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Estimation and Control of Distributed Param-

eter Systems

Akira ICHIKAWA*

1. Introduction

The semigroup model in a Hilbert space can de-
scribe a wide class of distributed parameter systems
such as partial differential equations and functional
differential equations and is useful to formulate esti-
mation and optimal control problems.

2. Mathematical Preliminaries

In this section the definition of a strongly contin-
uous semigroup and its generator are reviewed. Then
the stochastic integration with respect to an orthogo-
nal increments process and a linear estimation prob-
lem are briefly reviewed.

2.1 Semigroup of bounded operators
Let H and K be Hilbert spaces with inner product
<-,-> and norm |-| respectively. Let L(H,K) be the
space of bounded linear operators mapping H into K.
L(H,H) will be simply denoted by L(H).
[Definition 1] S(¢) € L(H), t >0 is a strongly con-
tinuous semigroup Refs. [2,3,5,10] if it satisfies the fol-
lowing:
(i) S(0) =1, the identity operator,
(ii) S(t)S(s)=S(t+s) for all t, s>0,
(iii) S(t)x is continuous for all x € H.
[Definition 2] The infinitesimal generator of a semi-
group S(t) is defined by

Az =Ilim Stz-z
t—0 t

when the limit exists, and its domain is denoted by
D(A).

The resolvent set of A is the set of complex numbers
A such that A — A is one to one and onto H and is
denoted by p(A). The inverse (Al —A)~! is called the
resolvent of A and is denoted by R(A,A). The limit

1S(@)]

wo = liminf ———
t—00 t
exists and is called the type of the semigroup. More-
over, for each w > wqg there exits a number M such

that |S(t)] < Mexp wt. The graph of A is the set
{(z,Ax), x€ D(A)} and is a closed set in H x H. If z €

D(A) then S(t)z € D(A) and %S(t)x =AS(t)=S5(t)Ax.

The following result is known as Hill-Yosida theorem.

* Kyoto University
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[Theorem 1] Let A be a closed operator with do-
main D(A). Then A is the infinitesimal generator of
a semigroup if and only if there exist real numbers M
and w such that the following conditions hold:

(i) The closure of D(A) is the whole space H,
(ii) (w,00) Cp(A) and for A >w
M

RO < 5=

k=1,2,..

Moreover,

S(t)x = lim exp(Apt)z, z€ H,
n— oo
1S(8)] < Mexp(wt),
where A, =nAR(n,A).

A, is a bounded operator and is known as the
Yosida approximation of A and has properties

lim nR(n,A)x =z, x € H,
n— oo
lim A,z = Az, x € D(A).

n— oo

[Example 1] Consider the heat equation

0 02
§x(t,s) = ﬁx(t,s), 0<s<l,
x(t,0) ==z(t,1) =0,

2(0,8) = xo(s).

d2
For this example set H = Lo(0,1), Az = dm(zs) and
S
dz d*xz
D(A)={x e Ly(0,1) T0 42 € Ly(0,1),

z(0) ==z(1)=0}.
Moreover,
e} 1
S(t)r= ZQexp(—ﬂ'QiQt)siniﬁs/ sin(imr)x(r)dr.
i=1 0

The type of this semigroup is wg = —n2 and M =1.
The resolvent operator is given by

oo 2 1
R\ A)x= Z msiniws/o sin(imr)x(r)dr.
i=1

[Example 2] Consider the delay equation Refs. [2,
3]

&= Aoz (t)+ Arx(t—7),
x(0) =z,
x(s)=z0(s), —7<s<0,
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where zq(s) € Ly(—7,0; R™). Taking the state (z(t),x(t+

s)) in R™ x La(—7,0; R™) = Ma(—7,0; R™), this equa-

tion can be described by the generator

(i) (TE)

with domain

Lo

b= {( 22 ) et

dx(s)
ds

€ LQ(—T,O;RR), fy) :CL'(O)}

Consider the differential equation in H
&=Azx+f(t), 2(0) =m0 (1)

where f is locally integrable. Then

2(t) = S(t)ao+ /O S(t—r)f(r)dr (2)

is well-defined and is continuous. It is called the mild
solution. However it is not differentiable in general. If
xo € D(A) and f is differentiable, the mild solution is
differentiable and satisfies (1). In this case it is called
a strict solution Refs. [3,5].

Consider the perturbed equation

T=[A+A1(t)]x, z(s) =10 (3)

where Ay € L(H) is a strongly continuous operator.
The integral form of this equation is

x(t) :S(t—s)xo—F/ St—r)A(r)x(r)dr

and has a unique solution. It is a linear function of
the initial condition zy and is written in the form
x(t) = S(t,s)xg. S(t,s) is called the mild evolution
operator Ref. [2] generated by A+ A;(t) and satisfies

S(t,s)xo = S(t—ts)xo
+/ S(t—r)Ai(r)S(r,s)zodr.

The differential form of this equation is

%S(t,s)xo =[A+A1(1)]S(t,s)z0, S(s,s)=1.

2.2 Wiener integral and linear estima-

tion

First recall some basic definitions from Ref.[6].
Let (£2,F,P) be a complete probability space. Square
integrable random vectors x and y are said to be
orthogonal, = Ly, if E(xTy) =0, where E denotes
expectation and z” is the transpose of . An n-
dimensional stochastic process w(t) is an orthogonal
increments process if for any non-overlapping inter-
vals (s,t) and (s',t), [w(t) —w(s)] L [w(t') —w(s)].
An n-dimensional process w(t) is a standard Wiener
process if (i) w(0) =0, (i) w(t) has continuous sam-

ple paths, (iii) w(t) has independent increments and
(iv) w(t) is Gaussian with covariance tI,,, where I, is
the identity matrix. Now define the integral with re-
spect to an orthogonal increments process. Let Fy,0<
t <T be an increasing family of o-subfield of F. As-
sume that w(t) be Fy-measurable and that w(t+s)—
w(t), s >0 is independent of F;. Let B € Ly((0,T) x
£2; R™*™) such that B(t) is F; measurable. B(t) is
called an elementary process if there exists a sequence
0=tg <ty <---<t, =T such that

B(t) = By, t € (tq;tq+1]

where B, is Fy -measurable. The integral of B with
respect to w(t) is defined by

Then
T
E|I(B)|2:/ FEtr.B*(t)B(t)dt,
0

where tr. denotes the trace of a matrix. The inte-
gral can be extended to the Fi-adapted whole space
L2((0,T) x £2;R™*™) and is called Tto-integral. If B
is non-random, it is called Wiener integral. The Ito-
integral can be extended L(R™,X)-valued B where
X is a separable Hilbert space.

Let H(X)=L2(f2,F,P;X) be the space of square in-
tegrable random variables in X and Ho(X)={z €
H(X); Ex=0}. Let {y(t),0<t<T} be an m-dimensional
quadratic mean continuous process and define

HYN(X)=Lx{1, y(s), 0<s<t},

the closure in H(X) of all linear combinations of 1 and
y;(si), 0<s; <t, where y; is the j-th component of y.
For a given z € H(X) the projection of z onto HY'' (X)
denoted by P;x is called the best affine estimator of
x given {y(s),0<s<t}. Let z,=2— Ex and y.(t) =
y(t) — By(t). Define H/*(X)= Lx{y.(s),0<s<t}.
Let P/ be the projection of Hy(X) onto H}*(X).
Then Ptoxc is called the best linear estimator of x.
given {y.(s),0<s<t}.
Assume further that y(t) is an orthogonal increments
process with y(0) =0, Ey(t) =0 and Cov(y(t)) =tI,.
Then the following results hold.

[Proposition 1] Let X™ be an m-vector whose com-
ponents are in X. Then

HY(X)={ / K(s)dy(s) k€ Lo(0,6:X™)}

where ky =3, k;y; for ye R™.

[Proposition 2] Let z(t) be a quadratic mean con-
tinuous process in X with x(¢) =0. Then the state-
ments below are equivalent.

(i) z(t) € HY(X) and for s <t, z(t) —z(s) L HY(X).
(ii) There exists a k € Ly(0,7;X™) such that
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x(t)

/ h{s)dy(s)

Proofs in the case X = R! are given in Ref.[6] and
can be extended to the present case.

Let H,K be any Hilbert spaces. For any x &€
H, y,z€ K define z@ye L(K,H) by 2Qy(z)=x <
y,z>. Let x € H(X). The covariance of z is denoted
by Cov(z)=E(z—FEz)®(x— FEz). It is a trace class
operator Ref. [5] and

E|lx—FEzx|*= Z < e;,Cov(x)e; >=tr.Cov(x)

i=1

for an orthonormal sequence e;. For k,h € X™, de-
fine <k,h>=>,kh;. ForzeX, ye R™, z®@ye€
L(R™,X) can be identified as the element (zy;) € X™.

[Theorem 2| Let z € Hyo(X) and let Z(¢) be the
projection of x onto HY(X). Then

|
0

i) = | = Blrey(s)dy(s).

This theorem follows from two propositions above. In
fact

Z(t) :/0 k(s)dy(s) for some k € Ly(0,7;X™).

F< x—a:«(t),/o h(s)dy(s) >=0

for any h € Ly(0,7;X™). Hence
E<x,t/0 h(s)dy(s)j
:Ej/o k(s)dy(s),/o h(s)dy(s)>
/ <k(s),h(s)>ds.
0

Now choose a constant h(s) = hg. Then

E<x,hoy(t)>=E<hg,zy(t) >
t

:/ < ho,k(s) >ds.

0
Hence
d
—F
dt

Let z(t) be an m-dimensional quadratic mean con-
tinuous process such that for any ¢ > s,w(t) —w(s) is
orthogonal to H"*. Define

/Otz(s)ds+/Othw(s).

Let 2(t) be the projection of z(t) onto HY(R™) and
consider the innovations process

[z@y()] =k(t).

y(t)

-3 -

The following results are useful for linear estimation
Ref. [6].

[Theorem 3] (i) For all s and ¢ > s,

v(t)—v(s) L HY(R"™).

(ii) v has orthogonal increments and Cov(v(t)) =tDD*.
(iii) If DD* is positive, HY (X)= HY (X).
3.

Let X, Z;,i=1,2 and U be separable Hilbert spaces
with inner products denoted by <-,->. Consider the
system

Optimal Control Problem

4
5)
6
7

dx = Axzdt+ Bydw+ Baudt, x(0) =z,
z=C1x+ Dyou € Zy,

Zr = CTl‘(T) € sy,

dy = Cyxdt+ Doydw, y(0) =0,

A~ N S
~— — — ~—

where A is the infinitesimal generator of a strongly
continuous semigroup S(t) in X, D(A) its domain,
u €U is a control input, w is a standard n-dimensional
Wiener process given in the probability space (£2, F, P),

y € R™ is an observation and other operators are bounded

linear operators defined on the appropriate spaces.
For example By € L(U,X), the bounded linear opera-
tor from U to X. Assume the following

CiD12 =0, DiyD1o =1,
B1D;, =0, Doy D3y =1,

(8)
(9)

where * denotes the adjoint operator and I the iden-
tity operator on U. The purpose of the control is to
minimize the following quadratic function
T
T =Bl B [ a0 (10)
0
where E denotes the expectation. Admissible controls
are linear functions of the observation y. As prelim-

inaries consider the deterministic optimal regulator
problem and the filtering problem separately.

4.

Consider the system

Optimal Regulator

& =Ax+ Bou, z(0)=zo€ X (11)

and the cost function
T
O e MECIR2 (12)
0
which is to be minimized over the set Ly(0,7;U) of

square integrable functions. The state of the system
(11) is given by the mild solution

x(t) :S(t)x0+/() S(t—r)Bau(s)ds.

The operator-valued equation



—Q=A*Q+QA+C;C1—QB;BxQ, (13)
Q(T)=C;Cr

is called the Riccati equation and plays the main role
for this optimization problem. It is interpreted in the
mild sense as

Q(t)g =S(T-t)Q(T)S(T—t)x
+/t S*(r—1t)[CTC1—Q(r)B; B2Q(7)] S(r —t)xdr.

This equation has a unique non-negative solution for
all T'>0. In fact it is locally Lipshitz and has a unique
non-negative solution for a sufficiently small 7. If
Q(t) is a solution, then it satisfies (13) in the inner
product sense

d
— <TQy>=<Az,Qy>+(Qz,Ay>

+ < Chz,Chy > — <z,QB; BQy >

for any x,y € D(A). If z(t) is differentiable and lies in
D(A), then

4 <2(1).QU)(0) >= 2()P
Hult) + B3Q()2(0)P,

where |-| denotes the norm in the Hilbert spaces. By
integration

T
J(u) =< 20,Q(0)zo > —I-/O lu(t) +B3Q(t)x(t))|*dt.

The final equation does not contain the generator A
and can be justified for the mild solution using differ-
entiable approximations of the system (11) Refs. [5,
7.8]. Hence the minimum of J(u) is attained by the
feedback u,p =—B3Qx and J(uep) =< x0,Q(0)z0 >.
This implies that the solution Q(t) is non-negative
and a priori bounded. Hence the Riccati equation
has a solution for any finite 7. The optimal control
exists for any finite T' and is given by the feedback
Uop. This is realizable when the state is available to
the controller.

The feedback u,,, is also optimal for the stochastic
regulator problem defined by (4) and (10). Assume
that o € H(X) is independent of w(t) and the set of
admissible controls is Lo ((0,7") x £2;U) such that u(t)
is F}; measurable. The mild solution of (4) is defined
as

t
x(t) = S(t):vo—l—/ S(t—r)Brdw(r)
0
t
+/ S(t—r)Bau(s)ds.
0
Assume that z(t) is a solution of (4). Then Ito’s

formula Refs. [5,7,8] applied to v(t,z) =< Q(t)x,x >
yields

0 0
dv(t,z)= &v(t,x)dt+ %'L}(t,f)d(ﬂ
1 , 02
+§ t’f‘.Bl w’l}(tﬁl])Bldt

= [l2(t)]” + u(t) + B;Q(t)z (1)) |* + tr.B{ Q(t) B1]dt
+2<Q(t)x(t),Brdw > .

The expectation of the Ito-integral is zero and

/T <Q)x(t),Brdw>=0.
0

By integration and then taking expectation
T
Jw)=E [ Ju(t)+ B3Q()a(t) P
. 0
+/ tT.BTQ(t)Bldt—f—E < $0,Q<0).’Eo >
0

This formula for the mild solution can be justified
using approximating systems of (4) Refs. [7,8] which
have Tto differentials. Hence the minimum is attained
by the same feedback control u,, = —B5Qx and

J(uop) =F< fo,Q(O)i’O > +t7’POQ(0)
T
+/O tr.BXQ(t) Bydt,

where Tg is the mean of xy and P, the covariance.
This control is realizable when the complete observa-
tion of the state is available.

5. Filtering Problem

Now consider

dx = Azdt+ Bidw, x(0) = o, (14)
dy = Coxdt + Do1dw, y(0) =0,

where z¢ € H(X) and w(t) is an orthogonal incre-
ments process with w(0) =0, E(w(t)) =0 and Cov(w(t))
=tl,,. Assume that zo and w(t) are independent.
The solution of (14) is interpreted in the mild sense

x(t) = S(t)xo—l—/OtS(t—s)Bldw(s).

The observation process

¢
y(t) = / Co(s)ds+ Dayuw(t)
0
is quadratic mean continuous. The filtering problem
is to find the best affine estimator Z(t) of the state

x(t) given {y(s),0<s<t}. In this case the innovations
process is given by

n(t) =y(t) - / Coit(5)ds.

Note that HY(X)= H;(X).
[Theorem 4] The best estimator is given by

() = /0 S(t—s)P(s)Cdn(s)+ Sz, (16)



Ichikawa: Estimation and Control of Distributed Parameter Systems

where P(t) is the covariance of the error z(t) — Z(t)
and is the mild solution of the Riccati equation

P=AP+PA*+ BB}

/Sts

where S(t,s) is the mild evolution operator given by

0
at

Assume xp =0 and derive (16). By Theorem 2

— PC3CyP, P(0)=P,.

Moreover,

(s)Cady(s) +5(t,0)Z0,

S(t,s) = AS(t,s) — P(£)C5CS(t,5).

()= [ 5 0@,

Now
Elz(t) ®n(s) /02 —a(r)]dr
. +D1ow(s)]
—/E[O@@[U ﬂmwr
/Etr ' S(t—r) Budu(r)
T@@[m #(r)dr

/Str

where (8) and the property Z(t) L 2(t)
Hence

L Bl en(s))

ds
/S—s

The error process e=x — I is given by

e(t)=

r)Csdr,

—Z(t) are used.

S(t—s)P(s)C5,

and

5)C5dn(s),

t)(xo —Zo)

/S — $)Bydu(s)

/s.ﬂ

and its covariance is given by
S(t )PoS*( )
/ S(t—r)ByBES* (t—r)dr

/Str

In terms of the observation process

s5)C5dn(s),
P(t)=

r)C5CoP(r)S™ (t —r)dr.

0

/0 S(t—s)P(s)C5[dy(s) — C2i(s)ds]

whose differential form is

dz(t) =
This recursive scheme is known as Kalman filter.

6. Optimal Control Under Partial
Observation

[A— P(£)C3Ca)a(t)dt+ P(s)Cdy(t).

Consider the optimization problem (4)-(10). Ad-
missible controls are linear feedback of the form

ﬂ=£f@ﬂ@®+ww7
fEL(R”,U), Ug ELQ(O,T;U),

/OT/Ot|f(t,r)|2drdt<oo.

This control has property Ref. [6]
u(t) € H a.e. on [0,T].

Let zq(t) be the state of (14) so that

xo(t):S(t)aio—&—/O/S(t—s)Bldw(s).

Then
:E(t):Io(t)+/O S(t—s)Bau(s)ds
Define
t) =&o( /S’ (t—s)Bau(s)ds
x0+/ S(t—s)P(s)Cdn(s)
+/0 S(t—s)Bau(s)ds
Then
e(t) =x(t) fT/o(t) o(t),

The cost function can be written as
T
J(u) = J(u)+tr.CpP(T)C5 —|—/ tr.C1P(t)CY,
0

T
j(u):E|2T|2+E/ 12(6)[2dt,
0

where .J(u) is the cost function for the process Z(t).
Consider the minimization of J(u) over the set Uyq of
admissible controls, where

Uga={ue Ly((0,T)x 2;U) : u(t) e H a.e. on [0,T]}.
The differential form of z is

d3 = (A& + Bau)dt + P(t)Cdn.

This is a stochastic regulator problem with time-varying
Bi. But the optimal control is still the feedback



top(t) = —B3Q(t) (1)

where @ is the solution of the Riccati equation (13).
The optimal response is the mild solution of

dzo, =[A—ByB3Q(t) — P(t)C5Calap(t)dt
+P(t)C5dy,
xop(O) =2

and is given by
t
Zop(t) = S(LO)fo—l—/ S(t,r)P(r)C5dy(r),
0

where S(t,s) is the evolution operator generated by
A—ByB3Q(t)— P(t)C5C5. Hence

oy (£) = — B3 Q(D[(t,0)0 + / 8(t,r) P(r)Cdy(r

is a linear feedback control of the observation process
and an admissible control of the original optimization
problem. The optimal control is obtained separately
solving the regulator problem and the Kalman filter
and the result is known as the separation principle.
Stochastic regulator for systems with state and con-
trol dependent noise can be found in Refs. [7,11] and
for time-varying systems in Ref.[4]. Boundary or
point control and observation can be described by un-
bounded operators By and Cs Ref. [9].
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(1986 #£~1991 4, [9]~[13],[18)])

4) Gauss MFLEFHIZ 51T D HERBREDRE(R%E (1992
F~2006 4, [14]~[17],[20],[23],[24],[27])

5) N ERELGRIY 28 > & QBN D BoEdl (2000 4
~2010 4, [21],[22],[25],[26],[28] ~[30])

6) Kalman 7 1 L X — D7 OHHIEHE O Fodft (2010
fF~, [31]~[40])

DESiThdreEbns. 7L, ZThoMMTH,

BB E & TD T 4 VR Y v T DRARE BN

R [5] D & 5 I BERIFZE BT > TV 5.

ZITIE, TRTHRFEERROMETH S 1) 2FR
K2)~6)%, INHGEEZLEMEL B> 3 DDA
DRE :

* KRB ERY: BB
Key Words: 1 / N—3 3 Vi, BoB{Rk, B O &l
{t, Kalman 7 « )L X —

a) A/ R—3 a3 v LB O RS

b) BFHE T 1L F — RS040 N CHAERRE % &K
129 B 5%k

c¢) Kalman 7 « )b & — D 7= & O &L D 2t (b

EBEAT TR L 720 e S,

2. 4/ R=3 v EEROBEREMMLE
2.1 1980 FRAVBEHEFICH T 2 BEHMOMER
R OBIHIE 7L -

dyt:htdt—FdUt, (1)

IZDWT, BHLEREOE DIER Vi =c{ys; 0<s<t} &
A4 R—= a3 Vg .

yo=0

t

mé%—lhﬂa he 2 E{h|V;} (2)
DEHEOWERY, 20{0,;0<s<t} PHELVWEE, [ ) R—
¥oa v e BIIORREMENER D LD 2 WnwS. 2L,
(1) KiZBWT, by iF, H5ETHEE = {z,;0<t<oc0}
Z2WTC, z; DB (hy=h(t, ) E£721d{zs;0<s<t}
DOPEEE (hy =h(t, zs,5<t)) THZEDELTS. 7z,
v={v; 0 <t <oo} I¥MFH & & IFIM 77 Brown HH)i#
BThrbord 5.

EBNOA ) N— a3 VIEFEIZBI T — & 0 S EFHE ]
BERLEDTHZOT, ViDV, IZAWHTHS. -7,
DB DOBERE Y, CV KD LD, T5bb,
A ) R—3 a3 ViEfEh S BIERE 2 HHER T & 2 a0
ZES5ELDTH 5.

ZOMEE, 1/ R=varviEEoagETEH DS
Kailath 2% 1967 4 (2K &1 (conjecture) & U THIEL,
DA Frost & & HIZFEHAZ R A7 DB FG & 7o
TWa. L»L, Mo 3550 2 Ful oMoy :
E{[3|hs|*ds} < oo Db ET, Z OB D L
DIZLERTILIETER NP2,

F 7z, 1970 FRITIFMAE OHFEE S Z DARED
FEFHIZARII L 72 & WS B DX AR I vz, L,
INSDWT NG, BIZEEHIZHEREWD D 5 Z & AVHEH
L.

T oI, BHIET VRS AR TIN5
(hy =h(t, zs,ys, s <t) DE S BERD) L0~k

-
—
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BEIZDoWT, Cirelson[44] 12 & - T Z DR D K BFIAH
RINFZZ N5, RIEST SITEMELL 72,

UL, 74NV VY ITADRAIZR>TERE, T
TIZ, 1972 4RI 2 /AED LV F V75— L OMERZ HW
T, TOXRIUEM [46; EH 7.18] 225, — AR BIHIE
TMZDWT, 74 VR —HEBIXTARTA /) R—=T 3
ViERE R D ERARETH B Z L BRI NT WV z [45].
D=8, ERHEIZA ) N—= 3 v BN EHRZEMmM D
BN DSBIE L W D IRBL TR AR D o 72,

Ak, £721) OWgET — I FA TV KF R
BRI, BIHEGEDEE [46) EHREDFMKTH 5
KEBEBA L E LT, BED XS ZRIIzo>WT
Mo 7.

Z LT, 1981 4EiZ i Allinger & Mitter[47] 12 & v,
Kailath DfEIELRE S KBR E > TV ZDRFHD
FFHADDOWIZRE N, REN DNV,

2.2 A /R—=2aDBFEREMEDZRD S

BEL R

EROZNEFTOMET—DIE2) & 3)RIhiC
YT 5., Z0MHD 1) OV Y > T8F X — XK EH-
7-iFZE TR, BRWICEMES OREAY Y T RS
A—=REELTT VRXLBRBEIZDWTOREN i
RWT W=,

Thi, Mk, HZOEIBUTHINS VX LZEHT
535D &SRIGEITOVTIE, BT — & OREHRE
ERE L ODPO TR -72720TH 5.

ZIT, @HIHENEZW.

TEHES D R DI BATF DfEIX

BHT =21 o RDSNDZEDN?
BZ5L, DA (2T, R O BRI 2 % -
7-REAHED VWA X [No. ) 2EZBLEDLNS.
LU, ik, BFERIZIE [Yes.] DTH 5.

HABATHN T > X LB T B I0EEE I, R
BMT2R/ABWOTLF T =L WD 75 AIZET
B. LIAN, A6 BFEAEIET, ThSDILF Y
TR BIIMES L3 2BV, TBIT— X ),
B U TR (BUALERE A SR TTRE) 72 2 RILEE)E
2 (quadratic covariation process) MFEET S| &
DT LGNNIz, LT, BAREZEIZ, ZD2
IR F@EFEDIMERT S5 A — R LIZDOWTID W RET H
X, MRS O LA ETANE (BEEMIZIX) BT —
RIMERELDTH B.

BZIE, R, %25 v X LRBHEFHE LT,

>
—

dy; = hydt + Rydvg, 3o =0 (3)
DL,y OHERBG L, FHEOREEEARA S,
d{yey;} = yedy; + dyey; + Ry Ry dt (4)

THEAOLNS. Tabb,

/

t t t
L/Rﬂ%@w%/yﬁ%(/yd%) (5)
0 0 0

BB DD, TNOEEH 2 IRIEETHEETH
0, (BEEMNIZIZ) DT, BT — R Y, 5 Rk 6E
THDHI NN 5.

o T, ZOGEBIHT— X1, H#EKD Brown MH#iE
ReLTODA /R=Ya VBRI OBRES DI LI
oM THS. T UT, Z0O2RELHEEHIEN T —
RV AL TR E WS HER S, (3) Ao & S 8l
B0 E, —Mbr "=y aviliEz (2) ATEHE
U7-%5E,

(—f3fb1 7 R— a3 Vi)
= (2 k&L EEFE) + (Brown dEE)#EFE)

LS, 2RI EER & Brown EHENEED 2 DD
DEOVERINTVEZ R Do, DFH, ZOW
FHLEBHUTFT— XD SR TE S, T0 2005
AR CEBZ LT B,

B, V¥ TIN5 A= RIEIRHEFGRE T H B 720,
2 AL FHHAFE AN T A — X tIZ DWW T ATRE &
WO AR RRRITR D, REBKFOBIHIMES D5 &
(R D55 vy OBIETH 2458) %k- 72 [6],[8)].

ZDH, ReWV Y VT NI A=RIURET 256 E
HLEELT[10].

& AT 8] TIE, HUTZ (6) RDARDIKLT D Z L 721
T2 <, 20X S REBIRAFIEHES 2 08 S Bl 7 — &
WZEB 74080V IREIZOWT, & EARZRER
T =X DY PN FEIZOWTHHERL -,

EWS Db, 2VSLAERERES BT — & Y icBL
THHITH D L\ W-oTh, TNEHL ETTHHENREE
TH5. 2F0, ZhiF T SEfEEERLCH A
IR R P X ] PO AR I R BR A D B DS FAE L T B )
EWS MR o TWE, Thbb, BEllF—&H
HHRT A — R R I B 5 T8k [48) DAL
ML RE A WA E (RREOBAME) 2HICAELT
W3 ZEDRHREM o T2AERTH 5.

AN, BxHEGR R OBIHIE TV & BERHEIC
FFT 2356120, Yo7 > 2 bR AN i iR
BRIOKRIZRHHE LTED, Z0X S LM
IS DAL TH D, &-T, BT — X950
THIDIEMZEZRD B Z L IZTE RN, 2F0, ¥
PNZERE U 72 R & BLE D 7 — R UIRIZ B 1) 2 RBUT 1
RERFTEWINELT 5.

Eix, OBLIZEMT 714 F 2V ADHEDETEH, 0D
& 5 KRBT DRSS 2L S BIIE TV RIHT D
E5ThD, ZZTBRRAEREEIEL LoT0WHEE
WizZ kb b,

7B, (6) RODRDOAL L T L BT — & DSk
IZDOWTIE, TD®[13] & LT, —RINARaEI% 5 % 7.

(6)
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3. BERBIXILF—HIHNEZEDTT
HERREARKICT 2EEE
3.1 1990 ELURIDOEEF DFER

KEEBEAERRIZERA ZBIH [46] DT, 71120 v
TXA ) R=2a VZEEL CTHRHINT W2 o/
L, R & o THIREL, »D, BMZEZL T, ®IiZ
KUZD DB EDTH -7z, B [46] D5 HIC L 2o 721
72i% Thara[51] T, x> v/ Vi HMHR, &<,
WMEETOIY bu Y —CHEEREICET 21585 T
»H -7z [52).

ZOREIZ, 74NV ITTIE 74— FRNv o2
DELBEHE |, [EMOBEGEMETIE 71— RN o
EEOMER] Lz TNRENsET VTR I NS,
T4 NR) VBT BB, BEKEOELEEEZS
N5DT, TITHE, HHROBEEZEMEDHGEEZHWT
HL ThbB, HD GaussfFEilEx={x,;0<t<oo}
ZBfER AWML TEDBRIC, B9, TDEDEELDT
I, EnEcothy={y;0<s<t}ic&EONT
HE 2T 57255 Bz, y) = Be (v, ys, s <t) BIEEFT

5. £oC, @EKOETIVE,

dy: = Bi(x, y)dt+dve, yo=0 (7)
&8s, 2720, Bi(x,y) Tz L TERIET,

Bi(x, y) = Hi(y)z: — ¢u(y) (8)

DES7% BT 1 — Ry 21X 0 FELINE S
THY, Hy(y), ¢u(y) 1 y" ={ys;0<s <t} ONBIELT
»H5.

MR, (8) AD Bi(x,y) DS HT, BT —IZH
EREEIFNEL U

P2E { |Bs(, y)| d8}<if?,
0. J@Z7 —D _LFRAE

(9)

DH LT, FHal ={r,;0<s<t} LBERIET y' =
{ys; 0 <s <t} DIENHE :
Al
It(x7y):7E

2 {jét/i(wvy)—-ﬁstn,yﬂzds} (10)

ERARIZTEZEDERDDZLVWIEDTHS. 277U,
Bt(m, y) BB T — X Yy =0{y;; 0<s<t} IZET 3
Bi(x, y) DEFRMANESFEITH 5.
ZZCEEAAE, (10) ROMEHHRE L ¢ (y) D
CHIZRELRWE WS Z 2 THDE. [>T, ZOH
EDMRILHH T,
(1) ¢(y) 1% (9) RD P, DEDVFTNE 725 & 5 1T5E
(2) Hi(y) 1Z(9) ABEFTHIOVIDL D ITRDS.
EWS ZXizkhs Bl 5, (1) D ¢u(y) DiwidEE
&, (8) NI 1 HOSRMAF & ¢

FEN.

o7 (y) = Hy(y) 2y (11)

THEALOND Z e bR/ IIERRP SO TH S,

ULhd 2o, (7) XOEEHETIVIE, H(y)=H(t)
DLZBETIZ,

Ay = H(H)zedt+dvy, o =0 (12)
2N LT,

dys =dje — H(t)2dt, yo=0 (13)

ThiHHh5, ZNIBEEBOHNH (Bl g={y;0<
t<oo} D) A/ R=Ya ViBRRIZRD Z L EEKT 5.
DFD, [/ R—a VBRI (T) R Q) XD L5 7%
Rt n- BB OBIRIE S ok T, MERKRE—
ED RTEFTIANF—2B/MNIT 5 &\ D Bk Thol
BREDTHD] EWVWHILTH5D.

%P8, Hy(y) DBsl{kizBIL T, Liptser-Shiyayev[50]

ZHy(y)=H(t) DHE2FZEANE T TH D I LHR
INTWVWS.
3.2 Thara[51] D#ERH 58 L FR

Thara[51] D#ER, 4% 51 UM [46] ¥ Liptser-
Shiyayev[50] % @t A TH U7z B I%, U TFO@Y T
HoT-.

(a) TNSIFTRT, FEMVERMET, MEHEPXIX
D IEHMED Brown AR DA 12 DWW T DR
Thd. &bz 2 TR IEERERE S XOMH
B2 JARESNTF VT — IV DBGEITIER UASEHR
DR D AL DM D,

A IER R o 723, Tharal[51] I21%, Hy(y) =
H(t) DBEIZDOWT, H(t) DREMED KD HIZD
WCHEmMmDBH 5. UL, FEX@EFgthre
LILAN T DG AR NTVE. ZhbHh%
RILDRY MVDBGED T A V475 H(t) DD F
FED L7 DN.

ERD4) & 5) %, Zhs (a), (b) ZEDF-72HD
Th5.

9, (a) \22WTIE, Thara[51] DFEHRZ, FEEHIME
BEB L2 /AR IV F v 7 —VHEE DG~ LR
UTmU7z [14]. ZOFFHIZEWTIE, HUD & S BT
Iz DWTA ) R—= a3 v & B O SR A L D 7
DI ENFIHRGM L o TED, TTIT, (13 ITR L 74
ER/BoENTWZZ e eino7z.

—7J, (b) (Z2WTIX, (F%5E K OIEME G 2 MM

A LCH#IT A 2o L. A, (10) R
DAL D FHE L x DHEEFRZ LD HATII DBIEL & 72
20, MBS HATYIN Riccati HFEADfRE LT
AR CcRONDDIE, ZOEREDHEDOATH
55 ThD. ZDHAE, BEAIO Ihara[51] DGR 5,
k),



dyt = H(t){l‘t —.’i‘t}dt—f—d’Ut, Yo = 0 (14)
REEHKOETFVELZEE, (9) AT,
t
Rz/UW@WJHM@SW (15)
0
LB NG,
1 ! / 1 0
Ie.y) = [ GlHEQE () ds< PP (10)
0
Qi £ E{[wy — &) [z — &)} (17)
BT XA VIR H(t) 2EDNIE LW, D F

b, EHMEEREZLY, H(t)
DTS % 0 L LT,

=H,Q:=Q, £7=, P

tr[HQH') < p° (18)

Zli7= 9 &7 A V175 H 2 &\, Thara[51]
Do =25 T —DIEE LBEROEZETIE, (18) X»
5 H D% —BIICIRDZZeNTES. L,
NoNERLDEE, (18) R&ii=9 71 V174 H 1
BEUZH Y, HIFEROBHEN RSN TWS., £2
T, (18) X&i=T 71 V175 H DT,

-
—

tr[@] — min. (19)

T2 0%KRDBI L EEZT[16). FEEERE
Kalman 7 « )V X — & [FERIZ,

dz, = Azydt +Gdw,, xo=2° (20)

THERZONEEDE LT, —~FBEML, HHPIEHIEH]

(ZANZRY) VI TIEOSEIZRY) OEEE2ESRL
72 [16),[17). Zo8a, p>2tr[A] ThiuE, (19) X%
72 TR AL A BT Q X
Q=VAGG)"? (21)
ul(Ga)
VA= PO — 2tr[A] (22)
ThHzoh, HiE
H'H
_L n—1/2 ’ n—1/2 l (23)
-_VX%GG) A+ A(GGY) }+A1

WEDEDBZENTER LWV, HRMPLEIZENL
BRERPRB o, ZhKE &< LT, HHPIESATR
WS, 2F0, Bz Oy DIRE LD KE
WIHRIZDOWTEREZED. L0 —BRNRZDEEIC
i, MBI —-RICHRIZ R -7, LR, W< 2h0H
7RG [20]~[22] BMEF STz, & <IT, SR ([22] Tl

(21) R~ (23) K& AL 72 F N IS RAE 5 e,
Ui LBATS, ZOREIE, 7z m25
TEVAQTGa Q) (24)

— 10 —

ZEUITHENL R

AX+XA=—(J*-1) (25)
XQH =0 (26)

_w[(JGG )
VK—‘;ig@q* (27)
Q=VAJYJGG'J )1/2 (28)

! 1 r \—1/2

H'H=-—=1J(JGGJ)*JA

At (29)

. 1
4#MHJGGU)1MJ}+XJ2

@ﬁ/aa’)fj’)b Hﬁ)IEﬁJtEHU@i% cl:D W‘lﬁu‘[’%

EIZAUN=RDBEL BTz,

7B, TTIT, XHk[21],[22] TIE, BXDXA MILH
6) DESITm>TWVWA., LAL, ZOMXTORFNZ
ERNEIZE) 2R MLELEEDEED> TWARL.
2% D, 6) DMEIZDOWT, HYNIM EOFERTHLT
5ZrmEZXTWV.

3.3 Wihd ZEEEEFEDOBBEICD W TDERER

BA R AR 72 5) o O IRE & Wi T LT, EERRER
DOREEZR LT [24],[27]~[29]. ®#E7 1+ — KNy o
% H DL RICBIEHEIC B 5 LRSS O f il fz 2% R
T, AR OEE L IEARBEIZRZL S SN D
H5.

o BT 1 — RNy ZE5H, i O5E ITIXE
FEDT7 4 VR —HEMHETHZDITF LT, HEERRE
MOBEICIETFHIHEMEE 5.

o HEMRMOGATIE, HALFEEEOHARERRZL
BENT —IZDWT, FiEPBED 20D 275
D R RRAFERL D B DI LT, BRI
DBETIEI NS DT EHEN A ARIEBIRIZ 200,
BB oL ETTIE, BENAT —PR—EHEU T
5 D R THEG#RE 2 &K T % o bR
BEEd 5. Lo L, Zomdfbiz & 0By« 47
FIE—EHICE X S TIEEELEDS. /oT, 20
BT 1 ATFI LB OHF T, EEERR OS5 &

L ARRIZ, AN EIER/IMIT S 20D Ridl
Mz BRTE5.

I DOEEBIERIOE&IZOWTh, £9, HDIEHEL]
BHIZDOWTHEE L [24). ZLT, &b —BWRiES
T DRIV Ty DT LV RKREVWHEIZDVWT O
BEEU7Z[28],29. 51T, ThsD—B{LOBIZIE
BUHIHER DI AT A A — M D IE BB T D55 %
ML Uz, Z2UT, BESAT—DP—EEULTOLRMNT
THHEEHREZBRKIZT S HOREEDOSM2RU 7.
Thbb, 75 HQ™H' (Q™ & ¥ HIFRAILSEATH])
DEAMEE, i=1,2,---,m L BIHMES OLDEITE] Ry D
G s, 0 =1,2,---,m A & < H S N BKER [53] &
FAEDOEMZN-T X512, HERDDLILTHEHI &
nbhiro7z 28] (1S . ZOsE, MLk
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[Water Filling Theorem]

m m

%1 TR R ) i .52 O — R AL T 7K i L

TR BT HIAS D IGE DHLD H AR T H 5 i
R OEGE L IIWRATH L. LELEDS, SIRTD
BEBROGETIE, ZOo—-BbiEKEeHEHZT L%
TA VATE H OERICIE, @R 0SE L Ak, B
HENRINTWS, TIT, 2071 7500 HAHE
DT, JEkREEIO (19) R&HERIZ, tr]Q] ZE/he T
5 H%ERDBZLITU([28]. 7B, SCHR[28] TIHEH
M, ik [29]) TR R MEZ - /2.

4. Kalman 7 4 L& —D7=HD
B D RIEL
4.1 BEREEEOBBEICDOWVWTOERER

TTIZ32Mi~32HITHN L ROV Dnid, &
4 FVIZ TKalman 7 4 VX — D 7= OB O & E AL
EWIBEEZEATWS. T0bb, 44, 6) DT —
IANDHIBIEZ NS DFEROEHA%2E X TV, LML
ARG, SR [28],[29] 72 X IR L@ D, BT A AT
H O EA LD T, FRELDEATHI DN 723 Riceati
FHRERAD, FHRTIO 2IRRTREIND Gy
BATHIZ DO W T OIED) ARENICESHMZ 5N 5.
ZTD=D, ROFESMD Riccati HRERNL W EEL < 7
BZENFOBRMBLE. 22T, s B s
VETHID 2 R A FMBESRE LT, Zhzi/MNiT 58
Hr4 Vi385 H 2Rk BMEE L TEREEZZEELT
EERTHI LT U 31, FEiF, ZoEAbic L 5ME
&, 1970 EARDBUHI T 2475 D Fod LA D I &
EZZ6NLRRIZE Db T, BAREEENPESN
RNz, T OBKIGEHMEGRNIZIZRMA TWZDT
H5. TOEBOZEANVEDIE, 3HIOTF—< DRI
HOZ, BEREMEBALLT7O—FTH 5.

FEfEe={r;t=0,1,2,---} 2

0

Tir1 = Az +Guy, mo=2x (30)

THZ 5N BHEEEIGR Gauss @FETH 5 & &, BB
Y = Hl't + R’Ut,

t=1,2,-- (31)

— 11 —

DB T A 2 ATF] H % EH AL EATH Q I2DWT
D 2 R B

J=tr[MQ|+tr[HNH'] (32)

ERNMCT D LS ICkdBMBTH S, 7L, (30)
A& B ABVWT, w={w;t=0,1,2,---} L v=
{vg;0=1,2,3, - PIEAEWIZHN R HEMEE RN TH 5.
72, (32) A M I EEEENFTL], N ILIEEERS
T8l Th B, £k, ZOMEIZH 22825 5mH
fbIEE LTEET 2L F WO THhb.
EEBNFMTE NY2H' Ry *HNY/2, Ry 2 RR' (Z1:H
LT,

H'Ry 'H=N"'20Z0'N~1/? (33a)
0/U:I"Xm, é:diag(£1,£23".7£ﬁl)v (33b)
m = rank|H| (34)

LEA R MVEFIC S D5 U & A (8% 0 5
HEOfFH S TRBRT S, ZorE, UL SHEEh
&, H ik

H=Ry/*I=Y20'N~1/? (35)

CHAUEEWZ LIS TH B, EL, TR T =1
Z 95 TH S, (33a) ROALH T ITHKAEL 720
zee, QN

Q '=(Q ) '"+HRy'H (36)

i3 2 ens, QETITRELRWV. 2720, Q-
B PRRERN T TH B, ->T, TX(32) RDH
A 2 HA B/INZ T 2 X D Icid UL L. STk [33] 12
WELZED, TOMHEIX Ry DEIAHED/NS WIEIZ, St
BT AEAERY MLE ML D, ZOIEFIZHINRY NL
LUTURESDILR D, £, BOEIZE>THRONE
R0 LT, T2ZD&5ITEDS L E, (33a) X
Z BT AT H 1% (35) RT—EIIZE £ 5.
£oT, ¥R, BEDRSIA—%%E H»5 (U, 2)IT
ZHELT, (32) REBNMNZT S (U, 2) 2RkdNF
DRENEIT B Z LIzl b.

R, (U, Z) 28 5 5MERIITHHEL SRR : (33a)
K~ (36) &,

-
y =

Q™ =AQA +G¢' (37)
N7Y2QXQNYV20 =0 (38)
X=FXF+M, F2QQ ) 'A (39)

BRI ENZ LD D o7z, 2L, U =diag(Yy, Yo,
o b)) 1E Ry DEEED 5 B /NS WIEIZ i (8 % 56 )k
AR ITHTH 5.

X T, 355N R (33a) S~ (39) A ODfE % T
IZRD D Z LTS ZEE L. EI, Z O s
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A VATH H % BN R 2 /iE e LT, 44)id (33b)
RO HFIGAED T TOBELE %% A7z [32],[35]. 2
0, ZOWRSTIREENMDZMP LT HHE 7 G
HHOWTWERR 572, Zhid, 9TI2, XH[28] THF S
NAFESE FERCE LTS, The 2EEM DT
137<, UDERBEREMEUU=1 %3 &5 2fEz
BHT 2720, ZUGTHEREREZE AL, BOREHEE
ZHVIIX (19) X% B/NE T 5 Bl i O R IL B2
BTHBIEDEITDI > T W70 Th S [29],[30].

VA, BOREHEEE WA 5E OFRERRITI L
TELIFRVOT, 2014 FEI S FRFHEIZE>T LD
THEN SRR 2 ML 2 e 2E 2B, ZLT, 2016
EOFIICIE TRBRXERE] 25 Z & TITHE
S ABRRNOBEMRPEG P OREIIRE L Z B0 h -
7z [40].

4.2 EHFFHEOBBICDOWTOERER

DA ESl R 7z BRI O RIRE & 47 LT, iR o [

L ERE (T2, <, [37],[38] TIX, (33) A%

BEHO T T, MERURHE & E— OBt D &4
NY2QXQN~V2U=0w (40)
X=FX+XF+M, (41)

FA2A-QN-Y2U=Z0'N-1/2

NESH, HEEREOSEETE, (33a) RO H'Ry 'H
EWVDHITFIPBD TEHERNTA—XTHEI L %
BT BREE o 2. MERISI O 54 L FRC, (33)
A~ (35) &, (40) X, (41) Rz, I Riccati 2k

AQ+ QA + GG’

—QNV2UZU'N~Y2Q=0 42

EMATATHIEN FRREMBIIEI N2 &5 h o7z,
Z OFFHGEN HRRRZDOWTH, B O R
5500, HERFFEOBE L FEBRIZ, L0 REIRKHE
BEHWS Z L THMEMBPNAEG P DOREITRKRES Z LAY
73 h > 72 [40].

X517, RFOMEEL LT, GG’ >0, D, HEk
H 2 (H, A) Bl 78R T L 2 EA5ITBLTWY
25EITE, ZOMEOMNE—BWNIZHEET 52 L850
o 7z [40].
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¢ T R T S T AT O R e v i X T I AT T e e it
MRS AT LY iRy 50 [FIEE&&] f@

R B EURANDIERIE L~ > 7 1 IV R DEIGH
—HEE Y Y O R -

FA e

A
1. oIz TV 7 TOBEREIZHENS DT, HOMBEWHER
W, BEOBROEER S CEELT, L POIREERRAE LT, SRR
X SRR A AT RIGH U B, Bk 10 S EPTES.

Wi, BB OMEEIToTETWS, WkE 2.1 [MEICE N LTS

COEMEA 2171, BEEPL —F LItk 3 YUY ERBALEREED SN E RS54, BlHld
B2 72BRlEY VY DEET BT, A — A% — HIERD R OEE U 72 BREE IR 7 % RAD, Z iz

EDFEE TR L, SHEOFLERE S L1z, I K0 Y ORBEHEL, & 5B OGKRES
Bt % ZHH133 ToF (Time of Flight) & Crff o EREDDDZ Lo, ZROMEENEINT VS,
BIR BT 5L —F— 2% ¥ %, ToF 2 & 0% TORD, EFLVINEEINTVIHADAH AT
I 32 0D /5 [ B & 0 B Wik & T OB FHIlT B JERRY, 7 =)V FIERROROMBKEN S22 5.
v HbHRHRINTEY, v 120V 7 htD DHIZFE VY OREPERERT NI A—ADER
X327 M V2IREVELTH S [1]. TOBIMN, Bk Nd7d, TNOEHETETNIT) XALDBETH

DFNEMOTHEYOEEN ETOMBEMEL, 5. ARITE, INOORKNRTIEERNS.
SIZIHEIRBHEET BN TEBRATLAHNAS 2.2 BEARBY 7 ERE
LHIET 5. BEAAKE Lz v I h o RAMREELL R Y

D&Y, BEIKICEEL, #iGTOf KV 79512, kY oshsfiEvHEEd LIzl
JABHOIRBLZ R L, REZRRT 5 HNTHWS Z Tz ERDREEEDBETH D, £ I T, fLEPME
ENHD. EHE, IOXSheyYE, STH, ¥ PRBARIZ LT, BHL = weZHRmT 5.

=7 h—, BEOXRy bR EOBEMKRICEEL T, BEMADIRIEZ K TITIE, fiiE L LT3 D0 (2,y,2)
o L —Y—ZAFy¥F2AVTEEKRDH I EHT WZEBTHIVNEEREEHT S, T2, BEERE
B L O A DOEREEZRR F 57202, 3Oo0DMEEEEHAWS (32—, ¥y F, o—

o BEXYYZMWT, K (BH) , BOREE X ), ZTN6DIbDRBRELRDDEREBEBIZT S L
CREEYIRAL, £7-, Thoh o X1 Y KW,

DI E DHEE INSDONEPRAERTEREHTT DL L
MY %, ALY T4 N R EHCTIT>TE T, AT &> 2MEEHE>.
7z [2)-[18]. ARTIXI NS ZFINIMRHT 5. 28, 2.2.1 [H51
A%, EROBEBICE 72, BEARKRERE S £ 9, BEORy hOHOMBERETHD. Fxl
VEZNEMRT 5720 DE X Ji75 £ % Tk N 5 77, Segway RMP & \\5, 7 HRFHE OB R Y b [19] % #
EFRR O EE2 S LIZ U ETH D, FLTE~. Zoary O, K751 % ik
AHOMH EZTNS IZEEND LA PHROHEE S X TELEBBT S LIk D dlEDEIZHET
CHATVS. BrwWHHIzh B, L—F—2F v FiE, BIFAFIC

AX ¥y T BEIICWMOMITSNTWEL, RO
2. UV IEBEMAES kD, BAABE LRSS, LrLAaAS, £f7

ZITHEZLMER, TRTEVIDPBERICES T TIEKRERET, FABRED, BB ZRE,
SNTHY, TOLYIHIPERHREZ WL THTD EFAAIZZAAZ L NEARDIENTES, 22T
DOMBERRE, X521k, HHREOHEE2ITS>HD THETOB#EEZDZZLIZTS. £, B—ILff

TH5. ZOLSwAORER, SiiE, BBV IR TE S, 22T, FHihE (v,y) RO
Ay b, BRy MilRie s, BANTOREIRHIN I DEDETIDODMHEMET RELHLT 5.

* R AR 7z, ZITRHS5PUCDFEED S 0L SLAM
Key Words: BBk, JERIE IV~ > 7 4 V& Ml v (Simultaneous Localization And Mapping)[20],[21]
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BRI 0GE, 2O0BEYRIZANHBHIZLT
H, BEIORY &2 WIEAREVEEPRENEZBE
255, o kikn (R 2fE3 52 LA HE
THAS. £7-, B, BURDNEEFEMLET .

WETREEHE LTI, R Z2RAKDOHE
THORS, Bz EHECRETEZ2BBEL 5.
Thbb, BAVBETHAS. 51T, EVTDE
BT, mIEROELRSEEYOMEH
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(1)

YEHLE, ZZOF—EBNE (r(1),... r(k)} &
BB M DS, RIEZEM x(k) 2IETH 2L THS.
BB, rk) L EICBIE 1 AF Y F—RTH
% (GEIIE 3.2 TS, H1H).

Y

AN L—Y—2AF¥ iz &k BEHHE

2L, ERTYTOKTTHS (4 £0).
3.1 uiRvy bOEKNETIL
REZHORBMERET V2

a(k)=a(k—1)+u(k) +w(k)
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Fox FERHTVT
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<. Z, (k) IFHETRERT BV, u(k)=
[uz (k) uy (k) ug(k)] T 1&k—125 kDOED, BEAIONH
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ZIET O (&%) THO, ZaPHEIZLS
EMBIIHRONS.

3.2 BHIETIV

RBGH&DGE, I ¥a—XEVa ryOa8 T
FX iz, FEul (SIFT[22), SURF[23] 72 &) % FHW
50, ZITE, FROEMIBIIETNS DT, fER
ORT 4 7 ZATHELDNTWSETIV[20] V5.

BT — 21, KSR OREIZLD
(1) EEHIZe vy b9 2EEYK (HIT)

(2) BEET —2iZE&EF TR VYIR. FIZIE, B

R DHPAATH, )7 & (SHORT)

(3) K&t72 L (NO_REFLECTION)

(4) 7 v & LM (RANDOM)

(5) BEHHEREE (TRANSLUCENT)

AT E S, ZhiE, Thrun & [20] 12 & 26,
CORBERNAEDEDE LT, (5) DA T AMWEHAA
AEMTIMATZHDTH 5.

% k2B 28T — & (22955 BEEYIK
FTOWHM) % rk)={r.(k),a=1,..,.N} &3 5.
2T, NI, 1 2Fy VTl TN KOKT, %=
2, HZA2DHHL - UXM-30LX-E!Ti%, N =
4x190+1=T761THhb. 1 VT I AalEAF v U
€ B=(a—1)/4—95(°) ICERT 2L DTH 5.

Ak IZBEWT, REZEBANZ b x(k) &R
WM %S 2T, BUIMEIR v (k) = ¢(x(k)) +eqa(k) T
H5. 2, () WErg WEDET VIS T2T— &
BROIPERAIZODPOBROWAHEEEEZEL TS, B
T, BREEEZZHVT, ZO&8ZHEZLTHL.

L%, BlRFEEELRTI A VT I7RAET S, 20
L E,
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Lo, JeBrEEOrHTdH %, http://www.hokuyo-
aut.co.jp/
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p(?“a(]{)kl:(k:),./\/l)
= Z p(ra(k)7li|w(k)7M)

i€{h,s,n,rt}
= S pmra k() M)
Ph pr(ra(k)|z(k), M)
Ps ps(ra(k)|z(k), M)
=\ |pn|s | Pulra(k)|z(k), M) (3)
Pr pr(ra(k)x(k), M)
Dbt pt(Ta(k)|$(k)aM)

22T, (a,b) DFERNIE, WEERT. pn,ps,pn,DrDi
T 52D —ADHEFMER, pi(ro(k)|x(k),M), ie
{h,s,n,rt} \ZBE r, (k) DS S HEREERE T
H5.

(1) HIT

“Hit” 1%, L=V =28~y FICiEi#IhTnd
LN HHEBEKN U TBIlIENEGAETHS. LEH
B,

pu(ra(k)|z(k), M)
1

_ VGRWTQeXI><_-2i2(ra(k)—-fa)2> (4)

LEHTS.

(2) SHORT

“Short” 1%, ¥ v IR I N TVRWAITHE P
HAOHEMRENPS DN Z2RT.

ps(ra(k)|e(k), M)

 neAsem e 10 < (k) < 7o (k) 5)
o, otherwise
ne 1, EHADEZDDER n,=1/(1—e P"ak) T

H5.

(3) NO REFLECTION

“No reflection” 13X 7@ 0 K LUERT. Tk
T Y ORI N IR 2 WG EIR IR .

1, if 7o (k) =7rmax
: (6)
0, otherwise

Pn(ra(k)|z(k),M) ={

(4) RANDOM
“Random” 1%, LRF 2L CVW2BARETH 5.

) if0< Ta(k) < Tmax

1
pr(?"a(k)X(k)vMF{ Pmax -

0, otherwise

(5)  TRANSLUCENT
“Translucent” 1%, 7 ABEMPHEZIAAD & 512
Ty TELIDEERNE D 575“9&57[[/1(67%‘@

W BEMOWNTHD. LEMEE
pi(ra(k)la(k), M)

1
X N ‘f r < max
:{ Fa—raL if 7o, <ro(k)<r ®)

0, otherwise
IS DBMIET IV ED LI, IROREREK

pra(B)a(k),M)=" > pipi(ra(k)|z(k),M)(9)

i€ {h,sn.r,t}

EEHTD.

3.3 BERLVEREOHET VI XL
3.3.1 B

9 3MIE, ERICHWAEREMXTH 5. MITHIE
EEOYMK (BEE), 3T T AW, MAAARY, &
D2 &0 TH 5.

%3 FEERRICHEA LR~y 7 HIBEFEOWIK (B
), fEH T AW, WMARARYE, BEES % E&
LIS

3.3.2 WREHEAF— A
HEENZX—F 1 2V T 1 )V R [24] %:ﬁﬁu\t [2].
(1) HIHPRAE 2[P1(0) 2 X=F 1 2 )V [p] T ICEHT
5. k=0.
(2) kiZ& BN —7 (KifH):
(a) plZ&BdIV—"7 (=T 1 Z)):
i (2) RicHDWT 2lPl(k) 2FHHET 5.
ii. (3) > TRERHETS.
(b) KFEfE [24) > TV H VT NT 5.
3.3.3 HifkfifEk
32 TCREBLL L # WML, AEILIZ I,(k) e
{h,s,nrt} EEERLED. ZoeE, KA 126k
FTOBMEMES KUOBREEI~ Yy TREX 5Nz ED5
PEAT S HESR I

p(La (k) =i|R* M)

_ _pi(ra(R)|[R™* M)p(La (k) = | R M)
>2;pi(ra(R)[REE=L M)p(La (k) = j|RYF1, M)

L0, p(ak)|REFL M) DY Y 2 N ISR R
ET K

pi(ra (k)| RV M)

(10)

:/pi(m(k)\m(k)vM)p(m(k)\lek*l,M)dm(k) (11)
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= pi(ra(k)[@(k), M) (12)
¥75. %7,

p(La (k) =i[R™* 1 M) = p; (13)
ROT,

_ pl: ~ pipi(ra(k)|x(k),M)
PUa(W)=ilRE M) = a0, M)

3.4 ZFERRER

3.4.1 V=T HA-DEFZ-oTWIEE
FHAXE, =7 Hh=—2aRy VEAULIIH-T &
EouRy hOHOMEHEHKERTHD. 77 AT
(+) BHEE SN2 RL, BOEENSEDRNT
W5, BHZWENEA KA MY OED A TO FHIA B %
AU, BONERERLOT7ILI) ZALATOHEHETH S
(5] £0) . BRY M (120,150) HS 2 X — k L.
TRy MPBRIIDRX ==V T KRA > MZFF £TOR
(200,180) Lz =7 A —=HEHEL TV, ZO#&
&, Y=7h—=lFuRry bE2EHL3IFHDR—=>
TRAYMNBEETIFo 7.
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MiEHE. 77 A5 (+) FfEEMETENS %
MO TOROVTWVS., HOTWAEERE, F X
MUZIHERALT, K7LVITY XL%EFHL T
WA, ZARICEHERTH, A NXNYEY
EEBGENHS.
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7%-5THY, SHORT £ >TWBHDIE, =T H—
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7z, BWHARH T ADH Y, TRANSLUCENT 2B T
W3 (5] &0).

3.4.2 AH»10 AWBHEE

556 X% 20 M DHEERERZE A —N—=F v T UTHER
L7z DTHB. BT WB ANDAENFNTENERT
INTVEDTADELDZ VWA, AP I WT
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300 T T T

250+

200 ¢

= 150 F

100+

S50r

0 100 200 300 400
X

6 p.=0052LzEouRy hoHEME ((x
FI) & BT R R

4. [M@E2] BEL T 2HWIHTH
PR LS E

4.1 H A TR
X ZEIA 41, Y 2560, Z 2EX GO, TheE
NERT BT 5.
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Environment map and estimated objects
300 T T T

2501

200F

= 1501

1001

S0F

0 100 200 300 400
b:4

BT p=0:LitEonLy hOMEME (x H) &
BREE M A R

H1R HESINLYERDEE.

r—2 &)
HIT 2
SHORT Uin
NO REFLECTION #
RANDOM ok
TRANSLUCENT ¥R

4.2 HEX VY OBHIE TV
HIEEBDOKRE X % ny (0 xng (8, & EZEA
L, 7rvvavhk (17V—24) CTHHEINET—X
i, {rij(k)i=1,...ny,j=1,..ny} LEHTS. &
VY OEFENEL 3IRTERNTORGRE RIS
TR B =25 kAR IFRE I NN — A0
%\, L, BxOHMIZBEWTIX, »EREDH
FED & 2 BT TV % Heff U 7 1) X H DS E R H Sk
W2, EHIUTOETVES T CHHLTE 2.
4.2.1 FiFEET IV

FLIMIE, FIBETNEXRLZEDTHS. &
BETIVEIE, Yo FEHiZNELA»S Rz
g, MoENTNOMEEM, ¥OENENOmZER D
KNP ELWEDERKET. T, L1 TH
2460, #iEH, Mt BHOMEZ £TkD, *
M’S:EE%E Tij Fﬁ:—d_é .

X
w

i

T
1
1
1
1
1
1
1
y sensor

A
[
1
I
I
1
1

1

%8 FIRET MBI 28%

7, BEIMOEDBIZEWT, KFEFH OB A

|

y <

oM EEN BT DT — b K (2,y) &
(4,5)

ZQ &, BEMAKFITHIGT 2 RS W OMRE L OE
B DRI,

tan%zVV, tan%zH (15)

YB, FIT, vUYLSIEH AR ol £S5
Zyll, EAAZEEETEE (HOX), #(i,5) &
HDRIZDWT, BLNOBERIEK D LD

1
Lij (., na—1 w o
Yij | =7ij J 2 (ng—1)/2 |+ | %o
o ‘_nvfl H h
T2 ) v —1)/2

T, HELEBELOEGE, ETVIZEST

(16)

xi; i i)
Yij | =Tij C§J2-) + | Yo (17)

rELZLIZT .

4.3 JEEER

4.3.1 7 —)L R

BEREE (r,y,2) £ T5. EVTOETRFEME
5.

4.3.2 UV DEBNRITA—X

U EDX Y OBHEIE TV, XY OIERKE
FEDGEDHLDTH>T, L DIWHATIE, U
DRBNEDL D Z L 2ZRIZANG T NIERR SR,
BlZIE, THREIZ2YE2EFELT, Ehro AOEE
EEAILZD, BEIZRIOICHELY M ClfT AR A5
R EDRHMEYRH 725 5.

MEVDHDE T OREIL, MED 3 IRTHEELE 3
RTTEFED 6 DDINT A =R E[Mi>TREHTE, 32
DOl % HF (A X541 T — Az, [[EREA~
7 MV EEEREE D RE®, WA h"HsNnT
W3 [25]. ZZCI, WEICEEEEIEEICITS, AA
S—AIzk BNiEEETIVIET S LICT 5.

A7 —MIZ X BREIXNER KT T 5720, HF
MERZIEF CEEETH > TH, NTA—XDEI’E
RLEE WO RMENRH L, 22T, £TLET (EyF
Jil) 12 o lF EEEE, RIZa —IV NS ¢ 1 E R,
BRI =AYy IEENEEZT 260 L LS. &

— 19 —
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VHRZID LS IZEFEEL 2 & EDHE (i,5) B G
INs.

o ey 0
3 17

yij | =rijR(7)Ra(¥)Ry(a) | 2 [+ ] 0] (18)
Zij cl(;’) h

-
—

22, Ry(a) 3y flE b OMOEEETHS. T74bb5

cosa 0 sina
0 1 0
—sina 0 cosa

72, R.(¢), R.(y)IZ2WTHRABKIZ, ThFho
B9 2 [MERITHITH 5.

4.4 ZEEHNITA—=XTOA

BEIg =7 —FIIEET L, HljIZHEEL
T U UARET 5. HITHICEELT, HIADLE
REEL UTHAT 2565, 2y REIT 5.
NI A—=RPEET 2G5, VTIVRA LTINS
A—RDEEHEE L RITNIER SRV, ZTOEE, RX
TWABYDT — ) REEERBREL 05, L1, Bn
TWBHBEIL, HOPULDORATL 2% ETs L
WO DL, KERGRIZRSE., 22T, £FIE, K
HBHNIEREIZER U 7=,

Ry(a)

(19)

-
-

[FeA] BB h D% < DS KEE2 R TW5D LIKE L
BN £H1iT, RAEH (X, ¥y F,
O—ILf) DT A—XEHE

ZWTWORMHTIE, BHAHIBERZTWST
A3 VWHRETH S, BETHIE, mIH0LW»
5, MEDETHS. RATVWHEHEDOHFD LD EA
B EDED, oL UDbLRoTWEbIT TR n
W, —fRIZiE, PR DOEEOEVEHE FOKTH S
EWSRENTTRETH 2 ATHEMED E . T OB, BT
LORTIFRVED? S DIFRIIBEIZRDDT, N
SDHEBRNTEA I AL 2 ELRBEDD S,

ZZT, £9, ZIZT, oMo, HEDO
PR EH B WIE RIS 2, ¥5IT, B
TARGEEETIVIZEID ANS. 72, YUY OFH
FOMEE EADERD AIXARRICT 5.

WHT 3 5 (i,7) P 112 g 2 OIZIZIE 0
Thbd. 72, BEEYIZY->TWBEGEIL, BE X
DHEVRIZH DD T 25 >0, RPRHEDOHIZL /=5 T
WBGEIIHEE & D BEVRRD T 2; <0 TH 5.

10, vy Fffia, =Ly &EX hHELL
TEHGAERLTVWS.
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% 10 HHDEAL

4.5 NTA—=Hw (2) 7400V VIR
e LTtoEeht
4.5.1 JRENRZ ML EEIMET IV

T, REXZ MLEgEERL, IR, B
TOESITEHRT 5.

a=[q ¢ a3)" =y b7

Wiz, ZoMEEZ 7oV R) R LTERL
T57280, Blillie q L 2BEROTIBHIET L L,
q DM Z L Z R THNET VDR ETH 5.

4.5.2 BEIET IV

H LU (1,7) BEHOT — ZHBEH LS DHDTHNIE,
2i; (k) 1X0THB. £oT, (18) RITHBWVT 25(k)=0
LB, FEREEIN AR

q
TU@%:f

(20)

(21)

(

singj cosqo + ciQ.)

_ (3)
A=cy j Cij

singg — COS@1COSQa

X
r(k) = f(q(k))+e(k)

ZZT, eyk) 3B A XTHS.

BUE TIOVAIERIE T, FHRAIERE O I 2 D 5
DT, WHENRS—F 1 7T 4 L RZEIHRTA
RWHEER V< > 7 1 )V R [26)(EKF) 252 TH 5.
ZzohT, LI NS R ERALTT VR %E
WY 5.

4.5.3 REEHFEEHE TV

YUY OO AMIHZEL THEREZED, (LEeME
DAKRLTENSDEEHRE ANZET NV EZ X
BZLEHETELMN, ZITE, HEDEDIZT VR L
I A —TETI

5. (21) X2 i, jIZOWTHEHCAEREZ 5 &,

(22)

q(k+1)=q(k)+w(k)

BES, HIFHICEELZDT A 2EIEE LT
BDT, & RANVIIEERHLZR.
4.6 REHETLIY XL
R R ORRT — X OB A =X LDEEN
TWa7d, MUEOHERFEIRD. ZhEEHET

(23)
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572012, ZZTEN ATV NZI—T 0o —F%
B3, Thbb, IEIESSPUOEDZ, YIHHE
BRI S TV X LIZERL, T X 0GRz )b
B0tz 5, HUWHIHEZ AR UET.
Step 1. #IHIEDHE G(0) & P(0) 25 % %
Step 2. #biKL
Step 2.1 BlHINZ MLIZED ZT— R %ER [
g7z (Bl 21X (640/16) x (480/16) D £
DWT), 1y DHEEEZE KD, FAED D70
REBHEIZED 5.
Step 2.2 fEEAI TV T 1 VX %

q(k)=q(k—1) (24)
P(k)=P(k—1)+Q(k) (25)
q(k) =q(k)+ K(k)(r(k) - f(q(k))  (26)
P(k)=P(k)— K (k)H (k) P(k) (27)

) (28)

k) EHWCEE LYY
1751 (29) RTHB. 2T, (28) RD 2%
HORZ2EMEHTES. 2WH0DH, 474
R(k) X e(k) DIDEATHITH D, AL E
TE5DT, NxNOHETHZEBEL LN
L5TH5.

Step 2.3 7 — X &% FHIIE O N7 BB T A —
RERWT, HESSOEIZRD, HET 5.

Step 2.4 K & D HE VA, KW ROEEZE A
7Y MREIZR VRO EZ RO D, Tz &
D, TI—LEFKTS.

Step 2.5 Vv "R F v 7 ) vy MEMFED
WINrRZINZS, ATy T LICRED,
DRV N

4.7 Y avEiry]
BEEYH D NIENREHE I NS T —RITBWTI,

F—RERNTBENS R —TH#D 3.

EANI Y T4 VR EH#HT 570121, fq(k))

DEG=R Y|

Hyy Hip Hi3
H=0f/0q= : : : (29)
HN,1 HN,z HN,3

EROBEBERH L, HOYV A XIN<x3THY, B
B (21) 5, RO LS iskdon .

O fij
Hyjy = 20
J)1 8(]
52( (1)cosqlcosq2—c( )Slnqlcosqg) (30)
0fi
Hijo= 3{123 :%(—cg)smqlsinqg—&—cl(?)cosqg
—cB )Cosqlslnqg) (31)
dfi 1
Hijz=—2=-= 32
7,3 a(J3 5 ( )

ERCDRIIIR - BT X 1T 0D AT AT RE 7R
DT, TP SIND SUIRAT 2 HERH D, XD
5147 5.

(1) ri; 2, (22) ROHPOHEHREETET NS g T

WET 5.
(2) b LHEMABREE KE<ANTVWES, B8
PR SV h SIS 5.
Eko>T, HOY A X (N x3) D tildeN I ETH 5.
BZEENS ry; % THEMT— &) (valid data) &I
R InTH, BN MLVORTIIKRETELDT
16 3D 1R IZHEINTHES.
4.7.1 &SI B XOKH O RDOHEE
w(1,7) D S HEEAR I

) cosz/)cosa)—i—h

Zij = —rij(c;; coswsma—i—c( )Sln’l/J

CEoTROONG., FBLIHEND a9, hiz ERT L
TYRM &> TRONEMEMTH S, 55, (18)
RICKD, 2,y OWEMLBONG. EIHEMEY,
B LD p 2 I N B R RET .

h(k)
(2)

Tfj(k) =7 )

1) . 3
¢ sinocosy + ¢ ()

siny — Cj;' €OS arcos U

‘:11 Nonlinear function of &, ¢, h.
T Nonlinear function of @, ¢, h.

;{;{ e : +

|
m v =0 2

AAFELIZHYESILGT—EETERDSD

FIE T—20EDS

4.8 WIHEAEDOPLE Tk
4.8.1 HERMZAIE
FNT VT 4 IR [24)-[30] 1%, XA ZHEE D P A
THEETES. 200, HBEEHTIE, 220047
AEROME D, BEALSEIE—BHIEDRED, Th
EHNTAEHTH D, BRIER T, BIHMEE R4
TR EMMREIZE D, BORABEWVWS 2DDA
TV ITDRRHEIEDIEINS., BOAEFh-BE Y
AERE D, HEEANT Y T 4 VR IEFNE RS

— 21 —
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IZREELL L2 DTH D, EH, HVI VT4 IVER
IZBEWT, ¥R ZEVKICREEDTIERL, b
THOEERE VD EFIEE I S5HBOTHRU & 5 2kER
WZRBE VWD T 2REBMIZHIZHEE DL VITEN
AN

L2L, ARClA7z k574, i3 2 80ME%
BEIBBHERAS>TWETILTY AL TIEZFNIES
F < VR,
ZOHHAIZ2BBTEZS L L. £, JEEEE
BERILELL TWE 720, AIEOAEIZE D Y
JVFANEDN R B 7=, TH%FH, RV
74 VR OMIAEE, PORT 2HPESREIND. &
512, ARTRARTWS X574, i3 280 % &
RESBEERASTVWET LI ZALTEEBXS
WEETHD NS T LIZHRD.

4.8.2 fROEEEDOHIAME

i X [9,10,6,8,16] T A HIE D S 13RI H R L
TWERoTz, EWVWHDH, FRIZEEL, 20°~40°
DI TIRPHE 2T 5 2 WS 572005 T
H5.[16] TI3EEHR % RO AR K- 725, Kin%
BHNZRDIT B L WO MEREL >7-DT, THTE
Doz,

a2 2 20X, WS OrOMBEICEHTE S
(E25%) .

2 & @ OYIME

sl [rad] v —)Lf [rad] & [mm]
mean /6 0 1000
variance 1 1 1002

FEEIZZ OB ADHTWA WA R AFENEZ R LT
/-, UV OHEINSREINZ LD, EHEXT ML
DAMEDFHETES, B 12HIZBWT, FIFKIZIE
IEEERERNRT MVEROHRZRLTVWS., 51T,
EEx2lf, Az ry 2oty Uiz 7z,
HEANTIRE KERFHEZ ST v TafiT L ([15).

I

t 0. 0:28 <30deq
i 15fps 39.8deg —0.8deg 960.2mm

F12M A mE, vEURIBERE, KR LA,
BRRDEEZST VY TRLTWS

INEREOEITZIEIIZED, F2, EIFHERT

— 22 —

ZEHHRETH D, 127U, TNIFTRTIKE % &)
T 22 0Wd HIkiIZk-oTWna.

4.9 Bafp

ZOT7NTY XAALTIE, WIHEIEROMED S KE
<HNTWES, BEIET 2DIZERME»2-720, 5
A& o TR L2\, BUEBITRZ .

W 3FIZ, M 300, B —ILf0°, & 720mm D
ATH 5.

Case 1 1IHIHIME ¢(0) %2 1ZIXEMEME, T70bb,

Go.1 = &g ~ N(257/180,1) (33)
Case 2 Tl
o1 = &o ~ N (207/180,1) (34)
i DARREZH T
do,2 =10~ N(0,1) (35)
Go.3 = ho ~ N(700,300%) (36)

ZIT, MEEFIYT Y rad] @I mm] TH 5.
BaDIr—ATH0ET A N ZIT\W, TOMEEZE 3
iz eHTWS., “No hit” 1, KV Iy (10
D) oz, Vv bEFEDELT, DL A5
%G end. EREFXTEOTET, HF0 LI
BEXD N7, FHICKHELES. KX 7077 4LTH
FEHXNEETH B,

B3KR RAOBEHDOTILITY XL DVERE

Case 1 Case 2
10 B[ “no hit” 7 — A 6/50  44/50
HIT L725A0 0.958  0.260

HIT 9 % % TOEFH [sec]

ZORERD 51, ROz EIDIL, LHhEM-
TW2EETRITNE, FEHIZELNZ LB Dbr5.

W%, BB 4RDOES 1Lz, FHHT, ELWL
REHEEDNTE D XS ITHIG L 7-.

FaAX BERDEEZOYMIE

fif [rad] ©—JUff [rad] &S [mm]
1 /2 0 1000
an:/d 1 1 1002

4.10 MEZ 2 OWEOIRZEAE
46FED Step 1 & Step 2.5 (RO TN TY XLT
H5.
Step 1. #HfED

Syt

AAE —RRELEC TR & K.

a0 <¢g1,0<ap (37)
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(38)
(39)

AT P, 191 2 Vb0 BOZ% Y
PHZHE 2T

=1y =—g

X AE .

Step 2.5 Ut v bEMZMER Step 2.5 T, AEFX (37)-

(39) BLY, MOER%EF zv 2T 5.

Nvalid > Nvalid (40)

NfarSNfar (41)

Z 212, Nygiald, HETF—XOHT, HAELX 2
5 FHEEDT — X DEEGTHS. £z, Npgr i3,
BENTWVWBEK (HBEWIEE) LhdHmE\WE A
DTF—RDEETH 5.

BWBONT A — XAEHITE T NIUE, T— X DK
DREOLHEEIZHDHEINS. ZTD-d,
ZOMEIL, BENRIA—-RXRORI 2 RIEZEER
5. i%&w&()‘ Nyar 1%, 2o /-MEIz
FOoTIRETRETHD. TDID, HAjDHEf
EBRVPBETHS. B L, M- INBOEEN]
DTHbNIE, BUEOHEMILMIITH 2 & Hlkr
X, Vkey hEN5.
4.10.1 EET7 LIV XL DOBUEFEER
482BTIRELAETILITY RLOBMEEREITS.
IHME 2 BEfEIZIEWE ZAIZEE LT-Case 1 &, H°
OEENT- L ZAIZEE LTz Case 2 & ZNZF 450 [H]
FTOFEIT U, WADT—AIZBENWT, ERE2E R
R

Nyatia % 0.4, Nygr % 0.1 12U D TR TDSR
M, EI3IREFEULTHB.

B5R FLOWTILITYXLDMERE
Case 1 Case 2
10 #[ “no hit” D — & 0/50 1/50
HIT L7560 2.318 1.981

HIT 3 % & TOFEREH [sec]

IDERTIE, F—A1E21I28WT, BWHIHHEZ
MTHHEEIHEVE DSV, Thhbb, ZOTI
TV ZXLIFENARTHDEVWZD. EHEK (B
% 3K (H) 2T 5 &, Case 1 TI, MEHED
WL, UL, B 5ETO “no hit” 1%, F3FKE 0D
7\, Case 2 T, 2 5RIE, 5 3RIZHART, “no
hit” O — ZADBFIFIZHEADA L TW5. SV,
RAOYMER 2L AR L EIX, F3ROT7ILTY
ALFFEZT, HEROFLWT LTV XL UDHEZ
BWEWzR XD,

— 23 —
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4.10.2 Hi7HE

R TR oALT, {EMEEZEZNE, IRO2DOH
BETE 5.

Progl KM - %2 MEl. 0BG, NA%E 20°
BIZHELUTAR—FT5E L\, REICH S
cm DEEY DI TE 5.

Prog2 BEM =M. =DGE, AE%Z 90°IZLTA
R—hMT5& L\, BEH E TOFEMIRD 5N 5.

%6 Rk AER (37)-41) ITHVWSNDER

HH Progl Prog?2
ap 20° 70°
@ 50° 110°
o -30° —-30°
0o 30° 30°
ho 20 [em] 20 [cm]
ho 400 [cm] 500 [cm]
Nuatid 0.2 0.2
Nyor 0.2 0.2

Progl 1%, 2 13, #14KIIHIS U, Prog2 &,
15, 26 16 KIZ MR 5. 245 OXIF LR %
TO2PCOELRZ T4V NIUPSEBLEZEDTHS
([17] £ 0).

MOHmOEMZT S, Mio—& B2, 2208
EPRENS. JE (surf) 1%, FEEHOHITHD &
HEINZEEGPRINS, 5 14K T, 026 &7
TWa. £ (val) i&, BE&EHOENEZEDE G ZRT.
UYL OYMRITET E72 5, AREFEITDSL L
N5, HELZTOMEPINITES, “few valid
data” B2 DEMEDLIZRKRIND.

21THIZIZ, 4 DDHUEAREI NS, EDEIE, FPS
(Frames Per Second) TH 5. b6 2 DHDEMHEIK,
WMEINZEYFADETHS. 3BEHDOMEIX, #
EENO =LA DETH 5. 4 DHDMHEIZ, #HE
IN-EHE hTHB.

B, FESER (RPEE) 1%, faffirand, K@
ThHd. FOEFEIE, FEFEMEIDBEWVHEITHS.
FEFHDRDEGE, KTV Z AP EKRD Eizdh s
BEMIE NS Z 2l d. EDD, HIrHITERE
T EBENDB.

HFOEHEIX, FEPERLIDEENWEIATHS. +
BOEHDIR DG E, FOWIBSIEIN0H, NRERR Y
WS ZEIZRY, tRRERNBRETHD. FHEF
HPVEEHDGA (55 15 & 16 K) 1%, BEAR R
HBWMWHTHD (17 £0). TZOXITIK, FHOH
MENT WA,

INHDNZERS L, EEEMIFELR ST TR
INhTWa, B 1I3XTIE, FELHITKT, % 15X
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|m 772 ssamEaen - o

Y

FeRIRUZBMEIZE B INE

% 14 B Progl: T 51T

%13 Progl:

ED W2

TIEZENIEFELVYDEIDO R T TH 5.

FUAMEE 16 X, YRR TICERE L ZFO
FEREZRT. ZhEE SO Z2RTHELRS. I
#1% 1800.2mm TdH 53, 2 16 M TI, 813.4mm &
RoTW3 ([17] & 0).

|5 7720 samEmen

- o x
A

a X
|
\

R 7z W=

% 16 Prog2: 51T

— 24 —

4.10.3 WO GATOE X IR 2 1 5 E

ELToRA
ZDYVAT AL, WERYREEMNT-KSAHB L
SIEEE E COFEMZR S -OIZHVWE I ENTE S,

E7o, BEANIZCTHADOEY EDH 70 RBH -7
ERCRSRAS IV ON Sy T/ ’@@WJX IMWHoT, W
EEEZRZ LWL BGEHEICEHAVWS I ENTES.

BTHE RER (37)-(41) HE BT A— &
BWRYENRNANEDH > TS D> BRI LT,
Z OFEEE £ TOHEAGHITE 5.

HH fil
Qo —50°
) 50°
Yo —-30°
%o 30°
ho d x [cosym/180],1] —

ho d x [cosym /180],1] +r
Nyatid 0.2
Nyar 0.2

AIFAMEIEEE 7T RITRT. DY, U Y HmE ER

COMDEBRKAMELTELE, 4DD7r —ATER%
To7z. dDPHEEWEBIZBIT S, FANIPD 72D
E COMEHE (B AKX ((W/4,jH/4)5i,j=1,2,3) T, 7
VELTGEATWS, BB OEFIIE, BEIZHU
THEYIZHRD D, I TIE, y=50° & L7z
FZRENCYIDEEL L TWT, % 3 %
ARV ERETERVWESRGAICE, i
DEFHINTE 3. KEHRGRY T, ZL—rTEhiZE

VHERFD BT CEHIT 2 L5 G aETE 5.
F 8K FHUKME
No. %k AVAT L Eff
1 WS o 2R 2,325 2,321
2 B S o T BE 4,471 4,424
3 V77 (K) 561 (948)
4 IS 944 948

£ D “Real value” 1%, L —H—HlE# LD-500 (STA-
BILA) (2 & o 7.

WIZHE 1ITHD L Z AT, LoD 27K E TODHR
AT 5. ESERD N3 IZHIET . TNHIE
ULEHIITETWA (171 £ ).

8K D No.d ¥ 18 XI%, &I DB £ T DR
ZHloTWS (17] & 9).

U OIEG AR E NFHEAHE yDE &, Y
L DO hsinyn /180 THB. L L, ZDOME



M s SRR B EEA DIERE A

V=V T 4V XDERH 25

7

%17 BWE ZAPOEELL 2 KHi & R7-H D, RS
RGBT, BREVIIAEIESNTWD. FRIOK
s, 2 HBmMO A snTwEELED
Wic, IFFITENDKE (F—XEEARRE) 12
RoTW5

HlkmEnRa

b2
M

W‘

RO o T BEM ORI, BEHNI R P IZ
WZRWERSY

18 5T

WRHZDT, FVYXLRENIEAIH, X512, K
[ [—r,r] DRIDELEE M X - MEAER S NS,

£ 1 DFHAEZRT. RPN b ->T
mét%,ﬁ%%tﬂiéhtk:%%,ﬁ%@ﬁﬁ
&35, No3, 4 (BB 19X E 2 20 KITHHY) T
TREA $EKLTV77@FEﬂ@méMTm
FIRFZ, KANEEHELS RoTWab., LAL *Hélj_
5%%#&mtmv1%#o,%@%ﬁbﬁﬁbaé
2V ky hEN, RV T 7AW, VIR ORE
e LTINS (17 &0).

AtvssaEEnEa
‘ U

F19X ML TAEIDOY T 7R

— 25 —

|7 773 sammmen

% 20 HISERDY 7 7 LIKH

5 HHDIZ

ARTIX, EHOIFEBIEH NV T 4 VR DT
BEMARDAIE - BB EANDEEDHEE 1 DDJRFE
2 e, HETOEMELZHEDTHAS.

EOVIHMEORMEL, MBIV T2V ZD
HBRFIZHE D E LN TWARWFIIE O R EZ HL D

EFb0lmoTWS, JEEEALT YT 4 LRI
MIEBLD 728, IREEBD B, S5 K E < ANTW
2L ZIIPCRS L wWaREtEr o 5. Kz, AfET
Weo 7= X DT — X OHEEEIRZ S & 5 2f#ETI
ZTOMEIXEETH S % EmH L 7=,

FEEE, DT T L0 0pen Y — AL LT—
AT TWD. HOAMEHEEX SLAM 7 & 4
HTiEZZW». BBBA, TOLSBTOT T LHBEDL
ULTHEZZDOTHNEZTNEMEDITZ D DBIRIPR W
%9,

ARETHENULEZES>T7NVTY XhiE, SLAM®PH
O EHEZTWDD, ML Z2ITS £5%H
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Y av2. TR, kY a 3 DBOEBOMEID
7o, S OF O 2B W, EEIZIZFE
FIFIZE W) — b2 ZFDEFEFEELEZDOEIINES.

(EE D TOBZNHER I EHRZIEE T ¥
VABEDERSOTVWET. KUl BAIFEOITHD TIE
HUABdTZe2B8OLET.

2. BMHZEOER

2.1 SU5VahE

L R, xR¥ R WS AEEEOERET 5.
WHFEIZBWTIEA R TR I NS TEHR Y

- -
— —

t1
ﬁ@»=/’Lmﬂﬂxu»w, (1)
to
&R BT CRAME T BB x: [f0,t1] — RY %
ETHIeMEEERSL. MR LIZS75 097 v &I
ENnTwb. LR TIk

X(to) =X, X(tl) =X1

EWVWS IR TOMEEZEZ 5.

x DME—DRGEME, DF VEARS (1) 25N T 5
i cHhBE LED. ZOH, FROER ¢ 8XMERE
DS EE h T

h(to)
72T H DTN L
L(x+eh)—L(x)>0

LB, Ffk (3) BEME () ICEoThEbEINB L
WCHERLES. T4 7 —REEZ LIZOWTLTAL, U
PLINER (1) 2ANELIZOVWT, WS ki
AR

(2)

=h(t;) =0, (3)

5K1<vxLuxa%xu»ha)
+vkL@$uan»haOdt+mq (4)

e/:1<vxL@x@%x@D
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—niV*L@x@)x@»>h&ﬁﬁ+ok)>O. (5)

(4) 75 (5) ~NiF, MABD T2, FfE(3)I2koT,
BRTOMEIZ0IZR>TWS, e>0 LB h I3MEEL >
7~DT

LG Ltx(0),

Vi L(t,x(t),x(t)) — 7

x(t)=0. (6)

TR R S0,

ZOxZETEARREIAS FT—=5 7T vV a iR
X (Euler-Lagrange equation) &IN5, BKMZA: L
NEZoNNWE, A1 7—=57 T VaRENEriz

T2 2MoEMN HRENEE5Z 5. HlZIE,

L(t%%) = gl = V(x) (7)
ThbeE, —a— 2O 2L

TV (x) = m¥, (8)
NESNS.

2.2 NI )LbVAHZRE

SU5 vV a L EMTIEHDEH, MEREE TR
ZOIZEDFELTVWBEDIFMARITRARB NIV b %
Thb.

x,p,e RM Iz LT

Ho(t,x,p;X) :=%-p — L(t,x,%) 9)
B, 22T, YHEx 2HAEREES. 2L,
NINWI=ZTVHZ%

TEHKTD. TabL, NINVb=TUEiE FT7T7V
VTV L(t,x, ) DIVY ¥ v RIVERIZ L BB TH S -
LU, &2 (10) ILBVWTR/MEZ H -2 52T 5L,

LB, ZOEE,
Vo H(t,x,p) =V, Ho(t,x,p; VL (t,x)(p))

+Va Ho(t,%,0; Vi L™ (£,%)(p))V, Vi L™ (t,%) (p)
=%+0 (12)

YA, E7, A T—=525 ViR (6) DM
(x(t),%(t) #RATBZLI2ko>T

= VL x(0),%(1)
— VL L(t,x()%(t) =~V H(t,x(1),p(t))  (13)
MESNG. 5 LTESNE (12)

SO 1EEMS ARERRIEE, NIy (OF
ns.

Y (13) 555 B3l
EAArS
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Wi, NIV NVRERDROER, A T—=FT T Va
hfERzEldsZETES,

L(t,x,y):=sup(p-y— H(t,x,p))
P
THOTLE2ERT 5.

y(t) =V, H(t.x(t),p(t)) = %(1) (14)

THHDT

DL E

V. L(t,x,%(1)) = Vo H(t,x.x(1))
= b(t) = 5 Vi (x(0)x(0) (15)

ERY, AT =575V FEANELND.
7z, bo LEENIZ,

E(t,Z,Z) Z:).('p—H(t7X7p), (16)
EBLIETAMIT—=57 7 vVafilEX%2/aZL
HETES. 2EZLIZTz:=(x,p) &LT.

2.3 HRYKMNJvy—FUVOHKERE

TERRFT, HE2VIEIRE—RIIBNTEL L OH#E

W TR M % — b U 7= Bodifil il ol & U
TEAMbLE NS, AR

" Fex().u

F(u):= (t))dt+ F(x(t1)) (17)
to
A ES S
X =p(t,x(t),u(t)), =x(to) =xo (18)
DRTER/NMNZTEHu* ZARDIFEEVWSREE LTER
fbxnd., ZZTf, F, pxold, MERIZEZ S5N5H
B EBTHD.

LU B RYEEREE DT, ZOMEX
LR DB FEORHAMIIEDE B, L) —ROBAIE
IFIZRZ KRy Y ¥ —F V OIpREFIIZ & 5 R
DIINTE 5.

(FEIE 1)
T) B

(Pontryagin) (#4722 EHIMEDIRE D T

(X" (1), 0" (1)) tefto,t1]

A% (18) DFTO (17) 2T 2 B8 F4%
1%

X*(t) =V, H(t,x*(t),p(t), x(to) =%o (19)
p(t) =—V.H(t,x*(1), p(t)),
p(t) =—-VF(x3,), (20)
BLU

H(t,x*(t),p(t) =p-p(t,x"(t),u" (1)) -

TEZOoNS. 27ZLTZT

fx(1),u*(t)),
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H(t,X,p) = ms‘X(p/’[’(taXau) —f(t,x,u)) X{F,G} = [XF7XG]' (21)
Thb. FHidix, V=L, 2F0 XpXg—XcXr ThH5.
2.4 TEHZ BANIZAIV b Y ROA AT o EE L HTEE
2.4.1 NILKYROKE W%Tf-
n 3 N 2N NS \s DA B
Z 2T, TREE) (quadrature) & 1%, ®#HH HERD ° R LONINVPVRNHARDTH S Z L OBET

fg% (GREDOAERD ZHNT) KDDL THD, M
DFAEERAD [A[fES ] THEEIERFERETHDE L VD
e ERERLTWS. REL OEWRABELE O TS
THEIEDEHRLNSNEHD S EH, RIFHED
IRCTIE, H2MH AR [EE—F7] (first integral)
CIFEN DR EE TR SABTEAREaTH L L
INTVWS. FHUTKIRRD & 5 B £ T & 14K
wLTns.,
o 1IRITDH
T5).
o BIRTD AN, HE—FAIZLoTMITELIDF
T2 eMNTESE (Z2IZh>TW3) .
o nYITTDMETH UL, n ORI IE S D

W HBRRIIKBTES (nwS e

ROohniE, WLk 1 RTEETHLT, RETX 3.
(12) & (13), H%WE(19) & (20) 7575 L b
VROBE, HRH IR
F(t,x(t),p(t)) =0

L2 R LOWONPRBEBMFOILTHE. b
BB (RRIF R NIV ROE—FHATH
52ME S ML, KTV UHE (Poisson Bracket) (Z& -
THETE2 : R LOWSPRBEBF=F(ry) &
G=G(z,y) DDOFRT Y Yl (Poisson Bracket) & I3,

{(F,G}=V,F-V,G-V,F-V,G

THEALNGEBTHS. BEEBEBNIN I N=T
WEBNINDNVROE—FEDTHDEZ L DBE|R
SN {H,F}=0 ThH3 I LIIRDIHEIDOND.
2.4.2 NINIMYRT NG
(x(t),y(t)) ZEAFDNINV NV ROMRE TS ¢

&y =V H(x,y1)
Yr = _va(mtayt)

ZZTz=(z,y) EBEFIX, LR

2t :JVZH(Zt)
LEIFS, LT

-(17)

THd. RIMVE JV,HIFZHD NIRRT
ViG] EIHENTED, LIXUIE Xy &EFErNS. RO
HEIBD P DD ENTES

0-I
I 0
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M3 H HE %2 80T n lORINL 7256
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o%*ﬁﬁwﬂs»byxab»%igwaa@@
Hb:E—Fb%E fi,i=1--d &LEE,
[anXfJ]:
sk, B4 HiCHER A RE
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BT DL SITHL
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3. Bismut DEERNIIIL M VR
3.1 RBEBLANILTORRT

Hy,Hy,---,Hy % R* LEOW Sk ke L
Lo, L1, Lg #ZNoD 5L v v FAEHBTHES NS

Bfeds. EHROMEEKELZDOTIDLELEED
—ENT YV NVEWETEE HI2BIZRS Z IZHER
L&,

KNI S DB w = (w0, ,w?) 1 [0,00) —
¥ (x,y) = (2,90, yq) € R 1z L,

ZL X,Y;) wt,

LEE, 0<to<t; & R EOW SRR F Tk Lk
DESBAEMBERZ2HE XD -

Rd+1

X y,t,w

E(x;to,tl,w)::/tlL(x(s),y(s)7s;w)ds

+F(x(t1)). (22)
Z 2T, fRISRMIE L E [to,t1] 1T LT
t
x(t):x0+/ y(s)wsds
o
EXO+Z/ yi(s)wids (23)
i=0"to

ThHZLoNEBD LT 5.
EHTHB.

Hil# (23) O FTERAME D (22) & &/ T DR x*
[to,t1] — R with the constraint 2%, {RIZ7272—2>Td

ZIZT xR FETEINE

2r9hE, RV )y =XV ORRMERE (EH1) &
D, tg<t<t1 ITHBNT
X"(t) =VyH(tx"(1),p(t),y" (1)) (24)
p(t) = -V H(t,x"(1),p(t).y" (1)), (25)

BELY, RIS

X* (to) =Xy
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p(t) = -VF(x"(t1))

WAL D, 72202 2T

(26)

H(tax7pay) = <paywt> - L(X7Yat;w)

THY, Kte(tot) THLTy () Ik

iz, SOHBEITIE

Vy, H=wi(p—V,L' (x,yi))
THBDT,
yr =(V, L)~ (x,p)

LRy, LdsT

maxH(t,x,p,y)
y

maxz p,’yZ
—ZH]&X p,yZ
:ZHZ X,p

i

(%,:)) Wy

Li(x%,y:))

LB, EoTANAINVM VR (24), (25) FIRD &S 12FE
R S5ND.

£) =V, Hi(x(t),p(t) )i (28)

— Y VL Hi(x*(1),p(t))i;. (29)

-

DiEamliZ w M7 7 v v B D Wong-Zakai 3! T

i)é EEITHIELW. 72U, gl (26) %7z 98
BEFEPFET 2 L WS E PR D RN & 405,
Wong-Zakai iUz U Tk, #4700 1ZB 9 2 ERIME

EARET I
/ o )irds
DART by FROMKES
/ul 0(s) odIW,,

IZHER 1 TPERT B WS Z ek <HohTW3. (&
& SCHR)
ART MY FREPIZOWTEL., FHEOAR
Iz, EYREEDORT, RBEZX5.
(EHE 2] (Bismut (1982)) %54

X, =x0+ }”ds+§: }”odW” to<t<t,

L2
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(Y2, V& i &) o FTOlERR
t1 t1
/ LO(XS,YSO)d5+2/ Li(X,Y)) odW!
to i to

?

+F(Xt1)

DX =X((YO) - (YO B WTHER 1 TN 72
5 51E, X* LA F ORTEZIEMRMS HFE (R
NIV M VR) OfF -

Xt X0+/ 8 HO Xg,Pg)d

+Z/ Oy H;(X,,Py)odW! (30)
t1
P,=-VF(X(t1))— | 0.Ho(X,,P,)ds
t
—Z/ O H; (X, Py)odW?, (31)
to <t<ty,
(Y =(V, L) (X, P), i=0,1,-,d. (32)
EH 2 O H Y05t R THRLT 5.
(FERE 2) Mg (32) iz THERNINV N VR

(30), (31) DIFAEIE, BAFTHEZS &> Rk %
ZIBT LB RIS R,

3.1.1 FHE DM

T o 7R T L O TIE, LRI )12 % 5K
43z rT, RAMEEROED (EF 2) 2552
NTEZ. UL, EAMEORMEIZ DWTIZ+4 2 i
EHZTOWR. £ ZTAREITI, RS PHIRET
EZoNBGEIIRAMEFENRE S EDLENIZONVWTE
KL THD.

(2,F,P) 2 EMRMERZEME U

{Fii=to.to+ A,
EFDODEDODT74NIL—Ya v TAIITAIFTED

sto+NA=ty

TEHTHD. mEIZA—=0DIBREERT 5.
w= (W, w?) % d+1 W {F}-wasfEe U,
i WA — Wi A
wy =—a (33)
EBL. ZZTwy forte [to,tl] Liwt+kA, k:O,].,"',N

OREHETH 5.
SESVUITVUE

ZL X,Y;) wt,

(xw—

TEHL, 2607 R LOWS»72B% F 1Tk,
ROEMMER 25 X 5.

x y,t,w

(xvyOa ﬁ‘/d) ERd(d+1)~

L(x;t0,t1,w)
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{/ s),s;w)ds+ F(x(t1)) (34)
= L Pl / (x(5,0), ¥ (5,0), 5:0(w) ) ds
+F(x(t1,w))

HIFIRIFIZLA T THEA S, &te(to,th] BEUTwen. I
XL

d t
EX(H‘Z yi(s,w)i} (w)ds. (35)

WEETERERE, xocRY BEEINLZTEHTHS.

MERLH (x(w),y(w)) & d(d+1) x 82 RITDEE L
AIRFIER Y MY ¥ —F U OB AMEFE (EH 1) 23R
EUTCHMAMEETH B, HilFEM (23) o FCEMAES
(22) DIGififi 2 5- 2 B x* : [to,t1] — RI¥E? 13 R2(492)
TONINVE VR

X*(tvw) :Vp(w)H(tv)(*(tvw)ap(t7w)7y*(tvw)) (36)
p(t7w) = _V:v(w)H(tv)(*(tvw)’p(t7w)’y*(tvw))(?)?)

Tt <t<ity BLO weR iz LTz, »oeil-
i S

x"(to) = %o (38)
p(t1,w) = -VEF(x*(t1,w))P({w}) (39)
-9, LI ZT

H(t,x,p,y)

=Y P({w})

wES
(<1J°(§°oj’}),y<w>wt<w>> —L<x<w>,y<w>,t;w>>>)
THY, %te(tot)) LTy (t) Ik

H(t,x"(t),p(t),y" (1))

= m;xx?—[(t,x* t),p(t),y) (40)
iz d. TITHREIINT S x*(t), p(t), y*(t),

EW0y &, FNENRE? RIXE? REH)XEL 45 &
CRUEADXEL = fli% » 25D L ARLTWS., 2T,
x*:to, 1] x 2 —-RE &, HEHRERL L AREDZ
tc:‘&%b;i
i’ﬁl:lr

Vi M =1;(w) (p(w) ~P({w}) V, L' (x(w),y:(w)))

L7 BDT, KT L ORI D5E & FROBEHRN
V@)= (9, ), )
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2185, £oT

maxH(t X,p,y)

—maXZP {w}) Z

wEN
p(w) (W)Y —Lij(x(w),y; (w w!
(<({}),yz< ) — Li(oe(e) i ))) i
SILTHD
weN
() (w)) — L (x(w),y; (w Wt (w
o (0 04~ L)) ) )
= P i ) i)
2 BT

8%, T5TBE, AILRVR (24), (25) BT O
kIt HEE A SN D,

D)= YV Hic (), D) ()

b(t.0) = PN YV Hix (h), B i),
Z (42)

p 2/OT p/P LEHL, BIFEM(39) TONINLE
V% (41), (42) 2RARCEE LB

x*(t,w) =xq

+Z/t VpHi(x* (s,w),p(s,w))is (w)ds,
= *VF(X: (t1,w))
_Z~/t vzHi(x*(S’w)ﬂp(svw))wi(w)ds

MRoND. 2F0, KRBT LOHEMmTHOoNK (28) &
(29) LHUEDOHBRAPROENDZDTHD. LOwET
Z 7 v E D Wong-Zakai IO MEBGE AL & B 2K, #
WRBREEEDO R T, B/ ons.

(EE 3] (Bismut (1982)) #l#5M:
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t t
Xt:X0+/ Ysods+2/ YiodW!, to<t<ty,
to i t

(7L Y0, YA A ER) oFT

EutlLo(Xs,YO)ds
+Z/ X, Y odWi+F(X,,)
(43)

ERNCT B X 1, BN FONGERERER AR (H
EAL R VR) (30), (31), (32) BT
FEBE 3 OO 6 7 Al B 5 X AL D 21
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4. MEXRTEDHR

4.1 TA&ED] EEREDHRER
—MRIZA ST~ By FRTRI X N MERYD T
EEN

dy; = E:V' YodW!
ZRLT, WS RBIE f T T B a0 ARIE

d

df(Yy) =) Vif(Yy)odW; (44)

=0
YU TERE S, (44) DAHLD V; 725 I BIED A
RNz#HT 5 L

Vi)=Y Vif(Yo)dW (45)
Y / VLV (Ya)od Wi did
ij /0

B, TNERED

f(Y) = f(Yo) )
:mﬂmﬂW+meyb/ﬁwo&W+~

+ Vi, - fYo// / dWZ"o~ odVVsil1

(46)

BLTWwS e, BT

Y7h (MRTA 5 —EH). X2 MV 725 A8
THB L EITIE(46) 1%

(i) =exp(d_WiVi) f(Y) (47)

WO REHERD., 22T, RZ MGV IIHT B
HERY, =V(V;) OffZx L

f(Yy () =exp(tV)f(Yv(0))

ThHb.
4.2 (A9 BRHBENIILMUFR
Hy,o Hy, 2B THWNIET Y Vil (—
{H;,H;}=0721<4,j <nlZD2WTHL) % R*™ LW
ShREKEbE U, Hy 2% Db MG T 5. O
D (i) ERMy RN EEZ 5.
d
dZ, = Xp,(Z)odW;. (48)
=0
ZZTWP=tTHY, (W, W) X d-RLD 7TV
VHEEITH D, ZOMRMSHERITROERT KHE
AR, DEDHBEATHS: FL41HTOHwRM»S, T
BEOWSMh fizLT
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d
F(Z) = (epoW;'XHJ F(Zo)

ZEXPthngn o---oexptXp, f(Zo) (49)
Thd. ZITHIZEBNINVEVRDME 2 IZX L,
e XH f(20) 1 f(z) ZBILTWA, Hiflix COEMH 5,
et X ik DRFEARE] LW D Z2iZRoTW0Wa., Lizdis
THREMAIZIE (48) 1 (49) A THRIF &1 LW RET Ik
FEATEEl TH B.

(ER3) ZoaMAEERNI NN RBERBS
(43) DERGEREIETH 2 7= DI IF S {(z,p) :p=
—VF(z)} BUN{z: fi(z) =c;} DEAEATRITNIE
RO, ZHEDR DBV E RS,

(FERE 4) Xue-Mei Li[2] 1E, (48) %54 AR/ MR
IV b % (completely integrable stochastic Hamilto-
nian system) &IFC, 0 (fERM) FLEE (average
principle) (ZDWTDFEREZRFT NS, EHIX 2006 4£Z
BITA VR - NI =)V OREEHFZERT T Z O % H
Wz,

4.3 #E&E

AR MR N IV b 2 RDIEBITRBE A RET H % 21
BHZENTHENT, IO RE U 7 iRl
O FTEEIBHER M RN %2 (BUERIZ) < LS Z
EEDIFERIANMELS LD I L RBEVWRNTH S
5. TIT, LEXREY, 771V ATOEBEOK
HWALRIEZZ X 24546, FHIRORITHPIEFITE VR
BOEREATROHEENINV DV RIZRE EIITET IV
L2175, LS 2T+ REREHDE LD ITES.

(FEE 5) 25k [3] B LU [4] TIE & b FEMIICRER
NIV bV ROFMEE T - BUERRITE TG U 72k
E¥HEINTVS.

2 & X W

[1] J. M. Bismut: Méchanique Aléatoire, Springer Lecture
Notes in Mathematics 866 (1981)

[2] X. M. Li: An averaging principle for a completely in-
tegrable stochastic Hamiltonian system, Nonlinearity
Vol.21 803-822 (2008)

[3] T. Misawa:
Hamiltonian Dynamical Systems Derived from Com-

Symplectic Integrators to Stochastic

position Methods, Mathematical Problems in FEngi-
neering Article ID 384937, 12 pages (2010)

[4] S. Satoh ; K. Fujimoto: Passivity based control of
stochastic port-Hamiltonian systems, IEEFE Transac-
tions on Automatic Control Vol. 58 | No. 5, pp.1139—
1153 (2013)

[5] ARYE IRER  FER S AT LDNIN M VRIZDNWT ; VAT
L /HifE /&), Vol. 53, No. 5, 53 % 5 5 pp. 184-188
(2009)
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Ho AL (BERY). IABY S,
Bl - FEREHR - TEFRBEORE.

1967 4E 6 A4, 1991 4F 3 H B mt K8
FEBCERI A, 1997 EHRFARF KR
BRI F A RHE LB 7. 1998 4E 5T
AR A SE TR AR ST, B)
Bz, W 2R T20084E4 A & 0 #idz.
MR EE R L B 7 7 1 F > ADWFERIZHE

ARG 2, HA
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¢ I R Y e e A U R R e T DAY GG X Ty E v riid i
[FERY ZT LY VRIS A B0 MOER ]

R v T IRER—/ A ADNELSHROREMN
PR Sk

1. FL®IC ABIRT A b/ A XBEREND &, VAT LISHERM
HERII R X N VAT AE T, Zhhibie DHBRITNES 512742 (MERY AT L)3, HERM
NEEDY AT AL ZEFHRRLS, UL, ZOZL FRERIHEMD SRR ZRRPATHRRIEEINT
12 2T NEIEE I BES Y 2 2 5.2 52— WB7H, TOLEMRE —POMETIHNENDH S,
BB TNS, EFMLBEDIERE, 5V IEAT KDL 25, HHRS AT LOUERBEZRTHY,
R—REF Y, B BEEOX vy T2 ZET L L EE > AT b OWE MRS 2B 21 TH HE
LB Y > CTEREAETCH S, DEBMELET B, TD2o, WHERY XA T LADLZEMIT
U AT LHIEBHRIC B BEM Y REDOX vy o~ COMRPS AU EARI LB BT T O
Mz, JAZAND2, /AR E IV AT LD PRI 2R LT E BTV,
EBELT B RIRIGHOZLTHD, VAT LD ey AT LIGER ORI, 1960 IS Khas-
DOEMEFIZMIONBENELDZ L EH 2D, VAT minskii[15}, Kushner[17], KOZin[lQ] REIT kD
N N Y T 1, Arnold[1], Aubin and Deprato[3], Mao[26], Lev-
AHTE, SRR A ZD5bHY AMAET A kA akov[21] % X1 & b FIE U7, BUHRGHZ EHED 2B 0
ZOBREES. i H T AN (EHEME) 12hng & U T3l 21X Arnold[2], Mao[25], Florchinger[6,7],
TOEEEB AR>S (Hakl) k5 Al EEThD, Bardi and Cesaroni[4] IZ & 2 R »H 5, NHZEN
MRS 25 Mz 81T B s BN A E 2 Th 22, TR AHALZERICEHDLSH D (HERAJIIRELE
M A HTRRICAES VAT L (EEY AT L) 12 H Y Mo A RELEM 2 E) & U Tl Deng 5 [5], Liu
R B R b T2 TR 5 23] M EDVMREKWTH 5, HERARIFHIZEMIZ DN
Key Words: stochastic system, Lyapunov stability T3 % EL Yin 5 [38] 34D 22 & R DIE £ >
YA X (M, noise) &\ FHFED IEREZ E % 18 TEY, BOETIEATA T 14 ¥ 7 E— Nl & DA D
U\, IREFSEEE 7K CallE i) ME5 OBz Poznyak[34] 12 & DA SN TN S,
BT, BRHEFRR (ood) TEROE Ak AL — TIC BT DR AT NRE

RGO MM TS WRIERERE (n L .
’ HADEHY LTI, ZENOEHZ DS DIH
TR (O M RBSEE S 6 b, RS L I DTES FLEE

B &R N EE OBHNAE REEHIZT 2 bi%@ [28,3'41:45:47], / ’flbiJ:%irﬁﬂ: [,10’29’33]’
£5%, HWEUBWU K>, Concise Oxford MR A MEFRZIELE [11,41), AHDZGERICBID S S

English Dictionary (Oxford University Press) “ir- D [13,14] 2 EDD 5,

regular fluctuations accompanying and tending to ARTI, WRYATLDY v 7 TLERIBET S
obscure an electrical signal or other significant phe- I o FERIE S DFEEZ B, RIZEE S ORE %M
nomenon”, —#OFHEERVTIFLE L AWES UBAS, BEVATLIIBTEY Y 7 7@EwmE
THDHIEDLWE DN, RV AT LGRTIEAN DENERITT 5,

FEHRLARTHEFTERT ) A XIS H I LA

%<, WERIEHOAMIC X 525 {k [39,46] R C, FRERMTHA THIA 2O, Mk 2T L
I [27] D& S IZENOERIZHLTE [/ 4 X] LI MCBT B AT ARKRT A b A Xk, HlEHERICS
Bt 5, 7, /4S8 0iERM GRAFEIC(E TR T 4 — KNy 7 ERIU K S B BAEBIZH B,
PEDBIED) LREME (b2 RIEPHENES S Y HBNHERAL BEHD HRAL OB, KT
MY UCMELINATCEES) OGNNSR BEDAETIERV, HIZIXHRESO—ETHIE
FBIULE DB, ) A AWEENIGE, BN ARl TREHTES
PHEMITIE ) A ZBNDE AT ARAD & 5 1285 7= SEBRCHS TN [15], MEDENE, R
BAZRES b, HEMERESrE, ot 22 IE~ WIEEBEEEEOERZED, K ORERIZIEAES
NaATHEEOL LIRS\, ZOREHA YT AERY DIREREFHBPD XA F I 7 Ao TWENE S
AR AR LI NS ) A R B =2 BM, 2D WTH 5, BRI [30,32,46] &2, HEIIC &
HAEAGIZ & O HER S 2T DA K E S FB L 72, B> D FEAl e e P 2 1 [8,24,40] 2B S 7z,
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Pkt : HER Y ¥ 7 TR A AL SR 35
2. %{F:ES5DEHRE VAT LD K
/cra(x(T))dwa(T)
FTEAFRCTHWSRES2EHET 5, ARTIER" % 0
nXgt1—2Uy REMe L, FICR=R' £ $5. ¥ —llmzaa (te—1)) {w(ty) —w(te_1)}
7z, BBh:R" SR VR SREZZ, V2 hIZD N=rooy
WTOY —WH%E (7)
ummumzﬁgfmm) 1) :ﬁ%é@éﬁ%ﬁﬁﬁﬁéo%ﬁnt®§ﬁﬁﬁ@8
004 285 0=tg < <ty=t TN HHLTEDH,
Y43, Lim P~ RAGKAE 2 kT B, & A5 A (6) 2 58

WIZ, HOABERTA N ) ARAD [#] THDU 1 —
F @R R RICBAT S, HERERE w: [0,00) >R &
RAIO<s<T<t%FZZR 5. HERERwH (BFHE) 71—
F—BFETH B L F, HEBEE TR w(0)=0TH

D, MOTDRIS w(t) —w(s) BH T AN EHEDA)
TR, X5
E{w(t) —w(s)}=0 (2)
E{(w(t) —w(s))(w(t) —w(s))" }=(t—s)  (3)
E{(w(t) —w(r))(w(r) —w(s))"} =0 (4)

(72720, E{A} i&d 2 HR A OMAFRE, T I1XHA1T41)
BT WS L,

PLEDYED TR, HMn AL SHERMN HEA 2
B RNZRIZHET 5, ZUEVOMES AT L%
B AR

d
2(t)+ Y oala(t)

£95%5, 2IT, WHZE#te[0,00), RE2:[0,00) > R"
EANuDER % u:[0,00) > RIE L, f,010,...,04:R" —
R"3Z2THONPTHD LT D, £/, HIHKLIt=0
PME 2(0)=2(0) eR*" IEEZ 5N TWB LT 5, HEE
O AT L (5) DL EBEAR L TR LA ETu % d
RTTHEHE Y ¢ —F—BfE L 35 (u=w), EHHEX

[z = [ setonar
+§:/0@

WESNDD, ZORDOELIZBITS

(5)

))dwq (

(7) (6)

RO L

bry g — o — R O R A 2 L SR R A O R
ERELTLOTEET LN, HLETHNIEME (I
Z1E[12,20,40]) &I Nz, BB, THhHEFD
HETIk (797 ViES) (Brownian motion) | & I
FEENTVWB ZENL WA, ISR LT
DT T VEBEEMELL 2D Y 1 —F — BT
%étw YIBR AR IR 13 7R B [43,44]), ARIT

XEEEPLIcb-5 (LHffLTW3) 0T, &
FHORILZ &S 5 - OBFANFETHD [T 1 —F—
#EfE (Wiener process) | TREHEZHE—

— 35 —

DT EEARLTr2lD Tt LB W

))dt+ Zaa

% (R MRy AR WS 2,
ARETHOMIZH®S ) v 7/ 7 ZERTI, WS
FRAOMETH BIREBER x(t) OB v(x(t) eR D
BAF I ARMEIHTEHENDED, ZHIFKIRD LS
5 zohb,

dz(t) (8)

t))dwe (t

d
dv(z(t),t) = x t))dt—l—Z(LUav)(x(t))dw(t)
) (9)

Z Z T,
(Co )= i EVEEEDVED) g
= (Lyv)(z)
d T
AL [ai E <x>] ul®)

(11)

FIEBUNMERZR E NS, AL HA WD W B ik
(BIE) HTH O, WM HIREAOHEGRMERD S IXHT
ZRRWHTH 5,

TR HREREZEBT 2 -DICOTOIMA iR
RERBELZDX, V1 —F—@BEOEMK w »E
BTERVWEDTHS (HBEROERTIIERTES
73 [48], BIERME CIIEAMNIC S E RS BE L 425
Zrl, WO HBERE DR B O BB L INE
BOXAF I 7 AfRICRELE KT BN» D 5720
AWTIEHEHLTWRY), 222571 —F—
ERASIEEREHEEZ RSN STHY, ()R —=
VAT ANF I ARASL UTEHETERVWHEHTE
H5, FERSTIEEEZFICEEZHCTHRAOE
HBAREMEZERLTWSEA, LrLY—<r - A5+«
NF AT ZEND [V =< VFHIDED HiZ
RS TUHMENAZE ] LS HEEIREEL W, Z0
i, ANI R EYFRN 36| R T A - FHA
EIEIH [37] 75 TR IR A ORER 2 EH LD, Zh
SIZHED K Y AT L DFE—FMEIZBRIZ Rl [46) TR
TWADTERINZ,
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3. WBHRLWALHERLZEM

AT TIREANLHER) v 7 7REwmERBNAL, T
EVATLDY) ¥ 7 ) TEEHRE DENEWRIT 5,
3.1 HEVRATLD)Y T IREM
FPTRUR—ALBRAWEVATLIBIFBZ )Y S 7
ZEMEBMHEIZR TN, YAT L

i =f(z(t), z€R", f:R" —R" (12)

DR (x=0) PN R THE LT DL, ZTORMK

DEEMIIIRDO LD IZERZEINS -

(1) BTDe>0BETt>01ILTI=6(s) >0
FAEL, |2(0)| <6 DL & |2(t)| <e L2755,
VY 7)) ITRETHD L\,

(2) V¥ 7 7RETHY, »D |z(0)|<s DL X
limyooz(t) =0 &2 2722 51X, RATHHELE T
HBHEND,

(3) Vv 7 THETHY, POFTRTO2(0) R 2
U Tlimy,eoz(t) =0 2722257 51F, KIEMHLE%L
ETHBEWVI,

FELDLZEMIT T B L EEHDONREN L DIXIRD
BYTH B,

(I 1] Y RAFL (12) OFAR, BA2a855
W2 D CR IZBWTIERE 7 a8 —7 O #IEK
VDS RBEELT (LV)(0)=0 270,

(1) D ET(L;V)(2) <0 %3451, Vv T/ 7%

ETH D,

(2) D EQESIMT (LiV) (2) <0 &5 513,
[RIFTHE L E TH B,

(3) D=R" & UCHIHZ TOETHED D% 5 I,
RIEHELETH 5, ¢

DABECIE B OREEH L O G 2 o 5,
3.2 MEXRZEM

MR Y AT N E i QRPN MEY AT LD
Uy 70 TRERER—AL UTERA REEENRES
N7z [19], mDOEH#IE, Khasminskii[15] 12 & 5,

(B 1] (HERLE) WL AT L (8) DFE A,
(1) BTDe>0BLTt>0TRLT

lim P |suplz(t)|>e| =0 13
Jim P lsupla(0)] > <] (13)
LB, WELZETHD LN,
(2) MR TH b
i, P Jim 2(t)=0] =1 (19

L5720, RFERIMERE THD LW,
(3) MEZETHY, HOTRTOe(0) R IZH LT
Pllimyooz(t) =0]=1 &5 51, KIsife s

L3CHR [15] T i asymptotic stability in probability.
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WMLE2THDENS,

ERUEHEE ¥ A T L DO REM T HEREEE % N A THER
L7zbDTH5B, £72, MFTRT LD IZLZERDO 54
SMIZE LMD D oNSE 72, FHRIZBWTHES
1 2 R—= 2 ZZEWM A TbND Z D%\,

(R 2] Y AFL(8) DEMIL, BEHA2ELH5
WA DCRY IZBWTIEE FuX—74 C? K
VD RAFAEL T (LV)(0)=0 & %D

(1) D ET(LV)(2) <0 &2 5% 51F, HRLZET
H5,

(2) D EOFSBINT (LV)(2) <0 252 51E, 7
FiERINELETH %,

(3) D=R" & LCHIIHZ TORTHK D DR 5IE,
KIGHERHELETH B, ¢

R IRl SR 0 2 5 M 1 100% D WK % (R GE S 2 A

JRI PR SR 0 22 EME CURERGE & e\, BARIY iR %
S LZWEE (BIAE, PRI 2HRP 0% ETH
5 Z 2 RIELZWIEE) 12l Kushner DE# [17] A1
ARTHY, ZThixSatoh[35] Ik WIFHEINT VWSS,

3.3 —HEIREM

R T R 72 ZENEN, WEE Y AT L DZEMEICHER
HEZMA7ZHDTHEOHARRERL VXD, L
U, WESAT LORELDENRDEZEZEZD L TED
IO EIMEY AT LOREE MR L TEHELL &
LD0] BEZTEEZW, 20, V¥ T ) 7LE -
JRFREGE 2 AE - RISEE 2 E DR TOMWEIZE WTHIZ
100%DREE & KD B2 IGHEITNISE L TH E 72\,

TD LS BREENEZFERT 5720121, Bardi and
Cesaroni[4] 12 & 2B al &M (almost sure stabiliz-
ability) DWHEMTH 5, EH P S D2 MR 2L E
PERRITIZ N B 728D, SRS 2T Ldr & HIEH AT % BRAL
UiznN—=Va v aEHLZ (28], TNIXIRDED TH 5,

(B 2] (—HiLE) MRS AT L (8) DI,

(1) ZBTDe>0BLV >0 LTI=0(e) >0
FEL, |2(0)| <0 D& EfER L T lz(t)| <=e &
mBIRONE, —HMZETHE LD,

(2) —HEELZETH D, OHERLT, [2(0)| <D
Elimyoor(t) =0 L2272 518, TR ZE
ThHdEWVI,

(3) —HELETH D, PDOTRTDx(0) R ITHL

2CHR [15] Tld asymptotic stability in the large,

SHEEY AT MIB T AEM LICIZNEMAZEL, £
7=, IV —NVOEHEEM > THoEMEREDEZEE
TE 5 [16], FHRIZ, RS AT AZBITHER2 D
WER [18] 2 T Y — VDML FET B [17], 72720,
SEHL 2 O ERLTIFERV (2) 13 C?HTIZR L CO %
Lo TWd, ZHIFEH 2 BBE+DFRMAETIEAWY
ZEEREKRL, MR YT TREROFREEERT
HERNTH D, EHSFIOMUIOPVTHRF LTS
D31, TDF—KA v &5 THIAT S,
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THEHE 1 Tlimyoox(t) =0 272227 51F, KIS
WOEZETH B LN,

ZDEHIT, HEVATLOREMRIZ THER1] v
SEREMAT-HDTHD, L, WRERDZVAT
LIFHRTA A XK BHBUEEED -, REMD
SR AT LDENE TR LS, ZDZ EITRD
GREEHIZE VSN E 25,

(EE 3] YAFL (8)DEMIE, FHhzEaLdd
7R D C R 2B WTIERE 7 a8 —7 C? MBI
V:D—=RPFHELT(LV)0)=02%5LLHiz

Va=1,2,...,d, Ve €D, (L, V)(xz)=0 (15)

N 7b,

(1) D LT(LV)(x)<0 &% 51E, —FiltZET
»H5,

(2) D EOEABAT (LV)(2) <0 255755, H
i — RGN ZE T 5,

(3) D=R" & UCHITHE TORTHAKD LD 51,
K —RRBEINE 2 ETH 5, ¢

Ll TlE, Bardi and Cesaroni[4] DEF &iEW [—4k:
uniform] ¥ \WIFEZBIMLTWSL, FiE, KISHERHT
LREMD Z & % BEHEZE (almost sure asymptotic sta-
bility & 7= 1%[F2% D asymptotic stability with probabil-
ity one) &Rild 2 Xk BAAET 578 [9,19,17,22,26],
FREDEZE % HET T W5,

Z DFHEEDEZRIE, KIS RH L E VE & RIS — R
WOEZEENES S LR 1 TORRMEZHLRT 5 2
LIHERELTWS, LU, ZOZDRRRLHMET
HY, MHEDENIPROMLFIZEH NG, VAT LD
FMPKIBHERINELE TH D L &, T OMREIEIZFR A
HDOWZD @I o720 FENEN & 275, R ol
THNRFFITIEONTWE, PR TIRFERIZPURT 5,
DL E, RIRBEM R O\WH 7R 5 EEHS LR AL
B LR DBETRN (DA S 75557240 % bk
<)o KIE—FEBENDE ZEDGEE, T OIS IXE X
IGED W2 DRI Do 72 D ENEI E A SR L T <
2, UL EDIFNZENWTE Z D ERFIZETAE
HAMWEET 5, DF D, Kig—bRBEnNG 2 &M,
EYAT b (ALY AT L) ORIBHHTLE N & FRE,
ANFHEEZR R > T A EREDF 2 ET HDTH 5,

B, (15) ROEZEVRDZZ h b, ANnTHitx
Fio I AEEEG L IZBERV (2) DY TV RVEETH 5,
ZORY, WESATLDY v 7 7B e 3 % i
3BV () L OESTH B2,

'Bardi and Cesaroni[4] DA H1IZH T % uniform
WS EEE Mo THIHL TV BEIHD 5,
LDk [4] TR, L3 & IEER DBV (x) 13
Mt L o TWB, THNIES DV (z) & HERRBS
HRADOKMEM e UTREN I 2o cdTH B,
— R ENE TRAN TG 2 Ko e AL 2RI
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BFREFEER
e IR
RFFE | | Leeoes i
WaRE [ B — LR

#1 s > 27 M BT B Wl 2 e Vo Ea B R,

3.4 RBMBEHERE M

Hifi S, —RZ i3 Eey AT L0gete
HER 1 THELW] CEXTHITHD, ZTNIFEEL
RThDH, EHIOZEM (15) EAR0ELV, £IT
HEHIE, AEEAEDANTHEGEZED T [H 202 H
DHNEBA 51 100%H TWA RN 2D @I 2208
ZEMZEHRL 28], AHITIXZOWEZBNT 3,
(E& 3] (FFBRNELE) MRV AT L (8) D
MOPHERRETHDL LTS, FRAE2E0H 5o %EM
DCR"BFELT, 2TDz(0)eDBLV >0kt
LT, ME1ITz@t)eD 2RHE DD limyox(t)=0 &
B35, RABMNEZETH D L\ D,

7z, THITHIGT 2L EEHITIROBED TH 5,
(I 4] AT L (8) DEAUE, EETH =7 C?
BBV D RAFEHLELT (LV)(0)=0 &7 b, HIz

Va=1,2,...,d, Ve €0D, (L, V)(z)=0 (16)

M 7zb, DD EOFEMAT (LV)(2) <02 kb
2o, RATBHNEZETH D, ¢

JRFFBEIE 2 M, MR 1 TOFNERE N % FEE T
572 DITKIBIIEE £ TRD DHERLEROH VD 5 X
ERHELZWE WS ERED SIRE L2, REESE D »—
DEODNIE, FONIEYIIUEIFEDMS DI ED
DORURIZHER 1 TIHRT 5, T4 DSEM: (16) LT
3 D% (15) L DEWIE, FIEN DHNDETD DK
PEZRDIZH U, BF1E D OB OD ND x DHADEA:
Lo TWBETH D,

F7-, BEFREEZ eIk D OBR 0D WS Z
S DIFERELEED, DERMVIZBRD 2L EDITS
& RIS ERNE ey — T B, ZDZ ik, KIBE
A 2 E M2 BEINE R T LR T 5 2 & & AN
PENTWD, £72, D DNEBPANTHEEZ R > 7= R
EHEA TR D SN B 5, B — kBN &2
M —8T5, Z0k>iz, FFEEHEZENEE, MR
WHEZE M & — i E 2@ D hlicAiE T 2 E T
H5, TNODOEBKREHLIZRLTEL,

UCREMZIMHT 2720, HEYATLADRERE
Bk, KEMERRIZHEER U C b ZEMMATE S, L
L, ZZTiMbozet:e otz 3 2846, BK
V(z) DER/INMEFEDNEHE T ERVGE DOREEM
Mrzilly, C?RIcEdTEL,
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Fas SA

4. WRY+v T ) IRERDRE

Tl SRR 2B VE IR S AT AL E R TRD & < f#hT
INBLEMNEDN, METHMLUZE D BRHEREZOD
DPAMNZBWTE, FEEY AT LADREHEMTE B b
ERAEL DD B,

X, FRDSHERIDELE TH 5 I1I2HMb 5w
2D&MEW 729 &5 BBV (x) WFELBEWT —
THb, Z0IZ ki Khasminskii[15] @ Remark 5.5 2
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Kalman Filter and Nonlinear Filters for Space

Navigation

Masaya MURATA*

1.

In this article, the satellite navigation using GPS
that has been developed by the JAXA is briefly sum-
marized. The GPS receiver (GPSR) is the onboard
device of satellite which collects and processes the sig-
nals emitted from the GPS satellites operated by the
U.S. Air Force. Based on the range information be-
tween the satellite and each GPS satellite calculated
from the acquired signal, the state of the satellite such
as its position and velocity is estimated realtime by
the GPSR. The extended Kalman filter (EKF) is the
often used navigation filter for the state estimation.

Currently, due to the high accuracy of orbit and
clock information of the GPS satellites provided for
users and also to the high performance computer on-
board a satellite[1], the GPSR records the impressive
navigation accuracy such as those less than 1m and
1mm/sec for position and velocity, respectively[2][3].
Section 2 summarizes the development history of the
JAXA’s GPSR.

Although the great success of the EKF for space
navigation, the other nonlinear filters such as the un-
scented Kalman filter (UKF) and the particle filter
(PF) have been actively designed in the filtering re-
search community. Therefore, this article also ex-
plains the representative nonlinear filters and eval-
uates their filtering accuracy using a benchmark sim-
ulation model, aiming to provide accurate filters for
the space navigation community.

2. GPS Navigation of JAXA

In 1994, the Japan’s first GPS navigation test was
conducted by the Orbit Reentry Experiment (OREX).
However, due to the malfunction of the onboard de-
vice, the GPS navigation was not executed. The GPS
signals acquired during the re-entry phase were ana-
lyzed on ground and the orbit determination for the
OREX spacecraft was performed, which recorded the
maximal position error of 300m.

The Japan’s first GPS navigation was successfully
accomplished by the Space Flyer Unit (SFU) launched
in 1995; the position and velocity estimation accu-
racy of 100m and 10cm/sec were recorded. Then, the
GPS navigation technique was also applied to the rel-
ative navigation system for the Automatic Landing
Flight Experiment (ALFLEX) in 1996 and the En-
gineering Test Satellite (ETS)-VII launched in 1997,

Introduction

* Japan Aerospace Exploration Agency
Key Words: State Estimation, Filtering, Space Navigation.
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respectively.

On the other hand, the world’s first attempt for
the GPS navigation was planned for the Landsat-4
mission launched in 1982 but its GPSR soon became
disabled after the launch. Then, the Landsat-5 was
launched in 1984 and the world’s first GPS navigation
was successfully performed onboard[4].

As for Japan, the GPSR onboard the Advanced
Earth Observing Satellite-IT (ADEOS-II) launched in
2002 achieved the navigation accuracy of less than
30m and 7cm/sec for position and velocity estima-
tion, respectively. This improvement over the results
for the SFU was significant and it is considered as
mainly due to the cancellation of the selective avail-
ability (SA) performed by the U.S. in 2000.

The GPSR onboard the Advanced Land Observ-
ing Satellite (ALOS) could process both L1C/A and
L2P/Y signals and the orbit determination on ground
using these data achieved the accuracy of less than
1m. The number of signal acquisition channels for
the Greenhouse gases Observing Satellite (GOSAT)
launched in 2009 then became six to eight.

Further development was made for the L1C/A
GPS navigation of the ALOS-2 launched in 2014. The
L2P/Y signal was processed on ground as well as the
ALOS for the orbit determination. The GPSR called
the next generation was registered as the JAXA’s
standard component in 2013 and it was onboard the
Advanced Satellite with New system Architecture for
Observation (ASNARO) launched in 2014. The next
generation GPSR was also onboard the ASTRO-H
launched in 2016 and it was designed to perform the
dual frequency GPS navigation using L1C/A and L2C.
However, due to the insufficient number of satellites
broadcasting the L2C, this navigation mode was not
used for both ASNARO and ASTRO-H.

2.1 Navigation Accuracy

The L1C/A GPS navigation accuracy of the JAXA’s
GPSR was evaluated using the ASTRO-H flight data
and the accuracy of 1.7m and 11mm/sec for position
and velocity was confirmed[1]. This navigation accu-
racy was almost comparable to that for the GPSR de-
veloped by foreign space agencies, however,[2] and[3]
reported the accuracy of less than 1m and lmm/sec
for position and velocity, respectively. As mentioned,
the accuracy of L1C/A and L2C dual frequency nav-
igation was not evaluated in orbit yet due to the in-
sufficient number of satellites providing the L2C sig-
nal. The full operational capability (FOC) will be
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Table 1 Filter List

Extended Kalman filter (EKF)

Unscented Kalman filter (UKF)[6]

Ensemble Kalman filter (EnKF)[7]

Monte Carlo filter (MCF)[8] (equivalent to Bootstrap filter[9])

Extended Kalman particle filter (EKPF)[10]

Unscented Kalman particle filter (UKPF)[10]

Extended Kalman multiple distribution estimation filter (EKMDEF)[11][12]

Unscented Kalman multiple distribution estimation filter (UKMDEF)[11][12]

expected in 2023[5].

3. EKF and Nonlinear Filters: Sim-
ulation Comparison

The filter is an sequential estimation algorithm
of posterior state estimates given observations. Al-
though many filtering algorithms have been proposed
until now, the EKF which roughly appeared in 1960s
is still the most often used filter for the space nav-
igation. This section describes the other nonlinear
filters that have been developed in the filtering re-
search community. Their numerical evaluation us-
ing a benchmark problem is provided, aiming to pro-
vide alternate accurate filters for the space navigation
community.

3.1 Nonlinear Growth Model (NGM)
The NGM is the scalar benchmark filtering prob-
lem whose state-space model is expressed as follows:

xp = f(xp—1) +wk, wp ~N(0,9), (la)
25$k,1

14+ (z-1)?

+8cos(1.2(k—1))

where f(xp_1)=0.5z5_1+

yr = h(zk) + vk, v ~ N(0,7), where h(zy) = —=

Here, Zo :0, q= 1, r= 1, and {(l‘l,yl),"' 3 (I100,y100)}
was generated for the simulation. The filtering accu-
racy was evaluated by the average of E[|z) — || over
k=1,2,---,100, where, each expected absolute estima-
tion error is estimated by the 100 Monte Carlo runs,
and Zj is the filtered state estimate at k.

Filters evaluated for this model are summarized in
Tablel. They are the representative nonlinear filters
including the latest algorithm[11][12]. The initial con-
dition for these filters was o =0 and pg = 2, where, pg
denote the estimation error variance of Zr. T, and pg
are predicted state estimate and the estimation error
variance at k, respectively. The system and observa-
tion noises for these filters were set as the same as
those for the NGM.

3.2 Theoretical Implication

3.2.1 Linearization-Based Filters

The EKF and the UKF are both special cases of
the Gaussian filter[13] as explained in the book[14]
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and they are based on the linearization of nonlin-
ear functions of states. The filtering accuracy of the
UKEF is generally superior over that for the EKF. The
EnKEF is the approximation algorithm of the linear op-
timal filter[15] for which the nonlinear functions are
also linearized. In[15], it is shown that the Gaussian
filter and the linear optimal filter are based on the
moment-matched linearization (MML) for a nonlin-
ear model for which the Gaussian filter and the lin-
ear optimal filter calculate the expectations using the
Gaussian-assumed predicted state probability density
function (PDF) and the non-Gaussian PDF, respec-
tively. Therefore, for a general nonlinear state-space
model, the filtering accuracy of the EnKF is better
than those for the EKF and UKF since its lineariza-
tion is more accurate and no Gaussian assumptions
for the state PDF are imposed. The EnKF is the
fastest non-Gaussian filter, while the fastest nonlin-
ear filter is the EKF. The cubature Kalman filter and
the other example filters for the Gaussian filter are
also categorized in this linearization-based filter.

3.2.2 Multiple Distribution Estimatoin Fil-

ters

Unlike the linearization-based filters, the MCF,
EKPF/UKPF, and EKMDEF /UKMDEF are all within
a family of the multiple distribution estimation fil-
ters[11] for which no linearization is performed for
nonlinear models. These filters differ from the choice
of the importance distributions and the expression for
each conditional state PDF. The Gaussian-sum filter
and its variant algorithms can be also regarded as
a special case of the multiple distribution estimation
filter, although they are not discussed in this paper.
The MCF is the second-fastest non-Gaussian filter
but when the number of particles used is small, it
sometimes suffers from the particle degeneracy such
that the weights for particles are severely imbalanced.
When the degeneracy occurs, the filtering accuracy
becomes deteriorated. The EKPF/UKPF is expected
to experience a smaller particle degeneracy than that
for the MCF[16]. The EKMDEF/UKMDEF|[11] re-
tains the same superior property as the EKPF/UKPF
against the particle degeneracy and is also designed to
become robust against the particle impoverishment[16]:
the particles of EKPF/UKPF are not generally dupli-
cated during the filter execution.

To summarize, the EKMDEF/UKMDEF is the
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best nonlinear filter in terms of the filtering accuracy
among the comparison algorithms, although they are
computationally heaviest. Then, the EKPF/UKPF
and the MCF follow. The EKF is the worst filter in
terms of the filtering accuracy, although its filtering
speed is the fastest. Then, the UKF and the EnKF
follow. This proposition is numerically confirmed by
the filtering simulation for the NGM.

3.3 Filter Algorithms for NGM

3.3.1 Linearization-Based Filters

(1) EKF

The EKF linearizes nonlinear functions in Egs.
(1a) and (1b) around the current best estimates of
states (£;—1 and Zj) and then, the Kalman filter is
applied to the linearized models as follows:

T =f(Tr-1)

I P Of(xi—
Pr=fr_1Pr—1+q, where f_1 = %
Th=1 oy _1=dp_4
&y, = Tp + ke (yr — h(Z1)),
- _ oh
Dr = Pk, — krxhipr, where hy, = a(ka) ,
:Ek Tp=Tk

ke = prhw (hipr+1) "

(2) UKF
The UKF uses sigma points (oliljl, U,(f)l, and J,(f’_)l)

that represent the state PDF's to estimate the first two

moments of nonlinearly transformed state estimates.

Tp=Fp_1W,
P =Fr_1SF; | +q,
jk:i‘k—l—kk(yk—HkW),
e =P — ki (H SHE +71), where
1 2 3
Fio1=(f(of) f(o2) foi2)),
(1) -

Op 1 =Tp— 1;012_1:13k—1+\/3pk—17
U[(g)l—xk 1=V 3Dk—1,

2 1
W = (w(l) w® w(s))T7 w® = 517 w® — H
(B3)_ =
w 67 [
S=(I—[W W W])diag(w™ w® w®)x

w
(I-ww wht,
k= X,SH (H SHE +r)71,
X = (a,(fl) ‘7122) o’,(f’))

7

Hy, = (h(o <”> h(o}?)) h(o “’))7

U;gl)—wk, —$k+\/3pk7 Ok —xk_\/?)ﬁkv

(3) EnKF

The EnKF uses m particles (realizations of filtered
state estimate at k—1 denoted as {xk »i=12,---m}
and those of predicted state estimate at k denoted
as {a’cgj),i =1,2,---,m}) and updates them to approx-
imate the first two moments of the predicted and fil-
tered states.

Tp=Fp1W,
Pr=Fr_1SF; 1,
T =ZiW,

e =Z,SZ}, where
Fioy=(F(a))) +wp) Fa2)) +uw? -

Hy, = (h(z (1)) (1) h(f( ))
Zi=(3 ”+kk<yk—h<-£”>—v,i”>
7’ +kk<yk U =)
" k(g = h(@™) = of™)),
ky, = XkSHkT(H;CSH,;f)‘l o~ N(0,r)
Here, w,(:) ~ N(0,q) and v,(f) ~ N(0,r), that is, w,(f)
and v,(:) are the ith samples are drawn from N(0,q)
and N(0,r), respectively.
3.3.2 Multiple Distribution Estimation Fil-
ters
(1) MCF
The MCF also uses m particles and updates them
for approximating the predicted state PDF. Then,
their weight vector is updated from W to W], for ap-
proximating the filtered state PDF.

Tp=Fp_ W,
pr=Fy_1SF,,
&= Fy_ 1 Wy,

e = Fp_1S,F-_,, where
Fioy=(f(a ) +wd f(@2) +w?

- f@) Fwl™),
v N(O,q> W=(1/m - 1/m)",
S=(I—[W - W])diag(1/(m—1) - 1/(m—1))
X (I=[W - W),
Wy <N<yk,h(:ﬁé”>,r>/ck N(yk;hv(r“)),r)/ck
N(yk,h( >,r>/0>
jg) f(x,~c 1 +wk ,Ck—ZN yr;h ),7),
Szfc:(l [Wk' Wk])dlag((Wk) (Wk)m)

X (1= Wy Wi

Here, N(yk;h(zfc,(j))7 ) denotes the value of N (h(Z (1)), )

evaluated at yi. (W}); is the ith element of W} . After

calculating &) and Py, particles (elements of Fy,_1) are

resampled according to the following stratified resam-

pling. Set j=1 and repeat the following procedure

until j=m

(1) Sample u9) from a uniform distribution denoted

as U[(j—1)/m,j/m], or calculate u¥) = (j—a)/m,
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where o €[0,1) is a fixed parameter (e.g., a =

0.5).

(2) Find I such that 020 (W)); <u@ <L (W))s.

(3) Set (Fk)j = (kal)b

Here, a:=b means replacing a with b. Note that after

the resampling, 5 and py are expressed as

T =F W
pr=FLSE}

(2) EKPF/UKPF

The predicted state PDF is approximated as m
Gaussian-sum for which the ﬁrst two moments for the

ith Gaussian component are x ) and p(z).

The filtered state PDF is approxnnated as particle-
sum, where the ith partlcle 1S sampled from the pro-

posal distribution N(xk|xk 1»Yk) estimated by the

observation update of the EKF/UKF.

T =Fp_ W,
Pr=Fr 1S+ Fy W,
&, = Hy Wy,

pr = Hp Sy HY , where
P =G0 50 - 27
T @) :/ka(xk;f(fc,(Ql),Q)dxkv

:
W=(1/m - 1/m)T,
S=(I—[W - W])diag(1/(m—1) - 1/(m—1))

x(I=[W - W,

Fi_ =)z - p™),

) = /(xk—wk)2N(xk;f(if,(fll),q)dxk,
Wk:((Wk) (Wlé)z (Wlé)m)»

N Wy
(Wk)l Ck )
w@_N(yk;h@,i’)),r)N(xS% (#”,).9)
k i )

N(ifj) kafl’yk)
Ch :Zwl(ci)’
i=1

Hy= (&) 57 - "), 27 ~N<xk|xk L),
= (1= 0V - Widioe((W3)s -~ (W),

X (1= (W] W

Here, N (ack\:%,(fll,yk) is the Gaussian-assumed distri-

- (4)

bution specified by Eqgs. (1a) and (1b) given ,”, and
yr. When it is estimated by the EKF/UKF, the algo-
rithm becomes the EKPF/UKPF. After calculating
Tk and Py, the stratified resampling shown in Section
3.3.4 is performed for the particles (elements of Hy)

according to the elements of W}.
(3) EKMDEF/UKMDEF

Given m particles, the predicted and filtered state
PDFs are approximated as Gaussian-sum using m
EKFs/UKFs. Then, the distribution selection is per-
formed to draw particles preferentially from highly
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weighted Gaussian components.

Ip=F, W,

Dk :Fk_lsFE_1+Flé_1m

&y = H,Wy,

pr = Hp S, HY + H; W/, where
Ry =@ 29 - 2™,

7 —/:ka(wk;f(@;(Ql),q)dxm

W=(1/m - 1/m)T,

S={I—[W - W])diag(1/(m—1) -+ 1/(m—1))
X(I—=[W - W7,

o w2 ™),

Frq=(

= / (e — 02N (1 £ ) ),
W= (Wi W)z -+ (W),

(Wh):i = ‘g() wi! = N(yelaf?,), Ce=>"w},
) 4 =

Hy = ((1

0 = / 2N (20, ye)das,
S =T =Wy - Wi)diag(W;)1 - (Wi)m)
X (1= (W}, - Wi,

@ gmy,

H/ :(ﬁl(cl) i,Z()Q) ﬁ;cm))j

pfc) = /(xk - ﬁik)QN(ﬂfkﬁ?,(Ql,yk)dxk

Here, N (yk|§:,(;ll) is the Gaussian-assumed distribu—
tion specified by Eqgs. (1a) and (1b) given :Ek As
well as the EKPF/UKPF, when it is estimated by the
EKF/UKF, the algorithm becomes the EKMDEF /UKMDEF.
After calculating 5 and py, the following distribution
selection is performed. Set j =1 and repeat the fol-
lowing procedure until j =m.

(1) Calculate u¥) = (j—a)/m, where a € [0,1) is a

fixed parameter (e.g., «=0.5).

(2) Find [ such that Zﬁ*}(w,g)- u@ < (W)

(3) Then, x,g) NN(xk|mk 1,Yx) and m(]) A(%).
This distribution selection was 1ntr0duced to make
the filter robust against the particle impoverishment
since samples drawn from the same Gaussian compo-
nent are not usually duplicated. Coincidentally, this
filtering algorithm is equivalent to the algorithm re-
cently proposed in[12].

3.4 Simulation Results

This section shows the simulation results of the
filters in Table 1 for the NGM. The filtering accuracy
for the EKF and the UKF were 7.65 and 4.24, respec-
tively, and those for the other filters were summarized
in Table 2. « in the stratified resampling was set to
0.5 for the MCF and the EKPF/UKPF. From Ta-
ble 2, it was confirmed that the filtering accuracy of
the particle filters was much better than those for the
EKF, UKF, and EnKF. Among the particle filters,
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Table 2 Filtering accuracy for EnKF and particle filters.

The first row denotes particle numbers.

50 100 | 200 | 300
EnKF 2.58 | 2.59 | 2.57 | 2.58
MCF 1.81 | 1.75 | 1.67 | 1.66
EKPF 1.75 | 1.69 | 1.67 | 1.66
UKPF 1.75 | 1.69 | 1.68 | 1.66

EKMDEF | 1.70 | 1.65 | 1.65 | 1.65

UKMDEF | 1.69 | 1.65 | 1.65 | 1.65

the EKMDEF/UKMDEF showed the best accuracy
and its superiority became much clearer for cases of
using small particle numbers such as 50 and 100. On
the other hand, the accuracy difference between the
particle filters became almost zero for cases of using
large particle numbers. This is because that approx-
imation accuracy for the predicted state PDF esti-
mated by the MCF dramatically improves as the par-
ticle number increases. From these results, when only
small numbers of particles are allowed due to some
constraints, the choice of the EKMDEF/UKMDEF
is recommended. On the other hand, when the use of
large particle numbers is permissible, the MCF may
be preferred since the algorithm is much faster than
the other particle filters. The choice of the EKF or
the UKF for particle filters seems not to contribute
to significant differences in the accuracy. Therefore,
using the EKF suffices and it also makes the filtering
algorithm faster.

4. Conclusions

The filtering accuracy of the representative non-
linear filters was investigated using a benchmark fil-
tering problem of the NGM. The effectiveness of the
EKMDEF/UKMDEF was confirmed by the simula-
tion results, which well accords with the theoretical
implication provided in Section 3.2.

Besides the filtering accuracy, the calculation cost
is also an important aspect, especially for the space
navigation due to the limited performance of the on-
board computer. In general, when a new methodology
for accuracy improvement is introduced to a filtering
algorithm, the calculation cost becomes larger. In-
deed, the EKMHPF/UKMHPF is the heaviest filters
among the algorithms compared. To address this is-
sue, the parallel implementation of particle filters be-
comes an essential research topic and its research has
been already initiated in the filtering community.

Once the effective parallel particle filter algorithm
is accomplished, it is of great interest to evaluate its
performance for the space navigation. The author
expects that the significant improvement will be ob-
served especially for the moon navigation due to much
noisier GPS measurements than those obtainable in
the low earth orbits.
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T A IVRITHART, RIFRHEERE %2 RTZIITRS,
W IEICE T 2N MERRESHEIND, L
DURAS, Fit/$T A —& n 2 I3HIME R &G e
, MTETNRIA—RERETILENH 572, %
2T, AHiTIE, BUGREILAEITS A FIA U 7z Al
ERATHZ 2L, EENTA—K &2 HEHNCH

BB HEERNT B,
£F, BIAESOWO LRSSV B0 &5 1
BEHTE 5,



50

vy
Ek\kfl

= He{ Py + G GE L HT + Ry
—1\—1 TT
_ Hk{(l—n D) szk,lF,ZJranFE}Hk

+H, (szgz 105) HE + Ry (43)

— %, B SEITE P A R=Ya vy =
Yk — k-1 VT, RATELS D LHTE S,

v (k=1)
Pyy,oz Pyy,o+ T 44
k P "y TVEVE (k>1) ( )
p+1

78, p(0<p<l) TEHEETH 5,
S WPl O ERETH DT, RAZMT

L2 nERET LI LE2ERD,

|

DFD, TARZVAI NV LERMET B EHHTS
% E25, 43)R2MHETHE, ERFROLSIC
JEBITE %,

T L) =Te(P) (45)

(1fn*3‘1ﬂ{}uﬁk2ﬁ3FEHE)+nTrQ£J%FZHZ)

+[m{fu(szﬁgai)ﬂf+4@}—nkg%%%]:O(Mﬂ

BNV —ADE% a,bc L RKiLT B L, RA%E/5,

(1—n’1)_1a+nb+c:0 (47)

ERE T B 2R THEDT, WATH EE
XBIENTED,

(a+b—c)++/(a+b—c)?+4bc

2b

BB, 0> 1 EEELT WG, HEISHE T 5 1

(48)

— AV
n—max<a+b c++/(a+b—c) +4bc,77mm> (49)
ETBHZENEFL,
5. BfEYIal—yav
51 YIXal—yavig
WAL ANA N T VROEWMEZRT 720D, FE

E—RETINDYIalb—YaviEEHERDL 5, Hfik
XA FI v 22T VT E At CHESUET % &,
XA F IV ARRNTEZLIENTED,

f@r—1,pp-1)+g(@r—1)up—1 =281+ At X

r K 1
—YT1,k—1+ =23, k—1+ KDT5 k—1Ta k-1 + —— U1k
T, oL
K 1
—YT2,k—1+ = Tak—1— KpTs p—123,k—1+ ——U2,k
T oL
Ma: 1 x x x
T. 1,k—1 T, 3,k—1 — PT5 k—1T4 k-1
M 1
T2 k—1— 7 X4, k—1 T PT5 k—123,k—1
T T,
LN L
T3 k102 -1 — T4 1T1 k1) — —
| T, k18201 = T k1T e 7

BB, 1,22 1 [EE TR, x3,T4 13 [FIHE TR, 5 1&
MEETH B, (50) RZBIT D AIMEE up (FIRATH:
Z5bDTH 5,

uy ;= 350c0s(0.003k), g i =300sin(0.003k)

B AR E TV E U, BITT5 Hy, 21k T4
A%,

£z, TORR A Xwy, B A X o, BENZTNFE
PEO DAY ZMEETH Y, T OHILFEATINZIRAIHE
2HDTH5B,

10000
01000

k= (51)

QrL=0.01%I;, R, =0.1%L,

(50) A izBN D € T, 0, K,y DEZRIFIXDED T
b5,

L, M2 M
RS T
R, R, M2
1oL, T oL.L,
IIT, ERNTA—RD/ IFVHLEHEE 1 RICE
L, BB, KRTIEATA -y BRAITH S LK
ET D,
% 1% Simulation parameters
Parameter Value
Rs | Stator Resistance 0.18[42]
R, | Rotor Resistance 0.15[42]
Ls | Stator Inductance 0.0699 [H]
L. | Rotor Inductance 0.0699 [H]
M | Mutual Inductance 0.068[H]
J Rotor Inertia 0.0586 [kg - m?]
T Load Torque 10 [Nm]
P Pole Pairs 1]
At Step size 0.0001]s]

AHITIE, RDOADDIE T 1 V2 2flioT, Th
FhyIal—Yarviaiw, HEREZIERT S,
JUKF (Joint UKF)

KIS T A — & 4 & &R UKF &M U
725D (Joint #E5E)
AUMV
3. BTN LI/ NF AR R 7 « V& (72720,
41FNCR U A -2 EFEEZHET 5L
L7z)
RAUMYV (Robust AUMYV)
4. 3HITRRANA U7z m N M ERB/NI R E 7 1 V&
ARAUMYV (Adaptive RAUMY)
4 AT U7 a N A ST/ N AR 7
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52 YIal—YaviER
AREZB TV Iab—ya vl LT, RE
HIHE g, REEEHEVINME Lo B X THSEATH PEe
EENFIIROED £ T 5,

50 100
50 100

zo=|5 |, Zo=| 10 |, P (=X5")=10"I5 (52)
5 10
0 200

£72, JUKF TRHE L 722 IRRDIRERE KO3 #k
FTH DHIMEIZIRDED &9 %,

Fo.0=7"" Pg) 0= 10"

BE, YO I 1 RITELEZNATA—RT
D) IFIVETHYD, y"om=50.7T L7253,

X512, RAUMV IZHIHT 2IEQOA R FMln, AT —
V¥ 755 By #IRRTH X %,

FHHEEIND g

1
1=100,B = _F (53)

BB, NI A=R g EAI TR & o TUE L 72,
RHST A =R~y 1% 2380 O ([1]y= 0.7y, [2]y=
L3y 2 5HDE L, BENTA—REIZENTT ¢
VR DHEEREE 2 BGE L 72, 728, RAVST A=K 4k
1Oy Ialb—yarvfiZfEzsZELRVWbEDE T3,
BRI NI A—REEE y=0.7Ty20 & Lz ED,
S50 FDEYTFALAY I alb—YavEfTolERD
RMSE#%# £ D72t DTH B, 2B, x6ERANT A —
Ry DHEFRERERLT WD,

% 2 &% RMSE of each state

JUKF | AUMV | RAUMV | ARAUMV
Ty | 2.23 2.23 2.23 2.23
T2 | 2.23 2.23 2.23 2.23
r3 | 8.26 5.84 4.86 4.78
T4 | 6.97 5.23 4.42 4.36
T5 255 86.3 2.7 69.5
Te | 18.5 4.84 7.09 7.00

B2RERD L, RTOREEOHEHEE CHIGA Z
FIHUREFHETH 5 ARAMVU B END Z &
NHERTE 5, 272U, NTA—XHEEMITZ AUMV H
KHEBENT VWD, THIZAUMV OANT A — X EH) &
pr ZHET BRI U2 DB L TV B AR S
5, B 1BUIRIEE x5 ERRINT A =& y(=x6) DHE
A DRRI 2R Uz, MO FRRASE LU/ #R
7 4 VRDHEEIAETH D, HRERA T NZ B EBUERN
DA 7 1 V&, FEKRASEIG T /8 A B LR EAR
i 7 1 V&, HBiRH JUKF OHEEEAEDEILTH 5,
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Estimation error of Xg

— Joint
— AMVU
— RAMVU
=== ARAMVU

M

100 200 300 400 500

H1 Estimation error of state and paramter

JUKF TIEHEERER BN L 2 WK B VT H, 12
EFEOVWTNTEHERENPERARIZH 5 Z & HHE
RBTEL, oIz, HSHIZFH L7 ARAUMV 126
AlZFIA LW RAUMV & 0 H3EAVNE WD & A
nTE 5,

BIRIINTA—RE[fli%Z y=1.3y"" L LIz ED,
S0EDEYTFAILOYIab—YaryEToiERD
RMSE # £ & H72E£DTH 5,

% 3 & RMSE of each state

JUKF | AUMV | RAUMV | ARAUMV
r1 | 2.23 2.23 2.23 2.23
T2 | 2.23 2.23 2.23 2.23
z3 | 8.05 6.13 5.65 5.57
x4 | 6.75 5.46 5.06 5.01
T5 268 93.8 90.6 89.5
zg | 22.6 4.47 14.3 14.2

HIKRERD L, B2REFAM, REREOHERE
EHITHEIGAZFH L 72 ARAUMV b ENS Z &
PWHERTE 5, H2MICRER 25 287 A - X DHEE
MEDIERINZ R Uz, 2D LD, NTA—REMEHR
Rig 255 TH, [ ZIFHEKOMEMAIHERTE 5,

6. BHYIC

AR TIE, R E T2 EBICE S 5 B
WD 25, ETNVORMEIXZKS —FHEL LT, F
FHDWET U T B LR/ N EAME 7 1 L X2 DWW TH
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o
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Estimation error of Xg
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— RAMVU
=== ARAMVU

o

Estimation error of

100 200 300 400 500

%2 Estimation error of state and paramter

U7,
NS BAE 7 « V&2 TlE, REEHE TS 1 VD

HATHEE, ST A — XHEEFEDPIRER OHEERE X

2

A F I TR EER SRRV R MRS Uz
{EEZFHLTWS, ZD7z®, Dual #5E % Joint H#
FIWZBWTEL 2 H#EEEHICE 2 REROHEMEE
NI A= RDHEBNENIHET DR EEMT 5 Z
EMTEDFUTRIEN D B,

7z, AT, RN DEAME T « V2 & EM
BUZHEMAT 2720127 4 VZOBNA MuzH-7-, 1
NANERBRNIEAR 7 VX 2BNATEEeHIT,
ONZ NEBERNT AR T « VR DEEFTINTA—K %
BEFRET 2 HIEOBNH1T - 7=,

AfREFAREHEE MBI E 0 MO g, HEiEo—
PNz EENWTH 5,

Z E X W
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o T W, Dotz U BT,
ZDE, AR ECRIRNELED ZHETEHEVE
ZATMELTAE LD, [@DH UiRAR» -7z & 5 4
CALTWET. MEZ2BWTT. BHGFICAR 2R
LBTELKRDIZHR>TUESTRESD wELLD
BHroLET.

TR

N

1.2 FCE>TOBEIRT LAY VYRI T A
RIEHRRZEREHRIE AN

ZDVYRY T LWE0EMEE L2 WD Z I TIE
HLWZEZEES. THRIE IR LVWIBENH D
N, EXIZZONHOMERBEDIZOIFE LzEK
EARN

D TEEHENGHIEER S YR YT L) BIEL E-
72 1968 AL 34 7%, S8 EMA CTLELHN, B
HRmEICHEAZBLTWS, REHAZNGRIZ, BEAR
HZEERO—N [HET7Y] © TEVA R w53
TEMH B, ZFONFUZDOWTEEH SBBRTWBIRD
5BV I MTIEER A2 (£ < DADAAEITIE,
EDETTMARREDL LW DI TIEARVWER-RS., Zh
TH, PP RZORVEHTKN, NIESDAEIZNL
DOPROE Y I REITHERPSEATHL. EL L2
MOZZRORD 72 RBDEEES .

ZDINREEDORNAL T2 BRDED, fhe TRy
ATLYVRY TN EOBDDODITEIICZD@ED T
Hotz. WE, ZOVYRITLIHERRZREL T
WEEiz—2m 1,1 26, K23 LFe o0 %
BT I 25BN ATE. TLTI,] » 1.
EHOWICHRREZIRVIED (720U RIS R -
72 CREWENRSBILTE L.

MO TIEEHEMRIEEGR Y RO L) ORMTI
HILEIEHER O — > D2 L UT, FRBGEERT [RiR
HIAT %22 A HI% ] TS 2Emh ERTH -7z,
WAL 5 Z & Tigaw S, TDOELSMOMEED
T2y Ialb—YarvPEET, AOMERERLT
> ara—XMERLUZBNRTH - 7=,

T D%, HIEEGRIHMY HRATREIND X1 F 3
FIVY AT MR U TR f, TBIREIEEEER ) &g
N3 E51ks e, REHANHIEER) 2V A RD
7-0, MEERMAARATRDINE VAT L 2R E
U7z THERS 2T L) DR~ BoTWorz, Tto #l

MR RPN G SN D5 ZOFFOHA
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DOWENREEIN, RV ATLAV VRIS IL] HFD
HBICKEREHEZRLUZ, T4YVRLVYIalb—T3
Nk BB DR BZ b, ZONEOMEIX
#Ee LLBITEL 72,

HERI IR RET 21200, £ DEV AT LA
DAL XN, EEOTF—XOEHIZELIE - T
Wolz, BEF—RIZH & DLHEE - VAT LRER ED
LFEPANEFRRLTETWVS.

ok, TxotATI, [T2EEYHZEIZE L DWTE
DN RDOEHZFFINIRIIL, ZTOHEETIVIZEH L
DWTHMT 2] OPAFFE INT WD, ZOERE
Bz —20 VA RN/ EDIZAZB.

L%, IO [HEIVATLYVYEIIL] TREAR
BARVEHINTWDES SR ? FIANEBKIZE
VA RZH > THIADNS ZDOEMAEZ RFEZ 212425
DE?>.

1.3 BEIRTFLYVRIILESOEMARICE
T
MERERGERE PERE

O THERY AT LY YRY D L 50 [ARED
IO HLETUIEZE, FTLIZZHBICZAE
TA. A2E0BEUCHL EIFET.

50 Bl & WA IXELIEE <, T O 1 [ R IEHHA 43
izl £9. 2K SEITH D, 21 PR
360 IDORRDZ & TF. FARD & S ITHABRERK KR
fFEICB VT THEHERRIBIEGR S Y RY T A L LT
LEIRXABEESNE Uiz, WO Y RY T A, 3
HiEl >ty vavzglle L, UrdilimzE
U7z iR B 0 £ U7z, Stima Rz ED 572
b, FMEIT Lo UDHwE 1 £ELT D HR
BEOSNFE Uz, MADHISEIE, DT DR DR R
EEWZZ TP RPEBEIELNE DD H D F
A, HRES A iiadiinb B b LRz iz - 72
DL7bDTULE. ZOREWTHEAINZFRED D
BIPORTEELTWZIZTTYT. ZOKS REMio
VURVYLEDEIUETH D, FRHICHEFHEE T
VALY YTEHEDTEHD E L. B1EKRENSH
IEIRRETORGIRIELRETHRE T, TOM, 2
THIRZPSIFEZDHE BV AT LAYV ERIT L]
WD FEULZEIZ, RV ITHES BV LD ICHES
b TP SN T2EO SR BEDET. 51
2517 [ K£7%° 51X Stochastic System Theory and its
Applications” (SSS) L thf L, REESES HFEE LI
UT, RRlGEEGEMICEALAEANZBIE T 5721 TR
<, &XD Proceedings 2 #1957 L, EARNY VR
VUL LTRELIHIiENEBDTY. ZoLS5ka
=RV VURY U LRI Y, BRICAERRSE
5ZEMTELDIE, FHBEAREET—ELTHME

- >
— -

-
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BEXUTFHzZIRZ bNEWEESSEEZIZLDE L,
FDARY TDSH*#DIRIDI-EEDTHD LU
TE»RIERD A, 72, RIZIIAUCERIZAE D
AA, BOHES ITINICEOIFEATIE, BV
BEREZHBELUAES IEN D TR, AMWZRORAY %%
DT R IEEENDEIENTEIEA.

Z D, FHBE I 30NN 5 40 mHAD L AR
b= F9. 2FEFEEL, RIFHRIZWERDRS 27
OFEBTARESSSHE 1 MARTITHEL TOERAN,
552 (MR PABEES 30 Bn R £ TIREFHED LT TT.
FDHNWAENE L THREEB NI Lz BWRES, —
ACIHMEEEICSITA2REGOETEZE L TVWAEZY
EBHLTHYET. Fhizhib 53 SSS DFRED
7D DOE#D TETELDWZD TT.

BEEIZLVHBZARE2 TE T2 CH>o TV VAR
U LRMEDHEEEE LT RS nwE nWS 2Tl
7=DT, H33EALE, HIFADSEHH L TR T
KYETHMEEL, ZEEOWZE LML EIZN N Ry F
Wz UE U7z, RRERDS, HEREZ0Z 50 04#
23U, TORRNDOEIEIZHEER»DD, ThlED
SSSIZIFERRPOHETIHAL DD FHATL.
MARMEEL S, LIELEBHEVWEZIT RN SET
EHEHIZERE LU TSHETRKTLUEVWE L.

BBIZ, 50 FEL WA IEER EBBEERHiHTHD F
9. Af7%s T5 0L TRmEHIS] Gagk) 3T
WET., BEVRBABAERTCRGZ2HEML, T5ICE
DEWERE2TELEL L TWVWET. SSS & 50 £ 2 #%
T, TNETOEVRBEEHKZBE L TCRMEARL,
FLWAHOFRIZAZIDLLWSSS e LT —@RE
FEINDZEHF>TVET.

1.4 FOHERERY AT LANDERE
RESBHAREREHNRE fME B

1.4.1 Kalman Filter D3 Id £ < EBfF R

FAIE 1963 4F 4 HIC R EREK T O KB E L3RRI
AFEUE U7z, ZO 3ERD 1960 4EZE DA 44 75 BRI
B##E > A 5 1 @ Kalman Filter DX [2] 23FER I 1,
W TIRD 1961 12 8 O Kalman-Bucy Filter O
A [B] MERINTVELZ., ADTIZINS DL
FIERIZEEAN D% < DIFREFE P S TEH TN TV S
RINEEHEICET M TH D eiE, BIZa—
EFRIZANEZZ L E2EEUTHETS. FEin e Ak

D7, ETHFIZAZXDIARTIIRNI &2 E ST
5 I N7z, K2 Kalman-Bucy Filter DSk 24 HF DL

DEFEDIZENPIHERITZRNETH D, KE LM EIE
ol L EZHPHIZREZATVET.

BB EDO N AL EE U T WD F W Tld
X, L DEBEELTUR. BICHROERE, HpR
B, MENFEOIMERR D NI RERL, EIZEE
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28D, MFEOIEZBEMIZIBEWLT, s 2lm FHIZL T NF U [MEPONFEDOHT, W DD

T B5-D0MmFEEIBDIZI BN LUE L. BT
ok ERmAM, AEHE LR 1958) %7 F
A MZUTEATHBA LU, W TR TEBURT
OHFE(TINEITNV T, T+ I—VEH), LKF=EGER, &
HWEIE, 1963] %o TR ZEIZ2E < 5VWOEE
T, ESIZERAMIIKEORZEYT1LHEMS SWVOH
FOIAADHEG T - ICEBLTVWET. LAL
B DD 7- 512 Kalman Filter 12 B3 258134 <
HET, BRI OMEHEEE S X — 3 AR
WCEZTELEZET TSI 212> 7-(6].

1.4.2 FTHFYRAKREADZE

ELEREZ 1966 £ 3 HIZBE T FET, EIIhIHsR
i 2NEZ L 5> TWVWE L. KFEIZA¥ET S
BT, AbifEEE I I U C R E A B O3 4 4
MREHEL, MEPEEEREOKE R - bz R
LTBOELE. FDEHIZ, NE—VR#iolnz2E
NRFEOWEREIZR AT E 2 WM H 5 2 & 2 HE
BIZEE, #e 8B RFEAT N DEHAIRE D
FLT.

U D URADIREEE A 5 KFEITH > THF & L THsE
THRZIEzEOON, HENTEZIWMOHEL TRFDOHTF
ZEOE U, 1966 44 HIZBITICR 0 e T, 5
HHBROEDEH > TT F Y AKEANDEZEDAFEME%
ERLUT, MEHEEIE2OENMERE~DOHGHEEZ L £
U7z, 3\ 67 HREIOEIMHEBNDBRHAMNRE D, 1967
HE6HDEFIN S FF Y AKRFOELHBIZAFRT S
ZENTEELE. LU, TARIZBESHEZOKED
Ezohb i3 MBLTEST, RICHEAE DS
FFRE K, REECREOREICRE LY - &% L
72BN LET.

NFBIINEND 72D DHERFET T A0 EVTENRAS
HMRIHEZHEL T\, SEWIZE 9 A2 5 Research
Assistant IZEHERHSI N, FOLHTFFH AMTOR
270, HNEABEER R S M OEEDRIERNIEE X
N, TNETOMNAHDD 1LITHEHINZZ LEH-T,
D URFRZRMDNESNE Lz, D7) 1AERTIC
FEBL CWAEEHADSUOHFEEZ W TE, AL
EHEWTHEENRTESL LS IR T.

1969 4E 7 A 20 HiZ 1% Apollo 11 TAJEAID T D Hifi
ERENRIDL, FHIFRHCEBT 2H8EPFAE TS &
Lo, HRPDONESBHN—BIZRD ELE. E5I1I2F
DE#ZDSHIBHIZEX EEH, Rzl TIEINE
TORRUZBEENSDURMBD D B0HIZRD, KD
ﬁ’ﬁ‘k%%o TR E2EDDZENTEL LD IR &

RV EF 9]

1.4.3 WHRBERY AT ALICERLUFRER

T ¥ Y AKFETORELEZIITH TAROEREL
& TW7z Byron D. Tapley ##% T, NASA & [
eI ETRELITH - 720, [lFHEEL OXFE%E K
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AIREZR AR E A SR LT E £ L7z, BRI, FfMR
S B U 7 Y O A S HEE O T IR E, ko E
T A OHEERIE. FH RO Bl BhuE g R, ko
H 20l O ALMR T T OB BIREE DGR, & TH o
7z. THhoDWTNORMBIZ b HESE &2 & OB R 5
OHEMBETH D, WINE M ITHE N2 E R % HEE
THEVWHHET, METOWENRLEHETHDLFER
E U7z B 20X SRRz dEE U 728Ul EA S B
M ed 2EMEHET DITITHETOERRER, 512
TOWEE+HERT 2 Z L WEETH > 7.
Kalman-Bucy Filter 72 & (2B 2 HEF 1 — R0 12 4
HFOHRTHRRKDARMHEE S % Ko7 “ AL (white

noise) " AV SHN S, LaL, Akl b TEHIRH
DETIE, 2 OEEERIEIER IZERE D DI 7R

KM iz &> TH D, Kalman-Bucy Filter D&
HIZBWTH MR T E B IZR > TWiD o 72
[B]. TD&SLAHMEE 2T 572017, EH OMEER
B E — b U7z “ — B biERERR” 2 BATBH I LI
Lo THBEZHMIZTE2DTIRE, PR OMIEHR
BE UCERLUEZ. 3bAA, HRMS HER (7] O
MATHERTNE, BFWEBHRS 2 UICEHIXTEETH
5. UL, —BAbHESRERED P A TIE A EERE IR
RW%%Z%&%M%@T,pﬂif®1%ﬁﬁf®m
DN IFRESHRS.

1.4.4 WBLHwXE I—fibERBiEE ZDNA]

Kalman Filter (£ 2 M 1d “ AEEFRE " £72130
T ARHEERRED “CHEAT Y BT ThD. HERER
Kalman Filter 1234 % [ 32 1308 7 Ol RiHFfE T %
DEATIZHANAERS FRE 2. UL, @ik
FIFERTE > A 7 L2 3R 5 H R 1308 % O ERERE T
FRVWDT, ZOEIZIFBANBERS 28T 25 2 &

TE7R\ 3], B, kiR E 722 Kalman-Bucy Filter
DEHUZHWTIE, “ AEGERR” w(t) JIROMEE

Elw(t)]=0, —oco<t<oo

{ Elwt)w(r)]=a%5(t—71),

- SHE TH L LREMNIT O DR EETH 5.
T2, BRI, o2 >0 3MEORES, §(t) X7
VR B (—AEBER E 72 1 3BEE) #&KT. Ll
D& 57" paERE” OMBBEE K(t,s) := Elw(t)w(s)]
ET VR 6(t—s) 2B A, BHORERERETIXRL,
AN B EBDPBETH D D005
TEHEERE T 2RI ER T 27201, @
DRI —BACBI% GEBIBO AR UL 72 & 51T, @H
D% — AT 22 L ABETHD I LIZHADE
FUL7%A ZOFEEMELTE LDZON, FOFNGR
XTH?[8]. ZOBMADFTIE, “ AEGER” I (GE
fo) MIEEAFZEL LTERIN, IHICHABRREZEE

—oo<t< oo
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WY AT LOREARRR (Mo AERN) —M bk
Wy fifEA e UThE DT 54, Kalman-Bucy Filter
FZOMMONTHEICESHT I EATED Z AR
& [8],[10].

1.4.5 ErEmEERHREOEERE

KETIE M LR 2 EH <l BEREER
H & BB E 72T 770 Tk, mRKOHBETH
AL S EERBRICEKE LRI R s v, £<
DRETIE, ZOEKRBRIIEMFEED 5 EIZNh 7K
P BT OHETRBL OB I, Zhond
RTORBRIZER LR LR 3w,
ERTERVERERIKREZ LD LIZRD T, DR
UFHILYHTCIE, EMEETHEEIN 408 %%
O, 178220 & 3ROSR E 2 HIZh 72 D 25
U, 4 0BT RTIZEHRLRITNER STz (85
IZRADMESE U 72 SIS ERE DOFABR IZ H G185 5 B A
Hot-. IR VEBETZERLE) .

I ORBRIZEK U721, WP TE2FPEIL IR
MAL O OEEGRRT AT o, ZAUZAERE L TR T
RS 2720 DRIE (dissertation course) % &
9B Z eI, FAERXARBL I NS F THFY
Bk a7 NER S . EAROORHE NG &,
HADKZELEU L DIT, FwXARITIE V44 EDOHK
Br 57 23 FEAZ A2 (dissertation committee) A%
T, 3 MM O FA 2 (final defense) A3~
N, THZEKL TEAMOREPRED Z LTk 5.

Fi, ZOFMBAESOBCAMARZ 72 & B 53,
Kalman Filter 2B L THRARDEHRZ L TWAEAX v
7 #— FRFD T. Kailath B2 T F ¥ A KFITHKS
N, MCBEZRBRDA Y AN—0 1 Ah 5 Kailath 2%
AR DONAEZHWTH S S KO ITIRENH L F L
7z, BEESTHRIRTIEROUEMINRDE ST WD
T, /& 73R T Kailath BURIZFAD AL LD AE %
FITE R T L % U7z, 32\ Kailath 8025 5 13,
FUWEKRTHD, L THHEEHINETHS LWV FF
iz, ZhhoDABERICEBAFEZF > THMAT
EHLEOULIZILERATVWET.

T D%, FANBERNH»N, 2 < R 2 R
TETL, BRIIBEEZRISEBROMOEEZITEL
2. L TCHEKRWVEDD TH 7=,

1.4.6 WERIRATFALAVVRIIDLESMEE DK

FADIED THERY AT LY Y RI T LIZBMUL D%
19724 (FEFI474E) D4R TH -7z UTWE
I ZOFED S FITKRET FYARETEMAZIGLT
IREL, ZO®ZEZEFELKFROH I ZESTHRIBH
REOMARMELELRAET DD, HRATDE
SIGEORIMZRENA WA ERRIHREBIEE L E L.
5 AR O KE R E THARDZRIFE ORIIZHLZ TV
T & > T T RTOHERIERTH o 72

N T DRFTEOHTH -7 Bbh s, FH#E T

— H8 —

MR T DRI 3 AN NI A - T, FER#EINT
W3 “BERY AT LAY VRITIL T WIS D
ZEEMDELE MEXTORENRIZRDOINET
OWigE e % OILBENDH D & 512K L, REDFEELE
WEEMRX DI —%2HRE LD, ZOVYRI I L
WZBINT B il olzEoMNIFTh->7-. EE, KK
SRR L CTlahr o 7208, WREE» SREIDO Y VR
VY LIIBINT B LD ICHEIN, Y2 TSI NZA
ENTIERWA, B{IHT AR T NVETTFRL THW &
SIZEHEAELTVWET. ZOLEDYVERITLADNE
132 IR L TWRWA, 7 AREEKITHS -3 5
BHY, MIIKRFREDHREKLEL L, TONEDOEHIT &
HBRIEE IS EZ T - EHPHIRICIE S TWET
MDTOBEMDE, MENLSINTE RS
Hoth, TORIFMXHBEFL TRRIETHEER
ik S TEH NI THL, Z<OEANRTEE
U7z, B, WERAEDORZORAERREDTRE:%)
SNMEH L IIRBIZH LU Wil S TEHE, i
DEEI R ONZTEAE D D, FBBISR TR
KFER DRI E, FARZEO FLfued, =BT
AR D KAESRIE, LR DR A KIS %
FUHZ < OEEFIZEMNZEZ T TIERSBLVWEA
AL TRHFEIETHEELE

BB, N TERZORILMNEEL DD 550 %
MALTHBRLTBELVWEEVWET. Yok S5 RK
TH o =BT IE WA, HERHE O i 2 B3
% Radon-Nikodym Derivative & \» 5 B A 58 RE 12722
D, REEBPINZZL25THHIZERLTHET.
Z OBE T BB X R B 7R & & ok U 7= B0 2 F
2T A ANMME S F 0EEEIC LW S TH B LB L
TWEDT, MEVATFLAYVYRIILDOBMNEDS Z
D& RMERZFEEIIINZ I LI KRERES 2R -
"5 TY. RAIBIBURNT LR E DFET, HF X
FZOMBEMBLTCELZENTVWARP 7T o7
DTTH” 6.

1.4.7 FHABKEETFTFHIAXRELISDBEE
WHEEIZZDGZ2EY TBHTZLIZWI ED3H D
¥9. BZHLK 193 EDESED Y VARY T LIZSHIL
12B0ES7EB0TTH, BENS 1974 EED S
DR RZTOIREEHMOMKIEEZ 1, B OEED
BB EZITHI IRV ELE. YARBHETH-
e B L TVWEEAD, HeholisEoF
BEHF#ET 2 0RRE RO, 282 1 EMEIZ/TE 20
DEFEEIRTILTTIRERNZE2ICBVwET. L
MU, IROE (19744F) DBDOEE 7L B5H, 5
XY AREDSFHITFROMBEZ L LT 1974 £/ F
HipoEBLZwE WS Fl2z#E, 2EMTFI AKX
HETHDLI LT E L.

ZOTFYATEIERERMEERH D £ L. 1972
F5 HITKEPSRE L CTHREEKRKEDOPERIRIZE

-
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LI THY, XS5 IZHEERF O Bk O
EHDIHEFITHLUVRIIZH D E U7, BRORLATE
THBLRMELEROZERE,? S, T &5 22
BE N s, ZOBBEZITEZ L2
SINELEZ. ZOHRTFERENLSHOHLLEH D, K
B EZ%), BBEZTHGEDON DRIV
TA4—FTEVEINELEZ. ZO0X5RMEHI -7
FREZ, ZofcBELUTIESE Aot RCLET
505, BEIEE<EELRVWESICL” EEVEIN,
HRAEAOBRETIDO T T Y ATENARINE
L7,

FERMES R FOFRFEHEMOM X B O ET 5%
B WIRPLIZ R D F L2, LrL, EDLK T3V AT E
DUEfF L FAD KA TDFEHEDF S SR LT, »avit
U W R B I3 0 @il & g0 % S8 Tk
Wiz W EEM R <, BRIl > TH RERITL > T
BOFEUL. ZOGEEDTONSDOERVEHRL L,
BHLEHES W RWET.

1.4.8 FOWRERY AT LHRADEL ZR

% < ORI ZEDTICHERIEHR S AT LD
EHPE TSN, RHITKRELRPE 22T - BOER 2
# & U T N. Wiener [1], C. E. Shannon [5] & R. E.
Kalman [2]-[4] 2%F 5 Z &N TE£T.

Wiener %* 51, Wiener Process (Brownian Process)
X Cybernetics 2 ¥ TH 5. $#1Z, Wiener Process DI
ARERIIHER 1 THEAETH B DHER 1 THMHATRETH
5 VI ME%E B DORERF LR BEETH 5. Wiener
Process 3373843 % £5D @D T Stochastic Integral 23%E
#TE, Lo THERED ARADERTES. —HA,
— AL HE R BFE D P ATl [8],]10], Wiener Process
D Wor " BABH Y ERETHY, Lizd-s Tk
R HERVHERTE 2.

Shannon 1%, 1H#E, MHAKRE, BERHASLTH,
WEREREZESR - Hw LT, HRE IXM2 27N
S LT NE U, ZhIXBEHRIICIER IR
SVWEFELERRZE-6 LT TR, RATiTBoER
FWEAEEZELN L DOEMERDO LS bbb k7.

Kalman 25 i3id RERFELZIT LB VWET.
Koz, BEECHSRIRRIE > 2 5 L1283 % Kalman Filter
DERPOZ I HBEIE VAN VWEDRH L. X
Iz, TN ERREERE Y AT LA OREBIZHR L 72
Kalman-Bucy Filter |3FAD 13X D FEIZ 72 o 72—
fALHE RGBT 2 28T DhAEIC D L7z, 72, £<
DEVHREIZ MRS AT LOWEERT KEMLA
tUT a4 T7EGXEHAILET. 512, Kalman (X
RIS AT Lo flEE R i8I ZH S 2L, Zh
SDEREHNVTTRTOME Y AT Ll [Kalman @
EHERL ] IR CED I ERUI[4]. TOXDITHE
B BIEHXNZEZ LU WRRIEEMEREBAELX
HoTWVWHEEUET.
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1.4.9 24 RiZKalman #F %503

Kalman Z% & R REZE L R BERBFEED 1A
TY. 1985 Fizik THEHBE ) %, & 5122009 FFiTidk
E DA N KififED S [National Medal of Science and
Medal of Technology] #ZEINTWEF. EWZ, A
1% 1990 FEARIZ A1 AEIE TR KT (ETH) @ Kalman
Bz 2FFMT 22/ E L. —EHIZ 1992 4
I TR EDIES AT DT Ay 7Y V7RI 220
THEHZIETE L, X512 4KF Kalman BEI3REFF
Y AT LG ST 5 RBEIC B O 2 Ko TV R
THholtzdh, BDLSLENEHFITRIEY ZT L
WEUTERZME > T2 REIA S imE LE L.
D e EE, FHERFORFEHMANT (BHITERREA
) BETLTH D, ®ix 2 AT Kalman B2 HB4E
X1, Kalman BAEDEBORE, Wk, BEIAL—
I/ RZHBRNZZ 25 HIICHEBLTE £9.
ZEH OB ORHILE D TRV, VAT LT
VWA WAREEZER LT, VANT Y TOYRIZH
I N Z EDADOFEL VWARIEEEIC AW, Kalman
BIZIF 2016 FilzZofitzLZonE L, HLIBMNE
AVWELUTHWAEZ LICE#y 2 i, TREZ B
DLUZET.
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1.5 SSS%Z&YiR->T
RBREZLEHE AL &

MRy VRY Y LD 50 FE2FIFHT 5 2018 F 11 HD
FlRE AR U 2o FE e ESKALN, 20
SOENEE Lo U2k, BuwliLizZ i s
DU NTHEZ.

%51 1968 4ED ¥ v R Y™ L DRI K ZE P fd £ 2R
DIEDORIHTH D, LS AT LOHEEIZET 5%
Mm% O TV, HEEROMARE LENS X
SEMTHMXERET S ES5IZEbNTHY, TOZ L
WER LT W, 551 [E SSS TOFEFKH I 1969 4£D
Mgk TR L) oRESICEKREI NS 02 RNy
MBEN, TNLDAIIFEAEBVHETZ &2, S
CIEIDE o T E ERBE LU TWB. 552 [\ SSS Tl Ry
MR EO MR TH 2 BEMRER K (B/N) 127
% ¥ Bang-Bang $IIRIEIZ D\WT, 7255 3 [mIX8
HID RN RIET 25 EDIEIE T« LV Z Y V72D
WTHEKLT.
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BT 30 fRE ik&c’c [EE Iy TENhk] &
BlaL, BbtThh, EBEETHN, LTIIERH
TELIZE TR R A T THEIZENS ] ZeNE
D, DULITESTZLEICEST-. \_0) AN5,
%X/ZTAm% SRS B D ERD ZE R

U, i, =em, BEL MG+ EKd 5728, SSS
AN E > THENDFIL LR I o7-. BN
304, T SSSIZETCTWZZWAEFELTED, K
VURVILAERBIRTISNZEBREOERIILE
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1.16 FOHEEIRATALAY VRIS LEDEDLY
FrEk® HAPHE

R VRIDT LTMESIMU PEATHEEAD,
1990 FEFIB 2 ST 2 R 5720123 ML, 1998 FH
ODRRLTELLDT, WXHREMLE->TSMLUED
WEE Y. 2009 FiCik, EITRAREE LT, @A
(FmKY) CHETIEROBHEEZHEYLELAZ.
1, IFAC’ 90(Tallinn) THI D & -7 Royal Institute
of Technology (Stockholm) ® Alf Isaksson [ (BifE i
ABB#FTE) 9o BREZRDT W72, ZOWK
TIIPIZE 2 93 T, Gray Box Identification (2B 3 %
Finlz#s % LC® 5\ U7z, Granular Computing @
52 # T » % Nottingham ® Andrzej Bargiela #4% %
ITS &M D Evtim Peytchev i & #iah MM IZKTH
o2 RHDET. TOLIIL, KVURYTLIL
AEDOHID EVDHAEZIFATSINL TH 5 D IZIEEET
Oz ZRMmELTVET.

L, FHEEMEZMES VAT LAIB T HEEZT—<
CUTHFIRELTE X L. AEEEDRNIZDOWTI,
TV, RTEITLDTD DEGIEE, AR OIS EH
PETVWEZWEBET Ry A OERE, STEP
BEORy N OICER U AR LZELRBE 2 Y —D%
B XU, B AN Y T 4 VR OIS EIT> T
EEULZ Zhold, SIRVE-TAHAET L, MRV
TLADIGAMEL LT, R VRY T AORNIZT 572
DINFEBHRETH -2 BWET. Zhs OREIE, #
ERBEBRTDNRTA—=RTH-720, BEEARY b
NEBETH-720, BT —DEHTH-720L, <D
BT — 2206, T —XOHEEERZITWVRD S K
RIRTTDN T A =R E2HETH LW  E L ZMEE &
ATED, REZSVWSZ2%2LT0WEIEN, Thil
ADZEIZRATHEHTAFDOL DD RGOEARIZ
RoTWHI LIZHEEET.

ik, HERIZEEE6T, ZLOFEERR—ZADF
HBEfioT&F U7, £91DHIZ, Set-Membership
Approach (Unknown But Bounded Approach & % \»
5) OHEMNH D £, 80 FMREBEIZ, A—AMUT
ITASA (International Institute for Applied Systems
Analysis) T, 14< 5V, Kurzhanski &>
Oy 7RoRTNWETETIL) —X—D% & T Set-
membership DHHLADHFTD Y 2T AFE - IRFEHEE
ZLTVWELEZDT, ZORHZZIDETIMIEHLEZ &
MTE X U7, ROMEREEBEEEHEST 2D TIERL,
fROFEFREEBRZEEGTRT L VWS LD TY. REH
FEMETE, REEEET VBT, WREESR RO
FAEREHIFAN < o LAV D, BUHMEZ B CTHFEA < -
LD ZENDLEVSHEDRLTT. WERETNVOLS
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TH, EOWTHRZEOKEZRZLTVWBEDTT A,
ZOT Ta—FTIXENHPPEREIZ D2 D, FEFIZ B
WEDTUT. 27, BEDTF—XTikghinh /) 1 X
DD EAEIIEAETRETE LS50 EDTIERL,
F7z, BEAMNGELLE IO NT L T XL TTH
MOBUFEDZOICHEMEMZ LD LTWE L.
UL, ZODIZIREIZEEGVNILS RV TELZDT
5MEHH D, ERORATRERE DL < LnE By,
UOEIZBIEDENE L. 2 OYIEFOMZEIE SSS THE
THIZFEST, SIZE-TVWET,

FDWIE, Wbwb, VI aAVvEa—TF1 T D
Rz AL, fhb=a—n, BERNTILIVZL, 77
D4k, WMEAIZFERMEL, YREIZFESHH AT EE ik
ERTEFLE. RV VRV TLATHMENRERIETT
WEEELE LML, ThenhTyILdY XAH
DR AT LADEHE WA SDIE, T EPRAIZ
AW BRI TN IT) ZALEIFTT. L, 2505,
V7 hava—7 4 VIRERRIIBVTE, TS
OMREFTAIIZY I 2L —Y a VIZH S DAMNIIZIER AT RE
b, EFERERERLTZITKDZZVWSIZ L
PROVOPENDD, hahr#LWEEE BbhEd.
nB, hEHIX, ZORNWILUARDITLIHEINS
By, BIEEHEREYEE (F4—77—=7) O
FiR>TWVWET.

FOEHBSHMIED CBEL2H D THAN, EE
ZROMEEZEDTVELVWE T WET. EEEy
TR N RO WAL HEENETDT, AV
VRV ATHRTBEI LML ESTVET.

SSS & WA ITWESLETT A, FAY, HEOELI M
LDV VIRV T LIZBMLUTWEDR27222EHH D,
YURT I LDEGTOMFREEEIRIZFEALREEIDH D
FHA. LU, ARICIE, BEGED TfEL W
EWiZ e W5 T EVHEINET. B, MilikFIz
HEL WD e &Iz, [WILEERIRZ O IR Bk % 2
LTWERHD DD £9. o E, EFEHELTNS
WS 2T, WEEELS, BAEOEMfEVWELE
FU7Z CKEEREES S -HTULE) . TOEEK,
MPROEP-T2ZEHY, WEEED IV XET 2L
WHIL, WozZ eilholzbEDOLIAE ST
FL7. UL, B2V LUEHRE»S, EFEITHTHMIT
TEHEINEHETHEHI LMD E L. FEDLFD
R o T2, TERIEZRETRTHZADS LS5 TR
7Z7E. EFEHIIANTELRTNE] L EbhizZ
DIEFICHRITE->TVE T, TORIE, TARILIX
HETES->THEMHEEBVWE LD, B2, &L
HETY. TNLE, BEZOILPRED L ZIZRKI
BoTHh, BRlE, LENARERZIFLALYRIIC
BEEZTHEDITHRDELR. £, aRUN=FT VD
SYSID 127> 7= & &z, WREEE L ThiE - 2Bz, TH
FHRIFEZIZH>TWS 2RI, #ROEINTNS
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v by (BADFEEWARITNIE) 2 Bk &
SbONELEZ. L ZTHETE, Z3R20VWEZVWERTIL
WHE>TWEZDTTD, TOH%, BEVWETIL (DZEW
MWER) ICHB 212k FLZ. 2022713 TH, A
IR EEPSZ T HBIIIREP o EUTWET.
BBIZAR D £ U7hS, AL S ZREWZE0NT
S E, BTFREFICZIOVYURY T LICH
Do TELIZEEDLST, WOEBERLLZITANT W
FERURMARBEES L OHEETICE KH#EL
EFES. i od, SSSOBHEATOERLWEIHE
EELUAMILTVWET.
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1.17 HBEIRATFLAYVRYDAS0EESICK
®7T
ELEEXE X#HBE
AR ED ZHEE2Z 1300 s, TELV— T ROR
E] BTF—< e UTKRERIZIEEL TWR, L3
FR2EED 1994 1272 > TR o & SSS TOFE % F ]
INFUL. FNETIE ISSS TOFREIFER] >
FRARED HW DD - 72720 T, FAEEITFREZ 2
2, TEHEHRSUCENT THAZ DI W EELSAALED
TUL7.
72T MY = U THIIIR > THAD ERZITR
D, ENFEBRBBS VRV TLIBDONE, BFEB%
BLRFEIRTEBETAE L. 5L SSSORME L
T, [HFETHRERT D), [HINCHMEVRE > TB VK
LWERDRZ |, TT7y NER—LRERTHB] D
AV NERFELE. R, FEAPLL 75T FH
DD EFEEAZAEIORKKTIE, DOEL 728D E KD
TEHEI UL, BRHATERARRE/TDY Iy 7 AL
RREFHATETCHEEL2HS RY, HEELARRET 5
ZEMTEFZUAITRAELF] TR FHAD, K
LEEBUIHAMAL L& S SSS iz S i, k25
Ef TS ETSIML CELRETT. BfhD
WESOHETH Y, BIRSSS LIXE UEmMIZAZD £9.
NAE->T (AL T?) SSSIZBESMLTWS
Y, P& BEE L CWABEROIIEWIEE LFE U
tyvarvTRHRIFJTHEEZEDLERZ 2IZRY, HET—
REGDELZHEDLZIeNTETHILOELE. @
DRI TRBEZBNTLEE oL 51, FED
HEHIZONWT TEHFIZED TWTILIRTH S &\ iz
BERZFMEIEE, o ULIZHEIZEND XL /.
¥ 2720 T <, BIHT SSS 25 X 1 B K
IGEEMIZE S Z 2 H 0, Rz 1997 £ (RREHE K
) EMAREDO T CHFE SR ETEY, 20124 (EH L
FHKEE) 1TIdMBR 72235 Chair of Program & Steering
Committee Z#Fdr LT, SSS O X Bt f e ik
WOESIREEHEBEEZEZATWEEZEELEZ. Th
SHSEANIE, ZTNETORWFADIIZE L SSS 127 2
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THEHZEE->THRETRHABEVWERWNET.,
SSSizik THER] WO KRERT—HRBIZH D,
MFEBL SN LW EREDIEE M~ LiT>oT&E72
FTTA, SSSIKEMT AL TENLHEEELZL L,
FONTHE-EIRENLTVWET. 54D SSS DF
EZz, DEOHFERVWEZLET.

1.18 HEIRF LAY VRIS ALAB0EERICE

7T

ILAOXE EiEBE
MRS AT Ly VR Y 7 L (SSS) OBfED 50 [ & 52
LNEDIEHFHIBHTLIITIVET. INFETHE
HIZELoTIoNHOITEHDOGYTH L FL X
T BREFIEZNZELSSMUZRTIED D 2EAD,
WL DODPHIRIZE 722 & 2RI T W EFET.
ADBBHEAE L TV A ILOXRFZCHME L 7201, 2002 4
TIA, ZOEFED 2003 Fiz, (WO KZETEHLORIE
TAHLOEFIEHTSSS 2 E L7z, T L
Tk, YO TESBEROMLHFIEED Y, RIBRBISEG
EHLLEULR. EEARENTERED UE LD, BHE

WWEERIATIE- e L2 RVWHLET.

T D, MR E O WA ME R DI 5E %
To7=RAD D 0, (N SSS THREIBTWZEEE
U7z, &<IZ, RUOKER%Z SSS THREK L2 Z LIFFAD
FCTHIRIZE>TWET.

INETHRABFBBDOTIARRH /- FEUETH,
FDZIL 7z TlE, 2011 EOBEME I V-T2 7L
BRSOV YRV TILE, BWYo R ATHMIES S
DD ELE.

SI0E OHIZIE I E oM EBGROLE RS
%<, Ty bAR—LRFHAVBRUSNELZ. HAD
TR AT LEZPEOMEREIIHIBEEREINET
B, FOXIBMEDORB DB/ U shoDE, BN
TIERVWE ZADRSSS ORI TIEARVWTL & 5.

SSS DIE4 D ZFHIEEFAZLTED 7.

&
N

1.19 HBEIRAFTALAVVRIYAB0EERICE
®7T

BIREKRE ANIKH

S 1E 2000 BB O T HIERFERE R D & iR
AT L {fio 723 AT LG OMEEZ LTHE 0 £
TH, EBRDBMWR AT LY VYRI I LAZIE, BT
REFESOMIZHOTHMEIETCHEHEE Lz, BRI
T LT DRk A BRI X B ERRN —EIIRT S
CTHEELAY VRV ILREEBUE U, £, R
HLHYURITILTHD LRI, EEHELRER (T
Tx—) REOVHVHIEENEESME W TEY, 5%
WZBWTIHRABBENY VRY T LI R>TWL EED
NET. HERY AT LAFIEBROMESE L LTIE, T
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HLEWED T
EEHEDVHERY AT LG HRE R - 72— B DK A
VME, SUXLIORFERmEE LTTERL, 71
7 — B O ZIEMHEBE TITRE BT B 20D
YIAIIHDET. TTDT, RV AT LD TIX,
FERELHEBCE Db REAMEIZHAI 2 AU
TWET. ZORRID, YATFL - HM - BROZ D
TWZHSBEDI D BB L EZ TN DD, HikELd
WU AR SRR W BWES, FLT, I
RYAT LY VIRY T MG L WHR L 72 0 IREE, TH
R, RIETHEZVWEEZITWET., RELRNVS,
Z DR, 50 FERES NI THER Y AT L DL ERIT
DWTHIFZBHEIETHELS Z iz, FHEIFLE
T, BSBAFEORED THRMIZRIDBE D Bk
FLETY, GEOERIIIMAEIERETEZT LB
JFEWH L B £,

1.20 SSS & HICI0RF—EMRESEDRE -
ZE Al
1.20.1 FL®IC
VAT LGRS 2 (ISCIE) 12 81 2 HgE B A
D—DTH MR AT LYV RI T L (SSS) AR 50
MlZ2HA, WRY AT LABERDEIZENTE DR %
Lo2H Z 2 104 Rz 7z b SSS I THIZEF K - 1l
HEEBLCYFELBICB Y 2MEE2EZE TV W
INEIZE 5T, REBIXLLEU SIS, BT, Z0Ofz
#idp 5 SSS L/NEE DL Y L SBORBEIZDONWT,
fot U C/NVEZ TRIESUR L C R & o 72 SSSIZEE S Bk~ D
BHOEERADT, RIETHRBSBRTHIZNE RS,
1.20.2 SSS &HIZ1I0FELLE
INE & SSS DEHIOD D %, 2008 4EKETHS. /N
EIXRTED 2007 F & D EER 7 MVIGEEER T 201
7Yy RV AT LREICREE UiRD, BRANICELD A7
BEE, N TV Y RYATFLICBW TR ® Bflize € —
FERIZ & o TR I o2 S 27 L (switched
systems) (23 F % FER FLAEAHE A E O e iR - fRoi 7
VT AN ELGZBMETHo72. FWVITH I OE
BRI, FEELERESH L LT E W HSCC(Hybrid
Systems: Computation and Control) I T i SCERIR &
7, 20084E4 HIZT AV H - T A—VYH(MO) - £k
A AT HEERERIE T W72 &, Springer 5 5 HfiK
15 Proceedings (2% U T\ 7272 < ik & 137 (2)).
ZUT, TOESRREMRNIZNA T ) v R AT LI
B2 LT LT, YA T7IY T AT LI
RINDMELRNBRE—REBLSEAINA TV Y RV R
T LT BIREER 2 A U T WM, 2008 4E
11 A EHR I CEEBR R~ Vv 2 7 V% v TV AT LDy
WY ROBAREHIMNIZEI LT SSS08 THEERER X H T Wz
7R (3)). THAVIE X SSS & DRI HA
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WTH D LRI, RN 7Yy NIZBET2/NEDE
@i (peer-reviewed) #fi 3 & U T DD TDERGRIRAE &
olz. TOEKRIZEWT, /NEIZE 5TSSS iZ
10 £ EiZ 72 BINEDRERNA TV w RV AT LS
DYitE NV T K NZEBRREE VWAD. TOHEKLY
VaviZBWTHAZEO T > RN EEELE 20
&, SSSIZES LEFH ORI THEENDFEINICERLE
ARz AL, SSSIF/NEIZE 5T, HO DR AT L
B ICB L CHMB 2 RO WhIEES & LT, TN
IZHimZEBEIETWEELSIGE RoTE . SSS08 ¥
KiSCx, A7 v TUTHMMGERROG L U TR
U TR & 572 LJICIC GEic & i X & fg#k L T\ iz 72
& (5)), INEAY VFIVOWZERE % HEIM R S by o
oo, Mg, 10U EIZhzoT, A
L=V T BLXVOHoAL—=Y VY IHI%E (6),9) %) <
VATV % TV AT LOIERBEER HIERRE
TRENT Tu—F (4)5F) - RolkEE L Bl € — N4
O [F] R4 78 % DA ZE R & SSS 2@ U CHiticfi > Z &
WCE (7)5%), X 5IIAERESHIRIE Y BoEE — P76
O [l i Fpc AL BN B 9 2 WP SE R £ S A I Fe R & 1
TWZ7ZWT W5 (10),11) %), F£7z, X5 IRERX
Wl LTSSSe x4 7y (a5 Kb —yay) L
ISCIE i XEEIZ B\ T H SSS F & ik & fi L 7zi X
L TW2\WT &R (9),12),13)14) ). /NMEDKI
D15, SSSIZTI0FEM Eich7zh —B L THER
NA Ty RV AT LOREE & HINZ B9 2 0 2e i %
FEURIT =D, NE—ATHEH, SN,
SSS &\ D BBk R i St & 2 1F AT < B JEGE L
DEWEELSERHZZ Z, INEZBEMTHAINTED S
W R R 2 RABIT D ERARETH - SR 5.
B TR 3 DM FERERE S E TV WRED EK
FIZED, TS ORI LK 0D DH /NI
H ORI % S ARt 2 T 2 FIRA 25 2
TNz, Znsl, AT AHIEE RO RS R REZ
EBLUTE, VAT LABIPY AT LBBHONA T v
RAL & KB T — X DRLA QMG 1218 S HERERTH
D, ZTOEKRIZBEWT, & IZHEPEIZEWTHERY X
T L E & EER U 72 SSS DA R EH 2 I T 5
i 250 < FMRTE B LELTWVWA.

1.20.3 INhHhS5DSSS —EBEEHE—

X T, Poisson #FRIZAREBINDE Vv v TifE - HR
DEFRMEFNZEH L 2D D 10 LA 1 SSS 12 THHE
EEEFRETWZEWENETH D, HT, BolOMER
VAT LDOFH L WK E SSS DESBDELEIZDOVWTE K
LTEEW. RIS, TEOHEY AT MZET
ML LTI ZTHELIREE, MElHlz &l 5
BHEMFEEORETH A S (1)), SSSIZBWTHAERIE
RN HER - 2O HRERCLZET VR ET LD
FE%, BT T 2ERLZMENTLE DTN
M, ETIVVATRBET — X E2IRNZNET 52 &

- >
y = —
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NARELEMZEOKRRBIZHE LV DORH 0, 514,
SSS M FE - Bl AT LA OMEELE I TR
L—yavaERL, BIORBEREEE O OHERNLHE
RYATFLBEEZHBLTOW Z P EENS.
7z, BEIZSSSIZBWVWTH Wb 5 HLERRD AL S
TERAMRRICE O ETER - BTV AT AHIENIZE
THMHEEZRRINDMELEOEME R o1 (16) ),
ETHNBEP ORI AT LAERBBEIEIHLELT
SSS MAMIZIEHEI N Z LT LW Bbh b, X
5z, INEDWSERE & BB D 2R D7+ — A —
vay - avk U AHIIETAMEIBNTD, Hlx
1, BEND 2 VIZHER IS T EHERDMHZ I TRL,
FIZEM iz B DHER DG &\ D Ik T2 fER 7
HEBEERT DI IZE-T, BRI - FIBAIZ Y 2T A
ZTIRT 2 EERPE U TR AT LADSHRERRT
LIS EENS., T LT, ZOZRMNHRIMAD
72, BErmcBI 2 EEARAOMG L EHRLBRE
D (8),15),17),18) &5). #imDH BT DO H 2 H
5, INEDH ERD & S5 U WHER Y 2T AL O EIR
L INETOMERY AT LfFE% %R LT E 72 SSS D%
H 2 - MK ICERIIERLTWEZWEE
ATW5A.

1.20.4 HbHWIC

DAk, @dR7z & 51z, ISCIE - SSS I, MRS A5 L
CBVWTRHEDNET - OAIRHET 2L L LA
UGB L O BWERIHMEICEOMEEELZRRE LT, #
WritiZ & A7 AFZEICERRL T E 72, Z LT, £DSSS
IZES FHROBEKRELFMNTRENDFEL UTEEBLRSB
AW 2 A 2 72 Nhi% <, SSSIE/NENTIZHITHE
DR EHRBEZIETIIIHZ>T, LDOWHFrELTEHS
DI ZE U TS NBEELRETHOREITITWVWSE. &<
2, EFSSSIEBWTKREETH VAT \WZ DI
Pt NE R s T NE = C A A UL 8 N
B - KSR TS R B BURITIE, Mk L
THRIE L 2 W2 m W &7z, F72, BARRMAGaE
RFPIZ - RNBEBRIEEREEZITIE, ZOR»0
BAWEKBLU7ZZHMSFICL D, BIONEOWIRES)
EEIZELCWAEREE, NEVPIREEEZMET A2 XA L
BRoTER. 61T, AlIBHER - BRREERITU
b, INEDWIZE & FEHELRBRIZH 2 ¥ AT LEZEIZ
BOWTEED L HIZSSS TERWVWI BT WL BER
MOEEDT 1 AA v aryPHEE, INMEOWEEENIZ
BWHIEE 5 X6 CTE 2, iSUTTRERD S, Ih
FTODSSSHOFEDEKZE L L VHET 5 iz, 50D
HHRHE RO IXETH S.
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(B CE) KME 5, SRR, (L &—: B OMS
% W 7R R R O X 7 A D ER A 22 M Rl E

(R E) % 458 A State-Space Model Identification
of Continuous-Time Systems Operating in Closed-loop
by d-Operator Model

2002 FE (% 8 @)

(o SCED) Heal 78, He LAIGA: FRER I i il e o BUE
FRE B 2 i — IARE

(BERNE) BMAERA: —fMb ) Ay F AR & Z DR
S EBFT B0 A~ DG

2003 &R (3%9@)

(G SCEL) RAafd, Il LB —8K, EHEsER: MELAHED

Ay MK S GFETEEAME BRI E DT

Ju—F

($EHIE) F= fi: The Speech-Displaying System: KanNon-

Applying Minimum Cross Entropy Method

2004 & (3 10m)

(FiSCHE) B, B A B2 EoR X HiHm e %
D -1 —JF AT X & ZBL BRIR D S FG IR T

(BEhE) B2 NFRMEE B R LU XFE T4V D
A

2005 FE (£ 11@)

(BRSCEL) B s IR o 22 IR 5E % f o 7 2 bR
(BE) MHBE AN FERT =R T2 v 72D <
KT 7 4 Y AT L DOFIREE

(BEhE) Rk 2: 2k GPS/GNSS ¥ 2T 4y 2
HRTIZ DN T DEL

2006 FE (5 12 @)

— T4 —

(FfCE) Jaafar ALMutawa, FHH55%, il i EM 7
VTN XL ED K BEEEZ A OMIE Y AT LA DFEEE
(BERNE) IKHEE A FRIT 27z 2 HHEGRIEZR DS
FTRA—RFa—= VT ZFDIRA

2007 £ (% 13 @)

(BEE) AIEKR: BIEEZ L E ETHiHZ 2 7128
5 RULFA B TRLRAL F EB R O E

2008 FE (% 14 )

(FSCHE) @71 &, BB AT 7 7 To—Fici
O < BN T B/ N — SRA B ALHEE (2 DWW T

(ERE) HOE 1 Passive Radar Systems using Re-
flections of Satellites

2009 FE (5 15[@)

(R SCE) AR EKER, R 52, Sk BT & D&
AT & BARYEHER S AT L DRI EA ST DFE
(RFHE) ZHE M 5A: Simulation on multidimensional
density functions through the Malliavin-Thalmaier for-
mula and its application to finance

2.2 Best Presentation Award

SSS’10
Yusuke Watanabe: Collision Detection and Control
of Parallel-structured Two-link Flexible Manipulators

using Unscented Kalman Filter

2.3 Young Author Prize

SSS’11

Takuya Hirotani: Blind Deconvolution with IIR Filter
by Projecting the Learning Law in FIR Approxima-
tion

SSS’12

Emmanuel Manasseh: Preamble Design for Joint Es-
timation of Channel, CFO and Receiver I/Q-Imbalance
in OFDM Systems

SSS’13

Kirati Thoednithi: Arbitrage Opportunity on Non-
linear Wealth Processes

SSS’14

Masaya Murata: Gaussian Unscented Filter

SSS’15

Osamu Fukayama: Active Noise Reduction with the
Wiener Filter for Vagal Nerve Recording of a Goat
with an Implanted Artificial Heart Device

SSS’16

Satoru Iwasaki: Estimation Distribution Algorithm
Based on a Molecular Target Detector Model
SSS’17



SSS &5 : SSS50 MIFL&ZEHLL T 75

Muhammad Rizwan Tariq: Design of a Continuous- Shinya Funabiki: Modified JIT-Based Solar Irradi-
Time Loop Filter for A X Modulators with Excess ance Prediction Methods

Loop Delay

SSS’18

— 75 —
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