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Decision Complexity Estimation of Game Positions to Establish Master’s Global Perspectives and Aesthetics
of Well-Played Games

Abstract

Although computer shogi has reached the master’s level in terms of strength to win, there are
performances that only the master can do, such as flexible strategies by global perspectives and
resignation respecting aesthetics. The purpose of this study is to clarify an important factor for
understanding the master’s thinking.

The notion of decision complexity is important to understand the depth of master’s thinking in the
domain of game playing. This thesis concerns the estimation of decision complexity of game positions
based on the concept of conspiracy numbers. The estimation methods are proposed and applied in the
domain of shogi to establish the master’s global perspectives and aesthetics of well-played games.

Chapter 2 outlines the programming technologies which have been developed in the two-person
complete-information games such as chess and shogi. In addition, we describe an overview of computer
shogi Shueso that has been used for the verification of the proposed ideas in this study.

Chapter 3 presents two estimation methods of decision complexity of game positions in shogi. The
number of nodes visited during a search which is restricted to the advantageous positions is similar to
the disproof numbers for wins in the proof number search (Allis et al. 1994). Therefore, the first approach
indicates the difficulty for wins with focus on the effective branching factor in a game-tree search. The
validity of this estimation method can be confirmed by analyzing the initial positions of handicap matches.
The analysis results show that the degree of difficulty or decision complexity decreases as computer’s
performance becomes higher. The second approach for estimating decision complexity uses the correlation
coefficient between two evaluation values of the root node and leaf level of a game tree. Search is performed to determine
the evaluation value at the root node with focus on the ratio between positive and negative values of position scoring at
leaf nodes. We verify the validity of this approach by self-play tournament of handicap matches. The proposed method is
able to identify the balanced games or well-played games by estimating the decision complexity.

Chapter 4 explores the resignation positions identification in shogi. A similar factor to conspiracy
numbers or proof numbers is effective to identify the resignation positions. Then, a resignation model was
proposed using the effective branching factor of a game-tree search which is restricted to the
advantageous positions. In order to confirm the validity of the proposed model, we analyzed actual game
positions played by grandmasters, in which they resigned later on. Recognizing that the effective
branching factor is reduced, the proposed model can reflect the characteristics of the resignation positions.

Chapter 5 focuses on the artistic assessment of experts by using more insightful information than positional
scoring in the minimax tree framework. Several games, played by masters and computers in the domain of shogi,
were analyzed while applying the proposed method. The results show that the ratio between positive and negative
values of position scoring at leaf nodes can be a practicable factor for decision complexity, and effective
information can also be obtained from the velocity and acceleration of this factor. Furthermore, the play
of masters and the difficult or interesting positions could be identified by the correlation coefficient of the
estimated evaluation values with Kalman filter more clearly.

The proposed decision complexity is useful factor for understanding the master’s global perspective and
aesthetics of well-played games to impress the spectators. The research results are expected to affect the

breakthrough of the expert’s thinking and the mechanism of impression in the other fields.

Keywords:
decision complexity, conspiracy number, effective branching factor, resignation positions identification,

playing patterns of masters
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In(b*) = In(n)/D (3.1
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TS 2 ENRITH D, BRSO T LW REIZ 72 D58, §IERR T
D — RESEEINT 5728, Rk LR WERNRHME 1T 5 729121, §ik
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3.3 HERMICL BB LIHOHZE
331 IL—hr/—FR& =T LR)LOEBEDTAE

boORmERERRELIZEE, — b/ — FOFHMIMEN ARG AT ER L
U—7 ) — ROFHMEME S GRAF2 2 ERNE N EBbnd. L LARNDG, i
AR RHE N ZNGEICIE, RmEeHliZiR > 72V EEFE2 L L7720 L7EE, PRER
fEd & L CORMBEN K E < E#T 5 AlReEN H 5. AREiTIL, REOH#S &%
WETHEOICHENEEZOND, V—7 ) — FIZBJ5HMifEDIE A D
RIERTS.

T — PR LR E LTI 28MIfE, B () offifa %z
100&#&?5 EN—IRTHHMN, £V 7 NI TIYXERH Y, FrKE

T OFHIEICIZIREREZDHAZ ENndD 5. £ 2 CIHANREMEIZT 5 FHik
WHY, v AT 1w 7 BEERCTRHMIE x 1%, RNUTK > THRREDHE
R ACERT 52 LN TED [53].

r(x) = 1/(1 + exp(— x/T)) (3.2)

2T, TIEmEFHEEEIC L O MENEL 2 EHR THSH. RB.DICEY, —»
D FHANE & L T RE 7R FRIE ~ M BB RECTH D, ZZTlE, V—7 /7 —FIZ
B DR ro) 2R Lo T, FHMEF Y OE x(DIZ A L COIRIEE# L
T 5.

x(r)=-TIn(1/r —-1) (3.3)

DB T, ZOEBINTEE Y —7 LoV OFHIE & FE5.
w~k/~P@ﬁﬁﬁﬁiwv—7v&w®ﬁﬁﬁkw520®%ﬁﬁ®w
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BEFERTZ LI L VIHMIENES T 2R R R CThDL EEZXLND.
HHHE, V— b — ROFBEIC S 22 UV —7 /) — REEOFHlifE O Z 2 b
HWEIZEDORBRMEEZ R LTS, TN D ORMBIZESE, HHEOHS E &2 HEE T
D=L LT, ZOoDEEROME T 2175, v— b/ — FOFHIE S V —
7 LoV OFHE OFEBISRBUI R AT RE N S.
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THTFEZHFELZ L2 BHE L COWERISE, MFREHICAY B EEZLZRITT D
HRIKICAEE IND. arBa— 2o )IZERE LM ELTETWAA,
JRHE OFHE & VD A T —ELFHALRWDOTIE, fiarz BRIICESEHK
AN AT D HIE-CHEAE ) L W o 72 b 02 BT D O3 EE Ly,

I < DFF LFERHE TIZBWTIE, 2 2 BRUZE S W HIBr-O 78232
W, YrfitblarPa—FLIIREREBOVDEEONDZ EDO—DT
5. T EORTIIBALE WO BRNOTET TRIENE WO BLRENS
DR EENTWLEAELH D EBEX LI, BOTDDiE L FOBERN LM

FEOEMMEZ E O D7D O TR OIBIR~BITT 5. e tix, A 258#E
T27 VT« Fviefamaikil L, BRI B2 0 ] LR 5 FIAZ # T
TH5., LER-TETICE, HEORSE T TRIEELEDILS.

AU 2 — I BT T 2D Al ks LT, BRIk TH
DN FHMIENR ESNTBEEZ TRl L 2R TORNETHHERD D.
LA LeD s, [RIRREOFHLE CTdh > TH RO A REME & 5 Mm &, FEUTITE
O TCTHWERD FIABZN R WRIEZAH Y, oIz ofEricmEh cns &8
PiLs.

Tl to® T AT 2720120E, ¥R OFREIZBWTEL TWD
%ﬁﬁ%%@ﬁ#@hﬁ%%%fé ENMELEEDbNS. FEMiE LT, Rmo

TEMESCHES 2 RO DIENE 2 Hivs . Bl 2L, FHmE B AR IXZiE EEL<
ﬁ<f%,%@%ﬁﬁﬂiﬁbfkD%@%%k#é@ﬁa%&%ﬁf%ﬂ‘
WHED FIARTIRNEEZEZDHTHAH L, LVEWVHMEMB CH- T, MR
[ CHIVUIRIEWHED FRIAL D o 5 L WIFFTE 5.
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FT, RS EOBEE AW T OERRET VEZRET H. N O”
DIEZBENTARET NV EZERLL, LY 7 R THO LA TWOEERT LI
U X L% RWTHHED RoALZ RAES DR 25T 2 HiEZ2 @i T 5. @k
MEONDOE T 20T 570, EZ2FEL R LEMFEEZRRE L, BT
I OFEIZE T HHEB LT LI/ RICOWTERT 5.

42 HTOETILE

BRTHETET VBN TL, FHHEICONT 0 25RELTHLTE
25, lHRMTEEFAONLORE THEENICHE L, AT E 52, ThER
M DOl RET NVEEANTD.

=P, — FREICBT 2B E RN TR, KT RERERT . £
72, 2=~ v 7 AAKIFZAND/IOR KD L 512 %, FEHL - SR OELEE 2
BT 5. BONI BT 4L KR OB & A D THRE T 2 HE
L, MEEFDRT A =2 OEHTIEZHOWT T 5.

421 BMEETIVIZKDERTHE

22— BNHENT DML, %Y 7 TRTYERRH Y, FRIKRITL
OFHMIEICIIRE RERHD Z LR H 5. T Z CHAMREIEIZT 5720, ny
AT 4 v 7 BEE RO CHHMIE v 2 TRIFEE po(v) ICEBT 5. THIFERIL,
B Y 7 NEAOME T2 AW TR TEREIND.

pw(V) = 1/(1 + exp(— v/T)) (4.1)
A a—F OFHMIEITERBIR S 2SO LR B L E S, Sl aiR< T 5,
HOLNMIFE LFLEDDIZHENETTHHDOTH Y, ZIVEIERNHESRE AN & FF
DEB XD, FHMEEFEREERE F(0TRL, FHMIEN T T R L0 ilxd
HRERNDEME t LV /NS R 28THRMEE LT, RO LI ITESR
5.

J, f)dx <t (4.2)

B 2N Y v, FRMERZE oo DIEHSMTH D EIRET D L, t2b —BITEE



LEME v W TIRAR GO D.
v/o, < -7 (4.3)

ZIT, g v B EORSCEMEIKFET 5T A=FTH L. dHEOZE
PWEMOPOHETREDLY, o2 EET 5 2 LICL - T, i fgok T 2 ¥
ETHIENTED. oI, AICHEDET ThHo Thbix REELZIT DT
W, U BMERSMMETHILICL ST, ETHRETANEHIND.

VAL R RN OINE LTRRICEIT D /) — R n 1%, R o#it s
RWHERDOARENEZ 7R . £ DOARDIER T PIFIERRIRS 2 d & L TIRATES
no.

In(b*) = In(n)/d (4.4)

R DO MERET MBI DIEERZE 001, ZOHNDIKR T b O TFR S
noET5. AR TFIZ1IUETHDLZ NG o3 ORI HIT 5 =
sl TR gy, BERZE o, OIERSAATHL Z L BIET H &, B THESE
30T A DR erf(0) 2 W TIRATREINS.

pr(v,b") =2 (1+ erf(%‘g‘”f)) (4.5)

ZIT, tn o LEOREEBRIAT 57 A=2THY, HTORIBIUN
TV XHAEERT.

422 HEITBEADETETILINSA—2DERFZE

WTHERET MBI 537 A—21%, O EEAOEP RO b,
it 11230 DFHIEE vi, AR 4 b, W TRE CThHiLLX1 (£95 T2
FHUE0) EEFERTIEH AT, KAB)DOE THERE EBEOEK T & OLJE
IR TRENS.

* * . * 1- i
L(v;, b, 1) = pr(vy, b)Y 1(1 = p (v, b)) (4.6)
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kv, NEOY TV EEIZE T HR(4.6) TR END LEDREE KR
‘a—éﬂh 0r75§, Ykit@iaszk&b%hé

[kr, 0] = arg max [T, L(vi, by, 1) (4.7)

ER IR LE O E L > TRREIZ T HIZE <, #HE08R T Oz
B3 27 A—2PHEHIN5.

4.3 7OETOET DL

Ta O AZHWT, BELZE TET VO ZHRT 5. & T2
BANENSD D Z L 2EBE LMoL L, IR L A0 R %5
P52 HIEZOWTHAT 5. 5 E LIEEo R TR O 16 Fain 6l L
TeTr—58%0L, 7efltoFETIZONTERET 5.

4.3.1 RMEE

BETICEELEOEERERDONDIZT TR, EHETF, FFHRHE, X/RoOEE
P CEBEZ T DA RERNBEZOND. HOREOKOMGEZxIG L L
THETNZ T T D720, WS ODPDOBERNIIFIATY IR EL L. 22T, &
TLIME 2 4245E L, TOXFHETORIBHERIZE L TS L H I
Al B L7z,

Bt F i3k to sy 7 Thy, BT et oA a2 28R LT
W5, ZRHAREICEBWT, f#E F A& T LIRS 150 Raitg s 5.
HEMIZT 0> TNV BELEBBICEY by 7E2HERFF LTV D
K LT HHE M 238 T L7a#HEER 500 /2B WT, tRHEFOIZEAEN b
v T ADOH LN R S,

4.3.2 FHRIAE

[T 1 7 N TEEE] ZHWT, & T ORMEIZH T 2RISR & G250
IR DOHERS 2 5HAI L 7o, BEEX, FEERAE O T E I\ T, #iiTr —2 &
LTHLFOMIIBEHRBIEAL TR, R@ADIZB TS T% 256 [ZFHE L TV
%.
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PEZRIZH UV TUE, Null move pruning, ProbCut, 3 & OF Late Move Reduction
REBBHALTWA. HAE LT, BROUER (FFAHE, Singular extension)
I TR & L, RE/ — FEOFHNE, FRVIRSD 0 LT &7 0 kiR
RuWpAIZ ) —Ra v L, #IERERO ) —RiZh v LRI & &
L7z, Zhud, BRERSICITRBRIER P LR ORI ITE TNV &0 D,
AN 53 I K- D R EHRAFPE 2§ 5720 Th 5.

X 4.1, BARAZRFHIGIEDOR L = — FaRd. RS d=1 226 ORAEHR(L

IZBWT, ENE TOBRK ) — FEDRE L7-BE Nth 22 T\WianZ &%
FEE LT, RO 1 IINFE LIRS OERBA~ETe. BlEZBEXRRRS ISR

LHEHmE D, XA DICE 0 MSBEREEHT 5. b L, R — MO EEL
Bz HENCAT GEARKE) iAo TLE I, TOMFEOMELEZ & T
5. BEEZBX ZREICOWTE, BRESE 1 IME LTy A FU[0, o] T
B L, AR L72FHIAIEIC K VR, — REFHIT 5. 29 LT bt A
WS EBRE ) — NS, X)X EBKTE2EHT 5.

1: for (d =1, n = 0; n < Nth; d++)
2: v =AlphaBeta-INF, INF, d, &n);
3: pw = 1/(1+exp(-v/T));
4 n=0;
5! d++;
6: AlphaBeta(0, INF, d, &n);
7: b* = exp(log(n)/d);
4.1 A2 EERFOFHIH Y — 22— F

4.3.3 %*%0)%%?

4.212, BE /) — FOMEZ 10M & L CaHII L 7282050 K 1 O S fiE D
W% mﬁ.@%KOT%éﬂfwéwﬁ&T%ﬁ?%b,&T@16¥%ﬂ6
A LT — 222\, FHlply) Z LI EH LEERERERLTWD. 28, &
TETIZa U Ea—FNFEARNTEZ AU o T HGEE, A %050 I8 K 7 25 fii
INESVWE L 257280, ZOVHEOHENSIIRIAL TN D,
*EiM@i‘E\E% BWTIE, AGERF-AHEMIICREN. by 77 r o

B, BT < CHRRREDSHDTND Z ERNg D . AR OHER
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WTED.
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X 4.4 FTREICET DR L ARIKA (Bt F)

4 4.5 12, #tM OREE < ORISR T 2 HREER & AR5k R DO
MM Zrd. it F e U T, BIRRR & < AR F 75 K & W aElic
HINZIRD > THR Y, AR SRR T T EHRE AL T
WD EMDND. AFIERTOEIZONTIE, 16 Tl b 4 FRICT
TiX 3.0 I EDOFmEnN L7ZWVIZEAD LTEY, 4 Faind 2 FEicnig T
2.75 U EOREENRKE LB TCWDONMERTE S, K 4.2 1B 568905
IRz K] -F- DA i A 1%, RS 2 & A AR K- 23D LT/ 6% T £ To
FEIIATYXRNHY, FLINTHERTHDLENZD.
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X 4.6 12, it M OB T RIS T 2 HFEEE & B0 EIR 7 OB X & R
ER h/77m®ﬁ% 2725 &, R — FEL10M F2PE CIlIF AN R 72 2
EMEBZOND. ZhEHERT LD, X 4.6@ICHE ) — FORIEZ 10M,
X 4.6(0)IZIX 100M & L7z 2R3, RE/ — K 100M 1%, &fEfeZe XY =
T30 MREREDEZITHY L, il oz co 7 a il LOFAITIHEY
THEETHDLEEZOND. R — ROEINZL->T, AEO7 vy N E
THCBE L, ETHEEREL RLI2ERNROND.

X 4.6(IZRINTND X2, MIFFEREAEWICH 000 b 3T T L2 HiE

IZBWTIE, ARDIERT-)N 2 BREE/NSWZ ENRZV. RHMIESZuE &
KTRWEE TS, by 77T RITfE0 RIABZ BV EHEI L TR TE2E 2255
AR 5. FlzIE, K 4.60)ICBWT b =1.9, pw=0.33 16T DL D
TZX 47187, BOBESIE 4 & T8, &) ORH|TIZLEA LR, M
TFPEIZ B DENIRE T TH 572 A 6 EE&DO B TH FITFRE S 8O RHE T
KTLTWD., ZoX ) ZdHiiE ek 720 TIEsiH LEW R T /o
WTh, ARDIERFD NS W ERTHEREGSRDLZ LN, BETLHHRTE
TNEEREET L2 ZLICL s THATEL LI Z ERMIfFEN 5.

FEAEDOETREIZB WD TETHERIT 20%LL EERT72%, 50%LL T O
TOHETHLEEAD. —F, BTRELUENIE THESR 50%% 2 25 G f71E
T4, TNHOERE LT, BAeHnBE S (KR8 ICknwTarbta—2L
TelbElIZENDLDLZ LIINA, AT ERER LI LTS D & LIoHEEN
EENLHELEZONS.
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9 8B ¥ 6 b 4 5 2 1
E|H = &%—%
(a5 M &=
#|%| B |wHEwEZ
5|4 4 .
g # £ |E &
" lelslEEEEE] | ko
ARG e
AHE x| I
SHEE AR

4.7 He2 MU AL 1)/ (A6LeET)

F 411, BELETHETT VOB RZ 773, #EF, 1M o
FEZENZEIUTOWT, leave-one-out & AMGEE I L7z, # T < TIEES<
DRHDHEEBELT, &T 16 FRIEET Lol mme L, &i&RimE
BTLEFEGE L, A0 ERFOBEOAEIZLS 2 BEOR THREET
NV Rl O G L L, mALEICLEVEETNDNT A= u, o ZREL
7-.

F 4.1 ITBTDHEEFEIL, BTHEEDR 50%L EOREOFIZE TN BT
HOFEZ RS, —JF, BERE, BTREO D BETHEEREN 50%LL Lot
BT DR T4 EET A5 LI Lo T, MARIMENETT 52000
FERIT 2~4%EMENSE LN, BRELTFEAMEL TS, #EM T
RR ) — FEEFR 1 OFHMEIZHVZ 10M 205 100M ~HEod-Z L2 L » CTHE
KEMETEXA_BALLDH Y, Lt F Tk 80%LL LOFHENGLNZZ &
O, METIHETETNOANEEZMGE L. XKUDICLVHFELNTZ T A—X
TUE, T LI WER & 72 o 72y, FEERRIITITE D O RTRetEN & 2 Rl T T
THZEFRET BRI, FANRETVIZRLEZZDBND. £4.11C
X, OFHIFEIE & U TR THREROEIE &R T. AR FDOERIZL - T,
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BT 16 FRICTEE THERMIT L, BT REICEWTIER TSRS EF95 2
ELMERBTE . BLEXY, vA v FU 2GR MO LT ERRICB T 2 A%
IR FIE, BT OHEICHBBRIERETHL LS.

# 4.1 BZE L& TET VO GG

A RIS F 8 SERIBE T e (%)

(%) (%) (%) ply =-16 ply =0
B+ F | M| F M| F | M| F | M| F | M
v | 98.2195.7|77.1|67.5(86.4|79.2|14.3|26.5|83.6| 71.3
v, b | 97.5|94.8|81.3(69.6|88.6|80.2 132|251 |84.9]|72.8

4.4 #5E

TuflEORTEMAT LA BEL, RTOERETVEARE L. £,
VALY R EHRIMIOIN UT-EZN ot o T ORI G o7 =
LR, R — K BRI S ST - VT, 7 B
DR E T LTz, EORE, OBWIEET AR ET 52 LIk Y, i
720 TR LR 7m0 TRmE A2 TE, & T ORFE2 A L
THZEER L. £, 7Bl TRTET VDRI A—=ZRERY

k77 n OBGEERE, RTHEE CER R RE MR L TS 2 E2HL NI

L.

BT RE & WEIT 51013, 7 R B I 5 BESBETHD. 2 e
SIHA T B L B0 A D & D AT L CXBE, ShETHNDA
1o e 7 B O I8 &R 5 BIEREIC Y Kb 2 B S 1 L b0k
5. BT OMIZS 7 U T 4 HABRREEBITE D L5 1SRN, RIS L7
RIS 355 < AR B LUOBE B EBUSIES<
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EEHE - A RFIE

51 #%&

2 o — 2RIV TIE, FHMEE S WD A H T — & VR & S
THZEN I THDL. LLERBLRC KD ERRRmTH- ThH, EHH
EPRLTCW ZENRGeRmmeE, —FMEXD PRI EREZITLA
R END 5. £z, BREOFMEZT TR, £I~BORES ML
ROEERBETHLEEXOND. FREOCHHZFHMITH-TH, AAND
BICER LGB EITITOEEHLEND T —ANRZ NN, EENL FR-TE
T A TR S AU D ATREME DS B,

—J, 7 EORHICAR LFESNAMEHI B W TR, —JRa i L CEER R
EAFENTND EEZZ BILD. W, BHICATHLWIEF &5 TtE 5
JREZ72UE, BT SE5HEE T THAD. LIzn- T, RmmdO#S %5
i CEhIE, BETHISARHEICHISATE S Z EnMifiENns.

boRmERFE L&, THMEEN AR RGEIITER L) —7 ) — KD
FEAAE & M RE R Z E RSN EEDILS. Loy LR b, WIS ARHIZR RE A%
WIGEITIE, Rl afio7c D ixEF2 R L7720 UI2ES, BREBE/ME L LTORE
MEA K & < EBT 2 AlHEER & 5. AFFETIL, RimOES E A2 H#HET 25729
WZHEhEEZBND, V—7 7 — RIZBITHFHIEDE ADLEEZFHAIL, B
W T 4 VB RT3 FIEERET 5. FHEEEOBmE2 i % 57
D, F OB PR & HEET 5. WL DD o 7 VRS & fRHT U 725 5
ZELEL, ZOWEOIERFIEIZ YW TEmT 5.

52 RE#SEDHBOMENAE
5.2.1 A 5 DEHAIAE

U—7 /= FRiZBT LFHMIEDIE  ADHRAZFHS 5 5151, RRT7 v
U XLEAFET, ZEAEOMET v 7T A CRHEICIETHZ &N TED.
ARFGE CHHANC AW TREEE) T, UV —7 7 — RIZB W GRSk 2 MO
B2 ) — RO U b ET-TEY, £ CiHMIEDIE ADHEET 5T
T, ek, FHEMESY 0 OFAICIE, FEMETOHAITA, BTOHA
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EE L.

XL T HMALICHONT, YIRS SHFEOIR L FICk v iED Sz Em
ZNARERR S 5. BRI IT DRRIL, AR ORKEEZ 30 FL L,
T — RN 202D LT BYI D Z L 35, 2, FRLEEM 4~5 B o
SRIZEBT B IEHRe B BRI CHRBETE 5/ — FEICHY T 5. R/ —F
TEEIZFT B2 OITRFET O L FIoki < SiANEERZ /25 L 9 TH 53,
EHEILZ VT ETICRAT D720, ROFDE TOGmADONFEIZEHFEGT 5.

522 WL 2T 4 ILARIZKBERTIEN

AR L72fHA G IEIC - T, BRI > TH LN — b/ — RORHEE &,
U—7 ) — RIZBTDFHBEOIE ADERE N, MR LA WiED b7
FZREICBTAHEBLE LTELNS. 20D —OOBEOFHNEICIX, imi
BIECCHRBEFT B 2 EAER LT 5 EEFT. TIT, WL~ T 4V E %
RAWT, BEDOSBE BN T HiHifE & 2 O b (U, 20 &I
5) BROZEMA ORI (LR, INEE L ES) 2H#ET S.

A x 1%, T L > THRAR DR (DICEWT 52 EnTx 5 [53].

r(x) = 1/(1 + exp(— x/T)) (5.1)

Z2C, TIWERERMEEEIC XV AENAE DI ERTH Y, BBV T T=
256 [IZFHEE SN TWAD. RG.DICK Y, ZODFHAIE Z Lk Al e 2 FE S ~FH A1
EWARETH D, ZZTlE, V—7 /= RIZBI DR roF 2RI - T,
FEAMAERE Y OfE x(DIZ 254 L CIRIEE S - 3 5.

x(r)==-TIn(1/r —-1) (5.2)

PIBETIE, ZOBBINI-fEE ) — 7 L-UL ORI & FES. RO 5 5 25
THHHIL, AT T4 AZOEAICBNTII T a4 XEBR A X
ERETDHMLENRD Y, RIIIRET DHER WD THD. —J7, FHbHE
N—ZDEZIREEICT HEE, BOTES OERRRE & RVE S OERER
EDHFWIBENGBIM ) A X ZREG AL ENTES. BHEEICBWTIEL, 204
BE2TOFRILTEHY, RESEOHE O OHEE SN L EEIZS LT
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=V ERND R EDTEDICHETEDLLIICLTND., ZOov—Yrnb
JRHENZ S T8 ) A AR ETDHIENTE D,

LLRICHAT 2 v~ 7 0 v Z O HIZEB T, 8 ORFIEFERIS IS
T 5. PERAZ LICREOBEBEEITH & L, MiEns —F T L ICERET 2551
At =1¢72%. 20, R/FPIZASZOFFIZBWNTORERT L5513t =2
LD,

o 5 R k OFHIE & 2 O LEE R L ONEE %, REEHV L X b
T5. Xild, WREZEHEx, €OFEW R, RELBOTFHTO 2 M0
H7e%. WAL, AtHTIORE £1 OREEZ S LicLTX(GB.3) - 5.7)TH
Sha.

X = FXp_1 + Gwy, (5.3)

Xk = [xk xk j(:'k]T (54)
1 At %

F=lo 1 At (5.5)
0 0 1

6= At 17 (5.6)

wi~ N (0, Qk) (5.7)

ZIT, REBEEICHGZONDMEEIIL ) A X we N EEN, wilT0H Qe D
IEBGAIZHE D D ERET 5.

& 2 JR i OBHNE D 2 WITEHIEN— A CER SNIEZ e L5 L, B
T TA(G5.8) - 6.10)TRIND.

Vk = HXk + Vi (58)
H=[1 0 0] (5.9)
v~ N(O,Ry) (5.10)

ZIT, wldBH ) A X THY, S Bk DIERSMICHED 55, Znbyy
BOENE, Ak U720 JHEicshe Licw — Y DENORET D.

b XM Enzin~r7anvgxzMnsd &, ITO®@Y i sh
5. A k1 QR TTO R k OREHEEE 2 Xy p—g, HEEEDOIEE TH DA%
DIFBATINE Po—r & 5D &, AN~ 7 4 2 OFRIFNG.D) - (6.12) TE
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Shd.

Xie-1 = FXp—1)k-1 (5.11)
Pjk—1 = FPr_qe—1 FT + GQiG" (5.12)

BT, B er, BNEZO I S, I~ A v Kl L0, K(5.13) -
G.17DEY TH 5.

ex = Yi — HXp-1 (5.13)
Sk = Ry + HPyp—H” (5.14)
Ky = Pypre—1H™ S, (5.15)
Xije = Xjk—1 + Kieg (5.16)
Py = (I — KicH) Prjie—1 (5.17)

PLEOFRE T E %, FimOEITIZEVE D IR L TN 217> T <. 728,
J— k) — ROFHHE & UV —7 LUV O FEME & ORISR0 B 5 3,
FORREZERLT A Z LI LW, 2 TIXEN SIS 5.

5.2.3 HERRICKIHSEDHTE
TODOEEMOFMBENTH OGS, B 23Kk ERT TIEZ O B ITESIC b
POLTRKEFICY —7 ) — FOFHIIZ B W TEARF 2 Fim & 2 WiEE I,
Rl ORERC R ET 2 KT Z LI XV iHMMEN LS+ 2 #fif /2 /m Th D
EEZOLND. REOHSEAHET H—HikE LT, ZOOEER OMEBE ST
2179

— B L COMBBREERD D Z LTz, EmMMIRE L CHEEHRK
DB ZHITT DL E2BERD. FET L REERPD 2 & BRI O E
PMET L, REREZ T8 AR ENTE 2%, AR
15 FEDREETO 16 Mz alHEdg s L, &RiL TIXEDREnd s E
TE Lz, 2O, LTl 2T RICB WL, #&Rir < CTHBIRE
DREFZAEND R E L D RITER SNV,
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53 U TILHEDEMER
5.3.1 %5 62 #i& ABE 1 B(A)

FT, by P el RO T 5. ARIE, H4FEICBWNT, R
THVHFBIBNHEEE 2 T OB E L ORI Z E DRt 72t g L L Ci
AT BIOEIL T4 & TR, A% O TIZE A LR, FEHIZH D)X
HETFTH 272A 6 EE&DOATHTFITRM O R WREIZBWT, EFTRETL
TW5.

X 5.1, FE@IDICHFT 20—k — K&V —7 LUV OFEARE O FH B
REOHR 2T, 7o, FHEREIIRIGRmES 8 Ul b DRz 2V T DR
FORL TS, FRICHBMRE MK T L%, R TR LT T 112
TSN TWD, ZOM[EAE, I~ r 7 42 & HWTHEE LMz BV ¢,
X7 UTICELNLTWD., 2L, BEFIEOFIMEEZRLTNSD.

X 5.1(0), (0, (IZ, IREEHE ZDOEHEL LOIMHEEIZONT, FH
TRINAEFEOEITICRT 2R Z 7. HXUZEBWT, b— b/ — ROFHh
fE (Root) & VU —7 L~LDakfiifE (Leaf) & Zt#L TRLTWS.

Rl bRz TlE, v— b/ —RE U =7 L-ULOFHMBEIXFR T X 5 72
E(K%%waééﬁf‘ HED —EOIMIZB N TOREWNR R LD . &E

IWICHEBTDE, TMEEOE(LEHENIEDEIZ /25 Z L 1X, 72 THUKIC
WT— k) — RIZIFES, V=T L~ UL BN TH S, £7-, MEHETHRD
&, 79 FHURBRITADEZRLTEY, BERRLIZRDEIITIED R 7
STCWND I ENGND.

PLEDOHTFERZ O, O OoT WREIZ R Tmledk T LIEEEZ oD, 2
DX ITREESEIZER LT, BAVLVOR T 2T 2 & 138
LWEWR D, ZOOFMEER OMBRE S EFEA OMEA#EZ 2 2 L %
FEET DL, HEBRBLXOZOMEMIZERT2ZLICL-T, ZRE T
HLENRDPo T HETORB LM R T I ENTELEERD 5.
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Velocity of evaluation value
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5.3.2 5 60 MIEEHE 4 B(B)

WITIRAT S DAL, TRFEVORRICO2b 6T, HEp®s 2012 4
NRARKBO 1AL To— R &V D BRA LR E Lz, T rittay
NS ST HE TOBTFA 6 RNERA 7 bOB AR EFFENTZ K 5.2 12
< D JRyi 2 7Y

Q 8 § B b 4 23 2 A

g2 2|4

z| |5 =

EE |z A
- |F|F | % | pmR
= G vzl I il =
PlEE 8 |wE | 2
S EFIRE [t
+ e 7,
“E5 & =

X1 5.2 %6 60 M 4 )7 (A6 SERFET)

X 5.3(0), (@, IZxTEoIZ, PRBRIUEICEWTL—F /) —RF& =T
~)L & CRMEE D02 DN EDNN R 55 . X 5.3@IC R T AR BRSO HE
BICALND LT, g, T, $ICEO CHEBIREMSRY S, #EAR 722 5w A3
RENTWND. KRS, WFREASRENREINTON 122 FHTHY, ZDiY
[Fv— b — R U =7 LU A BEBAR DN 22 W IR I AR 7 Jry T & il © &
L. Ziud, el bic LM E L TWD. 2L, THEFEOFIEN D
EENLEFIELITBNTYH, — k) — FOFMEIX 0 \[CZETH0, V—
7 LoV ORI E T 2 E ST AR E IR E N IERADOEZ R L TV DD
SR ZATHD. ZOERE LT, b—F /) —RIZOWTDOR, HHHICIHE
—JRENEND EFHEAEZ 0ICT D E VLA L TWDZENEZHND.

54



Correlation coefficient

1.2

0.8

0.6 -

0.4

0.2 -

-0.2
-0.4

-0.6

=@==\ithout Kalman filter == with Kalman filter

1 9 17 25883 41 49 57463 73 89 97 105113 29137145

&

Ply

(a) Correlation coefficient

Evaluation value

400
300
200
100

-100
-200
-300
-400

-500

e=@==R00t == leaf

Ply

(b) Evaluation value

5.3 MGEEB)DOMEITITH S 2 FABIFREL & IRAB AL

55




Velocity of evaluation value

150

100

w1
o

o

o
o

-100

-150

e=@==R00t == leaf

Ply

(c) Velocity of evaluation value

Acceleration of evaluation value

e=@==R00t == leaf

Ply

(d) Acceleration of evaluation value

5.3 MGEEB)DOMEITITH S 2 FABIFREL & IRAB AL

56




533 FE2RIEXHE 1H(C)

Wiz, 7afttlarBa—4% Y7 N OXREFITT 5. 8 1~3 [BE
B L CHE—, a0 Ea—2 Y7 FOHENZ L& T TN —RTHY, £
TR LI — R g8ic e b vy, el R TEORETIIHEY Ao
OB TH T2 G, Tt e Lic. ARIE, v Ea—XIck o
KD Lo 54 1TRTA 6 HEELZFH Y, WOELUOETEBETLHEND, Xt
A — AN LT — R E o7,
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FlEE (F | [
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SEEIEE e
MEEREEREEE .
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AREE a2

X 5.4 ZFH2MELEHE 1R (A6 TEET)

% 5.50b), (), DIZRT LI, BEO—HE2REL—F/ —FEU—T L
AUV DOFME R L OZEALOMEANITIZIE L T\ 5. 72388, A6 ikt LBk T’k
FNBEITH =DM 34 FH, WOBRNRL< R HEIZFEZR L0 62 F
HToho. ZLHEETRD L, 100 FELRET - L IEOEATY ftil T\ 5.
5.5(@IC/RTHHBRE TS &, BTFOXOMHUL SN2V M HT o L EVE
ZRLTWS., BREL TIIAN~ 7 4 Z2 W HEEEOFE BRI 1
(ESWTEY, K 5.1 LV BAMIZLE THIY LT WEHE TH Lkt 5=
Vo — 2SR OB R A LND.
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534 £ 3EEIXHE 1 H(D)

FlEfix, 7ot arta—2 Y7 b RBERDY BT 5. ARITHE
(EE) MDHEBEE I L D EIC L - T 3 B EHR O MVP [Z#®#I3Th, 4/ &5F
ENT=Z LD RISR E Uiz, FRIZETRRE LTV E b Tunzn, K
5.6 [T T A 4 NHPBIGLOHEEMTL SICH I R o, BEROMTF LG
SN, ZOREHTZY 06, FRUFIIHELREFERRWICH b 5T, D
L% FICEBMEN T -2~ Th 5 [54].
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5.6 H3EELHE 1/m (A4A-HFET)

X 5.7(), (@, IZRT I, FBLUKEICL—h /) —RET =T L ~LD
P F X OV OB MICEZR N LN D . K5 7@IRT L~ 7 4 VB %
AW HEEMEOFERRE TR D &, RSN IER IS R Ch - 72 LR
ENTWD. BIROA ARENRENT-ON 50 FHTHY, 7 oftEoiifs
—HLTW5.
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#* 5.1 BLRE R 2 om U 7oA B AR S & AR TSR 1R R 0D HLi

Correlation coefficient | Root-mean-square
(without Kalman filter) speed
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#* 5.2 AHEEOMBIRE & AR 3R
Correlation Root-mean-square
coefficient speed
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