® 6.2 R/RSIBBEHIE
® 6.3 R/RBIBIBSHI M.

2021/1/5 1/27



6.1 5 5MA......

Rudolf Emil Kalman

& & & @

X 7F T B 22 2K
BS&MS at MIT
PhD at Columbia

19604E &K F K3 €A New Approach to Linear Filtering and
Prediction Problems) (£ 4383z 5 Tl 5] & ) 3 575D

2021/1/5

R. E. KALMAN

Research Institute for Advanced Study 2
Baltimore, Md.

A New Approach to Linear Filtering
and Prediction Problems’

The classical filtering and prediction problem is re-examined wsing the Bode-
Shannon representation of random processes and the “siate transition” method of
analysis of dvnamic sysiems. New results are:

(£} The formularion and methods of solution of the problem apply withour modifica- ) ) )
tion 1o stationary and nonstationary statistics and o growing-memory and infinire- -( : 299 14
memory filters.

(2) A nonlinear difference {or differential) equation is derived for the covariance
marrix of the optimal estimation ervor. From the solution of this equarion the co-
efficients of the difference for differential) equarion of the optimal linear filter are ob-
tained withaur fitrther calculations.

(3) The filtering problem is shown to be the dual of the noise-free regulator problem.

The new method developed here is applied to two well-known problems, confirming
and extending earlier resulis.

The discussion is largely self-contained and proceeds from firse principles; basic
concepis of the theory of random processes are reviewed in the Appendix.
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06.1.1 RS HTIEMEN HE

HINIEF IERL: 55 sS(N)ATRLAA R H H g
W, () BRI — MR RS A IR, B 5 RLAT
JEQJJ%H’JHTW%%—IU F R
s(n) =as(n—1)+w,(n-1)

ERBHLRE—FrARER,

W‘{ﬁ}r A(E) $(n) >
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EERBEBEHESS(NBEHRARLRESER,
REBHFBRITRISK) RS S (M R BR T
Jaw, (K), BIBHRINESE 2 [F] 5% 2 F AL B4R RE A (KPR
i%ﬂ?, B IR T IE:

S(k)= A(K)S(k—1)+w, (k —1)
ERFREE B R AR ZHPRA S(K)AT LB’
A — M ZIFPRES S(K-1)5kKRE, BIIAAK-16F %] LA
HI RSB EIRIZERES S(k-1)F 7T
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F/RSIBEEMRE RS ENZGE RIN B
Xt RGRBFHEATETHR, BTUARR VWIRSTTREZ I,

EHEE

ERRBREEY, X ARSENRNESRKER

MR
x(n)=s(n)+win)

F, wRKRRENN I AR IRERE, WENRE XK

5RER

2021/1/5

&= S(k) Z[A IR R E] A5 L

X(K) = S(K) +wW(K)
Iﬂ.-‘{ﬂ}
O A(z) [
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X(K) = S(K) + W(K)

SRR AR S R — B0, AR
R0 B R 55
12 S T A 2 R 0 5 S B

X(K) = C(K)S(K)+wW(K)

R CRFRAENFERE, ER5IANREZ &N
%E XK HEHA—E ERESRE S(k)E'JéE%fUFH [,
FARNMA— MM BITE R EFIRSSH.
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6.1 5 5HAL......

06.1.2 [ 5HA
S(k)= A(K)S(k-1)+w,(k—=1) —  w&rE

X(k) = C(K)S(K)+ wW(k) —  RWHE
lw(k)
w, (K) ES(k+1) -1 _S(K) | c(k) D o X(K)

A(K+1)<
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[$16-1) & FR/REIEHH

|

=W T7EN X(K) = S(k) +w(k)

, DAYE TR EMERREHIZZR#A:

R..(2) = 0.36

0.8<|z| <1.25

(1-0.827)(1-0.82)

e B AR EON R, (M) =6(m), {55 MRS
WAL, RF/RBIBEAS THRE AR AN C(K)
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6.1 g S 1R%Y

#: MEFN R (2) =0, AZ)AZT) &, 6-23)

- 0.3627'z
] LSR5 ~ (1-0.8271)(1-0.82)
z S(2)

M) =08t W, (2)

RBBHA: sk +1) = 0.8s(k) +w, (K)
HiH A(K)= 0.8

XN X(K) = S(k)+w(k) ,

FTEAC(k)=1.
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6.2 F/REBRFE . .....

06.2. 1 R/RZBIEW H— P IE AR
EREFEMEN HFEEFSH:
S(k) = A(K)S(k—1)+w, (k —1)

X(k) = C(k)S(k)+w(k)

B A S E—MEHE Sk-1) B, BERE
B R AT SRR BT U T S(K)
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6.2 F/REBRFE . .....

mBEARFEEEREE W, (K-1)Ffw(K) RS HEMEN
JTREAR SR T -
S'(k) = A(K)S(k —1)

X'(k) = C(K)S'(k) = C(K)A(KB(k 1)

AR, WIME X(KAETHE X(KZ B RE, B
Mz EpZE X(K)FRRAFTE (innovation) -
X (k) = X(k) - X'(K)
B8, FHENFEERBETRITEEZE T w,(k-1) 5wk)
B 51 2R
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6.2 F/REBRFE . .....

137 B XKLL —AMEIE4ERE H(K), FIEskis
A w, (K — 1R S(K) AT M1

S(k)= A(K)S(k —1) + H(K)X(K)
= A(K)S(k — 1)+ HK)[X(K) - C(K)AKS(K —1)]

3@ B AT P R 2R S8R S(KpEAT fh v HY
ETERLAY
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6.2 F/REBRFE . .....

B NAMNE X(K), %t

X(K)

X(K)

>

X'(K)

H(k)

FEEEHE S(K).

S(k)

IR

N

C(k) |

»()
Y%

A(K)

SR B — DI

L&t

Z—l

< v

S(k-1)

S(k) = A(K)S(k —1) + HIK[X(K) — C(AK)S(k —1)]
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6.2 F/REBRFE . .....

06.2.2R/R Z2IBH A ETEA T (pp.90)
FIRBIEK K — B IR

g'(k) = A(k)e(k —1)A(k)" + Q(k —1)

H(k) = £'(k)C(k)' [C(K)e'(K)C(k)" + R(K)]™
g(k) = [I - HK)C(k)]e'(k)
S(k) = A(K)S(k — 1) + HK)[X(k) - C(K)A(K)S(k — 1)]
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6.2 R/RBIBBITIA

pp.91, [#16-2]
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6.3 R/RBIEHEAFIMNA......

[ 516-31 CRIKHFB6-2—F, REFEMMN
BEHEN:  SK)=AK)S(K-1)+w,(k-1)
X(k)=C(k)S(k)+wW(k), HHA=08, Cc=1

Qk)=o,, =0.36 , R(k)= var(w(k)) = 1{Z B F1g 55 G5 1}
M. RER/REBIEFEHRAFRS HK) Mek)
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6.3 R/RBIEHEAFIMNA......

fB: RIERBOAHsys=ss(A,B,C,D,1), BAEEF/RERSHEA
, RERABHXERNL. ACEH, HTRECAHSTERI T HARN
B5HK, BMXERF—-IRNES, FrPABE0 1], F— 1Rk
B W (K-1) 1 FE%. DE0. SLFRENEAIT:
sys=ss(A,B,C,D,1)
MRIERABRBISL, £ H, & 1=kalman(sys,Q,R), BB HIR/R B IS
. LMEFRNHESERIT:
[S,L,&" H,& ]=kalman(sys,0.36,1)
L =0.3000
&' =0.6000
H =0.3750
& =0.3750

XEAEE 7RIS, BERXRRANERBREIREERGRSHEE, HC
RANRARBTHIRAE .
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6.3 R/RBIEHEAFIMNA......

o HTRIEEBEARES, RATFRRATUREN
Bl S8 3R /R B IR B HE T -

S(k) = A(k)S(k —1) + H(K)[X(k) — C(k)A(K)S(k —1)]

o M\ EmBEFIE, REME JINSHEE, BTl
TR AR PR BT H R /R IS AR -

H(z) =0.375(1— 0.5z %), h(n) = 0.375(0.5)"
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6.3 R/RBIEHEAFIMNA......

o SCIACHS

clear

A=0.8;

B=[01];

C=1;

D=0;

sys=ss(A,B,C,D,1);

[S L 9L H s]=kalman(sys,0.36,1)

SYS = SS(A,B,C,D) creates a SS object SYS representing the continuous-

time state-space model

dx/dt = Ax(t) + Bu(t)

y(t) = Cx(t) + Du(t)
You can set D=0 to mean the zero matrix of appropriate dimensions. If
one or more of the matrices A,B,C,D have uncertainty, SS returns an
uncertain state-space (USS) model (Robust Control Toolbox only).

SYS = SS(A,B,C,D,Ts) creates a discrete-time state-space model with
sample time Ts (set Ts=-1 if the sample time is undetermined).

2021/1/5

N=1000; %[ %t

n=1:N;

s = exp(-0.002*n).*sin(pi*n/50); %1 Ef5 5

w = 0.36*randn(1,N); % EBE, REFNERRH
FH N} 58 B

Xx=s+tw; % HEES

for i=1:N
h(i)=0.5."i;

end

ss = filter(h,1,x);

figure;
subplot(2,2,1);plot(n,s);title("{g 5");
subplot(2,2,2);plot(n,w);title(" B 5 "):;
subplot(2,2,3);plot(n,x);title(" WMAE");
subplot(2,2,4);plot(n,ss);title(*{g Sk it");
figure;

plot(n,ss-s);title("fl 1R E");
error=mean((ss-s).”2)

19/27
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6.3 R/RBIEHEAFIMNA......
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6.3 R/REIRBPSHINA......
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SEIOATERR......
I Y% LT

clear; clc;
function [h,e] = WH(Rss,Rww, M) M =input(E5HIKEM=");
% RIBEN-ERTENRE, HPEMAGSHKE n=1:M;
el = 10; s = exp(-0.002*n).*sin(pi*n/50); % MHEAE S, WLLEHD
e0 =0; R, AR
N =0; % Z5el,e0,N RAIE % load ecgdata; % ELfrLHAES
while abs(e0-e1)>1e-6 % elFle0A 2L N fEFF % s = ecgdata(1:M)";
N = N+1; % load eegdata; % LR FHEIES
e0 =el; % s = eegdata(1:M)";
Rxs = Rss(M:(M+N-1)); w = 0.4*randn(1,M); % BEEE, REBRRERFEHENRE
Rxx = Rww(M:(M+N-1))+Rss(M:(M+N-1)); x=s+w; % i EES
R_xx = zeros(N); Rss = xcorr(s,s); %ofliit{5 5 HHH<ERE
forj=1:N Rww = xcorr(w,w); % {185 5 <R
forn=1:N [h,e] = WH(Rss,Rww,M);
R_xx(j,n) = Rxx(abs(j-n)+1); ss = filter(h,1,x); Yo F 4E 48 JE % 23 JE VK
end figure;
end subplot(2,2,1);plot(n,s);title("{5");
h = inv(R_xx)*Rxs"; subplot(2,2,2);plot(n,w);title("Be=");
el = Rss(M)-h"*Rxs'; subplot(2,2,3);plot(n,x);title(" YERE");
end subplot(2,2,4);plot(n,ss);title("{5 S4&H");
N % Z~NH) R ZLE figure;
e=el; plot(n,ss-s);title(“fitHiRZE");

2021/1/5 error=mean((ss-s).”2) 28/27




SEIGATERR......

1. SHEEBEZZERES, WHEBEN0AEBEA, M=1024

il 1 iR %
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A 55 i i |
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SEIGATERR......

2. sﬁaiﬁjl&\%ﬁ%, WAHRREN0AHERRE, M=1024

W
fili % 2=
1 B 0.6 3
).5¢
0.5
or 4 [J 0.4
-0.5
).5 0.2
1
1 - . . . . 15 . . . . .
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 ok
I AE &= fili it
2 0.5 0.2~
1
0 0.4
of
,oeﬁ
05k
-1
0.8 r r r r i
2 . . . . . 1 . . . . . 0 200 400 600 800 1000
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

N=99, /N HiRZEerror=0.0236,
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800 1000 1200

N=135, B/PBIHRZEerror=0.0740.

4. SABRBIEZZERES, WAREN04, 1F2HES, M=1024
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SEIGATERR......

5. sSAERLREES, wABERN0A, 1RI2H

_—
el

1
).5
0
).5
-10 200 400 600 800 1000 1200
L9 A
2
1k
0]
s
-20 200 400 600 800 1000 1200

N=99, #&/NJTiRZEerror=0.

2021/1/5

15

0.5

-0.5F

-1

MEEE, M=1024

9 i &5 LY
1 4
f 05
05
1 4
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
2 s
GG 04 i %
. L 4 0.2
55 I 7
10 . -
2 0
5h 0“ -0.2
i 0.4
of w
' 0.6
0 200 400 600°°Bo0 1000 1200 S5 5 08
0 200 W00 600 800 1000 1200 0 200 400 600 800 1000 1200
N - c c c c c c c c N N = %
-10 5) -_
O%JQ 400 600 800 1000 1200 0 200 400 600 800 1bbb—122076’ %/ J\ilfjjj 1728 rror=0.0333.
A [ERERLR
10 0.2
50 0
of 0.2
-5 0.4
-10 0.6
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

N=420, /P HEZEerror=0.0421.

33/27
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6 SHERRMEES, WAERIN0.4.
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N=452, H/N5JiRZerror=0.7617.
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7+ SHTRBIEZERES, WHBREN0AHBEAE, M=1024
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8. SALIROLHEES, WHREBN0AFME, M=1024
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O. SAERRMEFES, WHERENOALEERE, M=1024
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