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FARXABTDES

RN OREE TFIAZENT FRFEEFH 21T, FENED S
HHEITEIICEES S, LAHL, b MDY LIREEEE 2T/ & EDF
FEOEHWEITIZIZERE KD, ZOEEERIEINVEEZD L0 -T2
—EDRBEMPERINE T LAMSNT NS (Morasso 1981). L7zhi>
T, HHEHRERIGEELEEZEL TN LS OFHMEICE DN T ERED
KOGER L DEFWEZHERL, EHPECTIEI 2L TV S
LEZBND. ZTOFMBARMZHE L LS LT 55 EmIMIED CNE
TIEBIITbNTE .

TR DOEE TH 2B TEBDORFEOL  EHB L X IVF—FMEE
ISHFICH OWTEHHTEA L ENINETOMETREEINT
(Donelan et al. 2001; Nishii 2000; Zarrugh and Radcliffe 1978). —75, Lt
REEEBORHIIHE T XV F — ML L E BRI THAEINT
Xz, O klF, HINBEEES) LS TES TR, BiAoHEICED
HFFHEMTDNATWE L ZEKT HDTHAIN. KX DEWN
¥, EREREEFHICEVTHNE T IV —R/MUREIC X b Z DR
ZAAL 2 A0 2METT A L TH 5.

Flash & Hogan A% 1985 FEICHER U - B/ MER#EIE FeDF R~ T ¢
JARFEHLEEDTHD, b bOFLEDWHEMN S MRS KD ICH
MR ADEER Z5H M L TV LT H5EDTHS. CORTICE D E
BuEIE, KFRINTOE b OREERB R Z X BT 5T EMNT
&%. ZFD%, Uno 51X 1989 I MV Z{bEvMEREIZIRRE L. C
DL, B R/ MERHE TS T & &b o 7o 8iEHNC 381 % Bl H
BRI K BN 22T B Y6 OREEBPIENEH T 25 EIC D0
TH, ZONEZRKSET LN TE. £z, Harris & Wolpert (1998)
&, HEEHERATHREEERD SMANE S NS ER ) A X DR 2%
3 eZBEL, TD/AXDGEZIMA BT LICHE UTERRTHL
B/MEREI R R Uz, 2 O AeD < #i AR 381 2 il
HEXSHBT 2720 ThL, EMfE & REICAEZERR O N L—
RA 7 DOMGEEEAHE LIz T 2w Y OFEHIE ORI & D FHlE N B
TEMRMETINTNS. HEZXIVF—E/MUCE D ERFEREER O
HEREIE VRO K S RBIC A 5728, © O EIEEED)



DREZFIATERN LWV MEN TN Tz (Alexander 1997; Nishii
and Murakami 2002).

INE TOEBT IVF—R/IMEREOMET (Alexander 1997; Nishii
and Murakami 2002) IZ BT, Efk/ A ZOFENER I NTWE, S
Jz. UL L7Z&AH 5, Harris % Wolpert (1998) HMER L I @B HIcE
Z5 2 5BEHENIKIFEL ) A A2EEBT 5 L, HEI VI —R/MEIcE
DL & bV 3EERERICKE &% 7% (Nishii and Murakami
2002), BRICBIBHEE L IVF—R/NGEDFIEDMBE T HITAKE
0, B—7w MCEETERWT LRt H 5. b b IFEEES)
KBTI, MEEZWHIET 572DOMBEBNHRE ENTEBD (Searle et
al. 1948), EE{LIEORFTCEBNTE DX S AfihEE)C X > TH
BENBZTXINF—LTDIEml R L 7%%. 2T T, A TIIH
HT oV —mME, BESBEIME, MV ZE bR IMED S HRFEICHE S
THBPLERZRE LIcEE, Hk /A XK DB L 75 2 FiETh &
O IEEFEEF OMEE T OV F—BOFEEZ A REIEBRIC LD TN
FH Rz (Nishii and Taniai 2009). ZFOFER, t kN OREHEF DR
Z K TRATEEMERIE & BV 7 2 ks MERREEIC X % EEh I
BT 2OV F — g IMEBEIC & B EEENC LR THER /) 1 XD R RTIC
XK, 2D/ A AWK ZNGEIIIHE A7 U IMEE DR & DR 0ER
HHE T XV F—ETRRERZTA ST AP LMK o T, TORSE
&, HIRERERIE AR A XOFETICBV THE T IV F—2E
2B LD EHETZAE L TWE L Z2R% T 5. £T T, Rk /A
ADETT, FhzHEIEMEX THN T OICKREL ETNBHET
KIVF—DHIFHEN B & 75 2 EBPLEZFTRERERICK D RD, Z0D
fiR7Z b b OB X FEETHE & R L. & b ERE|
EEBOYEICET 5 INE TOMRDE <X 1 MIZE X TOHKINE
WEBIREOLEEICER L TITONTERLD, COERICBWTILEE)
B2 0.5 MICINZ 1.5 & LIEHBIDWT BRI LTz, DR, &
IR 0.5 OGS, WINOESPEOHEERILE VLR D, &
FEBRENRWEEIE, W N OESHLEOEERE & LRG>
TR IWCIR A T ML MR T, TOMRIE, TNX TOWIE T
S NT ETEBRRAE N & 2R TR, #EBIRFHMAENE ZLH
BT XF—RMEIc XD FREEEBORMERT I EMNTES L
ZEKT 5.

Pl Eo#ERE, FEEREEENCBWT B TER) & [ARICHE T L
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Summary of doctoral dissertation

When we perform a upper-arm reaching movement, the central nervous
system selects a movement trajectory of which speed profile is bell shaped
from an infinite number of possibilities (Morasso 1981). This fact suggests
that the central nervous system selects the trajectories based on some
criterion, and several computational studies have discussed the criterion.

It has been reported that the locomotor pattern of legged animals is well
optimized with regard to the energetic cost (Donelan et al. 2001; Nishii
2000; Zarrugh and Radcliffe 1978). On the other hand, the characteristics
of upper-arm reaching movements are not. Do these reports suggest that
our central nervous system applies different criteria to different tasks in
motor planning? The purpose of this study is to reexamine the energetic
optimality of upper-arm reaching trajectories.

Flash and Hogan (1985) proposed the criterion of minimum jerk, which
assumes that the kinematic smoothness is the determinant of the hand
trajectories. This criterion well predicted the characteristics of the rapid
upper-arm reaching movements in the horizontal plane. Uno et al. (1989)
referred not only the arm kinematics but also the arm dynamics, and
proposed the criterion of minimum torque change. This criterion well
predicted not only the characteristics of the horizontal reaching move-
ments that Flash and Hogan (1985) examined but also vertical reaching
movements and constrained movements in which a spring force acts on the
hand. Harris and Wolpert (1998) proposed the criterion of minimum vari-
ance. This criterion hypothesizes that the central nervous system plans
the reaching trajectories so as to minimize the end-point variance of the
hand caused by the signal-dependent noise on motor commands and also
well predicts the human arm trajectories and the movement durations in
the horizontal plane. On the other hand, the optimal trajectory given
by the criterion of minimum energy cost does not show the bell-shaped
profile, but shows a collapsed one (Alexander 1997; Nishii and Murakami
2002).

In previous studies about the minimum energy model, the effect of
noise on motor command has not been considered. However, if signal-
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dependent noise affects the motor command, as Harris and Wolpert (1998)
suggested, it would cause a positional error in the trajectory planned by
the minimum energy cost model because the optimal torque takes a large
value at the start of the reaching trajectory (Nishii and Murakami, 2002).
When the positional error at the end of the reaching is large, corrective
submovements so as to bring the hand to the target are required, as is
observed in actual reaching movement (Searle et al. 1948). Therefore,
when we consider such submovements, the conventional minimum energy
cost model that minimizes the energy cost under a noise-free environment
might require a higher total energy cost to reach the given target area
than that required by the other models. From these considerations, we
investigated which model from the minimum end-point variance model,
minimum torque change model, and conventional minimum energy cost
model requires the lowest total energy cost when the signal-dependent
noise and the corrective submovements to compensate for the positional
errors are considered (Nishii and Taniai 2009). The simulation results
revealed that the trajectories planned by the minimum end-point vari-
ance model and the minimum torque change model enable reaching by a
smaller number of submovements and a lower cost than those planned by
the minimum energy cost model when the motor commands are affected
by large signal-dependent noise. These results and the fact that the mini-
mum torque change and minimum end-point variance models well explain
many characteristics of actual trajectories suggest that the reaching tra-
jectories might be optimized on the expected value of the energy cost
under noisy environment by suppressing the effect of noise. Therefore, as
the second experiment, we computed the upper-arm reaching trajectories
which minimize the expected value of energy cost under the effect of the
signal-dependent noise. The results showed that the optimal trajecto-
ries were in good agreement with the measured trajectories at the points
that when the movement duration is short, both speed profiles take bell
shaped curves, and when the duration is long, both speed profiles take
collapsed bell shaped curves.

Our results suggest that the not only locomotor parameters of legged
animals but also upper-arm reaching trajectories are planned so as to
suppress the energy cost.
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B1E EFLHIC

t R AV BV TR E R 2R S 2 KB OES TH 5 HKRE
HEERTo/z L EOFLEDIEIXIZITEMRTDHYD, FOMEHEFIENIL
#4 (bell shaped curve) IC7 4 Z EMFISN TS (X1.1-1.3) (Morasso
1981). d7xb b, FHOMEITHEBOMBRZRADSMTHEML, Eik
RIDKIESG TERRERD, ZORBDEMIIHDL TN, HBRD SRR
XTCFAZIESED LN TEHPEIEEIFET S LlicxfL, #
REEHRERIEZEIC K D FEED & S AR 2 L o ToEE ol 23 R L T %
Tehs, FERERM (ill-posed problem) & fif < B (criterion) ¥
BLTWAREEZADND. ZT T, TR RIEH S TMBIEL (criterion
function) ZER AT TIIRNCT B LD I EIRFEETZ5tET 5 EE X,
Z ORI BE 2 B B At FE AT AIZ TN X TR EN T E 7 (Hogan
1984; Flash and Hogan 1985; Uno et al. 1989; Harris and Wolpert 1998;
Alexander 1997). AETIX, AWZEZ1T O A L7255 Bamiy it
ZICDWTEH LIETTAN, & 5108 1.2 8Tl BRI EESHUERE D
RE{LREIC DWW T ZOHHMN AR ZEHA L, 1.3 M TIREREENT
B tEEZ B, B 14T ERERNCBT 5EE XV F—&K
IMEIZDWTHERAN, 55 1.5 EITIEARAROERN, H 1.6 fiTIEARGR DR
BRI DWW TR,

1.1 HEZRISEERZEEIE

FReREES) OFEBIR 2 R AR TR, FHEMmAAIRERS (compu-
tational neuroscience) DFHHA THADNTHON T E Tz, FHEMmRAIART
&, Mz ERALIEREIC BT T, £9E I, MOERLIERRE LT
DEIEOHMI MO ERES C &, X<, TOEMNEEHTZ7IILVIU X
LIZEDES LD EFET ST &, BEIC, MEMRcLY DT
WAV ZLZEFET ZEEENEIET 202N DS T LIC KD MOKRE
FHOMCLES LFBEDTHS (Marr 1982). T OFEHIE, HERDA
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L.1: P B % v b O EiEEESEuE OFH (Morasso 1981 K
D). KFHICBIFZBEBOMEZFR & LIZERZERICBT 2 FLOME
(X, Y)ZatilL7z.

Fig.1.1: Experimental setup for the study of reaching movements in the
horizontal plane (taken from Morasso 1981).

DOWEHEZ N B A & U THID NS R LY (neurophysiology) 7% £l
BWT, fiflis—D—DHRXTNL T LICL> TIKDETHRHNE RS T
HEEREZD, BEGERINTFEICE DTN, FIEREED O SR E
ERAUIIMOT RO HN RS Z L ERISLTWA. i, flFHam
PHRERPAIC RN TR N T E RN Pt a—< /A FaRy Fa E
WCEHA L, ZORBBVEMDIRAFFNZLLIRT S & T, sHREmVH
BRI CHEDNEALBICIELWE DD EHEND K S LT 5B E D
% (Kawato 2007).

1.2 _ERRFEEEERTE DexEILRRE

FRCEEEE)C B B R R OGS, —RAICBINRE(L (Dy-
namic Optimization) IZHEDWTITHN% (Hogan 1984). i@ (bR
UToksiceftEnsg. £9, FHLTWAB Y RATLDEAF IV
AZRDKSICEKT.

x(t) = f[x(t),u(t),t]  (t=t1,ta,- -, 1) (1.1)



X 1.2: KFHEICEBT B FOFROHE (Morasso 1985 & D). +HIE
L& ZnZhnZ2—7 v bOfiELBOAEZ/RT. FHOHEIE 100
samples/s TatfllE Nz, K 1.1 T/RLU7Z T, H5 Ty £ TOEEHIE 30cm
TH%. (A) BEHB ZI T LIFEEIERDZ—7y FONEEFETH 5: 1, 4,
2, 6, 5, 1, 3, 6. (B) 2 DDFEHFIFREIC BV TEEIRD K LT,
HEEMNERSN TN 5.

Fig.1.2: Spatial trajectories of the hand (taken from Morasso 1981).
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¥ 1.3: EACFEESC I 5 BIEI O [EHEE)IC B9 2§l & T DA
B (Morasso 1981 &K D). TN HDXIZ 1 NDOHERHEICI1) % BRI 7%
4 DOFEEBFRE DK N A2 — 2 2R L TED, BHNEEEEER
IS LT — 2 Th 5. SREEHHEIH LT, LN S REHIA
FE (HttmiZ 30 deg ZIR), HXBAENCIBIF 2 AEE (HEfhE 50 deg/s ZH),
REAENC B 2 BhEEE (Kl 100 deg/s? ZR), Tl % bk
BE (HehE 30 en/s ZA) T, REOHBEDIZ1sTHB. (A) Z—FT v
M1ABR—Sy k4 (B) B—5 v k3B X—4w k5 (C) Z—4w b
25 Z2—w k5 (D) Z—Fw  1bhbEZ—Fv b5 (Z2—7v  EE
DEEIXE 1.1 2507).

Fig.1.3: Joint rotation and hand trajectory (taken from Morasso 1981).



T T T, xldnRITOIREEZLEL (state variables), u ld m Ry EHE
R 5D AT (control variables) T 2EEIHER, £ EHDOSIFE AT L,
IR ZRY. RECRTER, BRt SRRt ETOY AT LOF)
EICBWT, FROK S ICEdh E N5 FmBIE C 2Rl d 2 AN
uWZEDOF5ILTHS.
b drx

Cx(t), ut)) = /0 Lt x % %, -, 2 ulds (1.2)
T T T, LIZMEEIEE (performance index) Z7/RL, FHZELEEENCEES
ZHYEREfRE e UTIREEE, MVIZEL, HBEIXIVF—REZRIEK
MRERERENTVAS.

1.3 LEEFEEERICOVWTRETNTEREL
FREE

FHMERAEIC BT B HREFE R Z TR DMED 3[EM I TH S K (jerk)
e L, MBS & 2BEEE/NEEZ Hogan (1984) MY, F7zj8 & N ORIE
ZER LIzt o 2 BT ERELEES)NC DUV T Flash & Hogan (1985) A
ROTWB. TOREOFMEBEE C; 13

Ci(z(t),y(t) = %/Otf {(%)2 - (%)2} dt (1.3)

£7%%.2C°C, vk ylZKFmcR 3 FeoMEREL, t; EERE
M7Z2% 9. Hogan (1984) I3 T DL ICE D /s EEHUEZZ
537% (variational calculus) & EifYEGE(E (Dynamic Optimization; Bryson
and Ho 1975; Pontryagin et al. 1962) ZNZNZHWT KDz, BEER/
{LHRE D MERESER 2 R T BIEU

L= % (2% + 97 (1.4)
THY, C;, hahezbiprZnkTHR<BE, B L; XD Euler-
Poisson ARERXERM 129 K 5 v IMEDE 2 &2 & D.

oL d (0L R d" (OLY
$_a<gz_>+...+(_1)%<%>_0 (1.5)



LizhioT, R (14) £ (15) &Y

déz d®y

MEMN, T OFRER

IE(T,) = ap+ (th + a2t2 + agts + a4t4 + a5t5
y(t) = bo+bit +byt® + bt + bat* + bst® (1.7)

WRHNE. TORCBNT, BEREAFZETOME R TRICEBWT
WE LHEEMN 0IC KRB L IRET B &

z(t) = zo+ (2o — z5)(155* — 65° — 10s%)
y(t) = yo+ (yo —ys)(15s* — 6s° — 10s%) (1.8)

WMBOND. TTT, s=t/t;, 20 & yo WXL ¢t = 01CHBF B FHEDNL
%, Ty <l_’_ Ys Latﬂ%iﬂt = tf LC%U’%%E#E@{ﬁ%}&ﬁj CO)J: '5 L:E@FQE‘%
INHUEIEFROZERX LD, BIOXAFI 7 AL ITHMEFRTHS. L
7> T, BmEICED<AEE X (1.8) LEILICAS. BIfYREILIC
K B P E R/ MIEIES 1.2 1O saELRTEIC 38U T Pontryagin 5 (1962)
DFERICKDEITENTES. 75T 25T U (Lagrange
multipliers) Z \(¢t) £3° % &, /NI)V b=7 > (Hamiltonian) &

Hix(t),u(t), ] = Lix(t),u(t),t] + XL(¢)f[x(t),u(t), ] (1.9)

L%, ROMDTTEXNBBRMENFET 57DDRHEFRETHS.

x(t) = f(x(t),u(t),?) (1.10)
At) = —%—Z (1.11)
0H

e = O (1.12)

DLEDOAETHEONTEER/NIUEIZER T, MERE A EER R D
PDTERREEZRZN)\WA LIRS, Fiz, Flash & Hogan (1985) 137K 3EMHIC
BlFs e b2 M FRREEIC OV TERIIG TV (K1.4), EER/
HUEDE FOFLPELHEERE LS 2RI (K1.5). €51,
AR ERRDZ—7y s ORISR 25T ToR f R EREEEE)IC
DNTH, BEOR/MEICK > TEFOEEBHEDRMAZERT I ENTE
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1.4: JKPHICET 5 FREGEGHERIAIO 72 D FERSEE (Flash and
Hogan 1985 & D). Ty M5 TglZ LED Z2—%7v R T, 6, & 6, 1T FNFh
HERE DR EMC BT 2BHiAEZERS. N FIVONMER P1L & P20
RTryaA—2ICKVEHIIENS.

Fig.1.4: Experimental apparatus for measuring arm trajectories in a hor-
izontal plane (taken from Flash and Hogan 1985).
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1.5 AP 3545 B BREEEVIVIGE (260) & &k oFHIEsH ()
(Flash and Hogan 1985 & D). (a) F5EMuiE (b) FHEDME (c) x fili/51m
BB FONEE (d) y HAmcBd 2 FRommEE. (A) 2—7
~3M5 6 L TOREER) (B) X—7 v b 105 4 X TOREET).
Fig.1.5: The optimal trajectories based on minimum jerk and measured
trajectories (taken from Flash and Hogan 1985).
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1.6: JKFHIC BT % & - ORI R FAEREEBENE (o) &R/
HE (AH) OLERDAEH] (Flash and Hogan 1985 &K D). P IXFSLDi)
W, TIRFEO®EE, CldliR, V, &V, @Ehehxiime vy
ICBIZFIOFREZERT. (A) BEHAMVHRRERRDZ—7T Y b 55F
LWEREHC H 555, (B) AKX D ERERAMBRERRDRZ—T v Mk
WG

Fig.1.6: Representative examples of comparison between measured and

predicted trajectories from a ”via-point” experiment (taken from Flash
and Hogan 1985).



K 1.7: KFC BT % 2 EHORIE TV, HOBMET IV ELTaRY
FYZEal—XET) (Unoet al. 1989 K D) ZHWV 5. JFsId)EREET
DfiEZRL, TINS T8IEX—7y FDAERKT.

Fig.1.7: A two-joint robotic manipulator which moves within a horizontal
plane (taken from Uno et al. 1989).

5L LT3 (K1.6). £z, Jordan (1989) I & - CHEE R/IMEREIIC
HOSHRERRET VMR TES Z ENRESh TV 3.

Z D%, Uno 5 (1989) &, FROMEEMEEER/NIIED X 5 1o X
AF IV ALWBRICR X DI RNEREEZ, TSRO X A
FI U RAEEELI L THEE MV D OE(LERINCT B & S k@S & E
BLTWS LT EMAPIEE L. COHOBEBCHRENT NV 72 (bE/
{LIRE L PEEN, 7 OFMEREE C, &

C,(r(t)) = %/Otf é (%)2& (1.13)

£l%%. 22T, tiEnfHOBEENCBI S ML IDOXRT ML, 7 ldi FHH
DEENCET 2 MV, tp I EERR 2K T, & OfERERIEIFFHICHE
Mz &b, Uno BIIBDNZEETIVE LTRDE S & 2FffiomRy
PO ZVE a2 L—2OEB TR Z HWT MLV 2 bs IMe# o222
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PzfEt Uiz (K 1.7).

n = (I} + I+ 2MyL1S; cos By + My(L1)*)6,
+(Iy + MyLy S5 cos 6) 6,
—M,L155(261 + 65)6, sin 0 + by 6, (1.14)
73 = (I + MyL,S;cos6y)61 + 1,0,
+ MLy S5(61)? sin B, + by,

TTT, M;, Ly, St LIZZNTNEE, RS, BEOSHEIETOR
&, BEADLOIFHDOY VI DERE- AV M 2ERT. iz, b n
FNFNREGREE i ZHOBEI MV I ERY. TDHEETIVZIER
D, C, Zi/NCT %—ENAHEZE T RIEIL IFRIE & LR
LRy, HEER/NJUED X DICENNZEZBRS LHELWL. £CT,
Uno 5 (1989) ld—a— b UiEZ & LI LI KEEEEICKD MVIELL
B MGEZ RSz, ZORER, NIV ECENREIXEHE Nk FEmEiC
B35 EHEEREGGE (K1.8 £X1.9), shEmc Bl 2 hEHE (K 1.10),
RHABEE (K 1.11), XXX B3N N22T 5550 EH:E (K
L12) DB LT ETRI LN TERZ b oz, £z, Th
5 OEBEIC B 2 B s IMuE T RV 7 2B by IMiGE & X, BB
R EDON TR EICAFE T, TOWERV DB EREDAIEIC DA
RAF LTz ERRLE BB 2 eh 5, b hOREHENEIT 25 EE
FEMNTERVWT EMRRIEN TV S, U EDHEN S, MVIZE ik
IMEBIFL PR R BB EETNIC BV T T 28 & U TR
RMERFIE D B A HEENTE . ZoMict, EFBREDEWVIGE
a4 BRI LT MV 7 2 bs/IMER i & B R/ IMERT
fio EH 5 o FIEEEEEZ R T MR TONTED,
HEHEOHHSENEE R EICBWT, ML IEbE/IMEREIOA e
kDB U7z FRW0ESE &K KT 5 2 EMEETN TV S (Breteler et
al. 2002). MIVIE(EE/NEICDWT S, TNEFEBT S MRk ERET
TIVHDRER T E A 2 ENRE TN TV B D (Kawato et al. 1990), 7XEH
R LI EEERNICR LT MV OE(bER RN LT 5 KD 7%%H
NZEDD0M, FEDLIIC LT MV DOEERZRABLANEED
MM > T % (Alexander 1997; Harris and Wolpert 1998).

—75, Harris & Wolpert (1998) I&, ¥2E % & &% £ D FIEEEE)
TRIEEESHEELEZ, PRV IEOERES ZETER 25
Hlk ) A XDOHERMA S LS IEBZFTE LT3 L L, BEniu
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1I]c5 Te ,/\\. § !/ %
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s i f 5 £l 7 N p=3 N
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Tr'_c\\lx,; 6 (time)
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¥ § 8 N 3 I
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0 X 8 i ' el /£ S| _/ 5
500msec 500msec 500msec
path speed
A
b
'f\.‘
A
;_/'/" Y
500msec
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¥ 1.8: FKFHENC T B MV 72 b NjuE & v b OFHUELE (Uno et al.
1989 & 0). (A) MV IZE(LE/INJGE. ald 5 DDEEHERET (b: T3
—T6, c¢: T2—T6, d: T1—T3, e: T4—T1, f: T4—T6). RIS

HOMETH S, bIREFENEICHIET 5 FLOBERF2#£YT. (B)
FHE NIz b FIRERERGE. SERBUTNCH LT 4 TR 7
& ORIRT.

Fig.1.8: Free movements between two targets located approximately in

front of the body (taken from Uno et al. 1989)..
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1.9: AKFEICHT B b ~ORER FRFIEEFTEL FL YA L)
#3E (Uno et al. 1989 & V). MiZARIC L LICIRED S, IEHOMIE
I CREEER 2T o728 D. (A) MUV EER/NIUE. aldTF5eifng,
b IZZ OHHEICHICT 2HEWNEZ2EKT. (B) T ADHEREICKZE bD

R EERUE.

Fig.1.9: Large free movements between two targets (taken from Uno et

al. 1989).
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R,
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{time)

0

100cm/gec

i
start 10em

path speed

1.10: FRiEIMNC BT 5 & b O EIRBEEHETNC BT 2 b b 7 2 b/ Nl
8 (Uno et al. 1989 & D). EXEFFeolus, GRIEZTIUCHIGT %
S 2R e, BUIEEMEH oM EZ £, X e Y il 2 Z1ukFE
I3 1) & $RIE R /5279

Fig.1.10: Movements between two targets within a vertical plane (taken

from Uno et al. 1989).
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' Cn
Y §:\ ’,’\/": "'1'
g] :
= <
J X =3 . N -
[ — 5
500msec ES
path speed
A
b

d A~

em by \E} Y

DR RN
P ! ey,

- £
7 b NG TS s

T3 K” »
. m‘.’,"‘" N
,\Q _.
+ 2 *

3
(way Sy
ainienind

g LA
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R £
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1.11: JKPFHEIC BT B8R ERFEEETPE & bV 7 Z bR/ iuE
(Uno et al. 1989 & D). P1 & P23 HAZ&KT. P1 L P23 T3 & T5
ZRESEARCE U THHOMEICH B, (A) MUY ZbvIMJuE. ald 2
DORERICEBNT, EE5EMKRDHEL Z> TS, bl cldZFNbIC
XIS U T2 I (8R) & iR Ouge (25R) 24X 9. (B) atfllchizk
s ERGELEE. AREEEREIC O LT 4EEIT LIz DZIRT. a
EFRDOHLE, bIEZFPUTHIS U TSEERIE (5R) &R OWIE (5241)

KT
Fig.1.11: Free movements passing through a via-point, P1 or P2 (taken

from Uno et al. 1989).
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— T3
L
b, b
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go a——1 B [ snsnammmm—nn |
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1.12: FSNX DN D IND Z 7K _EREEEFIC B % & b Ol
B MUV ZE{bE/NTE (Uno et al. 1989 & D). (A) MIVIELR/
., alZTRDOHEEERL, bIINIOEENLTVES, cl3/N\ZDE
BNHZLEDHETDHS. bl cldZTNSDOWYHEICHIST 2 EEIRIE.
(B) stillE iz b o EEEESHE. KRB EEBFREIN LT 4 [HE
Tl D2IRT.

Fig.1.12: Free movements between two targets (b: T4-T6) and con-
strained movements in which a spring force acts on the hand (c: T4-T6)
(taken from Uno et al. 1989).
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IMEREI 23228 U Tz, ® o By MEEREE O 3HMm BE R
tr+R
C, = / V(t)dt (1.15)
tf

TH3B. TIT, VIR ICBIT 2FEDAMAEDDHE, tr ($EBIRR,
RIGEENE TR ORFHEKR (post-movement time) %3, BIDIEET
IEEX (1.14) DIEFFTED 2 BIEIEE 7 )VICHRIE 2 ROFIET IV 2B R L -
LDOTHB. Harris SIFHEME/ A A ZEEHED w HDHREEHERD SN
EOHNBRICHEZRIT S LT 5 EHERKEFMY (signal-dependent
noise) LAREL, TOMEZTIH0, 57HE ku(t)? DHD AMHE LREL
Jz. TCT, kIGHHIELRTHS. Harris 5IER (1.15) DORHEREEZ /)N
5 BHEETERTZY VT Ly 7 A (simplex algorithm) 12 & D 3R& Tz,
Z OFER, AR/ MUREIC X S EHHED & OEEEIEDOE
LIERRFETRI Db o7z (K1.13). Fiz, 1EEHEICK 2 LR
PEEE)PRRERDEEIEES) (saccade) ICBNTH, FHHELE LKL T
WA EHHREINTVS (K1.14 &K 1.15). T Hic, 1EHD ]
EEEBFEICB T, EBORH X & BEICHETET R OBGRE E
LT 0y YDA (Fitts 1954) &7z 9 2 L HRETN TV S (K
1.16). MV Iz {bm/MEREIE, FRERERNAE VI E g R KL
MA /O REEZITo TVWADONFHT 2 ML -T2, #
U U TR s iR MU PR RER N 2 — 7y MIC T2 Bk
KIS DI R A ADFEZIAZ 5 X5 i #BiZ{T52 8, £L
TZODXITEBIC FDOWOENEEEFZRIT I ENTEEI EZRL
TemRC, ARV ERFIEICB VW TEDMEE HNE CTRBATE %
mE{LHfEi e L TEETH S.

Alexander (1997) *® Nishii & Murakami (2002) (&4 AAVEE T 3 )L —
ZTEBRTESHMATEEZITI CLREREEZ, HEIXILF—
RMUREZRE LT, L L, HETZIOVF—HR/MEHEICED < 2
EZEFOFHOEEIL, EFOMBRICENTE FOFEELD BREL
EmLTEL, b o EREEEBORFEZHITE TR,

1.4 EHEHICHEITSHEEIRIVF—RIME

EAEDEEIEITOBICIE T 7 F a2 T—R L LTHMEDNS. HiDT %
VF=TIRIIKIS0RICBZD, AV YABED 15%0<A 707 D
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X 1.13: JKFENC B &R0 e MEE & & - OHlEE (Harris and
Wolpert 1998 & D). a ldEHl[E Nzt M D#LE (Uno et al. 1989), b I
D i/ NIGE, ¢l a D T1 WS T3 £ TFEZEIN Lizha Ontill
SNTHRIEITY, d 3R s MIGE DS EIE 2 K T

Fig.1.13: Comparison of empirical trajectories and the optimal trajec-
tories based on minimum end-point variance for a two-joint arm (taken
from Harris and Wolpert 1998).
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a Observed b  Predicted € Parametric

sensitivity
250 250 250
» 200 200 200
E, 150 150 150
ég 100 100 100
2 50 50 50
00 100 200 O0 100 200 0O 100 200
Time (ms) Time (ms) Time (ms)

4 1.14: 1 B8O FIEREEIC 3513 5 st lins & $ R iusy Mol (Har-
ris and Wolpert 1998 & D). aldFFcO LRI (Kelso et al. 1979 K D),
b 3R B MIGE DR IERTE, ol EIROEEE— A2 b, KAERE
PRI R K E 2L S8 TR R iUs/ MERITE D E L 2 R D T2 &
D. NRTA=ZDENRKELZEILLTNBDICED ST, HRICEBT
B REBRZLZTEN.

Fig.1.14: Comparison of empirical trajectories and the optimal trajecto-
ries based on minimum end-point variance for a joint arm (taken from

Harris and Wolpert 1998).
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1.15: RRERODEEEEE) (saccade) IC BV TEHIE NICHE I &A% R
o R/ NUE ORI (Harris and Wolpert 1998 K D). a 37K mHIC
B S EHBIEET OHERIL T, JEIVIE 5 D5 50 O K TES %=
o728 DTH % (Collewijn et al. 1988 & D). bld 2 ROFEHRERE T
Wiz RN T85O U/ NTUE LS K B3 EITY, 13 3 ROBIZAREK
7V O TE5E ORI B NIUELC K 2 8P,

Fig.1.15: Comparison of empirical trajectories and the trajectories based
on minimum end-point variance for saccade (taken from Harris and
Wolpert 1998).
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¥ 1.16: EJREGEMEZEIC BV Tatill & N7zl Bh ] & #& R0 e
(LIRS & B et/ REY (Harris and Wolpert 1998 &K ). A 13
HHEEEE, WIEZ—7 Y bOmEZR T, alditillic Ko TR SN 7cH)
IE (Jeannerod 1990), b 3#& 0 U/ IMERIIC X > TRD S N Tz hx
W2 2T, ol iR I BT 2 T E B 720 M <175
EWVIEFDL L TROENT.

Fig.1.16: Comparison of empirical movement durations and the optimal
movement durations based on minimum end-point variance (taken from

Harris and Wolpert 1998).
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1% LTE. O XIVF—RBIFFEISHNEDTH Y (Barclay
1996), FDILXNF—PROEETZEET2EHEAEHASMCEZ>TE
7z (Kaya and Higuchi 2010). EAENEDX I DK 5 HEtEeEE T 7
FaI—REERBLIEZDEENTHEVD, EVELOBEREEZBELTIOD
KBTIV FaT—2EEELTEAIREEND 5.

¥z, EROBITEENCHE T BSHAPFDRAR EDZ K DRI
BT VT —B/MURBITHIATE 2 C e B IThoBREEE R FHE
LU e A HEBR R BT/ 8T A— 2 B HEE T 2 HmIIEIC KD
WEENTED (Zarrugh et al. 1978; Minetti and Alexander 1997; Nishii
2000; Nishii 2006; Donelan et al. 2001; Fujii et al. 2008), EAATHE T
FIINF—TEDLZRFESMATEEFEEZITD C LITEFHERERE
KT BEDICHELEEZZ LN TWVA.

1.5 HIZEDEHM

FBLAFTHN LK DI TR OEE Th 2 TEHDRHOL < 1
HEILRVF—F/MEE 05 RECHREICE DWW TEHIATE 5 2 &M
NETORFRICK D REEINTNSED, FIFEEFHORFMIIE 1381 T
MO LEXSICHBEI IV —IMEE X B R A HE THAE N T E 7.
2T e, FIFEEES S TEE T, Bixo i@ {bREICHED
CEBERIEMTDNTVARZ EEERTADTHASh. EL - £FD
BEahbEZD E, HITEHCKIEEL VT —RIMEIC K 25T ED
TN TEH, LRIKODVWTRITODNTWVAERNVWEEZ S LI AERD
K2 IEAB.

iR A X3 FRFEEFEA Z 5T RRAEEZEDTH oz, F
EHUEIX AR A XDFEIC KD RKELEN, FROREM SN EEN
HBRELSTNTLES &, FRAHEREHMAX TIEI LS DHICE
BRBIINF—RBETELEZONS. CTNETOHBETIRIVF—
B/MUIREL O Tl /A XFEEBINTEST, ZOL5T %
WE—DEEE TEDIRETIEIEN TR, ZT TAMIZETIE, #i-
WK A X 2EEBL, ERIEEFICEVTEEEL IVLF—&/IME
IC & BEHADAIEED & 5 h 2 et L iz,
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1.6 FAX DR

B2 HTIE, WAL F—BIMURIES & RS R/ MR &
R L2 2R MURIBIE BV T ARG/ 1 X F CRISET 3L ¥ — 2 (<
1A B RIE(CRIEC DU T HBHRG LIl Rin <2, Ha 8T, 52
RIS R BN E NBIHET 3L E— W i MR ORE 2
U, T ORICES EBBE L b b OB LR 7ok
RilNB.
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£28 £/ AXTTHIEET
KIWF—ZEHAS%
1L FREZDIREY

2.1 REDOBEH

FHEEEEEENC B B RE L EREIOMETC BV T, Harris & Wolpert
(1998) FHIDTHAE /) A XD ERE R LTz, FIEEETHICBNT, /
A RDERZT TEIFERIE, 4RO HIEREHuEN 5 7o E g
HEZERLTLES. ZoOR, PHEMRRNFLZ HERREFHRNIC
HESE B L TEFRGZHNE>T2E LTE, FRAHERERP
WICEREL RN ENE U TL 5. BRI e % H AR i
WICEESESEITH 2 h 5, REEHTIOBETICBNTELFL
MHERRZERIPINICEIES 2 T AR ETH D, ThETREINTE
Temi {E I TH % bV 7 Z e/ MERHE (Uno et al. 1989) *PiH#E T 1
JVF—fIMERRHT (Alexander 1997; Nishii and Murakami 2002) DR T
&, £/ A ZAOFEIEREINTHE ST, INLOREBCREICE DL
BUEMN LR A ADRERZ T TG, TP EEREREICEETE
BMEIMMIBEFTENTVAEN. FRC, HBEZ X VF—RIMEHREICED
CEE MV, EFOMKEICKERERZ LS LA REEINTNS
728 (Nishii and Murakami 2002), Z DX 9 7%E&EEC Harris & Wolpert
MMRE LK S REFHETDOREED 2 FICHHIL Iz R & DEK/
A X (signal-dependent noise) A% &, FHEOFEME G HIFEREN
BNLRELENTLEY, FENEERERFEANICRETERNC L
NEZ 5N, b O LEEIEERCBNTIE, TN EERLERFANIC
HEL Do IeGE, BELED T NZMIET 5 72 DER) T 5 e
By (corrective sub-movement) {7441 % (Searle et al. 1948; Crossman
and Goodeve 1983; Milner and Ijaz 1990; Paulignan et al. 1991). _EfZ%|
EHEEREIC BT, 0L RuliES) b R LHEOMENCE R
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brain target area(W)
N

)

/
\(3) submovement 2

(1) motor
command {

-

+
(2) noise,——>

N

X 2.1: K A XDOREIC K B FRPEDOENLER LT FREEES)
DFEE I 21— 3.
Fig.2.1: Schematic view of an arm reaching movement in simulation ex-

submovement 1

O start position

joint arm

periment.

T BLEND Y, HEIZ VT —H/MUREICED GEENZ, BT
/MEREED & 5 R/ A XADF &R RN E T BDEINCHANT,
HEEICE > THASNS LRIV F—DNRELGZZH LW TEENS. £
OFER, FhZRZEEFEHMAHANICEZEI YL X TICRELENSHE
HEZ XV F—EHBEI RV F—R/MEREIC K 5 EH K D BRRETH
B/MURENC X B EBN DT AIVNE L G BATREEN D . £ T, AER
TR, ULDRFIZHENI DB, £k /A X ZNUCK>TEL B
FESZEEL, TRVHEREGRNICEET S X TICRELEIND
PHE L VT —BZHE I VT —RNB XU, BEDEED, MU
7B LR ND ST DWTRD, EDHEM LR/ 4 AT THIHE T
AVF—2E IR 20 2R RRESEBIC K DIRET L.

2.2 FEHEREBROSE

ASEZERTIE, KFEEICBT 2 EREEEFICBWT, £/ A XLZF
N K-> THEU 2 HMES 2 ERB L, FAENEERERBEANICERET S
ETICRE L TN S EEEF ORI L EHE T OV F—EOYIE
PHEIXIVF—&/D, BEDEED, MV IEERNORREIC DN
TRDTz. IR T, ZOFEHMICDODNTRNDS,
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2.1 IFEREROMELZERT. 9, SREHAEICED X EHH
phtt U S HAAZEEHIF O UL E T o LR EEEHELE I B S RiET
HEIFE R RD S, KT, ZOEEHEHICEER/ A XZMELIZEDICK
ZEHYE (FEEE) 2RD B, B 5NHEOKAAED B EERE
ECah o T30, BREMSD 5 REBEHAOHLE TOREES) (4
MLEE)) ZFEMRICGEIRE T 5. FANIEEEHMENCEET 2 X TULED
HEEEDRLITY, RELENZHEELIVF—EDOFEMHEE TD5
8, RUBERTED (FEHEE B X CHES) ORI L Z D5
Z 50 BIDE YT AVOETRICK D RDTz. 6 BOMEB O EZIT-
TE, FRAVBEIEGHICEELRWVES, SHEREZERL T, £
CTHEEHOFHEERTEL, FNE TIKDLELZ > REEEFD
TXRIVF—DREREE T IV F—L Uz, ST ulcZ82 5%
/A4 Rwlk, N0, DED Kk|u|? DT A/ A XL L (Harris and
Wolpert 1998), &k ICDWTIE ED X S REICEZ D> TWERW
12¥b, BRI HEBIEE k DM DWW T St bR E ORMIEE T X)L F—
BOVEEHE LU, O FET NV E LTI —HET 2 HHED 4 iR
EIE&ET VR Wz (55 2.2.18). TORETVICBWT, FEEE)
AL AN D & HREEREHP O LK TORMEA M 0.5 rad, FiE
HAZHEEH W A 0.04 m & 72— L EEEE & Ui, #EEH O
BTV F—L LT, BEKFERANTEN S 72DICET 5T x)VF—
&, KERPICiIZE S Z 120D bV FEAEICET 2 T 3 )V F—%EE
L, XL TRE: .

N . |
}:A [P (ul0), 6(0)) + Pulos(0), B J dt (2)

T T, Pk P, 3ZTNFNEES LKA THEE NS I )T —
OEFAEXL, NEFEHSHEREHMICEIET S ETICHNEL EIN
FEEH DOEE, 7 & b X TNFN EHICTDNEREERIC BN T
KRNI Z R DD DREET bV T (—EfH) & MEAMOARE, 75,
b BEU T 3 FNFN i BHICITDNIEEENC BT B/KE Ao
f#ibV o, KESHOAEER K CREEROEHRE TH 5. T T T,
KREBRTIE 7 & 0, 13FNFNMgS L 0 LIREL (9 ZEER), $HiE
TEDEFNCEBENTIIESR ) A ADOFEITEH I N, PIZENRHED
TEDIWHBESNAHBEI VT —EZ2ERITEMTHS (55222 Hi5MR).
HE TV —B/MEREOFHMEIE, X (2.1) D5 5 1 [0 DOF|EEE)
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DRCER LR E LS.

T . _
{P(70i(2), 60i(£)) + P(70(t), Ons(t)) }dt (2:2)
0
ZZT, T\ mBOREEHNCB I ZEHRFHTH 5. BEoEED
{LFREDOFHM=NIE, Wolpert & Harris (1998) & RIkiC

T:+R;
/ Vi(t)dt (2.3)
T;

eliz. 112U, Vi(t) & BB OEGEEHIC BT BHKt TOFFHOAE
DHE, R (=T) I&EHE TRORER R (post-movement time) 237 .
NV b/ IMEFRE O F A=

/0 " ( dT;it))Q dt (2.4)

T®% (Uno et al. 1989). 7¥, mE{LFTRICHIT 5 BERIRR DL A&
FRFEEERR T, 2 50 0% L, SEERLNCBT 5 REcEETENIE
HRIT & IFHHEFTERED 1 DT H 5B R _REHERE (Sequential quadratic
programming method; SQP method) & #E= 2 — b 2% (Quasi-Newton
method) ZHAEHLE BT VTV XLITE D KRD .

T T, HFEEHOEFHRM T, 2 LD LD ITIRD T 6 KD EE
ThHsd. KERICBWTI, (1) & MAREEE 21T & & OEENHE%Z
OB CHRED & NSRS B 757, BRU (2) SRS CRENICE DWW &
B2 W2 5D 2 DD R CRERRR T, 2P0 L7z, (1) TiE,
Fitts D¥ER] (Fitts 1954) 2 AW CESRFZRE LTz, Fitts DIERNC X
%k, b o EELEETREARBRIIC BEEET Y 7 ORKR U T
PlEEEOPLE TORBIC K > TSNS, T O Fitts DIERIZEL
{b U7z Kvalseth (1980) IC & B LU FOBBRKZANT, ZEHRFE T, %2

JE LTz, ,
T=c (%) (2.5)

T, B cpldFNFN0.171, 0362, TILEFHKR, D;3iEH
DOREEFIC I 3 BIZRGZEFFHOHLE TOR D O, WILHES
EHFHTHS. K221 T KO ICEFDOREE X DIFIE D/W HWKEL %K
%1 CEFHRMEEEL TS, (2) DAETIELTOX S IS HELIREIC
N3 ZEERE A TE LTz, BT OV —R/IMEREICE D { EHRE
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Mean movement duration [s]

1 M 1 " 1 " 1 " ]

1 2 3 4 5
Index of difficulty log,(D/W)

2.2: BEEHFREDOWE X log,(D/W) LEENIRFRIDOR{R (Kvilseth
1980).

Fig.2.2: Relationship between index of difficulty and movement duration
obtained by Fitts (1954) and Kvalseth (1980).

flld, BESEMSE TOEEEA 0.0 h5 0.5 rad T 0.05 rad Z[HD
EREERICBO TRERENRMAZZNZTNRD, ThZ23RXRDAT
A VEBICK DT AT Ik D, (EEOREEE S E TOHER
CEFRHORGRZRE LT, Ao iE/MEREIIC X > TRIEE N s
EEIRFNE, A XD EUE klu|? ZFe 5 EE k% 0.005 + 0.01 x Ad
(Ad=0,1,---,7) L LESBEHICTONT, WDOHD D/WICHL TR
HoND. TORREISRDATSA VEBICKDHET S LickD,
FEOEEFHORNEE S D/WICXTT 2 EEBR R ZRD . T, EHFERY
1& Harris & Wolpert (1998) 12 & > TIREE NI FHEICHE> T TD K D
WKPWE LTe. EEIFE T & BIEZREHAOHLE TOHRM D DX FXE
FHEARICBWNT, BamBur/IMEREICED  REiuE Z RELEHE
Kk ORDD. Ric, BENHED SRR TOMBEDE 0 Z3RD, (iE
OREERE o & BREZLERFA W ORRAW = 20r —w IcEDWT HER
EHIFHOE W 2K 3. TTT, wiEOHFHE LT0.01 [m] & AFEE
TIRREL, rldBREEITKDSNBREET, Harris & Wolpert (1998)
EARIC 95 /3— > b OHERTHMNDGEFNCEET 5L, r=196 &
Uz, &8, MUVIEEB/IMUEREIC DOV TIE, R @SRRI e
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horizontal plane

flexor muscle

shoulder

X 2.3: 1 EEIOFEHERTT L.

Fig.2.3: A two-dimensional linear arm model of a musculoskeletal system.

RICE->TLES 728, ZORE(LREICED EFRFEZ V7RG
11T TR,

2.2.1 BOHEETIV

ABZECIE, OSZEETIL L LT 12 E i OB R £ 7 L%
ATz, 2 HRIEEIE, AP EIEHFTH D, BOTE M 1325 ke,
EX LI30.55m & L, IR BIHOELE TOMME S 1& Winter(1990)
DAL D AEZHNTHOEX LH5 029 m E#EE L7z (X2.3). K
A DS 5 R van der Helm & Rozendaal (2000) 12 & % 4 DR
AT VRN L (K24). HEFVEMSTTRRE LTAL
7286 DERICRT.

T\Thi(t) + (T + To)é(t) + x(t) = u(t) (2.6)

fi(t) = Finasi(t) (2.7)
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viscosity

extensor muscle

+ 1
U5 |[T+sT) (T+sT2)

inertia

Wi flexor muscle

+ 1
U T +sT) (T +sT2) ”

W2

2.4: 1 BH 1 BEHEOMEHBERET LD Ty 7K (van der Helm
and Rozendaal 2000).

Fig.2.4: A one-dimensional linear model of a musculoskeletal system (van
der Helm and Rozendaal 2000).

CCT, zlulBZNTNHOME LyEEICBI T 2 IRREEE & kit
R 5 OESNEITENTH O, HORE . FHENcid 2REH (T, &
UTy) ERKN Frae B ZFNFH0.045, 0.03s £ 1000 N & L7z (Van
der Helm and Rozendaal 2000). BI&i bV 7&E—X > b7 — L (moment
arm) M—EIL R B LIRET B ERDEL I ICRENS.

T(t) = f(t) (2.8)

CCT, & fRENZTNEE RIVY LHENZRL, BIOE—A2 |
7—27130.04 m & L7z (Van der Helm and Rozendaal 2000). Bi&i%
A—AFATEERE ¥ 28 MV 7 raynamic AR & JBRIIC X 2B bV
4 (T antagonist E’ZU“ T agom'st) ODE et b,

7—clynan'z,ic(t) = Tantagonist (t) — Tagonist (t) (29)

Ll T2i2U, RHEOMBLD=S, W)L EMmERFFICIITESE LK
WEARE LTz, BT MV Taynamic 70 5 BARIOAERERH 2 KD 5 EE)
TTRERBUTDOLSICESD.

Ti(t) + Bi(t) + K2(t) = Taynamic(t) (2.10)

ZTTC, bzl 3ZhFhBEfoAaEELAETHD, BHE—RAV I
1% 0.25 kgm? & U7z (Van der Helm and Rozendaal 2000). Z Z T, 5#{E
FREKIZ0L L, FEFARE BIE1.18 Nms/rad & L7z,
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2.5: MR UEDE E 00y, \CXHT B ATP AR,

Fig.2.5: The metabolic rate function plotted against relative shortening
speed 0 /Omaz-

2.2.2 HEIRIVF—DFHE

BT BT, HETZRI)LF—DFEIZ Alexander (1997) IC K%K
@&Oﬁﬁﬁf%ﬁwt.

P(7(t), 6(2)) = Tiso(T(t), 6(1))rmaxP(6(2)) (2.11)

2T, PIFBIRED I DICHBEEIN A TRV F—B2RI B, 7o
RN D% RSB ORI )L 2 23R B 2D OB, Omas BFHADERK
N EICAH Y 2 BEETD A EE, @ 1& ATP (Adenosine Triphosphate)
DIEBICE DS REROBEKTH B, Omae 1 Alexander (1997) L [RIREIC
15rad/s & L7z, BEL® WHHIRAMNEDHERZITI L&

®(6(t)) = 0.23 — 0.16 exp(—86(t) /bmaz) (2.12)
THY, HANEDHER{T L&
®(6(t)) = 0.01 — 0.11(A(t) /Bmaz) + 0.06 exp(236(t) /Omaz)  (2.13)

THBT LH Ma & Zahalak (1991) 5 @ifﬂ#ﬁﬁt@%ﬁbz Ko RS
NTW3 (X2.5). HANEDHFZT 355, FRIEIGER OBREET kL
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0/ 0 max

2.6: FARHHZR UG DIE E 0/ 00 VTS B AN AR BAET R V2 7/ Tiso
Fig.2.6: Relative joint torque 7/7;, plotted against relative shortening
speed 0 / Oz

7 Tiso Li
Tiso(T(£), 8(8)) = 7(2) (brmas + GO(t))/ (Omaz — 6(2)) (2.14)
L%, ADfHEZ9 B5E

Tiso(7(£), 8(t)) = 7(t) (maz — 7-6GO(t))/(Brmaz — 13.6GH(t) — 0.86(t))
(2.15)
Y% (X2.6). TTT, TRBEGNVY, 0 3BEOMEE, GIIEEE
BTHO, Alexander(1997) LRFRICG=4.0& LTz,

2.3 EERER

2.3.1 Fitts DFEAED CEFFEZ AV IZEORER

BEFER % Fitts OIERNCE SO THE LTIZEBIEDWT, FihexkH
ERERZEHIFANANIE I Y S DICRE L SN EEEE O FERTRE L
ZOREREFZERK 2.TICRT. /A RXDRKEERFDBEREDREL I
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2.7: Fhz BIRFERPANE TIETE 5 DICRE L TN ST EE)
OVHERITER AR R 2. SEEEB)OETFR I Fitts DEANC KD
PuEE N, HEZ RV —R/MURHE, bV o Z2bimrIMERE, &
SR IMERELIC K > TRE L TNEEEFOHZ ZNETN0, A,
(M TmR.

Fig.2.7: Average number of corrective submovements required to reach
the target area by using the minimum energy cost (), minimum torque
change (A) and, minimum end-point variance ([.]) models. Duration of
each submovement was determined by Fitts’ law. Error bar indicates
standard deviation.
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total energy consumption [J]

L
0 001 002 003 004 003
noise parameter k

2.8 FhZEEIZEHMANZ TIEILEBDICREL ENDBHET
FIVF—DGE & T OIFHERZ. KPEETHOEH R Fitts OEER|
KK ORES NI, HET OV —m/MERE, bb o2 biRMERE,
R EE MU K BB T OV F— DI ER ZNZEh0O, A, O
RT&RLT.

Fig.2.8: Energy consumed for reaching the target area by using minimum
energy cost (), minimum torque change (A), and minimum end-point
variance ([]) models. Duration of each submovement was determined by
Fitts’ law. Error bar indicates standard deviation.
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Fig.2.9: Optimal movement duration based on the minimum energy cost
model against the movement distance.

5L, ETHBEIRIF—R/IMERTEIC K > TEE N5 BEHEE O
EEDAKELENLTWL. Z01%, kA 0.2 EIcks e, MUVIE
E/MERREIC & » TR EE & NS BEET ORI EM LRD 50, #
FMOBEMEBIE TE e SN A RGEEF O REE /1 EE kL
THE ORI TN EHDNB.

X 2.8 1&F5e7x H R ERIPHNANZE T B2 DICHE L TN SHEHET
FIVF—BOEE & FOERERAER RS, /A REE L M0.01 LT
DL E, WHEITOVF—E/MEREICED  BEETHD R D DRV
BT 3 )VF—ETREGEL XA D, EDENKELZBICDONT MLY
ZeiIMERE B X G A8 MEIRETIC K 2R EEEI D T H DR
BHBT XV —TREMREL XD T LHbh 5.

2.3.2 RE(LREICED CGEFREZ BV IBEOER

2.9 £X2.10 lFFNFUHE T 3L F—RIMUIRE & &S iEIME
FRECE D B/ EB R R g, R ED EHRRIEFNETN
HEHOHM D & LILGEHOREE D/W & eI 52 &EAbh

35



1 | I ] | ' L -~
S 0o
0.8 o 6 O
—_ 0 0 ©
2 o o o
= g e © g
.2 0.6f 08 O 0-
I 0g 0o o
= 00 o @ .g
o o0 o o oA
= 0.4 o .o 0o .o .
2 Looele’ o7 .o
o QQ.00NL. o7 ... o .1
3 Qe oot et L. o
g0.2r @Yoo L. QT O
Ko v eXo AN AR o
&R0 o O
AMRL e
R [ [ B [ .
%1 2 3 4 5 6 7
index of difficulty D/W

2.10: ¥R IMORENCE D < Bl @B, A iR 5 I
2, A RER k% 0.005+0.01 x Ad (Ad=0,1,---,7) DEEEL LTz
BECDOWT, BEEFHOREE D/W O _LFEES) 295 %DMHE THE
RTE 2 EPRHZRD S,

Fig.2.10: Optimal movement duration based on the minimum end-point
variance model against the index of difficulty. Each curved line from the
right to the left is obtained from k& = 0.005+0.01 x Ad (Ad =0,1,---,7).
Each movement duration denoted by a circle was computed in order to
reach the target area with a success rate of 95%.
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2.11: K/ A ZDOKE ENHT B R EEIMEHRENICE D < Rl
IR EERR. REEBORYEE R D/W=687—EL L, /A AEHZ
k=0.005+0.01 x Ad (Ad=0,1,---,7) DFMEIC LIZFEICOVT, K
ROoBE/MURICED  EBREZ RO EDTH 5.

Fig.2.11: Optimal movement duration based on the minimum endpoint
variance model against the noise parameter k. The movement difficulty
D /W was set as 6.87, and the noise parameter was set as k = 0.005 +
0.01 x Ad (Ad=0,1,---,7).
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%, Fil, REoEE/IMUREICED EFFRTE, /A XDOKRKESER
DBERkEDRENNE EREEFHOREE S D/W K 2 EERFE O
REFREV(K2.10). K211, FEEEFOWNEE S Z—iEfE D/W=6.87
ELTEBIDNWT, /A XEB kST 20 EEIMERE I ED
{ BETEEFRFENERT. EREDKRZINVEZE, dhbBEER /4N
KEVEE, BRESBEEMEREICE D B/ EHRHEEL ks L
MHohb
X 2.12 X 2.13 X FNFNFiez BIEREHHNORE I 5 DI
EE INZEEEHOFHEHR EREEL VT —DOFEMEE/RT. &
mRaEEIMBIRETIC IV TIE, 95% L EORER T BIEREHFMNICELRET
ZDHFNCBNCEHRBZRE LI, /A XEHE DEICKS5T
&c~u@ﬂ%@ﬁf%%%aﬂU%ﬁlﬂkﬂﬁT%ﬁ;aﬁ% XT
5. —HT, IOV F—B/MERRIICBOTIE, /A ERE N
k%<t%mohfﬂ%@ﬁ®@ﬁm%wt%m@ﬁﬁagh,%%E
IINF—BERELE>TVDS. /A XEBEDN0.02 XD K&K
%L, o/ IMESENICH D HEERED B DIR O ERTEE T L
F—ETREHFIZITZA A M 5. LHL, EHH0.06 L HKE
WIEE, EOEEIMEBIEICE D CBEBZ XIVF—BO AN HTUK
%<&91m5 I, A XERE DR E W LRSS R/ MR
RO EFRRIZEL BB T eh b (K2.11), KFEHNTHZZZ %
DICHBEIZFEBE T IINTF—DKREL X B0 THS. tHiRDIzD, 71
W OVERNCED  EEREEZ & 1SR D T8 s il MEERET D ka2
ITXUFE—5 (R2881K) L £-M2.13 1A B TEY, 207X
A XEREDF0.05 KD REVWEE, oLt DRWVIBHETZ RV
F—BTIETETDS. TNSOERLS, BaoEE/IMEREIZE
& A ZXDFEET HHTIE, HEZXIVF—ORBEICENT, HET
IIVF—R/MEREL D EBNTWA DD S

2.4 ER®

PUEDFERERK D, KRoiEm IMURE b7 2 ki MEREIC
EOSHuEd &R/ # XDEEZRZTICW0Ted, IR A XHRKEN
FiciZ, HEZVF—R/MEREICEDCHuE X D 000 EEHE
BORE E DI EHET OV —TIEEH ZAREICT 5 T LA bh o
Tz, BV I Z{LE MEREOR R0 B/ MURELE ¢ - OREESH0E
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2.12: FRZHERZHANE CHEIELDIILEL I NLEEE
BRI TR AR E R, EFRR IS R0E UHEICE DV TRE
Tz (K2.9 LK 2.10). EELVF—fIMuRE, &Raa#sIME
HEIC & > TRE L ENTREEHOEYZ0O, URTERL, K2.7I1CEB
U B EE IMEREIICE DS b D2 A TR LT

Fig.2.12: Average number of corrective submovements required to reach
the target area by the minimum energy cost model () and minimum
endpoint variance model ([J). Movement duration was determined by
each criterion (see Fig. 2.9 and Fig. 2.10). For the comparison, we added
the data (A) based on the minimum endpoint variance model with the
duration given by Fitts’ law which was shown in Fig. 2.7. Error bar
indicates standard deviation.
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2.13: Fhz HIZPZHFHNE THESEZDIIREL ENHEHE
IRV F—DOVE L T ORHERZ. EERMIERECRBICE DN T
RESNTZ (K29 £1X2.10). HETRIVF—, BaomEIMEREIC
KBHBTXINF—BRZZNTNOR, OETRERL, K28ICHBIT S
SR IMEREICE DI B DEATRLTE.

Fig.2.13: Mean value of total energy cost for reaching movements planned
by the minimum energy cost model () and the minimum endpoint vari-
ance model ([]). Movement duration was determined by each model (see
Fig. 2.9 and Fig. 2.10). For a comparison, we added the data (A) based
on the minimum endpoint variance model with the duration given by
Fitts’ law which was shown in Fig. 2.8. Error bar indicates standard
deviation.
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2.14: FREIEERIC BV 3w CFEERICE D BRI LY. HET X
IF—RMURE, KR Eim MERE, V2 esMUREICED
CEEE FIVI ZZNENFERR, BHR, — BRI K > TXT.

Fig.2.14: Optimal torques based on the models of minimum energy cost
under noise-free condition (solid line), minimum endpoint variance (dash
line), and minimum torque change (dot-dash line) for the reaching tra-
jectory with a movement duration of 0.4 s.
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DEMEFEATER SN TVWSZ &AL, b o FIEFEEE
/A RBRETICBNTER A XDORERINZ DT LICKDHBEL R
IWFE—DHFEINVNEL BB LS ICEHBEENTWAARENEN D B.
THMEE T VR MEREICE D LHIER MV Y B b BrIME R E
R/ MERENICE DL EDE D E /A XDEER S IFRT LD
A5h., K214 3RRENCEDVTEHEINEE MLy BRd. &
FFBRICBWVT, EEIIVF—R/MEREICE DS SBEE ML
VD BB/ IMERE DR Ao R/ MEREICE D D HRB EZD
HIZ 2 EEERENCEDRDNS. COEIBKRER VI RREESE
A79ICiE, MHSRELSNLEIETNRELRTNELERS T, 4E
J A ZXDOREZIEFIRSOKRZTZICHHIT S, FD XS HEdEE
FE /A XDF B KELZTD. ZTORKE, FROBENME HAET]
ENENORKELZNTLRY, BEMEOTNEZHIET 5 BEED) (4
MhES) e 5%, D EOKREE LT, Tk BRzbEfiENIcEbE
THBETICHEL SNHBHBI NV F—IERKELZ->TLES.

2.5 F&&

AFBRTIR, INETHEIRVF—RMRBIOBEICEHENT
Wi o TR A ADFERERB L, FROFFEMBEDOTNZMET S
HEER 2 FOIAHE T XV F — B2 HE T 3+ — /MU, &
FROTHEMEREL, VOB R MERBD TN TS DN TRD, ED
REMNHE T VT —DBRICBWTENTH A0 Et L. TORER,
S A XDREDNREVGAICE, b FOEFHHES K S RTREDTEE
IMERREE® MV 7 2 s MEREINCE D  EFHEMHE T 2L F—D
BENSLEBNIHMTH A LWMETE . £, /A ADHE%
BOROTHEL IV —Z2R/NE T HHER /)  ADOFEZ B T
BT EICED, FERIICKEERMHBL IV F—2ZLELTEHT EHD
ofe. UEDRRNS, HHRERERIEER S A XOXER2ER LI L
T, HEIXIVF—OHHEMES A 5N% & 5 AEBHUIEZEIRL
TV LHREENS.
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F35F HEIXRIVF—HFHER
IMEIRETICE D < FEE
DR

3.1 SREROBH

B2REICENT, PRAERMHET IV F —OBHRHMiZE <A 5
FIREREERPE 2 FERL TN 5 T EBRE S SR Z21G2. Lichis
T, AETIE EREEEERIC SO THELT 3L 3 — iR MERTHRIS
WD CETHLED e S OFETPLEZ RS T ENTE S0 2R LI2RER
B, AT, £ I320TT/KFIMCHIT 5 MK 5 LK
EHBHEDFADTERICDWTHIL, RITH 3.3 i cttm oL F—1]
FHEEIMERIREIC 2D < Bolfu Dt RITRIC DV TR .

3.2 BHEEcX % ERFEESPEDFETGE

B 3.1 ISEHIEBROMRT2RY. AFEEROHERE L LRICEED R 20
ROBEHSH, WHE3HTHY, SHEBRE I T TR EEETREE
B EEEHFEO—DOEITo 2. WHREBIRFICED, HHRED
B EIREIEEL SNV K IV M K> THEREE L. £z,
EEOZHIT, BREOMETF—Y U AIcLDEFEL, HEfEEEL
TTEXRHMIFoNZTVKIIC LI, #EBREICE, £TEFOAZELIEDL
i EEBANIE TEIESE, BRI NEHRETEDLEmICMNET
HZEEDEZ—5y MfeERERES R, TORTFEEZ—S Y FPAI—
ERFEEST 2 XS IdER LTz, ZOR, BERICKXDBOENFRMOY
F—METHT, B IIHR CIEEZEICHIENETIRET, TES
TR KEICED T K O IciERE Nz, EEREIEA bo /—LIc K
D ZORFERREZIERENTD, BEICEHRE 2T 20BN TN &
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3.1: BRENC X % EIREEE OGBSI I #ERE D
MeRzZEZNFTNANN T TICEOE L.
Fig.3.1: The schematic view of the measurement experiments of upper-

arm reaching movements.
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target area

brain 0.03 [m]
(1) motor B
command }
finger width s
J\/_ 0.01 [m] \
AN
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(2) noise —+>6 \\ 0.22 [m]
\
“V/\w "
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®
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joint

X 3.2: JFBAEIC X B EIFEEE O E T 3 )V F—IHEHE R/ #HuE D
At

Fig.3.2: Schematic view of the upper-arm reaching movement in the sim-
ulation experiments.

LHEREICLA DN, FBREMEFZR UL 2Ry MEHlcBW
TIREZTTS K5 Uiz, EEBRMAEN SHE X —7 Y FOHLE
TOFEHMIZ02m, Z—7 v FOERIX003m & L. EHERK%Z 0.5
s 1.5 s & LIV EEES) LBVIEES D 2 EiHE U, K EERME
BT HIEERESFEEZNTNEEIH 14, B2/ & E2
HBTiT-o 7. HBREDSIE AMICE &3 5 HEICBWT, SEEZ X
JOBERIToT (L ROREER 21T o ZEHBRED S B 1 4IE5
HEHOEHARICKD, 4 HEO#BME LIxo7). 1 HOMENAR, FE
EH#10EE1EYy FELEZEDE 10y MTOEDE LTz, #EREDIE
IR — A EBO(FS, ZOMEBET— X ZEREL T4
AT (AT Z V3 RTIVF RN AT In Carrot/3D) I K> T 150
fps TEHHI L7z, BUE UF@uE T — Z BT E SR 5 Hz & L7z 6 XD
INR—T—AT 4 )V 22X TUHEIN, TNEE EICFROEERET
BICKOHBIRL 7.
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3.3 HEIXIF—HFER/ DIEDEESE

FEHEERICBON T, B 4 XHEFHESICmD S L, CDiEE)
BRI L > TERE N A EEEFPENHE )V F—HRMER N & 7%
% REEEE N Z RS, UK D BETEHEREE KD (K3.2).

BEDOET IV E LT—BET 2 BEED 4 XEEHBERET IV E AW (5B
2.2.1f). BEHEDWICHERSZ2 5 /4 Xwld, FENR0, 580 k|u|?
DHT A/ A X& L (Harris and Wolpert 1998), EFIES k13 0.014 &
LIzt O ESERIE L. 2=y NIMEE L, FhEESR A
EOD 2=y R TOHBEE Z—7y FORIZZNZFN 022 m, 0.03
m & L7z, {HEZXVF I ER/IMURE O ML, EHhoEE
Tx)VF—L LT, e/ EmEARICEINT DICET 2T 0LF—E, K
THNICHIZ X Z % 2 DRE AR VI REICEST 3T 3)VF—%
ERLIEZRKTH AT

j€ {E[P(7o(t), ()] + E[P(ma(t), 6(t))]}dt (3.1)

ZCT, EX], P, 7 & BENTNEH X OEDHAFRHE, HOHEET
FF—, SEH LACTHEICET 2 MV THD. b, b BXUTTIEZEN
ZNEEME L KTFIIC B 2ARESXCENRLETHS. Fio L T EE)
BIET BT LD, Wk MgS, 6,130 LREL, ShEmEICH) %
BN 244k A ADEIIIE LTz, P33 )b — (2 £3 B
THs (F222f0). HELXVF—EOHARHE (X (3.1)) I, Unscented
ZH#% (Unscented Transfer) IC & D3R 7z (Julier and Uhlmann 1997). %]
EEEB) 2 AT OfFIGMG L LT, FEESIROEERR (post-movement
duration) & 0.15 s & U, ZOKRIFDOBICIT % A HEN 0 rad/s,
KIFRD BROHERTE—T v hOHILHB & LTz,

HEBEIZ IV F—OHRHEZ /N & T % EdE /5 BRI T Z FERR
JERHEIED 1 DT H B BR_REHEE L HEZ 2 — b % (Quasi-Newton
method) ZHAEDLEERELT7 VTV XLIC X DRSD, T OEEES
28 LICREEFHOFIDOEE RD. L, mEkFETIdE
iRz 50 08 LRI BT 2 EFfsn2t icLTED, 0%
LI DIEICH LT 3 RAT T A UfiEZITY, T—287%Z 100 £ Licd
D% FOBLEFTEICH W .
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3.4 EERER

3.3 X EHRFRIA 0.5 s DFEEENC IV B T OBREERIE %R
9. CCTIEEETA0.05 m/s ORI ZEENORMLE - T EFIMTL, EE)
RO 0.4 D5 0.6 W L RAREERFEOAR/RLU Tz, EHAELEIT #HERE
IKEBFLEI L2 (K3.3(a)(b)(c)(d), T ORI 5 BROFE %
BTHZEDbS Aoz, TORRTIRA ba/— LI X D EERR DR
REITo M, EBROHEEFRH R UHEICRESDENR SN, £L<
DFEEIRICIE, EEFRFRT ORI DR S THEEN R AE & 7% 5 ~N)VEIC
ToTWh., 1121, BBREIC K> TIHEE Y — 7 HEEIRE L 0 20w
H(K3.3(c), HLKRBRFICBIREINZIGAELH > (K 3.3(a)).
3.3(e) 1%/ A ADFETICH B HE L )VF—DIHRHER/IMURHEICE
DL BMEERIE A2 RT. HEOY—7 I3 EHER OB YICH D
M, IFIEFVEIOWIE & 75> TV 3 S TeHEE DR & —85 5.

3.4(a)(b)(c)(d) 13, HEBIFFRIN 1.5 s DFE DY B HE O HAEE
ERY. FHEOE— 7 MEHREOE S X OENCH D, EEHFHHTET
P> D ERDTE VAR FRE L kot £, FD5B2 A
DB 2FEIIY (K (b) &K (d)) &, ZOM2 A\OWBREICE
JBEERE (K (a) &K (c) & D HEEFIRFENAETEIZ->THEYD, W
BOWR RS &, EHEREDREWGE O MNEEOHHRIC B 53H
B0 O NKRENT LS. TNEDORMM R R Y OFE IR
MEELTEDBT LR Ah >, K34(e)ld/ A ADEETICHITS
HE IV —oHF iR/ MUREICE DL BETEEREA RS, T
DEEHE DL EH E NIz EEFE (K 3.4(a)(b)(c)(d)) & LA TH
BOV EOWRIETHY, HEY—7DMBENEFHOYIICEHRZENS
N, EENHENCIEOVEINS > 7o R E R IC IR > T2 S TEAIEHE &
EIREORE R LTV 5.

3.51%, /A XEHEA0.01, 0.012, 0.014, EHFFRI% 0.5, 0.55
s, 0.75s, 1.0s, 1.5s & LIERIGEOREZEEREZET. EHEFRFRH
MWRELIZBRITITERL, /A XEBDEMNNELZZ55E, HERE
WD ENbB. Fie, /A XEEH0.014 DG, EHERIA 0.5
s DIGEDRERIFIENIIVEITH 20, EHRENEL KBlcOoNT, &
EEEN > TN T ehbhd. UEDRERLD, b FNOFEEF O
HWE O 7 o — )VOEEFEIC K 2 EVHEE V- ER/IME
WK&380E61E, /A XERZI00MLUEDETHZ EEZSNS.

3.61%, EHEEFRINY0.5 s DBEITDNT, /A XFEE k7 0.005, 0.01,
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Fig.3.3: The hand speed profiles of upper-arm reaching movements when

the movement duration is 0.5 s.
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Fig.3.4: The hand speed profiles of upper-arm reaching movements when

the movement duration is 1.5 s.

49



YO BT N

© o ¢
~
T T Tl T

S o
N
IIIIIIII
R R B

1 I 1 1
0 0.25 0.5 0.75 1 1.25
Time [s]

—
(9}

3.5 X T REEBRRIC B BHE T 3OV F — AR/ EuE D=
B, /A ATk EORMSIEIC 0.01, 0.012, 0014 &L, TD&F
fEICBNT, HEERFEA 055, 0555, 0.75s, 1.0s, 1.5s DIFADRE
IRIRE G 2 RD Tz,

Fig.3.5: The optimal speed profiles based on the minimization of expected
value of energy cost for various movement durations.
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0.012 & L7258 O lifuE O s 2R . /A X REENKRE
{75312 DONT, BEREFIEH - 25 NVEIGEDN TNV, §7&
bbb, JAXBKEVE UL IGEHRENAE N WS e X2 A 7 ERDK
L T TORENED MILIX, /A XDHEREIIMZ B8
B/HMELL, ZOMBEERBREANVEICRSENAS. —A, /
A ZHVNEVE LLIGEFRFEAEV E WV o T2 2 X 7 ERZ TR TN
FMHETTR, WEZXVF—ZIZ %720, EEOFHHICKER MNLVY
zH U, EFOHICIIFEEE 2175, T OHEOEHOREIE /A
ADFERER LTV DHE T 3 IVF—R/NEIC B 5 EHE
DR L —83 % (Nishii and Murakami 2002).

B 3.7134: 4k /) A R Z R L THE T IV —m/MUREICE D &8
NIV IERRT. A ZIRTA—2RIEK3.3(e) LFAKEIC kE=0.014 & LT
WD, SEEBIRIA 0.5 s DA (K3.7(a)), ML Y EWSMIELL T
ZH, EEHREA 1.5 s OFE (K3.7(b)), HEFHIC LTI, BEE -
WI2BNELZ->TED, HEFMVIN0ICEEIKEEHB. Thbb,
HE TR HEEE) 217> TH D, MK EERENEL S
7e®, MBIV F—IHER IMEPUEILEERIE NS> 2RI A B &
EZbN5.

3.5 E®

b DO EREEES OUEFEICET 5 TN ETOWEDOZ LXK, 18
HEE TOLBRNEWVEBRMOBEICEH L TTIThNTE. ZDK
FILEINCBIAFLEOBEBIELIIANIVEIL B 25, T OREN
FEEEFOHUEETE R LR 1 DOHWEAEL L THERINTE R, —
77, EFRRESEWGEOREEEOEBREEIENVEITII R A%. #
DFERAD1DELT, e MI15HEMNZEEEFHZAETHELITD
Wiz, FOXSIEFICEHAL THWEVWEWVSIHJEEEAEZ BNS.
F T, AW TIERHEEREIC 5 HEOMEHM AR T, ZOHEENE
MARWVENCIR L TN D E S D ZRANTZD, FOXI EZELIERGN
Thote. 3xbb, EBERENSEVEOEERE L B EOEEIFE
EHE T VT — DHARHMER/IME D TH—IICEHH T & 2 0REHD
F=ARY

X 3.4(b)(c)(d)(e) t&, FEBIREEIN 1.5 s DIFE DML R H OF A LE
ThHo1zH, FD55 2 AOHEREICEBI2EERE (K (b) & (d) i,
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Z DAt 2 ADOHERE B BHEWIE (K (a) & (¢) & D LIEERERIAE
FRL mo T3, MBDOEREHAD &, EEHREENAEVESDOAHN
EHFOTEIC BT B EBIRE OO BKENT DS, TDXIIC
EHRRNEL Rolz b 213 EEERFOM D B AE < &3 EHRIEF D
R, 3.5 TRE NS T oL F—HHER /MU & 2 3RO
EWHRRME—RT 2 b, WEI IV HES MR
HE & T EEEREEICHT 2 b O FEBEEES ORM AT S C
EHRMBEND.

3.6 L&

AR TR, FIRFEEHCENT, R/ A XD ERER LUTH
B )V —HRHER/ IMEBHEICE D  EEE 2 KD, ZORREZE
MREIC KB & b OREYE L LLERE LTz, TORR, ETRHLNE
EBIEDNT, WINOEEHUEDEERIE & NIV 5§l 72 E
KRBT Ehbho .
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Fig.3.7: The optimal torques based on the minimization of expected value
of energy cost.
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FTaE LIT

4.1 554

AKeic BT, ERIFEEEFICBS O TER /A XDFESEEL,
HE L IVF—m/MUREIIC X b ERREES ORMEMRIAL 5 502
Bat Uiz, 98 2EICBWT, FaHE—7 v MIERELRWIGE DM
EEEEEE L, £/ A XN TFEREZZ—7 v MCEREEES72DIC
B LI BBHE L OV F— B2 BT OV F—RrIMEB, ERom
B/MEEREL, PV I B(LB/MEREED ZNF NI DN TR, EDH
MHEZ X IVF—DBRICBNTAENTH S0 ENTZ. ZO/E, &
D EEELEEE OR M K R ITREADHEIMERE & BV I b
IMEBHTIC X BEHIIHE L OVF—B/MERENIC K 2 I X TE
&) A RXDFEEZIFIC L, JAXDKREVEE, BaniamIMeR
iDL DR VEREE T VT — B TREHETZTRA 5 2 EHHLMIC
Tolz. TORERIE, PHAERERITER A XDFETICB N TIHE I X
WEF—RESMASZ K5 GRHEEZHEH L TWA I ERRBTS. £ T
IHIEITIBNT, EE A XDOFETT, FAEHESEMEE T
TS DIC KB E ENDBHET 2L F—DEHARHEN BN & 7% 2 #E BN
FErREBERICK D kD, ZoO#HREZ L FOBBEIC X SR EERE
SRt Uiz, ¢ b LEREEEFOFEICE T 5 I N E TOMRD
ZR 1 WEEX TOERNEWERREOESICEH L TitThbh TE
1z, TOERBICBOTILESREZ 0.5 ICinZ 1.5 E LIEFEEICD
WTHRET Uiz, ZOME, EHRED 0.5 OGS, Wi hoEEHLHE
DOEEREEEL R D, FEHRHENENESE, W NOEE#
BEOREERIE &NV - T2 iHBIC RS S E ko, 2D
ERIZ, ChE TOMETHER SN T EEFRBEIENE T TR
{, EEEEfMMEN L TLHEEB T OV —E/MEIic X b FREFBIEES O
HEERT LA TESRLEERKRT 5. HBIX)VF—R/IMBIZERK
WK EZIEVC D OFEZHIKO 1 DEEZ LN, HITEHDZ
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L DRIIHEHBEL IV —H/MUICK DERBATEA 2 EARBENTY
BT EMHE (Zarrugh et al. 1978; Minetti and Alexander 1997; Nishii
2000, 2006; Donelan et al. 2001; Fujii et al. 2008), HRMHRERIZIEX S
EE#Z A7 BN TEHEL XV F—DR/IMUICEWTES ZEHE LT
WABHBEEN D B, EK ) A X2 EONELDEET AHT, EEHEH
WO HEEPRBRICK > T, HBEIXVF—DEEEEVWETZE
BLTWE EEZNE, Tmx)VF—aX FORFHER/IME] 1ZERKEIKR
ahE Lz,

4.2 SEDREE
421 K&/ A XADEEDKEETICOVT

AREERTIE, K/ A X% Harris & Wolpert DIREICHES T, FD5HEL
ENMEFETuD 2R IHBTAEHTRAE /A XL L. LHL, Iguchi
5 (2005) l&, FHEED /) A XD ZRET 2IEEERIL 2 KD E/PNEW
AEEMED D A C L 25 L, HEEERDMHEIC X - TIF S EuE/IMER
HlC KA EHPUENEBFOHE L RIZH I LZRLTWVS. HEIZ IV
F—RHERIMERRIC BN TE, K36MWRT LI/ A ADREEIC
Ko THENE(LT 5720, COFIMICEDLHEMN L FOWEZFH
TEBDEINZRAND DI, HE /) A XDEEBNZFEZANS
WENDH B,

4.2.2 3XTZERICHEIT S EERLEESEE

ARWFEIC BT KEIm AN O _EREEEENC DV TRET 21T 243,
Soechting 5 (1995) & =RITZERAN T O _LREREEBNC DWW TR 21T
VY, #UH T DORRENEBBAR OZRBIKE L CEHFPOEHEZ2 DK
CTBEICREENTNB L ZHEL TS, ERICBITSHET
FIF—RBHAFELABEEZSATRLOTHS T LHh 5, THEERERIZ=
RITZEENIC BN TEHBL IV F— b BER LU ZHEZEIR L T 5]
HEMENEZ BN, HEI XL F—E/MEDBE AN S LBHANTE S0 E
SHERSTZZENRETHS.
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4.2.3 2EH ERRIEENICHITHHEEIXIVF—HIfHER
MEREEDIREY

AFEBR T, BEENCH 3@ FiEEEES 2R L, BFET
s CREOZ B OWTHGET Lz, BRI ¢ <, MEEICD
WTEZEE LT 2 HEO EFREEINCOVWTHRT 22 EAINET
DEE{EHE OGN B W TITHh N T &z (Flash and Hogan 1985; Uno
et al. 1989; Harris and Wolpert 1998). 7KFEHINICEIT 2 1 BEEITO L
FREEFBHER AT HEE L A2 DICH L, 2 BEfiDGEOHEIX I
EIFEROMESDRKESBRUIZPEZEIZIETHS (M12).
D& Sz FOBEZTHERMHNENS 2 B RFEEHHEICBY
T, HEI 2IVF—HERIMUREIC R D CGEFHLEN Z DR 2 &
FTENTELLERFATHEHPRETHH-Tz. LHL, 2B8ED
RREESC U COHE T OVF— AR/ NEZRD 5 C L3 IEE
IR TH -T2z, 1EEHICBOTORRZED. Lizh->T, 9%
1& 2 BEfT O FREEIEEEIC B SEE L OV F— R ESR/NLEZ KD
LZFEERBRET ZHENDH B, HELX)VF—DOHRHEE, Bio=EEIC
B ZEEHOAEE LG ML DZFNFNOFE L nEiZRDB &
M TENIE Unscented ZHUC K DRDENS. Miyamoto 5 (2004) D L
BENEEH OREHCBNT, 2 EEOIFFERET BT 5 FOME
7% £ OIREEZ B D07 EUE Unscented 1)L > 7 ¢ )& (Julier and
Uhlmann 1997) I & D IEHEICRD 5N B EMEEN TS, LIA->T,
Z @ Unscented BV 7 4 VR EWS C & T 2 EEHOIERERET T
CBT MO /AEE LMET LY ZNTFNDOEY LRk B T
EMNTE, ZTOHRBELE LU THEBEZ WV —DHfHMEZ KD B ENTE
5eEZH6N5.

4.2.4 FBHOREEEICETAHEIRIVF—ICED<{RE
HDRRET
ORRHENE L I ZRIRICOEE 5 ik Y, HEIZRIV
F—ERFHHE->TLE 5D (Alexander 1997; Gribble et al. 2003), &
DS PLEES ZRmDB T EHVMEETN TS (Rack and Ross 1984;
Gribble et al. 2003; Osu et al. 2004; van Galen and de Jong 1995; Selen
et al. 2005). L L, EHEONEITHRTRLIEKSICFREDIESDE
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ZHAZBTDOFERICI AN F—2EEAL LT, EHCE—T

MCEBET 5 L0 D Z AT ERICHEITEE T XL F— DOk 2 EH
TZ%0ReMtE H % (Nishii and Taniai 2009). £z, FiDMEKRHENCB
HI ZEEOMIMEREEZITS CLICK>TRD TR EHNRENTE
D (Gribble et al. 2003), FHEARERNETZEIC K > THETZ VT —
ZEO—BHIATEHZEEL TS LEEZLNS. LIAST, KD
ETIVICHIDRIRTEER A Y E—& > X HilisE %2 ZE Lz L THE
TXVF—DOHIRENR/NE Z2HEN .  OEFHLEOREEZERYE 5
MESIH BT 2 LIISHBOFETHS.

4.2.5 FREIEEED ML IEICOWT

FIBILBNT, KEMICBUI B HEEL VF—HffERIMBICED
EER MV 2 KTz (K3.7). BEERREAEWIEED MV 7 EIFILIE
ST LT DICTE > T2, EER D E WIS IEE ORI T L
JDEMEIZ0 x>l DX D RRERFIORBEE ML e b D _EEEE]
EEEBICBWTEEAENAD EShZERREC LICEKD, HEI XV
FRHER/MEURFIOZ YU 2B T2 5. BRI HHEZL B,
EOEESHFFIZAL, BOEFIZL L OHBERLTWS. ZDED,
EE#HiOM L ZEEEZEZTEH, TOHERERVATLIIERTHD,
RN OEEZHEET S LId# LA 7. Yoshida 5 (2002) IZ/EH
EMCBAR T 2 28O, FRNWEZBEEARICGHIL, ZOBEMGE
BIFET INCEDNTEHICE > TEREINDS MV IXT bV H#HE
ETEBReZBELTVS. COEIBRTFEEHAVSZ LICKD, K
S FRRGEEFIC B ABEENCE S MV EHEST S T LIESH%BO
FETDHS.
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AWG R D, AL 2T 5 X TOIFRICEVERICBWT, B
FNEICBIT 5 EN\DERAEMEI S, T U THIREBEROFRTOHE
NHEEENDORRG T BERORITHA T Fm A E2E@BNC, T UTHT
B LT IEEWE LR R A T AT R R i Je RIS
DEDELELZH LU EFEY. FENPHEERICHEL TS, &
S 8FOHHMMEE L. TOHHDOHT, TNETIIHEAED
LB 22T L 2EMlMCEE ETTHIRE, MiElcEEY)3IC
WFEEARREAREDIED £9. ZOHBRN W DR TEERF
I, FHOIT o TWITRICE S 2 R R URAEDOHER R CRIEE LT,
RS REERIEOH T, REBILLOHRTE —F—RARAVICK
DELEEDEHELTIAEZEVWE L. ZO0FRELEHD, FAXhDE
FEGEEDD LU DDONENDELZIIE IR, RAGZREEZD L
WKRERZONIRIGHENTE, HIEICESIENTEXLE.

EHIC, R ORIER BT EZII L ENE LUK T 2200
FERIOILARREREEE, WERGEER, RITHREHESER, I LSO
KO\ BT, 7z, EERERY AT LR EORNMELEIC
WBREXICED, BRARETIRN W 2 TIEHLET.

Kb, TOXIBARRLUIERICEENDE, HRETHSH
G, B, WHTHZEN, TEFOZEESLTRHDAEEAT
Ufe., EEOEANGEICHRZMI TLRE> T L2 ORI DL
TWET. ¥z, WTHBEEICIE, HHED SEEHDKHFORF 2K
EBoTEHW, [ERIKFHDEOIMELDT BN AZLTELWVEL
Jo. TTWEHOBZRL, BDDEETRTVIEEET.
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