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BACKGROUND

1. Technical Field

An embodiment of the present disclosure relates to a system identification
device, a system identification method, a system identification program, and a recording
medium recording the system identification program. Specifically, the embodiment of
the present disclosure relates to a system identification device, a system identification
method, a system identification program, and a recording medium recording the system
identification program for numerically and stably identifying a large-sized acoustic or
communication system at high speed.
2. Related Art

System identification indicates that a mathematical model (e.g., a transfer
function and an impulse response) of an input/output relationship of a system is
estimated based on input/output data. Representative application examples include an
echo canceller in international communication, an automatic equalizer in data
communication, an echo canceller, sound field reproduction and active noise control in

an acoustic system, and a feedback canceller used for a hearing aid. Typically, a least
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mean square (LMS) algorithm, a recursive least square (RLS) algorithm, and a Kalman
filter
have been widely used as adaptive algorithms in system identification. Generally, an

input/output relationship of a linear system is represented as follows.

N-1
Y = Z hiug—; + vi (l)
i—0

In this case, uy is input, h; is an impulse response of the system, and y is
output including noise vy upon observation.

Details are described in Non-Patent Document 1 and others.
1. LMS Algorithm

LMS estimates the impulse response xi = [hy, ... , hx.1]" of the system as

follows from the input uy and the output yy.

& = &poy+pH (- Hidroo) (2)

Note that Hy=[uy, ..., uk_NH]T is satisfied, and p(p > 0) is called a step size.
Moreover, an algorithm whose step size p is replaced with ;1/(||HTk||2 +§) is called an
NLMS algorithm. In this case,  is a positive constant set in advance such that the
denominator is not zero even in absence of input.
2.RLS

RLS estimates the impulse response xi = [hy, ... , hx.]" of the system as

follows from the input uy and the output yy.

Zy = T+ Kilye — HyZpoy) (3)
Pi_1HT
By = e 7 (4)
p+H Py 1 Hy
Py = (Pr-1—- KiHiPy_1)/p (5)



Note that a relationship expression of ®o = 9.  Po =«col, o >0 jg
satisfied. 0 1is a zero vector. [is aunit matrix. Moreover, a forgetting factor p
satisfies 0 <p < 1. (Note that “*” and “*”” mean estimation values, and as indicated by
a mathematical expression, is assigned to just above characters in a normal situation.
Note that for convenience of input, these signs are sometimes described on an upper
right side of characters. The same applies hereinafter.)

3. Kalman Filter

Linear System Represented by State Space Model
Tkl = p*%mk;, yr = Hyxp + vy (G)

Regarding this expression, the minimum variance estimation value X"y of a

state xj is obtained by the following Kalman filter.

Tpe = Trp-1 + Ki(ye — HiZpp—1)
Brpe = o Tdyp (7)
Ki = Sy 1 H (p+ HEpp Hy ) ! (8)
Bike = o1 — K .H 3y,
Berije = Eiie/p (9)

Xk: a state vector or merely the state; unknown, and this is a target for estimation.

Note that Relationship Expression (10) below is satisfied.

g1 = 0, i)ll|- 1 =¢€d, ¢>0 (10)

yk: an observation signal; taken as filter input, and known.
Hy: an observation matrix; known.

vi. observation noise; unknown.

p: a forgetting factor; generally determined by trial and error.

Ki: a filter gain; obtained from a matrix X/ ..
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X k: corresponding to a covariance matrix of an error of x”y; obtained by a Riccati
equation.
X Nr1k: corresponding to a covariance matrix of an error of X"+1j; obtained by the
Riccati equation.
2’11 corresponding to a covariance matrix of an initial state; unknown in a normal
situation, but gyl is used for convenience.

There are other typical techniques described in Patent Documents 1 to 3 and
Non-Patent Documents 2 to 6 below.
Patent Document 1: Japanese Patent No. 4067269
Patent Document 2: Japanese Patent No. 4444919
Patent Document 3: Japanese Patent No. 5196653
Non-Patent Document 1: S. Haykin, Adaptive Filter Theory, 3rd Edition, Prentice-Hall,
1996
Non-Patent Document 2: K. Nishiyama, Derivation of a Fast Algorithm of Modified H,
Filters, Proceedings of IEEE International Conference on Industrial Electronics, Control
and Instrumentation, RBC-II, pp. 462-467, 2000
Non-Patent Document 3: K. Nishiyama, An H,, Optimization and Its Fast Algorithm for
Time-Variant System Identification, IEEE Transactions on Signal Processing, 52, 5, pp.
1335-1342, 2004
Non-Patent Document 4: K. Nishiyama, A Unified View of Adaptive Algorithms for
Finite Impulse Response Filters using the H Framework, Signal Processing (Elsevier),
97, pp. 55-64, April 2014
Non-Patent Document 5: B. Hassibi, A. H. Sayed, and T. Kailath, Indefinite-Quadratic

Estimation and Control, 1st Edition, STAM, 1999



Non-Patent Document 6: G. Glentis, K. Berberidis, and S. Theodoridis, Efficient least
squares adaptive algorithms for FIR transversal filtering, IEEE Signal Processing

Magazine, 16, 4, pp. 13-41, 1999

SUMMARY

Provided is a system identification method for performing fast real-time
identification for a system from input/output data, the method comprising estimating a
state estimation value x"x of a state xx of the system from a received signal ux of an
interface in an acoustic system or a communication system and from an observation
signal yx of an echo or a feedback by using a filter robust to disturbance in such a
manner that a maximum energy gain from the disturbance to a filter error is, as an
evaluation criterion, set smaller than a given upper limit y¢, and canceling out the echo
or the feedback using a result of the state estimation value x"kx, wherein the filter is, by
Expressions (49) to (62) below, provided to a state space model represented by
Expressions (11) to (13) below to estimate the state estimation value X"k of the state xx

of the system:



H i T + Grwy, wy.xp € RY
Yk Hxy, + vy, YUk ER
Zk Hxy, zk € R, HRE'R]XN
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Si pS 1 +ei W§,
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Xk PilRe,kW
5 ST
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where Cy and W are defined by the following expressions:
H 1
Ck = k ) W = 0 2
H;c 0 —"]ff
b
2x1 .
e € R™" ig a first column vector of Ck = [ck. . Chon11 ,
“ Uk ot Uk—pN
Cr=
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T
Hk: [uk, ey uk-N+l] ’

(11)
(12)
(13)

(63)

ooy N+ 1

(64)



Xk: a state vector or merely a state; unknown, and this is a target for
estimation,
Xo: an initial state; unknown,
Wg: system noise; unknown,
Vi observation noise; unknown,
Vk: an observation signal; taken as filter input, and known,
7Zx: an output signal; unknown,
Gy: a drive matrix; known upon execution,
Hy: an observation matrix, known,
X"k an estimation value, using observation signals yy to yy, of the state xi (an
impulse response of an unknown system) at time k; provided by a filter equation,
X"+1/k: a single-step prediction value, using the observation signals yq to yi, of
a state Xy at the time k; provided by the filter equation,
X”_j1.1: an initial estimation value of the state; unknown in a normal situation,
but zero is used for convenience,
K x: a filter gain; obtained from a matrix X1,
Rex: an auxiliary variable; a 2x2 matrix,
Yk a conversion factor; a 2x2 matrix,
N: a dimension (a tap number) of the state vector; provided in advance,
Wk: an N+1-th 1x2 row vector of KY,; obtained by KY%,
my: an Nx2 matrix including first to N-th rows of KY,; obtained by KY,
W: a weighting matrix; determined by vy,
ay: a forward linear prediction factor; an N-dimensional column vector,
by: a backward linear prediction factor; an N-dimensional column vector,

ex: an ex-post forward prediction error; a two-dimensional column vector,



ek: an ex-post backward prediction error; a two-dimensional column vector,
and

Y. an attenuation level; provided upon designing.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graph for describing distribution and properties of a solution in a
V-G~ space;

Fig. 2 is a flowchart of the processing of obtaining X", 2" kk-1 = HiX-1jk-1 by
a fast H,, filter group;

Fig. 3 is a flowchart regarding checking of a scalar existence condition;

Fig. 4 is a diagram for describing a communication system and echo;

Fig. 5 is a principle diagram of an echo canceller;

Figs. 6A and 6B are graphs for describing transition of a tap square error in the
present embodiment (C-FHF) and other methods;

Fig. 7 is a graph for describing an audio signal;

Figs. 8A and 8B are graphs for describing results when the audio signal of Fig.
7 is taken as input;

Fig. 9 is a table (Table 1) for describing the processing and time complexity of
a fast H,, filter;

Fig. 10 is a table (Table 2) for describing the processing and time complexity
of a C-fast H,, filter;

Fig. 11 is a table (Table 3) for describing the processing and time complexity
of a C-whiten fast H,, filter;

Fig. 12 is a table (Table 4) for describing the processing and time complexity

of a filter of a C-NLMS algorithm;



Fig. 13 is a table (Table 5) showing an impulse response of an echo path;

Fig. 14 is a configuration diagram of hardware regarding the present
embodiment;

Fig. 15 is a table for describing the processing and time complexity of one
example of an optimal version of the C-whiten fast H,, filter; and

Fig. 16 is a table for describing the processing and time complexity of one

example of an optimal version of the filter of the C-NLMS algorithm.

DETAILED DESCRIPTION

In the following detailed description, for purpose of explanation, numerous specific
details are set forth in order to provide a thorough understanding of the disclosed embodiments.
It will be apparent, however, that one or more embodiments may be practiced without these
specific details. In other instances, well-known structures and devices are schematically
shown in order to simplify the drawing.

Currently, an adaptive algorithm most widely used for system identification is
LMS. LMS has such a problem that a computational complexity is small, but a
convergence speed is extremely slow. Meanwhile, X" and Py of RLS and a Kalman
filter are positive-definite symmetric matrixes in a normal situation. However, in
single-precision (e.g., 32 bit) calculation, this condition is not satisfied infrequently.
This is one factor for numerically bringing the Kalman filter and RLS into an unstable
state. Moreover, the computational complexity is O(N 2). Thus, in a case where the
dimension (the tap number) N of a state vector xy is great, the number of times of data
processing per step is significantly increased. Thus, in some cases, these algorithms

are not considered suitable for real-time processing.



One object of the present disclosure is to identify a large-sized acoustic or
communication system with high accuracy at high speed. Moreover, another object of
the present disclosure is to apply, e.g., a system identification method and a system
identification device for implementing such identification to a feedback canceller.

A system identification device according to a first embodiment of the present
disclosure is a system identification device for performing fast real-time identification for a
system from input/output data. The device includes a filter robust to disturbance, by
setting a maximum energy gain from the disturbance to a filter error , as an evaluation
criterion, smaller than a given upper limit y#, in which the filter is, by Expressions (49)
to (62) below, provided to a state space model represented by Expressions (11) to (13)

below to estimate a state estimation value X" of a state xi of the system:
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Tpy x; + Grwy, W. T € M (]1)
Yk H.zy, + vy, Yk, U ER (12)
2k Hixy, zx€R, Hye RN (13)
Tk Tp1jp—1+ Ko k(v — HyZp_q)k—1) (49)
Kk(:. ],)
K, e :
* T R )
by b, —p 'K We, (51)
Sp = pSpo1+elWé, (52)
er = Xi & (53)
X p 'R W (54)
5 T
€€, S,
R = Repoi+ 2% g (55)
Sk—1
€k Sy 1fid (56)
K, 1y — by fix (57)
m 0 1 g1
L g # "k (58)
fii Ki 1 ar_1 | Sk-1
aj ap1—p 'Kp Wey (59)
Sy pSik_1 + ef Wé, (60)
ek Xi €k (61)
€y cr +Cr_1a5_1 (62)
where Cy and W are defined by the following expressions:
H 1
Ck — k ) W - U 2
H;c 0 —"]ff
e € R¥™ g a first column vector of Ck =[x kw1l
< Uk o0 Uk—N
Cy = (63)
Wg ot Ug-N
ék(:: 1) = GE = [”k “'k]Ta éﬁ'(:vi) = Ck*l(:/"" - 1)a i=2,N+1
(64)

T
Hk: [uk’ ey uk-N+l] s
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Xk: a state vector or merely a state; unknown, and this is a target for
estimation,
Xo: an initial state; unknown,
Wg: system noise; unknown,
vi.. observation noise; unknown,
Vk: an observation signal; taken as filter input, and known,
7Zx: an output signal; unknown,
Gy: a drive matrix; known upon execution,
Hy: an observation matrix, known,
X"xk: an estimation value, using observation signals yy to yy, of the state xi (an
impulse response of an unknown system) at time k; provided by a filter equation,
X"+1)k: @ single-step prediction value, using the observation signals yq to yi, of
a state Xy at the time k; provided by the filter equation,
X111 an initial estimation value of the state; unknown in a normal situation,
but zero is used for convenience,
K x: a filter gain; obtained from a matrix X1,
Rex: an auxiliary variable; a 2x2 matrix,
Yk a conversion factor; a 2x2 matrix,
N: a dimension (a tap number) of the state vector; provided in advance,
Wk: an N+1-th 1x2 row vector of KY,; obtained by KY,
my: an Nx2 matrix including first to N-th rows of KY,; obtained by KY,
W: a weighting matrix; determined by vy,
ay: a forward linear prediction factor; an N-dimensional column vector,
by: a backward linear prediction factor; an N-dimensional column vector,

ex: an ex-post forward prediction error; a two-dimensional column vector,
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ex: an ex-post backward prediction error; a two-dimensional column vector,
and

ve: an attenuation level; provided upon designing.

A system identification device according to a second embodiment of the
present disclosure is a system identification device for performing fast real-time identification
for a system from input/output data. The device includes a filter robust to disturbance, by
setting a maximum energy gain from the disturbance to a filter error, as an evaluation
criterion, smaller than a given upper limit y#, in which the filter is, by Expressions (49),
(50), (55), (58), (60) to (62) below, provided to a state space model represented by

Expressions (11) to (13) below to estimate a state estimation value X" of a state xy of

the system:
Tpy1 = Tp+ Grwy, Wg. Ty € RN (11)
U = Hx) + Uk, Yks Uk € R (12)
2 = Hpde, HnER, Hye RV (13)
) A Ki(:, 1 )
Tpe = Tho1jk- *"LL%(M- = Hy®p qk-1) (49). (50)
Ckcz =
Reyp = Rep+ g T GNP (55)
k-1
K; cr/Sk-1
= i (58)
B K,
S = pSp.q+ Cz:Wék =pSp—1+ (1 — “,fj 2)1&,‘3 (60)
€, = Ck, €p=CcCk Cp=|ug ‘U,k}T (61), (62)

where Cy and W are defined by the following expressions:

H; 1 0
Ck _ k , W = ,
Hﬁ‘. 0 —’Irf

2x1 . [
e € R™" s a first column vector of €k = [ek: . Ce—n+1] |
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; U ot Up-N
Ci= (63)
Wkt Ug-N

Ci(t,1) = ek =lux m‘.]T. C,u,.(:,'i) =Ch_1(:,i— 1), i=2,- ,N+1
(64)
Hie= [, -, U]
Xk: a state vector or merely a state; unknown, and this is a target for

estimation,

Xo: an initial state; unknown,

Wg: system noise; unknown,

Vi: observation noise; unknown,

yk: an observation signal; taken as filter input, and known,

7x: an output signal; unknown,

Gy: a drive matrix; known upon execution,

Hy: an observation matrix, known,

X"k an estimation value, using observation signals yy to yx, of the state x (an
impulse response of an unknown system) at time k; provided by a filter equation,

X"+ @ single-step prediction value, using the observation signals yy to yi, of
a state xx+ at the time k; provided by the filter equation,

x\.111: an initial estimation value of the state; unknown in a normal situation,
but zero is used for convenience,
K x: a filter gain; obtained from a matrix X1,
Rex: an auxiliary variable; a 2x2 matrix,
N: a dimension (a tap number) of the state vector; provided in advance,
Wk: an N+1-th 1x2 row vector of KUk; obtained by KUk,

W: a weighting matrix; determined by vy,
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ex: an ex-post forward prediction error; a two-dimensional column vector,

ek: an ex-post backward prediction error; a two-dimensional column vector,

v¢: an attenuation level; provided upon designing, and

L a step size (a relaxation factor); a real number of p > 0, and provided in
advance.

A system identification device according to third embodiment of the present
disclosure is a system for performing fast real-time identification for a system from
input/output data. The device includes a filter robust to disturbance, by setting a
maximum energy gain from the disturbance to a filter error, as an evaluation criterion,
smaller than a given upper limit Yfz, in which the filter is, by Expressions (49), (50), (55),
(58) below, provided to a state space model represented by Expressions (11) to (13)

below to estimate a state estimation value X" of a state xi of the system:

Tpt1 = xp + Grwy, wi. T € RN (11)
ye = Hpzp + vy, Yk, Uk €ER (12)
2 = Hk’mk' Zk € R, Hk c RiXN (13)
b = St 0 s ) (49). (50)
|k i~ 1lk—1 R..(11) k kLh—1|k—1 Ak
R.r = R+ ecie; — cr_nil (55)
Rk €QCkL

= ) (58)

TR Ky

where Cy and W are defined by the following expressions:

H; 1 0
Ck _ k , W = ,
Hﬁ‘. 0 —’Irf

2x1 . [
¢ € R™ s a first column vector of Ck = [€k: - Ce—n1] |
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5 Uk = Up-N
Cy= (63)
U v Uk-N

C;,:(:, 1) = C = ['H,k ’H;r]T, é}..(:.’:") = C’;‘._l(i,’i - 1), i = 2, s -,N +1
(64)

Hie=[ug, ..., tenn]'s

Xk: a state vector or merely a state; unknown, and this is a target for
estimation,

Xo: an initial state; unknown,

Wwy: system noise; unknown,

Vi observation noise; unknown,

yk: an observation signal; taken as filter input, and known,

7x: an output signal; unknown,

Gy: a drive matrix; known upon execution,

Hy: an observation matrix, known,

X"qk: an estimation value, using observation signals yo to yi, of the state xi (an
impulse response of an unknown system) at time k; provided by a filter equation,

X"+ a single-step prediction value, using the observation signals yg to yi, of
a state xx+ at the time k; provided by the filter equation,

x\.111: an initial estimation value of the state; unknown in a normal situation,
but zero is used for convenience,

Kx: a filter gain; obtained from a matrix X1,

Rex: an auxiliary variable; a 2x2 matrix,

N: a dimension (a tap number) of the state vector; provided in advance,

Wk an N+1-th 1x2 row vector of KUk; obtained by KUk,
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W: a weighting matrix; determined by vy,

ex: an ex-post forward prediction error; a two-dimensional column vector,

ek: an ex-post backward prediction error; a two-dimensional column vector,

€o: any positive constant; gy > 0, and provided in advance,

ve: an attenuation level; provided upon designing, and

L a step size (a relaxation factor); a real number of p > 0, and provided in
advance.

A system identification method according to a fourth embodiment of the present
disclosure is a system identification method for performing fast real-time identification
for a system from input/output data, in which a filter robust to disturbance is used in
such a manner that a maximum energy gain from the disturbance to a filter error is, as
an evaluation criterion, set smaller than a given upper limit v¢, and the filter is, by
Expressions (49) to (62) below, provided to a state space model represented by
Expressions (11) to (13) below to estimate a state estimation value X" of a state xy of

the system:
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Tht1 T + Grwy, Wg.T) € RN (11)
Yk Hxy + vy, Yk, Uk €R (12)
2, Hyxy, z€R, Hye RN (13)
Tk Tp_ k-1 Ksx{e — HeZg_15-1) (49)
Ki(:.1)
K, e 5
¢ = R 1) )
by by_, — p_IKngk (51)
Sy pSi  +efWe, (52)
e = Xj & (53)
Xk p IR W (54)
5 ST
€re;. o g
Rn,}. Rf:,]c—l + . €Lk (55)
Sk-1
€y S 1ty (56)
K, My — b1 i (57)
m 0 1 eT
o .|+ —k (58)
i Ky, ag—1 | Sk-1
a A1 — p '1I~{;‘:,1Wek (59)
S pSk_1+ eEWék (60)
e = Xil1€k (61)
ék, ci + Ck—J.a'.k:—J. (62)
where Cy and W are defined by the following expressions:
H 1
Ck = k ) W = 0 2
H;c 0 —"]ff
e € R™ g a first column vector of Ck = [€x: - ¢k w11 ,
“ Uk ot Uk—pN
Cy= (63)
Ug 0 Uk-N
Ci(:,1) = ep=lupu]”, Cr(,i)=Cpr1(i—1), i=2,--- N+1
(64)

T
Hk: [uk, ey uk-N+l] ’
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Xk: a state vector or merely a state; unknown, and this is a target for
estimation,
Xo: an initial state; unknown,
Wg: system noise; unknown,
Vi observation noise; unknown,
Vk: an observation signal; taken as filter input, and known,
7Zx: an output signal; unknown,
Gy: a drive matrix; known upon execution,
Hy: an observation matrix, known,
X"k an estimation value, using observation signals yy to yy, of the state xi (an
impulse response of an unknown system) at time k; provided by a filter equation,
X"+1/k: a single-step prediction value, using the observation signals yq to yi, of
a state Xy at the time k; provided by the filter equation,
X111 an initial estimation value of the state; unknown in a normal situation,
but zero is used for convenience,
K x: a filter gain; obtained from a matrix X1,
Rex: an auxiliary variable; a 2x2 matrix,
Yk a conversion factor; a 2x2 matrix,
N: a dimension (a tap number) of the state vector; provided in advance,
Wk: an N+1-th 1x2 row vector of KY,; obtained by KY,
my: an Nx2 matrix including first to N-th rows of KY,; obtained by KY,
W: a weighting matrix; determined by vy,
ay: a forward linear prediction factor; an N-dimensional column vector,
by: a backward linear prediction factor; an N-dimensional column vector,

ex: an ex-post forward prediction error; a two-dimensional column vector,
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ex: an ex-post backward prediction error; a two-dimensional column vector,
and

ve: an attenuation level; provided upon designing.

A system identification method according to a fifth embodiment of the present
disclosure is a system identification method for performing fast real-time identification
for a system from input/output data, in which a filter robust to disturbance is used in
such a manner that a maximum energy gain from the disturbance to a filter error is, as
an evaluation criterion, set smaller than a given upper limit v¢, and the filter is, by
Expressions (49), (50), (55), (58), (60) to (62) below, provided to a state space model
represented by Expressions (11) to (13) below to estimate a state estimation value X"y

of a state xi of the system:

Tpi1 = Tk + Grwy, wy. xp € RY (11)
ye = Hpimp + g, Yk, Uk €R (12)
Zi = i zk € R, H[\1ER1XN (13)
. i Kk(:s 1) -~
Trp = Tp_qe_1t+iu———m—(yr — Hrdy 9).(5
K|k k=1 HRE,A-(I‘ l)(yk kTh—1k-1) (49). (50)
o
crel _
Ry = Repo1+ Sk E e (55)
k-1
K, ¢/ Sk-1
» (58)
B Ky
Sk = pSk-1+ciWér=pSi_1+(1- “ffz)’ui (60)
ér = ¢k, €r=ck, ck=upu” (61), (62)

where Cy and W are defined by the following expressions:

H; 1 0
Ck _ k , W = ,
Hﬁ‘. 0 —’Irf

2x1 . [
e € R™" s a first column vector of €k = [ek: . ce—n+1] |
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T
Hk: [uka cee uk—N+l] D

Xk: a state vector or merely a state; unknown, and this is a target for

estimation,

Xo: an initial state; unknown,

Wg: system noise; unknown,

Vi: observation noise; unknown,

yk: an observation signal; taken as filter input, and known,
7x: an output signal; unknown,

Gy: a drive matrix; known upon execution,

Hy: an observation matrix, known,

X"k an estimation value, using observation signals yy to yx, of the state x (an

impulse response of an unknown system) at time k; provided by a filter equation,

X"+ @ single-step prediction value, using the observation signals yy to yi, of

a state xx+ at the time k; provided by the filter equation,

x\.111: an initial estimation value of the state; unknown in a normal situation,

but zero is used for convenience,

K x: a filter gain; obtained from a matrix X1,

Rex: an auxiliary variable; a 2x2 matrix,

N: a dimension (a tap number) of the state vector; provided in advance,
Wk: an N+1-th 1x2 row vector of KUk; obtained by KUk,

W: a weighting matrix; determined by vy,
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ex: an ex-post forward prediction error; a two-dimensional column vector,

ek: an ex-post backward prediction error; a two-dimensional column vector,

v¢: an attenuation level; provided upon designing, and

L a step size (a relaxation factor); a real number of p > 0, and provided in
advance.

A system identification method according to a sixth embodiment of the
present disclosure is a system identification method for performing fast real-time
identification for a system from input/output data, in which a filter robust to disturbance
is used in such a manner that a maximum energy gain from the disturbance to a filter
error is, as an evaluation criterion, set smaller than a given upper limit y¢, and the filter
is, by Expressions (49), (50), (55), (58) below, provided to a state space model
represented by Expressions (11) to (13) below to estimate a state estimation value X"y

of a state xi of the system:

Ty = xp -+ Grwy, wi. T € RN (11)
yr = Hpyzyp + vy, Yk, vk €ER (12)
zx = Hizy, zk€R, HyeRWV (13)
P - Kﬂ'(:v 1) - ) =
Ty = $A:—1|L:—1+ﬂLkR‘k(l 1)(yk- — HyZp_yjx-1) (49). (50)
R.; = Rep-1+cocic) — cr—nijik (55)
Kk €oCk
— (58)
158 K, _,

where Cy and W are defined by the following expressions:

H; 1 0
Ck _ k , W = ,
Hﬁ‘. 0 —’Irf

2x1 . [
e € R™" s a first column vector of €k = [ek: - Ce—n+1] |

22



Ug  *r Uk-N

?Qf
I

(63)
Wi 0 Uk-N

Ci(:,1) = e, =|u 'Hj.v]T: C’;,.(:,’i) =Cr_1(:,i — 1), i=2,---,N+1
(64)

Hie= [, -, U]

Xk: a state vector or merely a state; unknown, and this is a target for
estimation,

Xo: an initial state; unknown,

Wg: system noise; unknown,

Vi: observation noise; unknown,

yk: an observation signal; taken as filter input, and known,

7x: an output signal; unknown,

Gy: a drive matrix; known upon execution,

Hy: an observation matrix, known,

X"k: an estimation value, using observation signals yy to yx, of the state x (an
impulse response of an unknown system) at time k; provided by a filter equation,

X"+ @ single-step prediction value, using the observation signals yy to yi, of
a state xx+ at the time k; provided by the filter equation,

x\.111: an initial estimation value of the state; unknown in a normal situation,
but zero is used for convenience,

K x: a filter gain; obtained from a matrix X1,

Rex: an auxiliary variable; a 2x2 matrix,

N: a dimension (a tap number) of the state vector; provided in advance,

Wk: an N+1-th 1x2 row vector of KUk; obtained by KUk,

W: a weighting matrix; determined by vy,
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ex: an ex-post forward prediction error; a two-dimensional column vector,

ek: an ex-post backward prediction error; a two-dimensional column vector,

€0: any positive constant; g > 0, and provided in advance,

ve: an attenuation level; provided upon designing, and

L a step size (a relaxation factor); a real number of p > 0, and provided in
advance.

A system identification program according to a seventh embodiment of the
present disclosure is a system identification program for causing a computer to execute
fast real-time identification for a system from input/output data, causing the computer to
execute a step of providing, by a processing section, a filter to a state space model
represented by Expressions (11) to (13) below according to Expressions (49) to (62)
below, a step of reading, by the processing section, an initial state of a recursive
expression from a storage section or receiving the initial state from an input section or
an interface section, thereby initializing a recursive variable of the filter, a step of
setting, by the processing section, the filter such that a maximum energy gain from
disturbance to a filter error is, as an evaluation criterion, set smaller than a given upper
limit y¢ to provide a filter robust to the disturbance and calculating the expressions for
providing the filter in descending order to estimate a state estimate value X" of a state
xk of the system, and a step of storing, by the processing section, the state estimate value
X"k 1n the storage section and/or outputting the state estimate value X" from an output
section or the interface section.

And a recording medium according to the seventh embodiment of the present

disclosure is a computer-readable recording medium recording the program.

T
Hk: [uka e uk-N+l] D
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Thy1 xy + Grwy, wy. @), € RY (11)
Yk Hxy, + vy, Yk, 0k €R (12)
2 Hyzi, z€R, HyeR™N (13)
Tk T 1k—1+Ks ke — HeZgo15-1) (49)
Ki(:. 1)
K, i 5
sk Roo(L1) (50)
by b1 —p 'KiWe, (51)
S pSi_1 + el WE, (52)
& = X & (53)
Xk p 'R W (54)
s =T
€Le; oo g
R, Rojoy + 22k _ g, (55)
Sk_1
éy Si 1844 (56)
K, g — br—1fiy (57)
™m 0 1 ex
. ’ 4 %k (58)
i Ky ag—1 | Sk-1
a ar-1—p 'Ky Wey (59)
Sy pSi_1 + el Wé, (60)
ex X154 (61)
€r ¢+ Cr-1a,_; (62)
where Cy and W are defined by the following expressions:
H 1
Ck — k ) W - U 2
H;c 0 —"]ff
e € R¥™ g a first column vector of Ck =[x kw1l
e Uk 0 Uk—N
C = (63)
Ukttt Uk-N
ék(::l) = Cp = [”k 7"k]Tw éi(~7) :ék—l(:a"‘ifl)' "=2»5[\”+1
(64)
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Xk: a state vector or merely a state; unknown, and this is a target for
estimation,
Xo: an initial state; unknown,
Wg: system noise; unknown,
vi.. observation noise; unknown,
Vk: an observation signal; taken as filter input, and known,
7Zx: an output signal; unknown,
Gy: a drive matrix; known upon execution,
Hy: an observation matrix, known,
X"xk: an estimation value, using observation signals yy to yy, of the state xi (an
impulse response of an unknown system) at time k; provided by a filter equation,
Xx"+1jk: a single-step prediction value, using the observation signals yq to yi, of
a state Xy at the time k; provided by the filter equation,
X111 an initial estimation value of the state; unknown in a normal situation,
but zero is used for convenience,
K x: a filter gain; obtained from a matrix X".1,
Rex: an auxiliary variable; a 2x2 matrix,
Yk a conversion factor; a 2x2 matrix,
N: a dimension (a tap number) of the state vector; provided in advance,
Wk: an N+1-th 1x2 row vector of KY,; obtained by KY,
my: an Nx2 matrix including first to N-th rows of KY,; obtained by KY,
W: a weighting matrix; determined by vy,
ay: a forward linear prediction factor; an N-dimensional column vector,
by: a backward linear prediction factor; an N-dimensional column vector,

ex: an ex-post forward prediction error; a two-dimensional column vector,

26



ex: an ex-post backward prediction error; a two-dimensional column vector,
and

Y. an attenuation level; provided upon designing.

A system identification program according to an eighth embodiment of the
present disclosure is a system identification program for causing a computer to execute
fast real-time identification for a system from input/output data, causing the computer to
execute a step of providing, by a processing section, a filter to a state space model
represented by Expressions (11) to (13) below according to Expressions (49), (50), (55),
(58), (60) to (62) below, a step of reading, by the processing section, an initial state of a
recursive expression from a storage section or receiving the initial state from an input
section or an interface section, thereby initializing a recursive variable of the filter, a
step of setting, by the processing section, the filter such that a maximum energy gain
from disturbance to a filter error is, as an evaluation criterion, set smaller than a given
upper limit 'Yfz to provide a filter robust to the disturbance and calculating the
expressions for providing the filter in descending order to estimate a state estimate value
X"k of a state xi of the system, and a step of storing, by the processing section, the state
estimate value X" in the storage section and/or outputting the state estimate value X"y
from an output section or the interface section.

And a recording medium according to the eighth embodiment of the present

disclosure is a computer-readable recording medium recording the program.
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Ty = xp+ Grwyg, wy.xp € RY (11)

ye = Hpyzy + v, Yk, Uk ER (12)
Zp = Hplbe z € R, HRERlXN (13)
- - Yk(:! l) -
Tpk = T k-1 +um(yk —Hy&p_ k1) (49), (50)
Ck.Cg‘ =
Rep = Rep1+ o — ChonNfli (55)
Sk-1
K €r/Sk-1
= (58)
fig Ky
Sk = pSkor+ i Wee = pSp_1+ (17, )ui (60)
€ = cCr, €p=cp, Cp=]ug uk}T (61), (62)

where Cy and W are defined by the following expressions:

H; 1 0
C, = k . W = ,
Hﬁ‘. 0 —’Irf

2x1 .
e € R™" s a first column vector of Ck = [ek: . ce—n+1] |
s U v Ug-N
£ (63)
U o Ug-N
ék(:al) = Oy = [“-k “k:]T: é.“‘(:-.":) :éﬁ‘*l(:aiﬁl)r ’:271]V+1

(64)

Hie= [, - > U]

Xk: a state vector or merely a state; unknown, and this is a target for
estimation,

Xo: an initial state; unknown,

Wg: system noise; unknown,

V. observation noise; unknown,
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yk: an observation signal; taken as filter input, and known,

Zx: an output signal; unknown,

Gy: a drive matrix; known upon execution,

Hy: an observation matrix, known,

X"k: an estimation value, using observation signals yo to yy, of the state xi (an
impulse response of an unknown system) at time k; provided by a filter equation,

X"+ a single-step prediction value, using the observation signals yg to yi, of
a state xx+ at the time k; provided by the filter equation,

X\.111: an initial estimation value of the state; unknown in a normal situation,
but zero is used for convenience,

K : a filter gain; obtained from a matrix X1,

Rex: an auxiliary variable; a 2x2 matrix,

N: a dimension (a tap number) of the state vector; provided in advance,

Wk: an N+1-th 1x2 row vector of KUk; obtained by KUk,

W: a weighting matrix; determined by vy,

ex: an ex-post forward prediction error; a two-dimensional column vector,

ex: an ex-post backward prediction error; a two-dimensional column vector,

v an attenuation level; provided upon designing, and

W a step size (a relaxation factor); a real number of pu > 0, and provided in
advance.

A system identification program according to a ninth embodiment of the
present disclosure is a system identification program for causing a computer to execute
fast real-time identification for a system from input/output data, causing the computer to
execute a step of providing, by a processing section, a filter to a state space model

represented by Expressions (11) to (13) below according to Expressions (49), (50), (55),
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(58) below, a step of reading, by the processing section, an initial state of a recursive
expression from a storage section or receiving the initial state from an input section or
an interface section, thereby initializing a recursive variable of the filter, a step of
setting, by the processing section, the filter such that a maximum energy gain from
disturbance to a filter error is, as an evaluation criterion, set smaller than a given upper
limit y# to provide a filter robust to the disturbance and calculating the expressions for
providing the filter in descending order to estimate a state estimate value X" of a state
xx of the system, and a step of storing, by the processing section, the state estimate value
X"k 1n the storage section and/or outputting the state estimate value X" from an output
section or the interface section.

And a recording medium according to the ninth embodiment of the present

disclosure is a computer-readable recording medium recording the program.

Tpt1 = @ + Grwyg, wy. T ERN (]1)
e = Hyzy + v, Yk, Uk € R (12)
2z, = Hpxy, z €R, H e RPN (13)
ﬁ: _ A kk(:s 1) - =
Kk = $A:—l|i‘-r—l+lim(yk Mgy k1) (49). (50)
Rep = Ry +cociel — crniix (55)
Kk coCk
= ) (58)
B K

where Cy and W are defined by the following expressions:

H; 1 0
Ck _ k , W = ,
Hﬁ‘. 0 —’Irf

2x1 . [
¢ € R™ s a first column vector of Ck = [€k:- - Ceonal |
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i U =+ Uk_N
Ci= (63)

Ukt Uk—N

Cr(s,1) = ek = [ug 'HJ;]T, ék-(:,f)iég-,l(:,‘i—]_), =2, ,N+1

(64)

T
Hk: [uka e uk—N+l] D

Xk: a state vector or merely a state; unknown, and this is a target for

estimation,

Xo: an initial state; unknown,

Wwy: system noise; unknown,

Vi: observation noise; unknown,

Vk: an observation signal; taken as filter input, and known,
7x: an output signal; unknown,

Gy: a drive matrix; known upon execution,

Hy: an observation matrix, known,

X"qk: an estimation value, using observation signals yo to yi, of the state xi (an

impulse response of an unknown system) at time k; provided by a filter equation,

X"+ a single-step prediction value, using the observation signals yg to yi, of

a state xx+ at the time k; provided by the filter equation,

x\.111: an initial estimation value of the state; unknown in a normal situation,

but zero is used for convenience,

K x: a filter gain; obtained from a matrix X1,
Rex: an auxiliary variable; a 2x2 matrix,
N: a dimension (a tap number) of the state vector; provided in advance,

Wk: an N+1-th 1x2 row vector of KUk; obtained by KUk,
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W: a weighting matrix; determined by vy,

ex: an ex-post forward prediction error; a two-dimensional column vector,

ek: an ex-post backward prediction error; a two-dimensional column vector,

€o: any positive constant; gy > 0, and provided in advance,

Ye. an attenuation level; provided upon designing, and

L a step size (a relaxation factor); a real number of p > 0, and provided in
advance.

According to the aspect of the present disclosure, a large-sized acoustic or
communication system can be identified with high accuracy at high speed. Moreover,
according to the aspect of the present disclosure, e.g., the system identification method
and the system identification device for implementing such identification can be applied
to a feedback canceller.

1. Summary

According to the identification method of the aspect of the present disclosure
and/or the present embodiment, an unknown system can be identified in real time from
input/output data with high accuracy at high speed. Moreover, whiteness assumption
for an input signal can be properly introduced into the present identification method.
Thus, an algorithm can be effectively simplified, and therefore, a computational
complexity can be significantly reduced. These are effective for a feedback canceller
of a closed loop system such as a hearing aid.

According to the aspect of the present disclosure and/or the present
embodiment, the following can be provided, for example:

1) the method, the device, the program, and the recording medium for identifying the
unknown system in real time from the input/output data with high accuracy at high
speed;
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2) the system identification method configured so that whiteness assumption can be
introduced for the input signal and the computational complexity can be significantly
reduced; and

3) the feedback canceller of the closed loop system such as the hearing aid.

Moreover, in the aspect of the present disclosure and/or the present
embodiment, conversion factors of an ex-ante linear prediction error and an ex-post
linear prediction error of the input signal are utilized, and therefore, a C-fast H filter
(Conversion Factor-based Fast H,, Filter: C-FHF) for reducing the computational
complexity O(11N) of the previously-proposed fast Hy, filter (FHF) to O(7N) is derived.
Further, according to the aspect of the present disclosure and/or the present embodiment,
whiteness assumption for the input signal is introduced to provide a C-whiten fast Hy,
filter (Conversion Factor-based Whiten Fast H, Filter: C-WFHF) for reducing the
computational complexity to O(2N). Moreover, a C-NLMS algorithm (Conversion
Factor-based Normalized Least Mean Square Algorithm) is provided as a special case.

The fast identification method according to the aspect of the present disclosure
and/or the present embodiment is applicable to identification of large-sized acoustic and
communication systems. The fast identification method is effective for an acoustic
echo canceller, active noise control, and sound field reproduction in a smart speaker and
a teleconferencing system, for example. Moreover, in the present identification
method, whiteness assumption for the input signal can be properly introduced. Thus,
the algorithm can be effectively simplified, and the computational complexity can be
significantly reduced. These simplified algorithms are effective for the feedback
canceller of the closed loop system such as the hearing aid and a full-duplex relay
station for high-speed data communication.

2. Description of Signs
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First, main signs used in the present embodiment will be described.
Xk: a state vector or merely a state; unknown, this is a target for estimation.
Xo: an initial state; unknown.
Wg: system noise; unknown.
V. observation noise; unknown.
yk: an observation signal; taken as filter input, known.
7x: an output signal; unknown.
Gy: a drive matrix; known upon execution.
Hy: an observation matrix, known (Hy = [u, ..., uk_NH]T).
X"k an estimation value, using observation signals yo to yx, of the state xi (an impulse
response of an unknown system) at time k; provided by a filter equation.
z"k: an estimation value Hyx"y, using the observation signals yy to yi, of output z at
the time k; provided by the filter equation.
Z"k-1: a single-step prediction value Hix .11, using the observation signals y to yi.1,
of the output zj at the time k; provided by the filter equation.
X"+1k: a single-step prediction value, using the observation signals yo to yi, of a state
Xk+1 at the time k; provided by the filter equation.
x\.j1: an initial estimation value of the state; unknown in a normal situation, but zero is
used for convenience.
X Ngk: corresponding to a covariance matrix of an error of X"; provided by a Riccati
equation.
2 e corresponding to a covariance matrix of an error of X”y.1); provided by the
Riccati equation.
2’11 corresponding to a covariance matrix of an initial state; unknown in a normal

situation, but gol, €o> 0 is used for convenience.
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K x: a filter gain; obtained from a matrix X”.; or a gain matrix K.

p: a forgetting factor; when yr is determined, determined by p =1 - (y¢), and can be also
determined independently of vs.

W: a step size (a relaxation factor); a real number of p > 0, and provided in advance.
¥o"': an inverse matrix of a weighting matrix representing uncertainty of the state; o=
gol, 9> 0 is used for convenience.

er;: a filter error; egi = z"ji - Hix;, z'iji is an output estimation value Hix"jj.

Rcx: an auxiliary variable; a 2x2 matrix.

Yx: a conversion factor; a 2x2 matrix.

N: the dimension (the tap number) of the state vector; provided in advance.

Wk an N+1-th 1x2 row vector of KUk; obtained by KUk.

my: an Nx2 matrix including first to N-th rows of K"}; obtained by KY.

v an attenuation level; provided upon designing.

W: the weighting matrix; determined by vy.

ax: a forward linear prediction factor; an N-dimensional column vector.

by: a backward linear prediction factor; an N-dimensional column vector.

ex: an ex-post forward prediction error; a two-dimensional column vector.

ek an ex-post backward prediction error; a two-dimensional column vector.

€0: any positive constant; gy> 0, and provided in advance.

O: a computational complexity (an order); when the number of times of multiplication
is, e.g., N>+ 2N + 3, represented as O(N?).

[l

Note that “*” or “ assigned to above a sign means an estimation value. Moreover, “~,
« 7 «U»etc. are signs assigned for convenience. For convenience of input, these

signs are described on an upper right side of characters, but as indicated by

mathematical expressions, are the same as those described just above characters.
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Moreover, x, w, H, G, K, R, X, etc. are vectors or matrices, and as indicated by the
mathematical expressions, are indicated as thick characters. Note that for convenience
of input, these signs are sometimes described as normal characters.
2. Hardware and Program for System Identification

The system identification method and the system identification device and
system of the present embodiment can be provided by, e.g., a system identification
program for causing a computer to execute each step, a computer-readable recording
medium recording the system identification program, a program product including the
system identification program and configured loadable in an internal memory of the
computer, and a computer including the program, such as a server. The recording
medium is, for example, a non-transitory recording medium configured to hold recorded
contents even when a power supply is blocked. The recording medium may be, for
example, a hard disk drive, a ROM, a RAM, and a detachable USB flash memory.

Fig. 14 is a configuration diagram of hardware regarding the present
embodiment.

This hardware has a processing section 101 as a central processing unit (CPU),
an input section 102, an output section 103, a display section 104, a storage section 105,
and an interface section (I/F) 106. Moreover, the processing section 101, the input
section 102, the output section 103, the display section 104, the storage section 105, and
the interface section (I/F) 106 are connected to each other via an appropriate connection
section such as a star type or a bus type. In the storage section 105, the known data
described in “2. Description of Signs” for system identification is stored as necessary.
The unknown and known data, data regarding each filter, such as a calculated C-fast H,,
filter, of the present embodiment, and other types of data are written in and/or read from

the storage section 105 as necessary by the processing section 101. The processing
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section 101 executes calculation processing according to an expression representing
each filter of the present embodiment based on the input/output data, thereby estimating
(identifying) a mathematical model of an input/output relationship of the system. The
processing section 101 can obtain a state estimation value and an output prediction
value, for example.
3. Technique of Identification Method in connection with Present Embodiment

For distinguishing from a normal H,, filter, a H,, filter further optimized
regarding a model set and a weight set will be specifically referred to as a hyper He,
filter (Non-Patent Documents 2 to 4). This H, filter has such characteristics that the
H.. filter is applicable even in a case where state dynamics are unknown.
[Hyper H,, Filter]

State Space Model

Tpyr = Tk + Grwy, Wg. T € ol (11)
ye = Hpzy + o, Yk, V6 ER (12)
Zr = Hyoe, 2 €ER, Hy € RVV (13)
2 2
> llesal/p
sup = = 'y?

zo. {w.:},{r:} = 112 - 2 2 2
oo = 2ol + 3 il + 3 el
0 = =0
(1)

The state estimation value X" (or the output estimation value z"x) consistent

with Expressions (11), (12), (13), and (14) is provided by the following level y; of the

hyper H, filter.
Zup = Hpdyy, (15)
Tigk = Br—1jk-1 + Koplyw — He®p_qp-1) (16)
Kok = Sy H (H Sy HY +p)7! (17)
Sk = Bgpo1 — 2k\k—ICER;}CCk2k;M-—1
Btk = Sip/p (18)
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The following relational expression is satisfied herein.

eri = Z—Hizi, &_3.1=0, Zg_1 =%

R.; = R+ CySy,Cf
7] 0 H,
R=|F L | c=| 7k (19)
0 —pvs5 H,
0<p =1-x(y) <1, 21 (20)

x(v¢) is a monotone attenuation function of y¢ satistying x(1) = 1, y(c0) = 0.

Moreover, the drive matrix Gy is generated as follows.

. x(vr) &
G.6T = (pf)zm (21)

Note that the following existence condition needs to be satisfied.

—2
e =] % —71 1,71_
2,, i — Eﬂ’{*l +
P

HiH;>0,i=0.....k (22)

The characteristics of the hyper H, filter include the following five important
properties for an echo canceller (state estimation):
1) convergence;
2) tracking performance for echo path change;
3) robustness to a near-end signal;
4) insensitiveness to input signal characteristics; and
5) adjustable numerical stability.

Fig. 1 is a graph for describing distribution and properties of a solution in a
Yi-Gy,” Space.

Each circle mark of Fig. 1 indicates the solution of the hyper H, filter in a
parameter space. The solutions each correspond to hyper H., filters having different
values of yrand 6,,>.  Specifically, the solution on a line y¢= o is coincident with a

forgetting factor RLS algorithm, and the solution on a point (v, 64°) = (1, 0) is
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coincident with an NLMS algorithm with a step size of 1. Thus, it is shown that the
hyper H, filter includes NLMS and RLS as typical adaptable algorithms.

The computational complexity of the hyper H, filter is O(Nz), and therefore, is
not suitable for real-time processing without change. However, a fast algorithm with a
computational complexity O(N) in a case where the observation matrix Hy has shift
characteristics Hy = [ug, Hi.1(1), Hk-1(2), ... , Hi.1(N-1)] has been developed (Non-Patent
Document 2, Non-Patent Document 3).
[Fast H, filter]

When the observation matrix Hy satisfies the shift characteristics, the hyper H,

filter having Xy = gl > 0 can be executed by the following expression.
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Tk = Bp_ajp-1+HKeklte — HeZp1jk-1)
Ky = 1”?;}:2}5(:’1) aRIEL (24)
Ky = my —brpy, € RV (25)
b = [bk-1 — muWE][L — uWe,] ™'
e, = ck—N + Crbiy (26)
{ my, ] = Ky, mp € RNxz’”k c RI*2 27)
12°
S ek 1 (28)

y—1..T
Kk._1+akbk €

K =
pSe_1+ EEWék-‘ e, =cr+Cr 1a;
ap-1 — K 1Wey, ex =cr + Crrai

(29)

By =
ap —
Note that Cx and W are defined by the following expressions.

H; 1 0
C, = k . W = ,
Hﬁ‘. 0 —’Irf

Supposing that ¢y =

2x1 -
ckeR™ is a first column vector of Cy = [cy, ... , Cin+1]-
0,41, k -1 <0, initial values are set as in K_; = Onx2, a.1 = Onx1, S.1= 1/, €0> 0, b_; = Onxi,
Omxn described herein indicates a mxn zero matrix.

XA_1|_1 = Ole.
At this point, the following scalar existence condition must be satistied.
(30)

pEy 4+ pRwl, =0k
At this point, ¢ Zi are defined by the following expressions.
pH K, pHK,(:,1)
= =— = (31)
1_IIIK§'\TE l*(l"—"yf )H,‘I{,(!,l)

. -
=4

o

4. Technique of Identification Method of Present Embodiment
4.1 Preparation

40



Some propositions for deriving a new algorithm of the fast H, filter are shown.
For proving these propositions, a (N+1)x(N+1) matrix Q" defined as follows is
utilized.
k+1 k

Qi = Q'+ piCTwe, (32)

i=0

Note that the following relationship expression is satisfied.
é;. = [C., C.,'_Nl = [C?' CL—I]\ ﬁ = dlag{{) . e ,[JN+1}
The matrix Q") can be resolved into the following two ways from the shift

characteristics of the observation matrix CUi.

= Qr i Q‘;{ tf
W [ th @ } [ te Qi %

Qi and Qy.; described herein are NxN block matrices, and t and ti are Nx1
block matrices. Moroever, qkf and qkb are 1x1 block matrices (scalars).

The resolved QU is recursively obtained by the following expression.

Qi = pQr+CIWCy (34)

Note that W is defined by the following expression.

10
W = l: . _7}_2 ] (35)

First Proposition
The gain matrix Ky: = Qk'ICkT can be represented as follows by means of a

pseudo gain matrix K'y: = Qk_l'ICkT.

K, = KR ;W"', R.,=R+CiQ.',Cy (36)
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The 2%2 matrix R described herein is defined by the following expression.
R = pw! (37)

Second Proposition
A new update expression of the backward linear prediction factor by: = -Qy 't

is provided by the following expression.

by = bpi— K.We, (38)

Third Proposition
The ex-post backward prediction error e can be represented as follows by

means of an ex-ante backward prediction error_e’.
e = Xp & (39)

The conversion factor matrix yx in two rows and two columns as described

herein is defined by the following expression.

Xk = p R W (40)

Fourth Proposition
The ex-post forward prediction error ex can be represented as follows by

means of an ex-ante forward prediction error ¢7.
—1 -
e = Xp-16k (41)

Fifth Proposition
The backward linear prediction factor by can be recursively updated as follows

by means of the ex-post backward prediction error e.
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by = be1—p 'KiWe, (42)

Sixth Proposition
The forward linear prediction factor a: = -Qy; 't can be recursively updated

by the following expression by means of the ex-post forward prediction error e.

a, = ak_l—p""lfi'k_lWek (43)

Seventh Proposition
Another form for calculating the pseudo gain matrix K is provided by the
following expression.
K, = thy— bp_1jix (44)
The Nx2 matrix " and the 1x2 matrix Fei described herein are defined

by the following expression.

my

nak

Eighth Proposition
The ex-ante backward prediction error e can be represented as follows by

means of .

& = S (46)

Ninth Proposition
The 2x2 matrix Rex of Expression (36) can be recursively updated by the

following expression.

Rc.k — Rc,k;--l + Sk & —ékuk‘ (47)
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4.2 Derivation of Algorithm

Using the first to ninth propositions, the new fast H, filter (the C-fast H
filter) for updating the forward linear prediction factor ay and the backward linear
prediction factor by by means of the ex-post forward prediction error ex and the ex-post

backward prediction error ¢ is obtained as follows.

Zow = HypZyy (48)
Tk = Troip—1+ k(e — HyEg_q6-1) (49)
K1)
K., A 5 5
sk Re o (1.1) (50)

= e
be = bpa—p T KWe, (Fifth Proposition) ~ (51)

Sy = pSkq+eiWg, (52)
= 415
S = Xk & (Third Proposition)  (53)
Xk = f“ile!,kW ('-)4)
RF.I! = R(.]f—] + ﬁ - é 7

S Ekk . ..
k=1 (T Ninth Proposition) (55)

€ = Skl (7 Eighth Proposition) (56)

Ky = M —bi_1fiy (L] Seventh Proposition) (57)

me | |0 1 &l -
[ul [K]+ | -

Qi1 Sk—l
— _ 1
@ = a1 —p KiaWer o givih Proposition) (59)

Sk = pSk——l + EIWé;,- (60)

ex = Xili€k (O Fourth Proposition) (61)

e = ¢ +Cr1a1 (62)

Note that setting and initialization of each parameter are the same as those in
the case of the fast H,, filter. The C-fast H,, filter corresponds to an ex-post prediction
error form of the fast H, filter using the conversion factor yy.
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4.3 Evaluation of Computational Complexity

The C-fast H., filter is theoretically equivalent to the fast H, filter. However,
the C-fast H,, filter only needs a small computational complexity. A C-whiten fast H,
filter is a C-fast H, filter for significantly reducing the algorithm on the assumption that
the input signal is white. The C-NLMS algorithm corresponds to the C-whiten fast Ho,
filter when the parameters are specific values, and is theoretically equivalent to the
NLMS algorithm. Note that the C-NLMS algorithm only needs a computational
complexity of O(2N).

Fig. 9 illustrates a table (Table 1) for describing the processing and time
complexity of the fast H,, filter.

The number of times of multiplication and addition used for calculation of
each expression of the fast H, filter is summarized in Fig. 9 (Table 1) (see Patent
Document 1, described for comparison). For executing the fast H, filter, mathematical
expressions in the table are calculated from top to bottom (in descending order from a
greater expression number to a smaller expression number) according to Core
Algorithm of Fig. 2, and in this manner, the filter per sample (per unit time) can be
executed. This order of expressions is reversed as that of description of a general filter.
Note that in each table, “Mul.” indicates the number of times of integration, and “Add.”
indicates the number of times of addition.

Fig. 10 illustrates a table (Table 2) for describing the processing and time
complexity of the C-fast H,, filter.

Fig. 10 (Table 2) illustrates the number of times of multiplication and addition
for the C-fast H,, filter. For calculation of the number of times of data processing as
described herein, the structures of Ky, Cy, €k, e, and W are utilized. For example,

Ky 1We'x is replaced with (1-'Yf_z)Kk.l(:,l)eNk(l,l) by means of Ky_1(:,1) = Kx.1(:,2) and
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e k(1,1)=¢«(2,1). Similarly, for obtaining the product of Cy_; and ay_i, Ck.1(2,:)ak.; is
replaced with C¢-1(1,:)ai.;. In a case where there are multiple multiplications of the
same combination of two terms, only the first calculation is counted. Xk'l calculated at
the previous step is used for y,.;". Vector division using a scalar is processed as vector
multiplication using the inverse of the scalar. The number of times of addition is
calculated in a similar manner.

In the case of sufficiently-large N, the C-fast H,, filter can be executed only
with 7N multiplications and 7N additions per unit sample. On the other hand, the fast
H., filter is executed with 11N multiplications and 10N additions per unit sample. In
both filters, three multiplications are executed per unit sample. In any fast H,, filter, a
space computational complexity (a memory) is O(6N).

4.4 Processing of Fast H, filter Group

Fig. 2 illustrates a flowchart of the processing of obtaining X"k, k-1 =
Hix"-1k-1 according to a fast H, filter group. The fast H,, filter group described herein
indicates, for example, the C-fast H,, filter (C-FHF), the C-whiten fast H filter
(C-WFHF), and a C-NLMS algorithm filter. As described later in this flowchart, the
function of checking the existence condition as illustrated in Fig. 3 might be added to
the fast H,, filter and the C-fast H., filter. As necessary, z" is obtained.

Hereinafter, the processing of the fast H filter group will be described with
reference to the flowchart.

[Step S101, Initialization]

The processing section 101 initializes the recursive variable of the fast H,
filter. For example, the processing section 101 reads an initial state of a recursive
expression from the storage section 105, or receives the initial state from the input

section 102 or the I/F 106. In this manner, setting is made as illustrated in the figure.
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[Step S103]

The processing section 101 determines whether or not a data length exceeds a
data length L determined in advance. For example, the processing section 101
compares the time k and a data quantity L with each other. Note that L can indicate
the preset maximum data quantity. When the time k is equal to or less than the data
quantity L, the processing section 101 proceeds to a subsequent step S105.  When the
time k exceeds the data quantity L, the processing section 101 initializes the filter gain,
and restarts or terminates the filter (S113). Note that the processing section 101 can
remove an unnecessary conditional statement.  Alternatively, the processing section
101 may restart the processing as necessary.

[Step S105, Input]

When the time k is equal to or less than L, the processing section 101 updates
the augmented observation matrix C" by means of the input signal and the shift
characteristics. For example, the processing section 101 receives the input signal uy
from the input section 102 or the I/F 106, and sets C"y as illustrated in the figure. Note
that the processing section 101 may read the input signal ux from the storage section
105.

A 2%(N+1) augmented observation matrix including the input signal uy is as

follows.

Ukt Ug-N

g ot Uk N
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Utilizing the above-described shift characteristics Cr = lex: Ck1l = [Cr.exn]| &4
can be efficiently updated as follows.

Ci(:,1) = ep=[up w)T, Cp(s,i)) =Cho1(tyi—1), i=2,.--,N+1
(64)
[Step S107, Core Algorithm]

According to Core Algorithm, the processing section 101 executes any of the
algorithms of Figs. 9 (Table 1) to 12 (Table 4), Fig. 15, and Fig. 16 (details will be
described later). Note that in any of these algorithms, the processing section 101 may
update the state estimation value x" with the relaxation factor (the step size) p (1
described herein is a real number of p > 0). In this case, the processing section 101
multiplies, for example, the second term on the right-hand side of Expression (49) by p,
and in this manner, updating with the relaxation factor (the step size) p can be
implemented. As necessary, the processing section 101 may implement, at optional
timing such as before or after execution of the algorithm, the processing of determining
the existence condition as illustrated in Fig. 3 (details will be described later).

[Step S109, Estimation Value]

The processing section 101 stores, in the storage section 105, the state
estimation value X" (or the output estimation value z") calculated at S107, and/or
outputs such a value from the output section 103 or the I/F 106.

[Step S111]

The processing section 101 advances the time k (k = k + 1), and then, returns
to S103. The processing section 101 repeats the processing as long as data is present,
or repeats the processing a predetermined number of times.

Note that as necessary, the processing section 101 may store, in the storage

section 105, an appropriate intermediate value, an appropriate final value, an
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appropriate existence condition value, etc. obtained at each step such as the steps S105
to S109, and may read these values from the storage section 105. Further, the
processing section 101 may produce, e.g., data, a graph, and/or a figure using each value
according to an instruction from the input section 102 or the I/F 106 or according to
preset processing, and may store the data, the graph, and/or the figure in the storage
section 105 and/or output the data, the graph, and/or the figure from the output section
103 or the I/F 106.

Fig. 3 is flowchart regarding checking of the scalar existence condition.

The function of checking the existence condition as illustrated in Fig. 3 may
be added to the flowchart of Fig. 2. For example, the processing section 101 may
execute the illustrated step of determining the scalar existence condition at appropriate
timing such as before or after execution of the processing of S107, and when Expression
(30) is not satisfied, may terminate or restart the processing. Note that this step can be
also executed by the processing section 101 at appropriate timing such as appropriate
one or more steps of the flowchart of Fig. 2 or timing before or after of the step (S111)
for advancing the time k in the flowchart of Fig. 2.  Note that in the figure, EXC(k)
corresponds to the left-hand side of Expression (30) described above.

4.5 Introduction of Whiteness Assumption

Fig. 11 illustrates a table (Table 3) for describing the processing and time
complexity of the C-whiten fast H,, filter introducing the relaxation factor p.

It is assumed that the input signal is white noise, and therefore, the linear
prediction factors ax and by are zero. In this case, e x = cx + Cy_jax.1 = ¢k, ex= cx + Cy-1ax
= Ck, € k= Ck-N T Cxbk.1 = ckN, €k = Ck-n T Cybx = cxn, K'x = m'y, and Sy are unnecessary.

Thus, Expressions (49), (50), (55), (58), (60), (61), (62) can be organized as follows.
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Note that p is the relaxation factor (the step size), is a real number of u > 0, and is

provided in advance.

Note that Expression (56) of ¢y and Expression (53) of ex have, in addition to

original definitional expressions, theoretically-equivalent multiple expressions, and can

be represented as described above. Moreover, in calculation of C-WFHF, the variables

(with underscores) relating to backward prediction are not necessarily utilized, and

therefore, calculation for these values is unnecessary.

Ty

Thus,

. Ki(:,1)

e k1= (yp — Hi T 9).
Bp_1jk—1 MRS,A-(I- 1 (Y kEk_1]k-1) (49). (50)

T
CiC;. .

Ry 1+ ?—AY — Ch_N i (55)

Cr/Sk-1

(58)

Ky
pSk-1+ ¢ Wé = pSp1 + (1 — 7,2 )uj (60)
Ck, €er=ck, Ck=ugu]’ (61), (62)

the C-fast H, filter is reduced into the C-whiten fast H,, filter of Table 3.

Note that Z/\k\k = HkXAk|k is omitted.

Upon execution of the C-whiten fast H filter, mathematical expressions of

Fig. 11 (Table 3) are calculated from top to bottom (in descending order of an

expression number) according to Core Algorithm of Fig. 2.  Accordingly, the filter per

sample (per unit time) can be executed. This order of expressions is reversed from that

described in a general filter. Note that in each table, “Mul.” indicates the number of

times of integration, and “Add.” indicates the number of times of addition.

4.6 C-NLMS Algorithm

Fig. 12 illustrates a table (Table 4) for describing the processing and time

complexity of the filter of C-NLMS algorithm.
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When ys=1.0 and p = 1.0, Sy = Sk.; = S_; = 1/g¢ is satisfied. Thus, the

C-whiten fast H,, filter i1s reduced as follows.

~ A Rk(fj 1)
T = Tpqp1+u——m—--" (yp — Hrap e 9). (¢
K|k k—1lk-1 'LLRC,;:(],- ) (w L&y —1) (49). (50)
Ry = Rep_1+cocic — coonitk (55)
Kk €nCi
= (58)
llk K

This is theoretically equivalent to the NLMS algorithm with a step size of p =
1. Thus, the relaxation factor u (a real number of p > 0) is introduced into Expression
(49), the C-NLMS algorithm with a step size of p as illustrated in Table 4 is obtained.
The computational complexity of this algorithm is O(2N). S.;= 1/g is coincident with
the regularization term & of the NLMS algorithm.

Upon execution of the filter of the C-NLMS algorithm, mathematical
expressions of Fig. 12 (Table 4) are calculated from top to bottom (in descending order
of an expression number) according to Core Algorithm of Fig. 2.  Thus, the filter per
sample (per unit time) can be executed. This order of expressions is reversed from that
described in a general filter. Note that in each table, “Mul.” indicates the number of
times of integration, and “Add.” indicates the number of times of addition.

4.7 Appropriateness of Whitening of C-fast H, filter
The fast H., filter can implement the following whitening in such a manner the

linear prediction factor of the input signal is brought to zero.

Kﬁ;(:,l)

EBre = Bpoqp-1 + = <Yk — Hyply -
I k-1 1+"rf2HkKk(i,1){yk & Th_1k—1)
5—1
K, — S:tel
K}‘-_l(]:N—].Z)
Se = pSii+efWey, e = ug u]T
& PSk-1+ e, Wey, e = [ug ug]
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At this point, Ki.;(1:N-1,:) indicates a matrix including first to (N-1)-th rows

Oka.1.
This whitening fast H, filter (WFHF) is reduced as follows when y¢= o0 is
satisfied.
e = Tk + Ki( D) (ye — Hydepoyp )
Kk - Sk_lc{
K}c,l(l 2N e 1, :)
Sy, == pSk,] + ?Li

At this point, the regularization term 1 + y¢*HgKy(:,1) of the denominator of
the filter gain is one. When the amplitude of the input signal uy is significantly
increased, it is assumed that the filter gain becomes too large and whitening becomes
unstable (in the case of y¢< o0, the denominator includes HxKy(:,1), and therefore, a gain
level is limited). Thus, it is found that there is a problem on whitening of a typical fast
H, filter. Moreover, the computational complexity of WFHF is O(3N).

C-WFHEF of the aspect of the present disclosure and/or the present
embodiment is the technique of solving this problem and properly executing whitening.
For whitening, the linear prediction factors ax and by are selectively set to zero from
many parameters, for example. Moreover, a proper expression is employed from
many mathematical expressions of €k, €, € kn, and ex.  Further, an expression of K™y =
m i is applied, and Sy is unnecessary. As described above, selection of a specific
parameter as a specific value from many parameters and application of a specific
expression of many expressions to the specific parameter are extremely sophisticated
and difficult. Thus, according to the aspect of the present disclosure and/or the present
embodiment, whitening can be properly performed.

4.8 Study on Optimal Versions of C-whiten fast H, filter (C-WFHF) and C-NLMS
Algorithm (C-NLMS)
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Optimization of a calculation expression in the case of considering
implementation of C-WFHF and C-NLMS and estimation of a data processing amount
have been performed by way of example. Optimization described herein specifically
indicates “optimization for incorporation.” In this case, obtaining of an expression (a
form) for minimizing the number of data processing of an incorporated program is, for
example, called optimization. Note that a “form maintaining a relationship with
C-FHF” and a “form (an optimal version) suitable for incorporation” are theoretically
equivalent to each other. For example, for the “form maintaining the relationship with
C-FHF,” the meaning of the algorithm thereof is easily understandable. On the other
hand, the “form suitable for incorporation” is a form suitable for actual programing for
the CPU.

Upon incorporation into a processor such as a digital signal processor (DSP)
and hardware, a necessary cycle number varies according to whether an incorporation
target is multiplication (Mul.), division (Div.), or addition (Add.). Thus, the cycle
number is estimated from the number of times of data processing. Actually, the cycle
number to be used greatly changes depending on, e.g., reading from a memory or a
registry and data processing for parallelization. However, the cycle number was
calculated without considering a change in the cycle number due to an incorporation
method.

Fig. 15 illustrates a table for describing the processing and time complexity of
one example of the optimal version of the C-whiten fast H,, filter.

At this point, Expressions (60), (58), (55), (49), (50) of the C-whiten fast H
filter can be organized as follows. K7y (1:N-1,1) described herein indicates a matrix

of a first column from first to N-1-th rows of K.
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Note that u (the step size, a real number of pu > 0) is assigned to the expression
of the C-whiten fast H, filter (C-WFHF) of Table 3, and therefore, C-WFHF can be
expressed to completely include C-NLMS. Thus, C-NLMS is completely coincident
with C-WFHF when y¢=1 and p = 1.

An optimization expression described herein is an expression recombined such
that the number of times of data processing is decreased, and is theoretically equivalent
to an expression before recombination. For example, a N-th component is extracted
and utilized from a first component of a first column of Expression (58) of C-WFHF,

and in this manner, the following expression of K'(:,1) is obtained.

Sk = pSp—1+ (1 — 1/ *)uf

ooy | L uk/ Sk
K1) = Ky (1:N-1,1)

2

Rei(1,1) = Reja(1,1) + = — e wK i1 (N, 1)
- Sk-1

ye — Hpp -

:i’)k.::i':;\:,,l—}—,u.f(;‘-(:.l) R ;\_(1 1)
E\R 1

The following relationship expression is satisfied herein.

crel 1 e 1 u? u?
= [ug up] = —- £k
St Skor [ uk Sk—1 | uk up

Bl = Uk— N Uk~ N Uk N _ 1 11.',26_‘,\, u}i_N
=Ny = ; = = 5 :
Uk—N Sk-N-1 Sk-N-1 Sk-n-1 | WE_n Ui N

1 up ui 1 u? u?
Ry =Repr+o— | § 5| -——| &N kN
- I ”‘k ”t’\: ‘

Note that a relationship expression of K™y 1(N,1) = uxn/Sk-n-1 is derived from
Expressions (58), (61), (62) of C-WFHF. Thus, the above-described expression of

Rex(1,1) is derived from Expression (55) of C-WFHF.
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Thus, data processing used for actual calculation is for a scalar value in a first
row and a first column of Ry, and therefore, Expression (55) of the C-whiten fast Hy,
filter can be omitted as in the above-described expression.

Upon execution of the C-whiten fast H filter, mathematical expressions in the
table are calculated from top to bottom (in descending order of an expression number)
according to Core Algorithm of Fig. 2. Thus, the filter per sample (per unit time) can
be executed. This order of expressions is reversed from that described in a general
filter. Note that in each table, “Mul.” indicates the number of times of integration,
“Div.” indicates the number of times of division, and “Add.” indicates the number of
times of addition.

As described above, according to such optimization, the computational
complexity can be further reduced as compared to the previously-described C-whiten
fast H,, filter.

Fig. 16 illustrates a table for describing the processing and time complexity of
one example of the optimal version of the filter of the C-NLMS algorithm.

In this case, Expressions (58), (55), (49), (50) of the filter of the C-NLMS
algorithm can be organized as follows. Note that the N-th component is, for example,
extracted and utilized from the first component of the first column of Expression (58) of
C-NLMS, and therefore, the following expression of K'i(:,1) is obtained.

=, €L
Kip(;,1)=| -
k(' ) KA-,I(]ZNfl.l)

Rei(1.1) = Re1(1.1) + epuil — up_nKi_1(N,1)

Yk — HypZp
Re.k(le l)

Ty = Tp_1 + ,llf(;\.(:. 1)

The following relationship expression is satisfied herein.
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Chk—NH, = { U N ] \(Uuk..N €oUk 'NI = € [ ‘“fz' N “5 N }
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g W up_ N Ui N

2 .2
up u H l.’
Rt'.k‘ = R/',k—l + €y [ jj i; ] [ A -N " -N ]
u JI
2
k™

Rex(1,1) = Re 1 (1,1) + equj — epui_n

Rei(1,1) = Reg1(1,1) + €ou? — epuup_ NtgN

(u s the step size and a real number of p > 0)

Note that from Expression (58) of C-NLMS, the following relationship
expression is derived:

K'i(N, 1) = gougen

Thus, from Expression (55) of C-NLMS, the above-described expression of
Rex(1,1) is derived.

Thus, data processing used for actual calculation is for the scalar value in the
first row and the first column of R, and therefore, Expression (55) of the filter of the
C-NLMS algorithm can be omitted as in the above-described expression.

Upon execution of the filter of the C-NLMS algorithm, mathematical
expressions in the table are calculated from top to bottom (in descending order of an
expression number) according to Core Algorithm of Fig. 2. Thus, the filter per sample
(per unit time) can be executed. This order of expressions is reversed from that
described in a general filter. Note that in each table, “Mul.” indicates the number of
times of integration, “Div.” indicates the number of times of division, and “Add.”
indicates the number of times of addition.

As described above, according to one example of optimization, the
computational complexity can be further reduced as compared to the
previously-described filter of the C-NLMS algorithm. This is coincident with the

NLMS algorithm of 6 = 1/g.
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5. Echo Canceller
5.1 Preparation

Hereinafter, an example of the echo canceller will be described as the
embodiment, and operation of the present identification algorithm will be checked.
Before starting description, a communication echo canceller will be briefly described.
An acoustic echo canceller essential for a recently-focused audio interface such as a
smart speaker employs the same principle.

Fig. 4 illustrates a diagram for describing a communication system and echo.

For a long-distance phone line such as a line for an International call, a
four-wire circuit is used because of a reason such as signal amplification. On the other
hand, a subscriber line is for a relatively-short distance, and therefore, a two-wire circuit
isused. At a connection portion between the two-wire circuit and the four-wire circuit,
a hybrid transformer is introduced as in Fig. 4, and impedance matching is performed.
When such impedance matching is complete, a signal (audio) from a speaker B reaches
only a speaker A. However, it is generally difficult to bring complete matching. For
this reason, a phenomenon occurs, in which part of a received signal leaks to the
four-wire circuit and returns to a transmitter (the speaker B) after having been amplified.
This is echo. It is assumed that influence of the echo increases as a transfer distance
increases and the quality of call is significantly degraded. Note that in pulse transfer, it
is assumed that a problem on degradation of the quality of call due to the echo is caused
even at close range.

Fig. 5 illustrates a principle diagram of the echo canceller.

The echo canceller is introduced as in Fig. 5. In this echo canceller, an

impulse response of an echo path is sequentially estimated using the directly-observable
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received signal and echo. Pseudo echo obtained using such a result is subtracted from
actual echo to cancel out the echo, and in this manner, the echo is removed.

Estimation of the impulse response of the echo path is performed such that a
mean square error of residual echo ey is minimized. At this point, elements interfering
with estimation of the echo path include circuit noise and a signal (audio) from the
speaker A. Generally, when two speakers start talking at the same time (double
talking), estimation of the impulse response is suspended.

Next, a mathematical model for this echo cancelling problem is produced.
First, an observation value yi of echo di is represented by the following expression by
means of the impulse response h;[k] of the echo path, considering that the received

signal uy is a signal input to the echo path.
N—-1
vk = dpt+op = 3 hlklug—; tue. k=0,1,2,--- (65)
i=0

At this point, uk and yi each indicate the received signal and the observation
value of the echo at the time k, and vy is circuit noise with an average value of 0 at the
time k. The tap number N is known. At this point, when an estimation value h"j[k]
of the impulse response is obtained moment by moment, the pseudo echo is generated

as follows by means of such a value.

N-1
dy = Zflxmukf-p k=0.1.2,--- (66)

i=0

The pseudo echo is subtracted from the echo (yi - d"x~ 0) so that the echo can
be cancelled. Note that when k -1 <0, u;= 0 is satisfied.
As described above, the cancelling problem can be reduced to the problem of

how to sequentially estimate the impulse response h;[k] of the echo path from the
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directly-observable received signal uyx and from the observation value yi of the
directly-observable echo.

Generally, for applying the H,, filter to the echo canceller, Expression (65) is
first expressed using the state space model including the equation of state and the
equation of observation. Thus, {hi[k]}N'li=0 is taken as a state variable xx to permit a
change in the level of wy, and therefore, the following state space model can be

established for the echo path.

Trr1 = ) + Grwy, xy, wi € RY (67)
e = Hyzg+ v, Uk € R (68)
2 = Hyxy, 2. € R, Hp e RVY  (69)

Note that the following relationship expression is satisfied.
ze = [holk], -, Ava[K]]T, wi = [we(1), - wp(N)]T
Hi = [uk, -, Uk-N+1]

5.2 Checking of Operation

Fig. 13 is a table (Table 5) of the impulse response of the echo path.

Next, using echo path identification propositions, appropriateness of the C-fast
H., filter (C-FHF) is checked, and superiority of the C-fast H, filter (C-FHF) over a fast
Kalman filter (FKF) and a fast transversal filter (FTF) is shown. The unknown system
is represented by the impulse response {hi(k)}""'i=o with a length of N =128. The
impulse response shifted once at a time of k = 4000, and thereafter, held the value. At
this point, the observation value yi of the echo is represented by the following

expression.

127
Yk = Zhi”k _i g (70)
=0
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Note that the value of Table 5 was employed as {hi}23i:0, and other values of
{h;}'?" o4 were zero. Moreover, vy was stationary white Gaussian noise with an
average value of 0 and a standard deviation of o, = 107,

Moreover, the received signal ux was approximated using a quadratic AR
model as follows:

U= ojug. + ooug + Wi (71)

Note that a; = 0.7 and a, = 0.1 were satisfied, and w’x was stationary white
Gaussian noise with an average value of 0 and a standard deviation of &= 0.02.

Figs. 6A and 6B illustrate graphs for describing transition of a tap square error
in the present embodiment (C-FHF) and other methods.

Figs. 6A and 6B illustrate results obtained from comparison of transition of a
tap square error ||x/\k|k-xk||2 of the C-fast H, filter (C-FHF) with the fast H,, filter (FHF),
the fast Kalman filter (FKF), and the fast transversal filter (FTF). When 1.3 <y;<co,
there is a computational complexity difference, but there is almost no difference in
performance between the fast H,, filter (FHF) and the C-fast H, filter (C-FHF).
Interestingly, in a case where the observation noise is extremely small as described
above, the fast H,, filter and the C-fast H,, filter exhibited higher convergence
performance and higher tracking performance as compared to the fast Kalman filter and
the fast transversal filter.

Next, Fig. 7 illustrates a graph for describing an audio signal.

Moreover, Figs. 8A and 8B illustrate graphs for describing results when the
audio signal of Fig. 7 is taken as input.

In this case, the C-fast H,, filter also exhibited better convergence performance
and better tracking performance as compared to the fast Kalman filter and the fast

transversal filter.
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6. Proof of Propositions

Hereinafter, proving of each of the above-described propositions will be

described.
Proof of First Proposition

The gain matrix K can be organized as follows.

K
= Q.'C{ =(pQr 1 +CTWCy)'CT
= p'Ql.cf -p Q. cr
(W' +p'CrQi 1, CT) 1 ChQ;E CTp ™t
= pQrhCl
x{I - (W™ +p 'CeQ; 1, C0) Q2 CT 7Y
= plQ,CiW T +p it o) tw !
= QLCI(pW + @il 'w!
= KR W' (72)

Proof of Second Proposition
Using @ = »Qe1+C/WC, and bk = Pty 1 + C{ Wek-n | the expression

Qr-1bi-1 =~ can be developed as follows.
Qr by = -1,

(P 'Qr—p 'CIWCb, 1 =
(07~ pT'Cl W o y)

P Qrbr_y — p lCTW (Crby_y Yeen) = —plt,
Qibr1 —~C{We, = -,
Qb1 — QL 'C{We,) = -t
Qb1 — KpxWe,) = -t (73)

By comparison of the last expression with @bx = ~t  the following

expression is obtained.

bi1 — KyWe, (74)
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Proof of Third Proposition

Using the first and second propositions, the ex-post backward prediction error

ek can be represented as follows by means of the ex-ante backward prediction error ¢’.

€k

ch—n + Ciby = cpon + Cr(bp1 — K WE,)

(I - Cr K W)eg,

(I - CvKyR W 'W)g,

(R — CkKy)R_ &, = RR_ &, = pW 'R_ &,

X (75)

Proof of Fourth Proposition

Using the first proposition, the ex-post forward prediction error e can be

represented as follows by means of the ex-ante forward prediction error ¢ .

ey

¢k + Cro1ar = ¢ + Cr_1(ar—1 — Ky Wéy)

(I - Cy 1K 1W)é,

(I-Cr1Ke R, (W 'W)é,

(Re1 — Cr1 Kk 1)R];_ 65

RR_; &, =x;" & (76)

Proof of Fifth Proposition

Using the first, second, and third propositions, the update expression of the

backward linear prediction factor by can be rewritten as follows.

by,

= by — K We, =b .~ K R, W 'We,

Il

by — KA-R;;]L.X:CQ;{ =b_1—p 'K We, (77)

Proof of Sixth Proposition

By applying the first and fourth propositions to Expression (29), a new update

expression of the forward linear prediction factor ai is obtained.

Proof of Seventh Proposition
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The (N+1)x(N+1) matrix Q" can be resolved into two ways as follows.

- Qr t q;{ tij:

7 e Qr

The following expression is obtained in such a manner that matrix inversion

lemma is applied to QUk_1 resolved as described above.

3 T [ 1
-1
0 by
L k-1 1 k-1
QL = +§ [ iy 1 }
0" 0 o it I
0 of 1 1
= Q l = Sk_l |: 1 ai:;71 J (79)
0 k-2 k-1

Note that the following relationship expression is satisfied.
9 __ b T~—1 L ) T -1
Sk = T8 Qp b Sk=q H Q) i (80)

This expression can be organized as follows in such a manner that both sides

of Expression (79) are multiplied by C"," from the right.

. ’ K, b1 el
Qi?llcg = + ka
0 1 D1
0 1 =T
= + Se‘f (81)
o k-
Ky Qf—1 '

Next, the Nx2 matrix " and the 1x2 matrix Fk are defined by

Expression (82) below, and therefore, Relationship Expression (83) below is obtained

from the last equation of Expression (81).
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my 0 1 T
= 0 5 k (82)
% =, k-1
I K. ay 1
. i by léf
Ty, =T 7
Ky - e | bi-1 | &l _ -
- 7P
0 l[}"\' 1 . .&A - ‘gh
B

At this point, the following expression is obtained by comparison of each term

on both sides of Expression (83).
K =ty — by jix (84)

Proof of Eighth Proposition

From the second term on both sides of Expression (83), px=¢" T/Si1 is
obtained. Thus, Expression (46) is derived.
Proof of Ninth Proposition

The following expression is obtained in such a manner that both sides of

Expression (79) are multiplied by C% and CY" from both sides.

o =
ELE; €€,

Re.k‘ + S]‘ik = Re‘kfl G e e (85)
Ok1 Sk-1

By application of the eighth proposition to this expression, the proof
completed.

The foregoing detailed description has been presented for the purposes of
illustration and description. Many modifications and variations are possible in light of
the above teaching. It is not intended to be exhaustive or to limit the subject matter

described herein to the precise form disclosed. Although the subject matter has been
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described in language specific to structural features and/or methodological acts, it is to
be understood that the subject matter defined in the appended claims is not necessarily
limited to the specific features or acts described above. Rather, the specific features
and acts described above are disclosed as example forms of implementing the claims

appended hereto.
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CLAIMS

1. A system identification method for performing fast real-time identification for a system
from input/output data, the method comprising:

estimating a state estimation value X"k of a state xx of the system from a received signal
uk of an interface in an acoustic system or a communication system and from an observation signal
yk of an echo or a feedback by using a filter robust to disturbance in such a manner that a maximum
energy gain from the disturbance to a filter error is, as an evaluation criterion, set smaller than a
given upper limit y¢; and

canceling out the echo or the feedback using a result of the state estimation value x",
wherein

the filter is, by Expressions (49) to (62) below, provided to a state space model represented

by Expressions (11) to (13) below to estimate the state estimation value x"x of the state xk of the

system:

Tipr1 = T + Grwg, wy.zy € RY (11)
yr = Hpyzy + g, Yk, Vs €ER (12)
@ = Hyzy, 2z,€R, HyeR™N (13)

Tk = Tgp-1p-1HKs k(e — Hi@p_16-1) (49)

R—k(i. 1)

B = i, 5
s,k Re,k(lgl) (50)
by = be—p 'K,We, (51)
S = pYpq+ Q}:Wék (52)
e = Xj & (53)
N = ,()_LRE,_‘RW (54)

= ST
érél
Ré‘,k' = Rr'.kfl Iz ,;L k- ErL (55)
Sk—1
& = Si_iity (56)
K = 1y, — broyjug (57)
ny, 0 1 =

o= + i (58)

jrs kal ag—1 Sszl
ar = ap—p 'K Wey (59)
Sk = pSk_1+ e',}:Wék (60)
e = Xjp i€k (61)
e, — ¢ +Croja, (62)
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where Cy and W are defined by the following expressions:

H,
Ci = W=
H

e € R¥™ s a first column vector of Ck = [¢k... .. Cr-n+1],
s U o UER-N
(= (63)
Ut Uk-N
ék(:, D = cp=[upui]”, é;;(:,’l') = C'k_l(:,i -1), i=2,--- ,N+1

(64)

Hi=[u, ..., uk.N+1]T,

Xk: a state vector or merely a state; unknown, and this is a target for estimation,

Xo: an initial state; unknown,

Wwi: system noise; unknown,

vk: observation noise; unknown,

yk: an observation signal; taken as filter input, and known,

z: an output signal; unknown,

Gy: a drive matrix; known upon execution,

Hk: an observation matrix, known,

xk: an estimation value, using observation signals yo to yk, of the state xkx (an impulse
response of an unknown system) at time k; provided by a filter equation,

X k+1k: a single-step prediction value, using the observation signals yo to yk, of a state Xi-+1
at the time k; provided by the filter equation,

x”.11-1: an initial estimation value of the state; unknown in a normal situation, but zero is
used for convenience,

Ksx: a filter gain; obtained from a matrix X" -1,

Rex: an auxiliary variable; a 2x2 matrix,

¥k: @ conversion factor; a 2x2 matrix,

N: a dimension (a tap number) of the state vector; provided in advance,

Wk: an N+1-th 1x2 row vector of KY; obtained by KY,

my: an Nx2 matrix including first to N-th rows of KY; obtained by KY,

W: a weighting matrix; determined by v,

ax: a forward linear prediction factor; an N-dimensional column vector,
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bx: a backward linear prediction factor; an N-dimensional column vector,
ex: an ex-post forward prediction error; a two-dimensional column vector,
ek: an ex-post backward prediction error; a two-dimensional column vector, and

vf: an attenuation level; provided upon designing.

2. A system identification method for performing fast real-time identification for a system from
input/output data, the method comprising:

estimating a state estimation value X"k of a state xx of the system from a received signal
uk of an interface in an acoustic system or a communication system and from an observation signal
yk of an echo or a feedback by using a filter robust to disturbance in such a manner that a maximum
energy gain from the disturbance to a filter error is, as an evaluation criterion, set smaller than a
given upper limit y#; and

canceling out the echo or the feedback using a result of the state estimation value x",

wherein

the filter is, by Expressions (49), (50), (55), (58), (60) to (62) below, provided to a state
space model represented by Expressions (11) to (13) below to estimate the state estimation value

x"x of the state xk of the system:

Try1 = @ + Grwy, wi.xp € RY (11)
ye = Hizy + o, Uk: Uk €ER (12)
2 = Hym,, zxeR, H,e RN (13)
% . - Kk(:: 1) ”
Ty = @p-1k- +'uRe,:\-(1-4m17) (U — Hy@py-1) (49). (50)
C} IZ _
R, = Rep1+ S, Cl— Nk (55)
c—1
K, cr/Sk 1
= (58)
! K,
Sk = pSk el Wép = pSe_1 + (1 — 772l (60)
€ = Ck, €p=ck, Cp= [ugup” (61). (62)

where Cy and W are defined by the following expressions:

H,.
Cr — 3 I i
HA: 0 _':l_f -

b
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— 2x1 .
¢ € R™ g a first column vector of Ck = [¢k. - . .. Ch-N+1],
- uk PR uk_N
Cy = (63)
g v Uk N
C'F.?(::l) = Cp = [”k ”kt]T: Ck(:") :C’.l.",fl(:7i7]'): 1= 2:"‘1j\r+1

(64)

Hx = [ug, ..., ukn+1]7,

Xk: a state vector or merely a state; unknown, and this is a target for estimation,

Xo: an initial state; unknown,

Wwi: system noise; unknown,

vk: observation noise; unknown,

yk: an observation signal; taken as filter input, and known,

zx: an output signal; unknown,

Gk: a drive matrix; known upon execution,

Hx: an observation matrix, known,

x"kk: an estimation value, using observation signals yo to yk, of the state xk (an impulse
response of an unknown system) at time k; provided by a filter equation,

X k+1k: @ single-step prediction value, using the observation signals yo to yk, of a state Xi-+1
at the time k; provided by the filter equation,

x”.11-1: an initial estimation value of the state; unknown in a normal situation, but zero is
used for convenience,

Ksx: a filter gain; obtained from a matrix X -1,

Rex: an auxiliary variable; a 2x2 matrix,

N: a dimension (a tap number) of the state vector; provided in advance,

Wk: an N+1-th 1x2 row vector of KY; obtained by K%,

W: a weighting matrix; determined by v,

ex: an ex-post forward prediction error; a two-dimensional column vector,

ek: an ex-post backward prediction error; a two-dimensional column vector,

v: an attenuation level; provided upon designing, and

W a step size (a relaxation factor); a real number of p > 0, and provided in advance.
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3. A system identification method for performing fast real-time identification for a system from
input/output data, the method comprising:

estimating a state estimation value X"k of a state xk of the system from a received signal
uk of an interface in an acoustic system or a communication system and from an observation signal
yk of an echo or a feedback by using a filter robust to disturbance in such a manner that a maximum
energy gain from the disturbance to a filter error is, as an evaluation criterion, set smaller than a
given upper limit y¢; and

canceling out the echo or the feedback using a result of the state estimation value x"x,
wherein

the filter is, by Expressions (49), (50), (55), (58) below, provided to a state space model
represented by Expressions (11) to (13) below to estimate the state estimation value x"j of the state

xk of the system:

Tpe1 = xp + Grwyg, WX € ol (11}
ye = Hyxp + vy, Uks Ve € R (12)
2 = Hymy, seeR, HyeRVN (13)
i _ % Rk(:r 1) 2
Tilk = Tholjk—1 +Mm(yk - Hk-ilikfuk»fl) (49). (50)
R.r = Re.p_1+eocrcl — coonjiy (55)
Kk. €0CL;
" (58)
P K

where Cx and W are defined by the following expressions:

H, 1 0
C.r‘- - : y W = -
HA: 0 — f -

~ 2x1
¢ € R g a first column vector of Ck = [ex.- .. -1,
. Uk v Ug—N
Ck — (03)
twy v UL-N
Cr(51) = ex=[mw)’, Cr(,i)=Cra(si—1), i=2,--- ,N+1

(64)
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Hk=[u, ..., uk.N+1]T,

Xk: a state vector or merely a state; unknown, and this is a target for estimation,

Xo: an initial state; unknown,

Wi system noise; unknown,

vk: observation noise; unknown,

yk: an observation signal; taken as filter input, and known,

z: an output signal; unknown,

Gy: a drive matrix; known upon execution,

Hk: an observation matrix, known,

X"kk: an estimation value, using observation signals yo to yk, of the state xk (an impulse
response of an unknown system) at time k; provided by a filter equation,

X k+1k: @ single-step prediction value, using the observation signals yo to yk, of a state Xi-+1
at the time k; provided by the filter equation,

x”.1-1: an initial estimation value of the state; unknown in a normal situation, but zero is
used for convenience,

Ksx: a filter gain; obtained from a matrix X -1,

Rek: an auxiliary variable; a 2x2 matrix,

N: a dimension (a tap number) of the state vector; provided in advance,

1k: an N+1-th 1x2 row vector of KY; obtained by KY,

W: a weighting matrix; determined by v,

ex: an ex-post forward prediction error; a two-dimensional column vector,

ek: an ex-post backward prediction error; a two-dimensional column vector,

€o0: an optional positive constant; go> 0, and provided in advance,

vf: an attenuation level; provided upon designing, and

L: a step size (a relaxation factor); a real number of p > 0, and provided in advance.

4. A system identification device for performing the system identification method according to
claim 1, comprising:

a filter robust to disturbance, by setting a maximum energy gain from the disturbance to a
filter error , as an evaluation criterion, smaller than a given upper limit y¢,

wherein the filter is, by Expressions (49) to (62) below, provided to a state space model
represented by Expressions (11) to (13) below to estimate a state estimation value x"x of a state x
of the system:
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Tht1 zi + Grwy, wy.zp € RY (11)
Yk H .z + vy, Yk:Vk €ER (12)
ZE Hyx,, zp € R, Hy, ¢ RN (13)
gk Ep—1p—1 T sk lUk — HiZpo1ji-1) (49)
Ki.(:.1)
K, T 5
T R(1L1) ot
b, b 1 — pflf('ngk (51)
Sy S+ ngék {52)
e = Xi'& (53)
Xk 14 - 1R6,A1W (r)'l)
-
€€, 5
Rf',k Rr‘f.:fl + —,k'i — EpHEk (55)
Sk-1
& = Sy_.ft (56)
K, My — b1 1 (57)
mny 0 1 e
il N I - (58)
o Kk71 ap_—1 Sszl
A = QArp—1—p -L-kalwek: (5())
Sk = pSp.1+ E?Wék (60)
€ = Xy €k (61)
€ = cp+Criaz_ (62)
where Cx and W are defined by the following expressions:
H,
ch - S I i
HA: 0 _"fr.lf— -
2x1
e € R™ s a first column vector of Ck = lex. .. ex—n+1]
. Ug -0 UR-N _
C, = (63)
W v Uk N
Ci(51) = ex=lupm)”, Crls,i) =Cro(i—1), i=2,---,N+1
(64)

Hi=[ux, ..., ukn+]b,
Xk: a state vector or merely a state; unknown, and this is a target for estimation,

Xo: an initial state; unknown,
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Wi system noise; unknown,
vk: observation noise; unknown,
yk: an observation signal; taken as filter input, and known,
zx: an output signal; unknown,
Gy: a drive matrix; known upon execution,
Hx: an observation matrix, known,
x ik an estimation value, using observation signals yo to yx, of the state xi (an impulse
response of an unknown system) at time k; provided by a filter equation,
x™+1k: a single-step prediction value, using the observation signals yo to yk, of a state Xi+1
at the time k; provided by the filter equation,
x”.1-1: an initial estimation value of the state; unknown in a normal situation, but zero is
used for convenience,
Ksx: a filter gain; obtained from a matrix X -1,
Rex: an auxiliary variable; a 2x2 matrix,
¥k: @ conversion factor; a 2x2 matrix,
N: a dimension (a tap number) of the state vector; provided in advance,
wk: an N+1-th 1x2 row vector of KY%; obtained by KY%,
my: an Nx2 matrix including first to N-th rows of KY; obtained by KY,
W: a weighting matrix; determined by vy,
ax: a forward linear prediction factor; an N-dimensional column vector,
bk: a backward linear prediction factor; an N-dimensional column vector,
ex: an ex-post forward prediction error; a two-dimensional column vector,
ek: an ex-post backward prediction error; a two-dimensional column vector, and

v: an attenuation level; provided upon designing.

5. A system identification device for performing the system identification method according to
claim 2, comprising:
a filter robust to disturbance, by setting a maximum energy gain from the disturbance to a

filter error, as an evaluation criterion, smaller than a given upper limit y¢,
wherein the filter is, by Expressions (49), (50), (55), (58), (60) to (62) below, provided to a

state space model represented by Expressions (11) to (13) below to estimate a state estimation value

x"xk of a state xx of the system:
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Lyl — Lp+ kak; WEg. X € RN (]1)

ye = Hpzy + o, Yk: Ve €ER (12)
zrp = Hygxy, zp €R, HkERIXN (13)
P Aelnl)
Kk = Bp_1je- rHJR w0 )( — Hy&p 1jk-1) (49). (50)
’7
Re,k = R.p + B Ll - Ck*N’]‘k (55)
K, cu/Sk 1
= (58)
[".’c; KL'--l
Sk = pSk W = pSe 1+ (1 -7 2)ul (60)
€k = Ck, €p=Ck, Cp= [uk u,;c]T (61), (62)

where Cx and W are defined by the following expressions:

H,.

c, - , |1 i
Hy, 0 -

~ 2x1
¢ € R™7 ig a first column vector of Ck = ¢k .- Cr-n+1]

L Up - Uk-—N ]

C.= (63)
Up o URN

ék(zzl) = = [“k “k]T: ék( ) C-‘-—l( ]7]) 1=2,-,N+1

(64)
Hx = [uk, ..., ukn+1],
Xk: a state vector or merely a state; unknown, and this is a target for estimation,
Xo: an initial state; unknown,
Wwi: system noise; unknown,
Vk: observation noise; unknown,
yk: an observation signal; taken as filter input, and known,
zx: an output signal; unknown,
Gy: a drive matrix; known upon execution,
Hk: an observation matrix, known,
xk: an estimation value, using observation signals yo to yk, of the state xk (an impulse

response of an unknown system) at time k; provided by a filter equation,
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x™e+1k: a single-step prediction value, using the observation signals yo to yk, of a state Xy+1
at the time k; provided by the filter equation,

x”.1-1: an initial estimation value of the state; unknown in a normal situation, but zero is
used for convenience,

Ksx: a filter gain; obtained from a matrix X" -1,

Rex: an auxiliary variable; a 2x2 matrix,

N: a dimension (a tap number) of the state vector; provided in advance,

1k: an N+1-th 1x2 row vector of KY; obtained by KY,

W: a weighting matrix; determined by vr,

ex: an ex-post forward prediction error; a two-dimensional column vector,

ek: an ex-post backward prediction error; a two-dimensional column vector,

vi: an attenuation level; provided upon designing, and

L: a step size (a relaxation factor); a real number of p > 0, and provided in advance.

6. The system identification device according to claim 5, wherein
for Expressions (58), (55), (49), (50), the following expressions modified from

Expressions (58), (55), (49), (50) are used according to Expression (60):
Sk=pSk 1+ (1 - “;-fz)ui
o) | L e/ Sk
K1) = K; (1:N -1,1)
2

B (1, 1Y = R (1, 1) £ S“’" — v K p_1(N,1)
k—1

- " - ye — Hpdp..
Ty =Ty +p K1) 92?(713?)]
e kit

where p is the step size and a real number of p > 0.

7. The system identification device according to claim 5, wherein

the filter sets yr= 1.0, p = 1.0, Sx = Sk.1 = S.1= 1/go to use degenerated expressions
including Expressions (49), (50), (55), (58) below for the state space model represented by
Expressions (11) to (13) below:
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Lr+1 Ty + kak- W Ty € RN (1])
v = Hpxy + vy, Yi: 0k € R (12)
Zk Hyxy, z €ER, erR“‘N (]3)
. L Ki(5,1) .
Ty = Epoyp—1 *‘um(yk - Hyp yp-1) (49). (50)
Ry = Rep-1+eocicr — co ity (55)
Kk; €0Cl
= ) (58)
Tgs K; 4

where Cx and W are defined by the following expressions:

>

¢k € R s the first column vector of Ck = [ck. .. Ch-nNt1) |
o Uk Uk—-N )
G = (63)
g, U N
ég( 1) = Ck‘:{?f,;, ?Lk;] ék.(t,’i):ég_l( ?71) r=2,---,N+1

Hx = [uk, ..., ukn+1],
€0: an optional positive constant; g9> 0, and provided in advance, and

u: the step size (the relaxation factor); a real number of p > 0, and provided in advance.

8. A system identification device for performing the system identification method according to
claim 3, comprising:

a filter robust to disturbance, by setting a maximum energy gain from the disturbance to a
filter error, as an evaluation criterion, smaller than a given upper limit y¢,

wherein the filter is, by Expressions (49), (50), (55), (58) below, provided to a state space
model represented by Expressions (11) to (13) below to estimate a state estimation value X"k of a

state xk of the system:
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Tp = Ty + Grwy, We. Tj € rN (]1)
Yk H iz + vg, Yk, Vk € R (12)
2z = Hypxy, s €R, Hy g RN (13)
£ & Ki(:,1) s
Kk = T l'kil—'—”m(yk — Hyxp_yi—y) (49). (50)
Rep = Repa+eocne] — cx_nity (55)
f{k e
- (58)
ik K

where Cx and W are defined by the following expressions:

H,
HA'.

sl 2x1 .
¢ € R™" ig a first column vector of Ck = [¢k.---. cr-n+11],
. U o Ug—N
Ci = (63)
wy 0 UL-N
C';,‘»(:., 1) = Cg = [?Ik ?L;‘.;]T, ék-(:,’i) = Cvk,l(:,?: =t ]), = 2, G ,JV +1

(64)

Hx = [uk, ..., ukn+1]T,

Xk: a state vector or merely a state; unknown, and this is a target for estimation,

Xo: an initial state; unknown,

Wi: system noise; unknown,

Vk: observation noise; unknown,

yk: an observation signal; taken as filter input, and known,

zx: an output signal; unknown,

Gi: a drive matrix; known upon execution,

Hk: an observation matrix, known,

xk: an estimation value, using observation signals yo to yk, of the state xx (an impulse

response of an unknown system) at time k; provided by a filter equation,
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x™e+1k: a single-step prediction value, using the observation signals yo to yk, of a state Xi+1

at the time k; provided by the filter equation,
x”.1-1: an initial estimation value of the state; unknown in a normal situation, but zero is
used for convenience,
Ksx: a filter gain; obtained from a matrix X" -1,
Rex: an auxiliary variable; a 2x2 matrix,
N: a dimension (a tap number) of the state vector; provided in advance,
1k: an N+1-th 1x2 row vector of KY; obtained by KY,
W: a weighting matrix; determined by vr,
ex: an ex-post forward prediction error; a two-dimensional column vector,
ek: an ex-post backward prediction error; a two-dimensional column vector,
€0: an optional positive constant; g9> 0, and provided in advance,
vf: an attenuation level; provided upon designing, and

W: a step size (a relaxation factor); a real number of u > 0, and provided in advance.

9. The system identification device according to claim 8, wherein

for Expressions (58), (55), (49), (50), the following expressions modified from
Expressions (58), (55), (49), (50) are used:

= e
Ki(:,1)= - .
WD =1 g, W(1:N=-1,1)
Rei(1.1) = Re 1 (L. 1) + cpuf — wp v K4 (N, 1)
U — Hpxp
RE:A‘(LL)

Ty o= By + /l‘kk(Z‘ ])

where p is the step size and a real number of p > 0.

10. The system identification device according to claim 4, further comprising:
a processing section configured to execute the filter,

wherein the processing section performs

a first step of reading an initial state of a recursive expression from a storage
section or receiving the initial state from an input section or an interface section, thereby initializing

a recursive variable of the filter,
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a second step of determining whether or not the time k exceeds a preset data
length L, thereby initializing and restarting the filter gain or terminating processing when the time k
exceeds the data length L,

a third step of receiving, when the time k is equal to or less than the data length
L, an input signal ux from the input section or the interface section or reading the input signal ux
from the storage section, thereby updating an augmented observation matrix CY by means of the
input signal ux and a shift characteristic CYx = [ck, Ck-1] = [Ck, ck-N],

a fourth step of executing a filter algorithm per unit time, the filter algorithm
including processing of calculating the expressions for providing the filter with a second term on a
right-hand side of Expression (49) and a relaxation factor p (p is a real number of p > 0) in
descending order from Expression (62) to Expression (49),

a fifth step of updating a filter equation including Expression (49) and storing the
state estimation value X"k in the storage section and/or outputting the state estimation value X"
from an output section or the interface section, and

a sixth step of advancing the time k and repeating the processing of the first to

fourth steps.

11. The system identification device according to claim 7, further comprising:
a processing section configured to execute the filter,
wherein the processing section performs
a first step of reading an initial state of a recursive expression from a storage
section or receiving the initial state from an input section or an interface section, thereby initializing
a recursive variable of the filter,
a second step of determining whether or not the time k exceeds a preset data
length L, thereby initializing and restarting the filter gain or terminating processing when the time k
exceeds the data length L,
a third step of receiving, when the time k is equal to or less than the data length
L, an input signal ux from the input section or the interface section or reading the input signal ux
from the storage section, thereby updating an augmented observation matrix C by means of the
input signal u and a shift characteristic CYkx = [ck, Ck-1] = [Ck, ck-N],
a fourth step of executing a filter algorithm per unit step size, the filter algorithm

including processing of calculating the expressions for providing the filter with Expression (49) and
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the step size p (u 1s a real number of p > 0) in descending order from Expression (58) to Expression

(49),

a fifth step of updating a filter equation including Expression (49) and storing the
state estimation value X"k in the storage section and/or outputting the state estimation value X"

from an output section or the interface section, and
a sixth step of advancing the time k and repeating the processing of the first to

fourth steps.

12. The system identification device according to claim 4, wherein
the evaluation criterion satisfies Expression (14) below for the state space model:

A.:
Z; lesall*/p

=)

1 < "V%

(1)

mo,{fullll}),{r'l} < 12 - y | 2 g 2
2o = @oll5 -1 F 2= Nlawall* + 32 [loill*/p
0 7= =K

where eg;: a filter error; er; = z"ij - HiXi, z"j 1s an output estimation value Hix"jj,

Yo!': an inverse matrix of a weighting matrix representing uncertainty of the state; X is

known,
p: a forgetting factor; when vyr is determined, determined by p =1 - x(y¢), and can be also

determined independently of yr, and
vs: the attenuation level; provided upon designing.

13. The system identification device according to claim 10, wherein
the processing section of the filter executes, at the third step, a step of determining a scalar

existence condition of an expression below before or after execution of the processing, and when

Expression (30) is not satisfied, terminates or restarts the processing:
(30)

—pB; & pw?- b E A —
where ¢: =i are defined by expressions below:
pHT'K,,.'J_ o ,(')H7K7'(2,1) (r{l)
1—(J—g7f2)H1K1(:71) .

2 &
B 1-H,K,;

1

14. The system identification device according to claim 10, wherein
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the processing section of the filter further calculates, at the fifth step, an output estimation
value z"kk,z"kk-1 according to Expression (48) below, thereby storing the output estimation value in a
storage section and/or outputting the output estimation value from the output section or an interface
section:

z™k = Hix ik (48)

where z"kk: an estimation value Hix"kk, using the observation signals yo to yk, of output zx
at the time k; provided by the filter equation, and

z"k-1: a single-step prediction value Hkx"x-1j-1, using the observation signals yo to yk-1, of

the output zx at the time k; provided by the filter equation.

15. The system identification device according to claim 4, wherein
the filter is applied to obtain the state estimation value x"xx, and
pseudo echo d” is estimated as in Expression (66) below, and is subtracted from echo to

cancel the echo:

N-1
de = Y Rkl k=012 (66)
i=0
where [ho[K], ..., h"na[k]]T is X k-1jk-1 to X"k, Uk is a reception signal at time t (= kT;T is

a sampling cycle), and N is the tap number (known).

16. A non-transitory computer-readable recording medium recording a system identification
program for causing a computer to execute the system identification method according to claim 1,
wherein

the system identification program causes the computer to execute

a step of providing, by a processing section, a filter to a state space model
represented by Expressions (11) to (13) below according to Expressions (49) to (62) below,

a step of reading, by the processing section, an initial state of a recursive
expression from a storage section or receiving the initial state from an input section or an interface
section, thereby initializing a recursive variable of the filter,

a step of setting, by the processing section, the filter such that a maximum energy
gain from disturbance to a filter error is, as an evaluation criterion, set smaller than a given upper
limit y¢ to provide a filter robust to the disturbance and calculating the expressions for providing the

filter in descending order to estimate a state estimate value x" of a state xi of the system, and
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a step of storing, by the processing section, the state estimate value X" in the
g, by the p g \

storage section and/or outputting the state estimate value X"k from an output section or the interface

section:
Tppr = x + Grwy, Wi. Ty ERN (]1)
ye = Hgzp+ v, Y Uk ER (12)
zr = Hgtg, 2 €R, Hy € RIXN (13)
Tre = Tp—1jp-1H s k(ye — HiZp_15—y) (49)
Kk(i‘ 1)
Ks‘ T e R 5
. Rek(ll) ()U)
by = b1 —p 'K We, (51)
S, = pS,+ ngék (52)
e = Xi é (53)
Xk = p R W (54)
= ST
€€l
Ré‘,is' = Rr:.k.fl + ,A E €Lk (55)
Sk—1
& = Sy_ifip (56)
Ky, = 1y — b i (57)
my 0 1 el
_ = | - * = (58)
K Ky ag_1 Sk-1
ap = a1 —p 1K,l,-:,jWek (5‘))
Sk = pSp1+ ezWék (60)
€r = X_;;‘},lék (G].)
€ = cp+Ci_ap1 (62)

where Cx and W are defined by the following expressions:

H,.
Cr — 3 I i
HA: 0 _'fl_lf -

- 2x1
c €R is a first column vector of Ck = [ck. ... ck-n+1],
: Up ot UR-N
. = (63)
U R Uk —N
Caltll = ep=lomm]”: Cilid)=Cnalnd~ 1 Fofo N4

(64)
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Hk=[u, ..., uk.N+1]T,

Xk: a state vector or merely a state; unknown, and this is a target for estimation,

Xo: an initial state; unknown,

Wi system noise; unknown,

vk: observation noise; unknown,

yk: an observation signal; taken as filter input, and known,

z: an output signal; unknown,

Gy: a drive matrix; known upon execution,

Hk: an observation matrix, known,

X"kk: an estimation value, using observation signals yo to yk, of the state xk (an impulse
response of an unknown system) at time k; provided by a filter equation,

X k+1k: @ single-step prediction value, using the observation signals yo to yk, of a state Xi-+1
at the time k; provided by the filter equation,

x”.1-1: an initial estimation value of the state; unknown in a normal situation, but zero is
used for convenience,

Ksx: a filter gain; obtained from a matrix X -1,

Rek: an auxiliary variable; a 2x2 matrix,

Y. a conversion factor; a 2x2 matrix,

N: a dimension (a tap number) of the state vector; provided in advance,

Wk: an N+1-th 1x2 row vector of KY; obtained by K,

mx: an Nx2 matrix including first to N-th rows of KY; obtained by K,

W: a weighting matrix; determined by vr,

ax: a forward linear prediction factor; an N-dimensional column vector,

bk: a backward linear prediction factor; an N-dimensional column vector,

ex: an ex-post forward prediction error; a two-dimensional column vector,

ek: an ex-post backward prediction error; a two-dimensional column vector, and

vf: an attenuation level; provided upon designing.

17. A non-transitory computer-readable recording medium recording a system identification
program for causing a computer to execute the system identification method according to claim 2,

wherein

the system identification program causes the computer to execute
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a step of providing, by a processing section, a filter to a state space model
represented by Expressions (11) to (13) below according to Expressions (49), (50), (55), (58), (60)
to (62) below,

a step of reading, by the processing section, an initial state of a recursive
expression from a storage section or receiving the initial state from an input section or an interface
section, thereby initializing a recursive variable of the filter,

a step of setting, by the processing section, the filter such that a maximum energy
gain from disturbance to a filter error is, as an evaluation criterion, set smaller than a given upper
limit y¢ to provide a filter robust to the disturbance and calculating the expressions for providing the
filter in descending order to estimate a state estimate value x" of a state xi of the system, and

a step of storing, by the processing section, the state estimate value X"k in the

storage section and/or outputting the state estimate value x"xx from an output section or the interface

section:
Ty = T+ Grwg, wi.xp € RY (11)
yr = Hypxy + oy, Uk, Uk ER (12)
Zk = Hkmk" LkeR, H},;GRJXN (‘13)
ﬁ:k\k = iknilz;\.,]#—[im(ygc — Hfs‘;i:k—l\k: ]_) (49)(50)
e R.(1,1)" J " '
>
crei ;
R = Blageii F b o Ck—N Bk (55)
Sk
K, /S 1
- (58)
B Ky
Sk = pSpa+ciWe=pS 1 +(1- vr i (60)
€k = Cr, €erp=ck, cx=[uy uk]T (61), (62)

where Cx and W are defined by the following expressions:
CR:[IM.]‘W: 1 uq}
H, 0 —n I

b
is a first column vector of Cr = [¢k- - .. Ch-n+1

c. € RI*1
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U - U N

¢, = (63)

’u)k “ .. ’(I‘ka
é;\;(i, L] = wpoes|ug u,g.,]T, ék.(:,i) = C’;‘.,l(:.,i 1), i=2,--- N+1
(64)

Hi=[u, ..., uk.N+1]T,

Xk: a state vector or merely a state; unknown, and this is a target for estimation,

Xo: an initial state; unknown,

Wwi: system noise; unknown,

vk: observation noise; unknown,

yk: an observation signal; taken as filter input, and known,

z: an output signal; unknown,

Gk: a drive matrix; known upon execution,

Hk: an observation matrix, known,

xk: an estimation value, using observation signals yo to yk, of the state xk (an impulse
response of an unknown system) at time k; provided by a filter equation,

x™+1k: a single-step prediction value, using the observation signals yo to yk, of a state X1
at the time k; provided by the filter equation,

x.11-1: an initial estimation value of the state; unknown in a normal situation, but zero is
used for convenience,

K x: a filter gain; obtained from a matrix X -1,

Rek: an auxiliary variable; a 2x2 matrix,

N: a dimension (a tap number) of the state vector; provided in advance,

1k: an N+1-th 1x2 row vector of KY; obtained by KY,

W: a weighting matrix; determined by vr,

ex: an ex-post forward prediction error; a two-dimensional column vector,

ek: an ex-post backward prediction error; a two-dimensional column vector,

vf: an attenuation level; provided upon designing, and

u: a step size (a relaxation factor); a real number of pn > 0, and provided in advance.
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18. A non-transitory computer-readable recording medium recording a system identification
program for causing a computer to execute the system identification method according to claim 3,
wherein

the system identification program causes the computer to execute

a step of providing, by a processing section, a filter to a state space model
represented by Expressions (11) to (13) below according to Expressions (49), (50), (55), (58) below,

a step of reading, by the processing section, an initial state of a recursive
expression from a storage section or receiving the initial state from an input section or an interface
section, thereby initializing a recursive variable of the filter,

a step of setting, by the processing section, the filter such that a maximum energy
gain from disturbance to a filter error is, as an evaluation criterion, set smaller than a given upper
limit y¢ to provide a filter robust to the disturbance and calculating the expressions for providing the
filter in descending order to estimate a state estimate value x" of a state xi of the system, and

a step of storing, by the processing section, the state estimate value X"k in the

storage section and/or outputting the state estimate value X"k from an output section or the interface

section:
Ty = @+ Grwyg, wy. x), € RY (11)
ye = Hixg + g, Yk Vg €R (12)
zre = Hky, 2 €R, Hy € RIXN (13)
Ty = ik-—l\k-—]+!f'm(?}k — Hy @i i) (49). (50)
R..(1. )" k- et

Ren = Rejoy+€ocicr — i nilg (55)

Kk: €oCh
= | * (58)

B Ky

where Cy and W are defined by the following expressions:

H,.
Cr — 3 I i
HA: 0 _':l_f -

- Zxl
c €R is a first column vector of Ck = [¢k. - .. C-w+1]
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= Uk = UE-N
Ci= (63)

g e Ug-N
Culn ) = s o wl™s ék.(:,é) = e ol 1), d=2., N +1
(64)

Hi=[u, ..., uk.N+1]T,

Xk: a state vector or merely a state; unknown, and this is a target for estimation,

Xo: an initial state; unknown,

Wwi: system noise; unknown,

vk: observation noise; unknown,

yk: an observation signal; taken as filter input, and known,

z: an output signal; unknown,

Gk: a drive matrix; known upon execution,

Hk: an observation matrix, known,

xk: an estimation value, using observation signals yo to yk, of the state xk (an impulse
response of an unknown system) at time k; provided by a filter equation,

x™+1k: a single-step prediction value, using the observation signals yo to yk, of a state X1
at the time k; provided by the filter equation,

x”.11-1: an initial estimation value of the state; unknown in a normal situation, but zero is
used for convenience,

K x: a filter gain; obtained from a matrix X -1,

Rek: an auxiliary variable; a 2x2 matrix,

N: a dimension (a tap number) of the state vector; provided in advance,

1k: an N+1-th 1x2 row vector of KY; obtained by KY,

W: a weighting matrix; determined by vs,

ex: an ex-post forward prediction error; a two-dimensional column vector,

ek: an ex-post backward prediction error; a two-dimensional column vector,

€0: an optional positive constant; go> 0, and provided in advance,

vf. an attenuation level; provided upon designing, and

W: a step size (a relaxation factor); a real number of p > 0, and provided in advance.

87



