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** Abstract —In this paper, a new ARMA digital lattice filter is proposed.
First, a new criterion is defined for designing the ARMA digital lattice
filter from given stochastic data. Based on this criterion, an ARMA
ig}arameter estimation algorithm is developed. This algorithm can estimate
“ihe ARMA parameters with little calculation cost. Then, from the fast
galgﬂrithm of the ARMA parameter estimation, two elementary sections of
“the ARMA digital lattice filter are invented. Any ARMA model with an
“wrbitrary AR order and an arbitrary MA order can be realized by using
these elementary sections. In this paper, the proposed ARMA lattice filter
E}s compared with other fast algorithms of ARMA parameter estimation and
E:i}ﬂler ARMA lattice filters. Experimental results obtained from applying
- this filter to model reduction problems are shown. From these results, it is
: shown that this ARMA lattice filter is quite useful for ARMA digital signal

EE;prMessmg.

I. INTRODUCTION

Y 7 ARIOUS AUTOREGRESSIVE and moving-average
¥ (ARMA) digital filters have been introduced. It is
‘shown in some papers [1]-[6] that an ARMA digital filter
is quite useful for signal processing. The ARMA digital
: filter can represent both the concentration and the disper-
sion of power in the spectral domain, while an AR digital
%filter can represent only its concentration. By using this
¢ characteristic, we can analyze certain kinds of stochastic
fime series very accurately. For example, ARMA digital
filters are recognized as superb filters in speech analysis
3], [4].
= As one of these ARMA digital filters, an ARMA lattice
= filter has been designed. The construction of this filter is
basically a cascaded-type digital filter. Owing to the
“cascaded type, this filter is precise for spectrum matching
?nd analyzing a stochastic time series by adding a new
section at the final stage without changing the filter form
gf:%llready obtained. The original characteristics of the ARMA
= lattice filter have been introduced [4]-[6]. In addition,
gﬁ'arious filter forms have been developed as ARMA lattice
filters. These lattice filters are mainly derived from an AR
lattice filter. Thus, these includes the characteristics of the
%ﬁ"al{ lattice filter implicitly even if these characteristics are
= not desired.
- This paper proposes a new ARMA lattice filter. This
filter is based on a new criterion. The criterion is newly
=introduced to identify an ARMA model. Thus, the ARMA
= digital lattice filter derived from this criterion is not based
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on the design method of the conventional AR lattice filter.
In other words, there are some original characteristics. We
can easily design the ARMA digital lattice filter with an
arbitrary AR order and an arbitrary MA order. In ad-
dition, every estimation error obtained in each cascaded
section satisfies orthogonal conditions.

The new ARMA digital lattice filter is directly designed
by an ARMA parameter estimation algorithm. This al-
gorithm can estimate ARMA parameters with little calcu-
lation cost. The estimation parameters optimally makes the
proposed criterion minimal. The proposed algorithm con-
sists of two recursive formulas. One is an AR-type recur-
sive formula. It can estimate ARMA parameters as the AR
order of an ARMA estimation model increases by one.
The other is an MA-type recursive formula. It can estimate
ARMA parameters as the MA order of an ARMA estima-
tion model increases by one. From these recursive for-
mulas, we can develop two types of elementary sections
used in an ARMA digital lattice filter (i.e., an AR-type
elementary section and an MA-type elementary section
associated with, respectively, the AR-type recursive for-
mula and the MA-type recursive formula). The particular-
ity of this filter is the design of an ARMA model with an
arbitrary AR order and an arbitrary MA order. In other
words, there is no restriction for each order, and no
dependency of an AR model on an MA model or vice
Versad.

Section Il introduces a criterion. Then, in Section III,
four estimation errors are defined to derive a fast recursive
method. Section IV develops the fast recursive method and
Section V shows the elementary sections of an ARMA
lattice filter associated with the fast recursive method. The
proposed ARMA lattice filter has several unique character-
istics because of the criterion and the fast recursive method.
The differences between it and existing methods are shown
in Section VL

The final part of this paper shows some experimental
results. It shows that the proposed ARMA lattice filter is
quite suitable for a model reduction algorithm and that
several ARMA lattice filters can be obtained from the
observed data owing to the new criterion.

1I. CRITERION

In this section, the criterion for an ARMA parameter
estimation is defined. The criterion is based on linear
prediction theory. All of ARMA parameters are calculated
by minimizing the proposed criterion. In order to define

0098-4094 /87 /0600-0617$01.00 ©1987 IEEE
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Fig. 1. Block diagram of refined least square problem given in (3).

the criterion, let us assume the following two transfer
functions:

H(z7Y) =Z[h (k)] x(k)=h(k)*u(k)
H(z7")=Z[h, (k)] y(k)=h,(k)xu(k) (1)

where * denotes a convolution, and Z[ ] denotes z-
transformation. The stochastic variable u(k) is a zero
mean white Gaussian process with a variance o7. The
functions H,(z™"') and H,(z7") are stable transfer func-
tions. According to (1), it turns out that stochastic vari-
ables x(k) and y(k) are represented with u(i) (i=
1,2,-++, k). Let us call H(z™') and H (z™') reference
models.

For the reference models, define the following estima-
tion models:

Az ) =144z +---+48,27°
B(z7 V) =by+biz '+ - +bz"

where 4; and Sj (i=1,2,--+,5 and j=0,1,---,¢) are,
respectively, AR parameters and MA parameters (ex-
plained later). From (1) and (2), define a new criterion as

Vo= ol/@uig IH,(27)A(T)

- H(z"")B(z7")|*dz/z. (3)

Minimizing this criterion corresponds to calculating the
coefficients of A(z~1) and B(z~!) which minimize the
mean value of »(k)?2, shown in Fig. 1. In other words, by
using the Parseval equality, (3) is rewritten as

V, = E[(A(z"Y) y(k) - B(z")x(k))’]
- E[(y(k)+ (k=1 -
~ byx(k)=box(k—=1)---

+d.y(k—s)
~bx(k-1))]. (@)

The criterion of (3) is the generalized form of the
criterion proposed by Levinson and Mullis-Roberts. If the
reference model H (z™') is zero, we get Levinson’s crite-
rion from (3) [2]). This criterion has been used for AR
parameter estimation based on a least mean square prob-
lem. If H (z~')=1, the Mullis-Roberts criterion is ob-
tained from (3) [7]. The Mullis-Roberts criterion has been
given as a modified least mean square problem for ARMA
parameter estimation.

The coefficients 4, (i=1,---,5) and b, (j=0,---,1)
which minimize ¥ , of (4) are calculated as follows [2], [8],
[12]:

(5)

=[m1'nf/;|; 0:0 01

@
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where minV, , is the minimal value of ¥V, , and each
vector and matrix are defined as

"i:,r:['ﬁl ”&3] bs,fﬂ [b]."!;:]

R, =E[h, (&) h,,(K)]

B, (k)=[y(k) - ylk—s) | —x(k)---

—x(k— r]] )
(6)
In the above equation, the superscript T" denotes transpose,
In this paper, all vectors are defined as row vectors. Thus,
the column vector has the transpose T at its superscript,
Equation (5) is the normal equation for ARMA parameter
estimation. This is quite similar to the normal equation for
AR parameter estimation.
If x(k) (k=1,2,---) are input signals and y(k) (k =
1,2,---) are output signals, the whole reference model
H(z™ 1) is given as

H(zY)=H,(z")/H/(z7"). (7)
Equation (7) is derived from
y(k)=H(z"Y)x(k) y(k)=H,/(z7")u(k)
x(k)=H,/(z7")u(k) (8)

According to (3), if V, ,= 0, we get
H(z™)=H/(z7")/H(z7")

= B(z7")/A(z7Y). (9)
Thus, A(z~1) and B(z~!) are called, respectively, the AR
part and the MA part of an estimated ARMA model.
Under ordinary circumstances, it is hard to find the ARMA
parameters which make V,, zero. If V,, is not zero
because of certain errors (for example, the disturbance for
the signal y(k) and x(k), and the calculation errors), the
ARMA parameters are calculated as the best approxima-
tion on V , of (3).

I11.

This section introduces the four estimation errors which
are employed to solve (5) with a small amount of calcula-
tion cost. As defined in the previous section, x(k) and

y(k) are an input signal and an output signal, respectively.
For these input and output signals, let us define the
following four estimation models:

Four PrEDICTION ERRORS

1

X (k)=- ilﬁfx(k —i)+ Elﬁjy(km j) (10)
i= j=
where £,(k) is a forward estimation signal for x(k);
pr(k) = - > ary(k=j)+ ): brx(k—i) (11)
=1 =
where $,(k) is a forward estimation signal for y(k);
b (k1) =~ X Bx(k—i)+ T applk /) (1)
=0 j=0

where £,(k — t) is a backward estimation signal for x(k —
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:) and

S t=1

= Pyk—5)=- Eﬂ Y= i)+ L Bixlk=i) (13)
= o

here ¥,(k — 5) is a backward estimation signal for y(k =
) From (10)-(13), the following estimation errors are
defme:d at the time k:

sr(k)_["‘ r(k) .-(k)]
= [-x(k)+£,(k) y(k)-p,(k)| =h, (K)o,
Y, (k) =x(k—1)= 2, (k—1t) = —h, (k)¥],

T!iii_i;."gg'gz*:q;l!; L ks

“ur\-:

E.-_
£ (k) = y(k—s)= 9 (k—s)=h, (k)& (14)
here 0 . Y0 and £, , are defined as
. Ax ax | Ix Lx
B=G a; agil b1 ;
=1 gy ari o b 4
I a n
Vo= [a§---ayy 0 By by, 1]
11 B§---bE, 0] (15)

two forwa:rd estimation errors are represented in a
yector (ie., v, ,(k)). However, the two backward estima-
s fion errors are defined as v, (k) and £, (k) indepen-

$dently. In the following section, these notations play
simportant roles in ARMA parameter calculation and
¢ ARMA lattice filter design. The purpose in representing
“the backward errors independently, in contrast to the
=¢rrors defined in other lattice filters [1], [5], [13], is the
= realization of the new lattice filter proposed in this paper
lie., a filter based on an independent order update of the
#AR part and MA part).

: The above estimation errors are determined as they
%satisfy the following orthogonal conditions:

E
g
4
E £, ,=]ad. - at_,

: Elv, (k) y(k=)]=[0 0]
: Elv, (k) x(k-i)]=[0 o]  (16)
_ Elv, (k-1) y(k—j)]=0
4 E[y, (k=1) x(k-i)]=0 (17)
E[¢, (k=1) y(k-j)]=
E[¢, (k-1) x(k—f)]=ﬂ (18)

f‘,',..hﬂre i=1,2,---,tand j=1,2,

= From (16)- (18) we get the l‘nltﬂwmg equations:
: Vo0l vy 0
&LHRSI:= _I?Tf “ i V:f ‘}] (19)
Yo o vrie vy,
[&3‘:]'&3 o L‘] VsE: i 0 I?f (20)
.:".here
' B K
A [V,;y ,,,., ] E[v, ()T, ()] (1)

n=E[(v,,(k-1)] vt =E[(&,.(k-1))]

. f = By, (R=1)E, (k=1 (22)
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Equations (19) and (20) are derived in Appendix I. From
(19), each value in (5) is given as

L Gl R
_by“bx ny/]fx (j=1,2,--

é (i=1,2,---,5)

.?f)
minV, =V — (EA ) Ve (23)

Equation (23) is derived as follows: In (5), the first element
of the estimation parameter vector is 1. All elements
except the first element in the right-hand side of (5) are
zero. Thus, if the (s +2)th element of the second row in
the right-hand side of (19) (i.e., V;'}) becomes zero by
using the first row in the right-hand side of (19), then the
estimation parameter vector associated with this second
row satisfies (5). In other words, (23) is satisfied.

If we solve the equations in (19) and (20), all of the
values in (5) can be easily obtained from (23).

IV. RECURSIVE FORMULAS TO SOLVE THE NORMAL
EQUATION FOR ARMA PARAMETERS

In the previous section, we introduced four estimation
models and four estimation errors. The estimation parame-
ter matrix and vectors (i.e, 6, ,, v, ,, and &, ,) satisfy (19)
and (20). In this section, let us show how to calculate the
matrix and vectors with little calculation cost. If we calcu-
late an inverse matrix to solve the given matrix equation in
(5), we need the calculation cost in proportion to (s + ¢ +
1)3. But if the recursive formulas are used as we propose
later, we need just the calculation cost in proportion to
(s +t+1DA |

There are two types of recursive formulas. One is the
AR-type recursive formula, which calculates ARMA
parameters as the AR order of an estimation model in-
creases by one. The other is the MA-type recursive for-
mula, which calculates ARMA parameters as the MA
order of an estimation model increases by one. Before
deriving these formulas, let us define the four matrices I,
I,, I, and I, with (s +¢+2Xs +¢+3) dimension:

[Wi s Wy | Wopn o Wil
=[wy--w,,q; O Weaz*** Wenraa)

(W wer W Wil
=[{} wysrewy 1 0 W3+2"”W,;-+.r+1] (24)

[Wy o Wit | Woro Weasalds
=[wp o weir | Wesa Wi 0]

[y e W,y | Wopgees Wg+:+z]14
=[0 wy-o w10 W W] (25)

The above matrix is easily obtained by a (s+1+2)-
dimensional vector e, where all elements of e, are zero
except the ith element, which is 1. For example, I, is
given as

Y . I AT
—[‘?1 ey ey 0

LTS (26)

3+i‘+ 2]
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These matrices are used in the recursive formulas intro-
duced later.

A. AR-Type Recursive Formula

Let us show the AR-type recursive formula. This recur-
sive formula estimates the parameters of an ARMA esti-
mation model as the AR order of this model increases by
one. In other words, the AR-type recursive formula as-
sumes that the parameters of the ARMA estimation model
with s AR order and ¢ MA order, abbreviated as the (s, t)
ARMA parameters, have already been calculated, and
then calculates the (s +1,¢) ARMA parameters. Since the
AR order increases by one after this calculation, this
formula is regarded as the AR order update algorithm
which allows ARMA parameter estimation,

By using (24), we get

LR, = | O T 0 )
e A R B

Yg,r jl'1 , 1
[’Es_; 11]R3+1,I - Tf} (28)

£, LR, . = (29)

_0 I’?f T3
LO -PTRIE,‘I‘ Ta
:TT-! 0 I/::g,.r II T 0]

|

as

where
[r, n]=E[& (k-1 (k)]
r=—E[y(k—s-1)y,,(k)]
= E[y(k—s-1), (k)]

Equations (27)—-(29) are derived in Appendix II. As al-
ready defined, the AR-type recursive formula calculates
the parameter matrix and vectors 0., ,, Y;1,» @and &4, ,
by using (27)—(29). From (19) and (20), 8, ,, ¥;41,,» and
&4, satisfy

i i % .
V+1.r 01 s+1.¢ 0

Bs I R.E 22 ] x

w ol "Vsy+1,: 01 Vo 0

Ve, [0 WELLO V]|
E Rs+1 re ¢ | vE . ( )
s+1,¢ Lﬂ V;+lr||' 0 K-+1,:

Comparing the right-hand sides of (27)—(29) with those of
(30), we can obtain (30) if the (s +2)th elements in the first
and second rows of (27) become zero and the (s +1)th
elements in the first and second rows of (28) become zero.
In order to make these elements zero, this recursive for-

mula employs (29). The AR-type recursive formula is given
as

3+1I_B I+ ﬁerI
Ts+1 ¢ [Y.s* r+-“'2E.': E]Il
£$+1,!’=£S,IIE [!‘Lﬂﬁs,r'*mlu"'d?s,r_!_luﬁﬁs,r]fl
-1
!-"1=_('r’{:€r) [, 7]
o= _I‘;TE/V;EE
B3 = _[Tl TZ]P;-,:I

(31)
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u4=(v;‘:'fn—vm),"[(w* vy
5 = Pafa (32) ._
P;_,,“"“V +piln 7l
plfl,r“‘ﬁ"‘#ﬂi
Vi =V +In mlpl+pamt+psm _
Vi, =Vl + el (33)

The above equations are derived in Appendix IIIL.

B. MA-Type Recursive Formula

Next let us show the recursive formula which calculates
ARMA parameters as the MA order of an estimation
model increases by one. This formula assumes that the
(s, 1) ARMA parameters have already been calculated, and
then calculates the (s,7+1) ARMA parameters. Since the
MA order increases by one after this calculation, this
formula is regarded as the MA order update algorithm
which allows ARMA parameter estimation.

According to (15)—(20), the MA-type recursive formula
is the complementary form of the AR-type recursive for-
mula. In addition, the MA-type recursive formula is equal
to the AR-type recursive formula if the variables associ-
ated with the input signal x(k) and the variables associ-
ated with the output signal y(k) are interchanged. Thus, if
we replace y(k), v, , and —v, (k) with — x(k), F,S , and

£, (k), and vice versa, then the MA-type recursive for-
mula is derived. The MA-type recursive formula is given as

ﬁs,r+1:ﬂs,:r3+n1?s,:fd
£s .‘+1= [E.z !+ﬂ2?5' I]IH-

Vot ™ Yy Ay +["’Ia +"1F4Es,:+"‘151's,:]13 (34)
=_(V3T:) [T{ T:.:]
TJ'ZZ_V;Tf/I’T::
"'Iaz_["'f Tf]ﬂtrl
. yEn s Y o+t £\ _ vy 1t
ne=(Vren; = V2o |V - vt )
s = N47, (35)
Vier..=Ve o +mlr 7]
V?!-f-l =15 + N7,
V:+1 V +[”'1 Tj]n§+n41'3’+n5*r4’
VE =V + (36)
where
[TI’ Tf]=_ [?;r(k 1) :(k)]

T = — E[x(ﬁc —t=1)§, ( k)]
= E[x(k—-t-1)y, (k)]

By using (31) and (34), the ARMA parameters with
arbitrary AR and MA orders can be recursively calculated
from the correlation data of input and output sequences.
These formulas provide lower calculation cost than the
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inverse matrix algorithm which estimates ARMA parame- u: r (K) > Vg oK)
ters in (5) by using an inverse matrix. Thus, let us call ' \ /'C ’
these formulas the fast recursive method, abbreviated "3
FRM. s,t 2 }{"\r‘ 3( }:{ > You1, e &
: 2 “¥a
If the two proposed recursive algorithms join together '“1

‘we get the ARMA-type recursive formula which calculates gt 5+1 e
ARMA parameters as the AR and MA orders of an i
estimation model increase by one simultaneously. This £, Z" o » Eg41,¢ W)
formula is not essential but is useful in some cases. This n
;_iﬁnl}?il.:;g][:g]'recurswe formula has already been proposed T —

V. ELEMENTARY SECTIONS USED IN ARMA g

D1GITAL LATTICE FILTER 4
= x X

~ Levinson’s algorithm is the recursive formula which W ;‘E " Vayea ¥
‘solves the normal equation for the AR model with the
Jowest calculation cost. The AR digital lattice inverse filter Vs, £ ) TN * Ys,en®
can be designed by using the prediction errors defined in
this recursive formula. The term “inverse filter” has been vi 0 e N O
- coined to describe the whitening filter. The observed sto- ' - K '
schastic signals are inputted to the whitening filter and the £ () % : » B oK)

:whitened stochastic signals are obtained from this filter. In
- addition, an AR lattice filter can be designed from the
- obtained AR lattice inverse filter easily. This filter synthe-

Fig. 3. MA-type elementary lattice inverse section.

sizes the observed stochastic signals with white Gaussian vE 00 > Vi o
“input signals. ' -u3§ ;ﬁ“ i
A similar pmcedure is applied to the recursive formulas Y. ) - x)
_given in the previous section. In other words, from the st jf /- 4}{ Bihik
-proposed formulas, we can easily design an ARMA digital
“lattice inverse filter. Then, the ARMA digital lattice filter vl (k)< Ve,
;15 also designed. Associated with the recursive formulas .»_’ V
E’-{i.e., the AR-type recursive formula and the MA-type £g ¢ ) Z G *Eon, e

i‘recursive formula), we can design two elementary sections
2 “used in an ARMA digital lattice filter. Let us call the two
“sections the AR-type elementary lattice inverse section and
E “the MA-type elementary lattice inverse section which cor-
respond to, respectively, the AR-type recursive formula AR-type elementary lattice inverse section is designed 1n
—and the MA-type recursive formula. Fig. 2. In this figure, two forward estimation errors (i.c.,
~ Let us design the AR-type elementary lattice inverse »%,(k) and »} (k)) are used instead of v, ,(k).

gsectian first. From (6) and (24), the following equations
- are satisfied:

Fig. 4. AR-type elementary lattice section.

By (kYT =[y(k) - y(k=s) } —x(k)--- —x(k—t+1) —x(k—1)]
Bopr VT =[y(k=1)---y(k—s-1) | =x(k=1)--- —x(k—12) 0]. (37)

b,.
E
gThus the AR-type error recursions are derived from (31)

f’s follows: inverse section are derived from (34) as follows:
f::.l’g+1,.'(k) = l’s,r(k)'{' [-u{ -u'iy]‘Es,:(k —1) p H_l(k) = .r(k)_ [n:{ 1}{'] Y I(k —1)

:;_.-T3+1+r(k) =?.s,:(k)_p‘2£s+r(k) g:,.‘+1(k) =£s,:(k)_ nl?s.f(k)

n§s+1,f(k)=£s,!(kﬁl)+[|u§ M%]ps,r(k)f—“4?s+l.f(k) ?S!I"'](k):?*rtf(k-l)_-[n‘; ng]vjrt(k)r_n4£5*f+1(k)

= (38) (39)
where n;, =[%{ %{] and ny=[n37 n{]. The above recur-

jiwherc w,=[p¥ p!] and p,=[p3 pi] Equations (37) sions are obtained as the complementary form of the
=and (38) are derived in Appendix IV. From (38), the AR-type error recursions.

The error recursions for the MA-type elementary lattice
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x

> Vo 4l ()

\\/ » Ts,t+l{k}

v (k)< . De vl o k)

G _n_‘f. 5, t+1
M 3
4
Es,t{k] : ,— gs,t+1 (k)

Fig. 5. MA-type clementary lattice section.

x (k) S e »
- = om
S o 8 c p-—
S v
%
ye—E Ql—--—E § -~

D D o0

ERTY soosllll 1

Fig. 6. ARMA digital lattice filter.

The MA-type elementary lattice inverse section is de-
signed in Fig, 3. From the lattice inverse sections designed
above, we can design the two lattice sections (i.e., the
AR-type lattice elementary section and the MA-type lattice
elementary section) shown in Figs. 4 and 5, respectively. In
addition, an ARMA digital lattice filter is constructed by
these sections, as shown in Fig. 6.

VI. COMPARISONS BETWEEN THE PROPOSED ARMA
LATTICE FILTER AND THE OTHER ARMA
LATTICE FILTERS

This paper discusses the new FRA and its ARMA lattice
filter realization. This method assumes that the correlation
data of the output and the input sequences have already
been given. In other words, R, of (5) is first given and
then the (s,7) ARMA parameters are calculated by FRA.
The values 7,,- - -, 7, and 7{,- -+, 7{ used in FRA are easily
calculated from the elements of R, ,. Thus, this method is
regarded as batch processing.

Some other fast algorithms and ARMA lattice filters
have been developed. This section compares these al-
gorithms and ARMA lattice filters with our proposed
FRA and its lattice filter. Although the algorithms already
proposed are essentially batch processing, the adaptive
approaches are also derived in the advanced forms. How-
ever, the advanced forms slightly change the subject in this
paper. In the following discussion, we therefore consider
the batch-processing methods. In addition, every method is
compared at the orthogonal conditions of estimation errors
and at the possibility of an ARMA order update. The
conventional fast algorithms and the ARMA lattice filters
are put in the following groups:

(VI-1) Lattice joint process [4];
(VI-2) ARMA lattice filter by Lee—Morf-Friedlander
(1], [Sk
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(k) of (k) _H,:\U:{[k]' - o (k) Wk~ iy
| -1] -Lgi--- =
£y k) £, k) LY £ )
x(k) 0 ===y -
. . &y k) e, (k) e Lt & k)
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Fig. 8. ARMA-type lattice inverse section.

(VI-3) FRA by Mullis—Roberts [7];
(VI-4) FRA by Benveniste—Chaure [11];
(VI-5) FRA by Monden-Yamada-Arimoto [12].

The lattice joint process estimator (i.e., (VI-1)) devel-
oped in [4] is depicted in Fig. 7. In this figure, the
orthogonal conditions of »?(k) and §,(k) (s=0,1,---,n)
are the same as (16) and (18). However, there is no
orthogonal condition among e,. In other words, this filter
guarantees the orthogonal conditions on the output y(k)
but does not satisfy the orthogonal conditions on the input
x(k). Bach e, (k) is represented with £,(k), and x(k) is
represented with e (k) (i =1, - -, n). Thus, if the stochastic
property of x(k) is different from that of y(k), thas filter
may require many elementary sections. Our ARMA lattice
filter can realize all the orthogonal conditions on y(k) and
x( k). Thus, this compensates for the above disadvantage.

The ARMA lattice filter of (VI-2) also satisfies the
orthogonal conditions on y(k) and x(k). The elementary
section of this filter is shown in Fig. 8. This section is
easily designed by cascading our two elementary sections
(i.e., the AR-type elementary lattice inverse section and the
MA-type elementary lattice inverse section). This filter 1S
realized as the ARMA-type recursive formula which
calculates the (s +1,s+1) ARMA parameters using the
assumption that the (s, s) ARMA parameters have already
been given. Note that the recursive algorithms of (VI-2)
are the simultaneous AR and MA order update. Thus, it
cannot increase an AR order or an MA order with an
arbitrary arrangement, whereas the new algorithm can.
This means that the (VI-2) realization of the ARMA lattice
filter is restricted with s = .

The FRA of (VI-3) requires the same restriction (i.e.
s =t). In addition, this algorithm solves the mean squar¢
problem of (3) where H (z7')=1. In other words, this
algorithm assumes that the input x(k) is a white Gaussian
process (i.e., x(k)=u(k)). Thus, it is not apphed to the
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reference model with colored input signals. However, the
calculation cost of this algorithm is the smallest among
;&RMA-type FRA'’s including our algorithm.

- The algorithm of (VI-4) can realize the ARMA model
w: ith arbitrary AR and MA orders (i.e., s # t). In addition,
it can be applied to the model with colﬂred input signals.
However, it needs weak restriction. In other words, this
ﬁlgonlhm consists of

~ Type 1: Evaluation of the (s+1,7+1) error set as a
function of the (s, t) error set.

5 Type 2: Evaluation of the (s +1,0) error set as a func-
'l- tion of the (s,0) error set.

- Type 3:  Evaluation of the (0, ¢ +1) error set as a func-

tion of the (0, 7) error set.

L T L

_Here the error set denotes the four estimation errors
'defmed in (14). Thus, the (VI-4) algorithm is an expanded
gf{}rm of (VI-1) and (VI-2). In other words, the recursion of
- the forward estimation errors in (VI-4) is the same as that
Euf the (VI-1) algorithm. If s=1¢, the (VI-4) algorithm
=corresponds  to the (VI-2) algorithm. Although this al-
gorithm can realize the ARMA model with arb:trar},f
: RMA orders, the arrangement for each filter section is

restricted. According to Type 2 and Type 3, this algorithm

“has to realize either the AR part or the MA part at the first -

- time if s # 7. In other words, it cannot realize the ARMA
“model with arbitrary arrangement. For example, this al-
: gorithm cannot realize the ARMA model with the arrange-
=ment of (0,1), (1,1), (2,1), and (3,1) ARMA order. In this
“example, it has to realize this model with only the arrange-
sment of (1,0), (2,0), and (3,1). The new algorithm pro-
“posed in this paper can realize this model without any
= restrictions for the arrangement. If the orders of the esti-
: mation model are already known, it is enough to employ
- (VI-4). However, if any information of its orders has not
_been given, the new algorithm may be better than (VI-4).
= The algorithm (VI-5) can realize any ARMA model with
ffan},r arrangement for the orders of the estimation model.
However, the errors given in this algorithm, if they can be
~calculated, do not satisfy orthogonal conditions even for
= the forward estimation model.

= The proposed algorithm compensates for the disad-
vantage of the above algorithms. It has been shown that
each of the algorithms above shows excellent ability for a
= certain kind of signal processing. However, the proposed
= FRA together with its lattice filter also presents the same
§ab:hty since it is an expanded form of the others.

=

Ef

VIL.

= We carried out some experiments for the proposed
:‘_,'{iRMA digital lattice filter. In this section, let us show the
Texperimental results. The experiments were performed to
Esolve a model reduction problem. The model reduction
2 problem has been established in system identification [9],
£[10]. This is used to yield a reduced model from a given
= reference model with either high order or infinite order. In

_':_'{I_his section, we show three different ways of approaching
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Fig. 10. Designed ARMA lattice filter,

the reduction problems by using the proposed ARMA
digital lattice filter.

Assume we have the reference model whose spectrum
and pole—zero locations are shown in Fig. 9. This model is
the ARMA model with 14 AR order and 10 MA order.
According to the spectrum, the reference model has four
resonances with narrow bandwidth, i.e., 1 kHz, 1.25 kHz, 3
kHz, and 4 kHz (resonance frequency), and two antireso-
nances with wide bandwidth, i.e.,, 2.5 kHz and 4.5 kHz

(antiresonance frequency).
- First, let us consider the following criterion:

Viu=ol/@u)§ |B(z")A()
~A(z"Y)B(z" 1)[ dz/z (40)

where the reference model H(z™') is given as
B(z71)/A(z"Y). In the above criterion, H, (z') and
H (z7%) of (3) are A(z™!) and B(z™1), respectwely Thus,
the esumated ARMA model is given by H(z™!)=
B(z"Y/A(z™Y). Since B(z~') and A(z~") had been al-
ready given, we could design the ARMA lattice filter
which minimized ¥, , by using the proposed method. The
designed ARMA lattice filter is shown in Fig. 10. The left
four sections of this filter were designed with the ARMA-
type lattice section. These sections were designed by the
two proposed elementary sections. The right four sections
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Fig. 11. (a) Spectrum and (b) pole-zero locations of the designed

ARMA lattice filter based on ¥, , of (40).

were the AR-type lattice elementary sections. In this filter,
the four ARMA-type lattice sections were designed first.
As discussed in the previous section, any other algorithms
cannot design this filter with this arrangement. The AR
and the MA order were 8 and 4. The spectrum and the
pole—zero locations of this filter are shown in Fig. 11. This
filter is unstable according to the pole—zero locations.
Next, let us consider the following criterion:

Vii=o0l/Qmj)Pl(B(z7")/4(z7))

A Y-8z Y dz/z |zi=1. (41)
This criterion is the same as the modified least square
criterion introduced by Mullis and Roberts. To calculate
the parameters which munimize ¥V/,, we needed the
second-order mformation and the first-order information
(i.e., autocorrelation data and impulse responses of the
reference model). In this experiment, after we calculated
the 256 points of the impulse response of B(z 1)/A(z 1),
both data were calculated. The estimated ARMA lattice
filter was the same as that in Fig. 10. Although the
criterion is the same as that of Mullis and Roberts, we
could design the ARMA lattice filter with a different
ARMA order (i.e.,, s =8 and r = 4). The spectrum and the
pole—zero locations of the designed ARMA lattice filter
are shown in Fig. 12. Comparing this filter with the
reference model, the spectrum envelope of this estimated
filter 1s quite similar to that of the reference model. In
addition, all the poles and zeros lie inside the unit circle
(1.e., this filter is stable). Thus, this filter is considered as a
fine reduced ARMA model.
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Fig. 12. (a) Spectrum and (b) pole-zero locations of the designed

ARMA lattice filter based on V', of (41).

Let us show the other example. The criterion is defined
as

v, =o02/(2mj)PlA(z71)/A(=7")

—ff(z_l)/ﬂ(z_l)[zdz/z 1z|=1. (42)

We needed both the impulse response of 1/4(z~!) and the
impulse response of 1/B{(z~") to calculate the estimation
ARMA parameters. We calculated the 256 points of these
impulse responses. The designed ARMA lattice filter was
the same as in Fig. 10. The spectrum and the pole-zero
locations of this filter are shown in Fig. 13. This spectrum
and the pole-zero locations are similar to those of the
previous lattice filter. Thus, this filter is also the fine
reduced ARMA lattice filter.

Now, let us consider why the estimated lattice filter has
different characteristics for different criteria. The ARMA
parameters of each filter are estimated to minimize each
criterion. The estimation model E(z‘l} and B(z~!) have
to identify the resonances and the antiresonances of the
reference model. Thus, in V| , of (40), ff(z‘l) and B(z™Y)
have to identify the zero points of A(z™') and B(z™ ") in
the unit circle, respectively. However, even if an estimated
zero point is slightly shifted from the given zero point, the
value of V, , is not greatly changed. In other words, the
sensitivity of the estimation is poor because the estimation
error around the resonances and the antiresonances does
not influence the criterion greatly. On the other hand, for
Ve, A(z™ ') and ﬁ(z"l} have to identify the pole points
of A(z~1) and the zero points of B(z™ 1) in the unit circle.
Thus, if an estimated pole point of A(z~!) is slightly
shifted from the given pole point, the value of ¥/, 18
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r'Fig. 13. (a) Spectrum and (b) pole-zero locations of the designed

ARMA lattice filter based on V'] of (42).

3

freatly changed. It shows that the sensitivity of the estima-
f_an for A(z™1) is quite good. In addition, it is shown that
he sensitivity of the estimation for A(z™!) and B(z™1) is
ilso good concerning ¥,”,. Thus, we can get the accurate
educed model for ¥/, and V/;.

VIIL

1 This paper has proposed a new ARMA digital lattice
ffilter. The ARMA digital lattice filter is designed from a
Hew criterion. Since the criterion is defined to identify an
SARMA reference model, the designed lattice filter is quite
Slifferent from the conventional ARMA lattice filters mod-
diied from the AR lattice filter.
= First, we have derived the fast recursive method, ab-
dreviated FRM, which solves a normal equation for ARMA
warameters (i.e., (5)). The calculation cost of this method is
#roportional to the power of the order of the matrix used
=i the normal equation. It is less than the calculation cost
=iceded to calculate the inversion of this matrix. Then, we
%ave designed the two elementary sections used in the
ARMA lattice filter from FRM. According o these sec-
lons, the lattice filter can be built with an arbitrary AR
rder and an arbitrary MA order.
= In order to characterize our proposed filter, we have
%anared it with the conventional ARMA lattice filters
=id the conventional FRA’s in Section V1. In this section,
have considered the design arrangement and the or-
ogonal conditions. In contrast to the others, the pro-
=0sed method can design an ARMA model with any
SUrangement of the ARMA order update. In addition,
=ery estimation error yielded at each section satisfies
ithogonal conditions (i.e., (16)-(18)).

CONCLUSIONS
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Finally, several experimental results have been shown.
The experiment is based on the model reduction problem.
These results are obtained from three types of criteria. It
has been shown that the estimated filters are different
according to these criteria. In addition, if we select the
appropriate criterion, it is shown that we can obtain the
fine reduced ARMA lattice filter.

APPENDIX I
ProoF OF (19) AND (20)

Let us derive (19) by using (16). The matrix R_, and the
vector v, (k) are given from (6) and (14) as

R.r,i' = [hs,r(k)Tks.r(k)]
"s,r(k) = ks,:(k)ﬂsT:

Using A, (k) in (6), (16) is rewritten as

(A1)

a; 0} a, 0

E[vs..(k)"’"hs,;(k)]=[a3 0! 0] (A2)

where &y == E[ :(k)y(k)] R [ r(k)x(k)]s &3 =
E[s,(k)y(k)), and a, = — E[; ;(k)-?f(k)l .
Usmg (16) again, a;, a,, a;, and a, in (A2) are given as .

oy =—E[v} (k) y(k)] == E[s:,(k)»2 (k)] =V

= E[v7 (K)x(k)] = E| (v, (k)] =¥z,

a3 = E[ z(k)y(k)] =

E[(»2 (k)] =v2,

ay=—E[v} (k)x(k)] = - E[»? (K)v} (k)] =V
(A3)

In addition, from (Al), the left-hand side of (A2) is
rewritten as

Ev, . (k)"h, (k)] =E[6, h, . (k)"k, (K)]

o Bx,IRS,r‘

From (A2)—(A4) we get (19).
Let us next derive (20) by using (17) and (18). From
(14), vy, (k—1) and £, (k —1) are given as

_?E’f(k_l) _ ql'm] T
[ £, (k-1) }‘ g, [Bs 1)

Equations (17) and (18) join as

E[ -?s.;(k—l)]hw(k_l)F[G ﬁlio ﬁz]

(A4)

(A5)

Es,r(k “"1) 0 33 0 134
(A6)
where ﬁl = E[?s,r(k —Dy(k —s5-1)), ﬁz E["."; ;(k -

Dx(k—t=1), B =E[£, (k-1)y(k—s—1)], and B, =
=Btk — D%k~ —1)]
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Using (17) and (18) again, By, B;, B3, and B, in (A6) are
ojven as

B, =—E[y, (k=1)y(k—-s-1)]
= - E[y, (k-1)&, (k-1 =V
B, = Ely. (k—1)x(k=5=1)]
= E[ (v, (k-D)] =72,
B, =E[¢,, (k-1 y(k—s-1)]
= l(s, (k-1))] =72,
B,=—E[¢, (k-D)x(k-t-1)]
= —E[¢, (k=1)y, (k-1 =V1. (A7)

In addition, using (A1) and (A5), the left-hand side of (A6)
is rewritten as

=Y ik le 1)
EU gs,;(k -1)]h3,r(k —1)}

= E{[z”}k,(k ~1)"h, (k 4)1

Ys.:
i G L.
[gm] o

Thus, we get (20) from (A6)—(A8).

(A8)

APPENDIX 11
DERIVATION OF (27)—(29)

Let us derive (27). According to (24), 8, I, is given as

0 4;---d
o 1, =

' I x Ix
D 3 ]. bl rrmEe b! .

010 i il 8
Thus, using R, ,, ,= E[hHL,(k)TﬁHM(k)], we get

T
0, LR,y = E[6 Lk, sy (K)Th 0 (K)]
= E[vs,r(k)?ﬂhs+l,i(k)]

[V;ﬂ-}' 0 ni V5 0

5,1

5,

' A
vy, 0 ‘Tzi Vet 0} e

3,

where (14) and (A3) are used in (Al0), and 7 =
— E[v} (k)y(k—s—1)] and 7= E[ (k)y(k=s—1)]
By using (16), the values 7, and 7, are rewritien as

[, ml=E[y(k—s-1v, (k)]
—E[£, (k—1)v, (k)]
where £, ,(k —1) is given from (14) as
g, (k=1)=y(k—s—1)+aty (k—s)
+ afy(k—1)—bfx(k—1t) -+ = bix(k —1).

Thus, from (A10) and (A11) we get (27).
Next, let us derive (28). Using (24), we get

(A11)
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Thus? U.Si.rlg R3+1,!= E[hs+1,:(k}Tﬁs+l.r(k}]ﬁ W g\Et
[ T
¥ A FL I ¢
[YM;]RHLJ:E Yo, 141 l.r( )T]hsﬂ,r(k)
£, &, Lk, (K)

o i o)

0 V:Tf T3:| 0 K‘Tf
“lo w, nlg wel 9

I
where (14) and (A7) are used in (A13) and 7 =— E[y(k

SEE TR 1)?5,r(k}] and T4 = E[y{k — 5 1)£s,x{k}l
Equation (29) is derived as follows. Using (24), we get

£ L,=[0 a§---af, 110 b8, (A1)
Thus, &, I,R,, 18 given as
’:'-s,:szHl.::E[Es,:fzhsn,r(k)rhsn,;(k}]
=E[¢,,(k=1)h,.y, (k)]
=[TS 0 Vsﬁr L T ﬂ]
where 7, and 7 are calculated as
n=E[¢, (k-1 y(k)] =El& (k-1)r) ] =n
r.=—E[¢, (k-1)x(k)]
= — E[¢, (k=D»} (k)] = m. (A16)

Equation (A16) employs (18). From (Al5) and (A16), we
get (29).

(A15)

APPENDIX III
DERIVATION OF {31)—(33)

The recursions of 8, , , and v,,, , are easily derived as
follows. From (27) and (29), consider

[ﬁs,rfl + l""{as‘:IE] R5+1,:
Vid+piry, 0
V:s}:r + ”{TE ﬂ

n+ Vi Vi+uin 0
Ve Vit 0
where ;= [p3pf]. If py = —(VE) ™} m ], then the (s +
2)th elements in the first and second rows of the right-hand

side become zero (i.e., 7, + uiVE, ==+ p{Vs, =0). Thus
comparing (A17) with (30), we get

Bs+1,:=ﬂs,rfl+ﬁt{§mfz (A18)
”l=”([’:€r)"1["’1 7]
VHl,r:“_f:;’I I;;yl,rl
st1,6 Vi1,
=[V£: rf;ff]+[m m}
vz v e i
=ﬂ,;+l~q[71 7). (Alg}

Note that the (1,1)th, (1,s+3)th, (2,1)th and (2,5 +3)tb
elements of the right-hand side in (A18) must be 0, 1, L.
and 0, respectively, since the elements of 6, , associated
with their positions are 0, 1, 1, and 0, respectively.

|




- el

Next, consider the following equation:
.::[?J.I+J[LZEJ,I]I1R3+1,!
- 0 Vi+pVf, mtpm i AR TRAHR

;Equation (A20) is derived from (28). Thus, if p,=
- V.Y2/VE,, then the (s+1)th element of the right-hand
side bemmes zero. From (A20) and (30), we get

(A20)

.Ys+1.1= [Ts,:+p2£s,r]fl (AZ])
o= — K:Tf/VsE:
i I’?fl (=Tt paT,
Vi = Vit b (A22)

Note that the (:; +2)th and (s + ¢ +3)th elements of the
right-hand side in (A21) must be 0 and 1 since the ele-
iments of v, , associated with their positions are 0 and 1,
Jrespectively.

1 Finally, let us derive the recursion of &, ; ,. We have to
jnotice that the (s +2)th and (s + ¢ + 3)th elements of £, ,
sare 1 and 0, respectively. First, consider the following
jequation:

'_Thus, from (29) and (A23), we get

{g.-;,r‘rl 3 |'|'3H~hf
;'Hﬂwever, from (A9) and (Al4), the vector §, 1, + p48, 1,

L)R,.,,=[0 Vi +X1i0 0]. (A29)

0 a§---at, 1:0 BB
0 af---ar 011 br-..b7
# o i A26
Baly pear olo byed| 9
lﬂ (A26), the (s+¢+3)th element (ie., the rightmost

itlement) does not become zero. Thus, we have to make it
%ro in order to obtain &5“ .. Let us consider the follow-
ﬂlg equation:

sE—I—I B If?fl £ 1 0 0]
(A27)
V.Xe /V% .. Equation (A27) is derived from

[Es+1 o PaYsiy, I)Rs+l [0

{¥here p, =
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(30). Thus, comparing (A27) with (A25), we get
§3+1+:_p’tﬂ's+1.r=gs.rfz'l'l'l'i’-ﬁs,r!l' (Azg)
From (A21), (A24), (A27), and (A28), we finally obtain

€x+ 1,0 gs,riz T [Faﬂs,: gyt ."‘SE.;,:]II (A29)
== [717'2] V_l

I{rfl r/ s+1,¢07 (73+.U'ET4)/( KT:"F-“'IL;TE)

(it vsy-vave] a0
Bs = Hats
l’:-:€+ 1 "’;E,: +A+ P-4KT+$1,:
=K€;+[T1T2]F§+F4T3+F5T4* (A31)

From (A18), (A2l), and (A29), the AR-type recursive
formula is derived.

APPENDIX IV
DERIVATION OF (37) AND (38)

First, let us derive (37). From (24), I, and I, are
rewritten by a new vector e, as

Y.0 IR [, =]V} Vil 0 om V0
: 5 s =1 T £ x " o i e
AT T B 0 v 0 = (& &y § &y e
J =[-7 0 A —1 0] (A23) g K v 3
i . . 2 ' o Ifg‘“e.ﬂz ' ‘EST+4“'£:+:+3 "T] (ASZ)
fwhere (27) 1s used in (A23) and :
3 I where €, is the (s + ¢+ 3) dimensional row vector which
s £ SRR has 1 at the ith element and zero at the others. Thus, we
A=[n . (A24)  get
ooy (K)IT=[p(k) - y(k=5-1) { x(k)---x(k—2t)]IT
= | ylk) e plle—s ) | x(k)rexlle—7)] (A33)
Ror (YL = [y(k) -~ y(k—s-1) | x(k)---x(k—1)] L]
= [yl —1) oo p(k=5=1) | 2(k=1) xlk—t) 0], (A34)

From (A33) and (A34), (37) is obtained.
Let us derive (38) next. From (14) and (31), we get

"s+1,r(k) =hs+1,;(k)33::1 ‘
=hs+1,:(k)[f1Tﬂ¢Tf+ IT : i"‘l]
= x,f(k)+£s,t(k_1)p1‘ (A35)

From (14) and (31), the other errors v, ,(k)and &, ,, ,(k)
are given as follows:

?5+1,:(k) e ks+1,:(k)’ff;1,.r
Bovr, (R [V, + okl ]
=Y (k)_Pz'f; (k)
€pir, (k) =hiy (k)&
=h,., .-(k)f ath 3N
[ s, rl"::"':“'ﬂg ;"'P‘ﬁi ]
=&, (k=1)+v, (k)us—pey, (k) +psé, (k)
=&, (k=1)+v, (k)i —p¥err, (k) (A37)

(A36)
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where (A37) uses (A36) and 15 = p4p,. From (A35)-(A37),
(38) is obtained.

ACKNOWLEDGMENT
The authors express their appreciation to Prof. K.

Hatori of Hokkaido University, Sapporo, for his useful -

advice.

REFERENCES

[1] B. Friedlander, “Lattice methods for spectral estimation,” Proc.
TEEE, vol. 70, Sept. 1982,

[2] S. Haykin, Nonlinear Methods of Spectral Analysis (Topics in
Applied Physics). New York: Springer-Verlag, 1979.

[3] Y. Miyanaga, N. Miki, N. Nagai, and K. Hatori, “A speech

analysis algorithm which eliminates the influence of pitch using the

model reference adaptive system,” IEEE Trans. Acoust., Speech,

Signal Process., vol. ASSP-30, no. 1, pp. 88-96, Feb. 1982.

4] I %I) Markel, and A. H. Gray, Linear Prediction of Speech. New
York: Springer-Verlag, 1976.

[5] D.T.L.Lee, M. Morf, and B. Friedlander, “Recursive least square
ladder estimation algorithms,” TEEE Trans. Acoust., Speech, Sig-
nal Process., vol. ASSP-29, no. 3, pp. 627-641, June 1981.

[6] Y. Miyanaga, N. Miki, and N. Nagai, “ ARMA digital lattice filter
based on a linear prediction theory,” Trans. [ECE Japan, vol
J67-A, no. 5, pp. 487-494, May 1984,

[7) C.T. Mullis, and R. A. Roberts, “The use of second-order informa-
tion in the approximation of discrete-time linear systems,” JEEE
Trans. Acoust., Speech, Signal Process., vol. ASSP-24, no. 3, pp.
226-238, June 1976.

[8] Y. Miyanaga, H. Watanabe, N. Miki, and N. Nagai, “A fast
calculation algorithm for a parameter estimation of autoregressive
and moving-average model,” Trans. IECE Japan, vol. J66-a, no. 10,

. 1000-1007, Oct. 1983.

9] . Krishnamurthy, and V. Seshadri, “Model reduction using the

Routh stability criterion,” IEEE Trans. Automat. Contr., vol. AC-23,

no. 4, pp. 729-731, Aug. 1978.

R. A pEl-attar, and M. Vidyasagar, “Order reduction by 1, and

l-norm minimization,” JEEE Trans. Automat. Contr,, vol. AC-23,

no. 4, pp. 731-734, Aug. 1978,

A. Benveniste, and C. Chaure, “AR and ARMA identification

algorithms of Levinson type: An innovations approach,” [EEE

T;gns, Automat. Contr., vol. AC-26, no. 6, pp. 1243-1261, Dec.

19281.

Y. Monden, M. Yamada, and S. Arimoto, “Fast algorithm for

identification of an ARX model and its order determination,”

JEEE Trans. Acoust., Speech, Signal Process., vol. ASSP-30, no. 3,

pp. 390-399, June 1982. -

H. Lev-Ari, T. Kailath, and J. Cioffi, “Least-squares adaptive

lattice and transversal filters: A unified geometric theory,” JEEE

Trans. Inform. Theory, vol. IT-30, no. 2, pp. 222-236, Mar. 1984.

Y. Miyanaga, N. Miki, and N. Nagai, “An optimum estimation of

autoregressive and moving-average parameters in a short time,”

Trans. IECE Japan, vol. J66-A, no. 1, pp. 1-8, Jan. 1983,

[10]

[11]

[12]

[13]

(14]

{EEE TRANSACTIONS ON CIRCUITS AND SYSTEMS, VOL. CAS-34, NO. 6, JUNE 1987

Yoshikazu Miyanaga (§'80-M’85) was born ip
Sapporo, Japan, on December 20, 1956. He re-
ceived the B.S., M.S., and Dr.Eng. degrees from
Hokkaido University, Sapporo, Japan, in 1979,
1981, and 1986, respectively.

He studied at the University of Illinois
Urbana-Champaign, as a Visiting Research As-
sociate, from August 1984 to August 1985, He is
currently an Assistant Professor with the Depart-
ment of Electronic Engineering, Faculty of En-
gineering, Hokkaido University. His research in-
terests are digital signal processing, computer software, and speech analy-
sis.

Dr. Miyanaga is a member of the Institute of Electronics and Com-
munication Engineers of Japan.

i

Nobuo Nagai (M'74) was born in Tokyo, Japan,
on January 5, 1938. He received the B.S. and
Dr. Eng. degrees from Hokkaido University,
Sapporo, Japan, in 1961 and 1971, respectively.

He is currently a Professor at the Research
Institute of Applied Electricity, Hokkaido Uni-
versity, He was with Cornell University, Ithaca,
NY, as a Visiting Research Associate in 1972,
Presently, he is engaged in research on distrib-
uted networks.

Dr. Nagai is a member of the Institute of
Electronics and Communication Engineers of Japan.

3

Nobuhiro Miki ($'68-M'74) was born in Kawa-
guchi, Japan, on October 14, 1945. He received
the B.Eng. degree from Tokyo Denki University,
Tokyo, Japan, in 1968, and the M.S. and Ph.D.
degrees in electronics from Hokkaido University,
Sapporo, Japan, in 1970 and 1974, respectively.

From 1974 to 1975, he was a Research Asso-
ciate at the Simulation Center, Hokkaido Uni-
versity. From 1975 to 1980, he was a Research
Associate, and since 1980 he has been an Asso-
ciate Professor at the Research Institute of Ap-

plied Electricity, Hokkaido University. He is engaged in research on
digital processing of speech signals and time domain analysis of systems.

Dr. Miki is a member of the Institute of Electronics and Communica-
tion Engineers of Japan.



	p617.pdf
	p618.pdf
	p619.pdf
	p620.pdf
	p621.pdf
	p622.pdf
	p623.pdf
	p624.pdf
	p625.pdf
	p626.pdf
	p627.pdf
	p628.pdf

