f (a, o). Furthermore, the matrix parameter,
U, of the stationary, alternative Di distribution, f (T) (55),
was chosen to be diagonally dominant with ones on the
diagonal. This discourages frequent transitions between filters.

The identification results (Fig. 3 (middle)) indicate better
detection of the first burst than the second. As already noted,
Zin,® = 2,...,c, (which denotes the reconstructed state
vector (70) with respect to the ith filter), is correlated with
a,—1, which may undermine the tracking of time-varying AR
parameters, a,,. In this case, each Kalman component predicts
observations poorly, and receives low weights, wo,, and ws.y,
(53), in (56). This means that the first component—which
does not pre-process the data—has a significant weight, wy.y,.
Clearly then, the Kalman components have not spanned the
space of necessary pre-processing transformations well, and
need to be supplemented. Extra filters can be ‘plugged in’ in a
naive manner (in the sense that they may improve the spanning
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parameters ai;, and ag,, (KF filter-bank). Right: recursive identification of parameters a1, and az;, (KF+LPF filter-bank).

of the pre-processing space, but should simply be rejected,
via (53) if poorly designed). During the second burst (Fig.
3), the process is slowing down. Therefore, we have extended
the bank of KF filters by a simple arithmetic mean Low-Pass
Filter (LPF) on the observed regressors:

1
G3 : yn =35 (in +Xn-1+ in—2) . (73)

3

(72) and (73) yield EAR models with the same AR param-
eterization, and so they can be combined within the MEAR
framework.

Identification of the process using the KF+LPF filter-bank
is displayed in Fig. 3 (right). Identification is improved during
the second burst. The observed signal is compared with the
reconstruction obtained using both variants (i.e. the KF and
KF+LPF filter-banks) in Fig. 3 (left). Reconstructed values
for the KF variant are derived from (62):

3
én = Wi;nTn — Zwi;né;lii,nv (74)
i=2
using (11), (56). For the KF+LPF variant, the term

2 (&n 4 Tp—1 + Tn_2) is added to (74), where wy;, is the
estimated weight of the LPF component (53), (56)—(58).

Speech reconstruction: the MEAR filter-bank for the burst
noise case (KF variant) was applied in the reconstruction of
speech. A ¢ = 4 MEAR model was used, involving G (¥, =
Xn), G2 (h =3), G2 (h =6) , G3 (h = 10). The speech was
modelled as AR with p = 8 (3). The forgetting factors (55)
were ¢arig = ¢p; = 0.95. Once again, a diagonally-dominant
¥ was chosen for f (T).

During periods of silence in speech, statistics (56) are
effectively not updated, creating difficulties for adaptive iden-
tification. Therefore, we use an informative stationary alter-
native distribution, f (a,0), of the NiG type (5) for the AR
parameters in (55). We identify the time-invariant alternative
statistics, V, 7, using 1800 samples of unvoiced speech.
f (a,0) was then flattened to reduce # from 1800 to 2. This
choice moderately influences the accumulating statistics at

each step, via (56). Specifically, after a long period of silence,

the influence of data in (56) becomes negligible, and V,, is
reduced to V.

Three sections of the bbcnews . wav speech file, sampled
at 11kHz, were corrupted by additive noise. Since we are par-
ticularly interested in performance in non-stationary epochs,
we have considered three transitional cases: (i) voiced-to-
unvoiced transition corrupted by zero-mean, white, Gaussian
noise, with a realized Signal-to-Noise Ratio (SNR) of —1
dB during the burst; (ii) an unvoiced-to-voiced transition
corrupted by zero-mean white uniform noise at —2 dB; and
(iii) a silence-to-unvoiced transition corrupted by a click of
type 0.25 cos (3n) exp (—0.3n), superimposed on the silence
period. In the first two cases, the noise burst was successfully
suppressed. In the third case, the click was suppressed, but
with some suppression also of the unvoiced speech.

VII. DISCUSSION

The MEAR model (37) proposes a relatively rich exten-
sion of the classical AR model. It allows transformations on
regressors, which relates it to semi-physical modelling [28].
Being a mixture-based extension, it is also related to the
multiple model approach [29], to mixtures of AR processes
[30], and to the Generalized AR (i.e. GAR) approach [7].
It must be remembered, though, that the MEAR model is a
single AR model subject to an unknown transformation of
observations. This is formalized as a mixture with common
AR parameters (37). There are two main consequences. Firstly,
the MEAR model is appropriate in cases where the transfor-
mation/distortion process is independent of the underlying AR
process. Secondly, the AR parameter inference (48) requires a
single sufficient statistic matrix, V,, (49), updated via a linear
combination of ¢ dyads, each calculated from one component
in turn. This is expressed in the associated computational
structure (Fig. 5). V,, is therefore updated by a structure of
rank c.

The restriction to common AR parameterization across all
components can easily be relaxed via obvious changes to the
recursive algorithm (49)—(51). Each AR component would
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then experience a local rank-1 update, and there would be
no inter-component interaction. Such a model would be over-
parameterized, as each component would then have unknown
AR parameters and an unknown transformation G;, causing
identification problems. The common AR parameterization
in the MEAR model overcomes this problem. Moreover, the
MEAR rank-c update implies an interaction of regressors from
each component. This appears to be a key benefit of the MEAR
model, as it allows a small number of candidate models to span
a larger transformation space. In Section VI, for example, a
small number of discrete values, h, drawn from a potentially
large continuous range, could handle bursts generated by a
model not explicitly represented by any one component.

Interaction between a finite set of components has been
implemented by other techniques. The Kalman-based Inter-
acting Multiple Models (IMMs) [29] linearly combine state
vectors (i.e. certainty equivalents) evaluated using each filter,
before using it in the Kalman updates. Again, however, this
corresponds to a rank-1 update in our framework. The MEAR
algorithm (Fig. 5) only propagates sufficient statistics, V,,, and
not certainty equivalents.

The Bayesian identification method presented in this paper
unifies all tasks of inference into a single, model-consistent
framework. In the burst noise example of Section VI-B,
the MEAR algorithm combines the pre-processing tasks (of

burst detection and signal reconstruction) with on-line iden-
tification. It is the dynamic weights (53) which balance the
dyadic update contributed by each component at every step
(49). This contrasts with the previously reported methods.
For example, in [31], a Boolean detection decision is made
concerning presence of outliers. During a detected burst, a
Kalman filter is used for reconstruction, and updating of
statistics is interrupted. In our work, the updating of statistics
is never interrupted. Components which, in effect, pre-process
noisy data, contribute dyads constructed from filtered data.
Furthermore, exponential forgetting is used to handle time-
varying AR parameters, in place of the extended Kalman
filter in [31]. In difficult cases, such as silence regions of
speech (Section VI-B), forgetting with informative alternative
distributions (55) can be used.

A Quasi-Bayes (QB)-based approximate update of sufficient
statistics was employed in [25], for estimating an ARMA
model using a mixture-based extension (ARMMAX). The AR-
MMAX model is a special case of the MEAR model, but with
time-invariant component weights, instead of (32), and with
moving-average whitening filters as candidate transformations
(23). The candidates, G (28), used to represent the continuous
multidimensional transformation space, were designed using a
simplex method. This is an example of a technique for filter-
bank design, achieved at the price of loss of recursivity in the



identification method. Further work on filter-bank design is
required.

In our work, we model the possible degradations of the AR
process, and design the filter-bank, G (28), in an attempt to
span these possibilities. The task is facilitated by interaction
between the filters, via the rank-c update (49). The parallel
architecture of the summed-dyad algorithm (Fig. 5) permits
extra candidates to be ‘plugged in’ with ease, in order to
supplement the set. We saw in Section VI-B, for instance,
how this can improve identification. When the extra candidate
is not relevant, its contributing dyads are weighted by low
component weights in (49), and become negligible.

VIII. CONCLUSION

We have introduced a mixture-based extension of the AR
model, and derived an associated recursive Bayesian iden-
tification scheme. The resulting MEAR model is a mixture
of AR components with common AR parameterization, each
component modelling the AR process defined with respect to
one possible data transformation. These transformations can
be interpreted as a bank of filters, used to pre-process a single
AR process.

The principal design aim of the MEAR model was to
extend the modelling abilities of the classical AR model
without losing the recursive computational properties of its
identification. The recursive update was optimized at each
time step in the sense of Kullback-Leibler (KL) distance.
Conjugacy and sufficient statistics were preserved using a
conditional independence assumption. This resulted in an on-
line Variational Bayes (VB) approximation, which was further
restricted in order to yield a non-iterative solution, known as
the Quasi-Bayes (QB) formulation. This step-wise optimiza-
tion of the parameter inference is important in non-stationary
processing, yielding, for example, optimized point estimates
along with measures of their uncertainty. The computational
load of the MEAR identification procedure is light, increasing
only linearly with the number of components (i.e. the number
of filters in the filter-bank), and so real-time implementation
is feasible.

The MEAR model is expected to be useful in situations
where AR models are already used, but where there are now
various distortions present. A correctly designed filter-bank
for the MEAR model permits on-line recursive identification
of the AR process, robust to these distortions. The MEAR
model does not impose any specific form of filter on the
filter-bank. Thus, it can be seen as a flexible framework for
on-line comparison and cooperation between various ad hoc
candidate pre-processing filters. Key to the computational flow
of the proposed algorithm (Fig. 5) is the rank-c updating of
parameter statistics via a weighted sum of dyads formed from
the regressors of each transformation. The model can therefore
perform well even in situations where the filter-bank does not
include the true underlying data transformation.
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