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§6e] ML ZZkTGctbdLOs{ TEtYTzqQs iTS!o67
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sV Eo] 6 GSOjPas L MTSt YTzQs I #] Gk & d S (Komeiji et

al.,1991) ' EKL W] I dTo6roNlILéGk!
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I LSIGLTEtYTzqQs MKUUt Qi TSk?vilLStLe A8 MCD
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w: d 3.10.1 rRESPA

DO/ =1, M
p=p+h J2*f
DO/ =1,L
p=p+m2* f
r=r+h ; *p
CALLcalfor () 1l ¢é LaAZ
p=p+ 2 f
END DO
CALLcalfor (f,) ( Ve La&Z
p=p+h J2*f
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RELrél [=1GijoF h=hHkeGL AL+ zafT LS
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RESPA K TTL¥ GSTtYTzQgKeéd$S!
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Ww: d 3Al.1:
r=r0

zO0f T TEYTZzQO

v=v0

CALLcalfor (r,f)

DOi =1, Nstep
v=V + f/(2m)*h
r =r +v*h
CALLcalfor (r,f)
v=V + f/(2m)*h

END DO

2] Tt YTzq2

Swope & Andersen(1982) L+ =z G0f T LP LTEVYTzQ! c¥Ft:" 0
§&-1 eSk GLTtYTzqi LS!
T S ¢ —Q
0 0 —Q Q
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Ww: d3A12+ zdafT TEYTzQ?2
r=r0
v=v0
CALLcalfor (r,f)
DOi =1, Nstep
r=r+ h*v + f/(2m)*h**2
f old =f
CALLcalfor (r,f)
v=vV + (f+f_old)/(2m)*h
END DO
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r=r0
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k y=c(l LSLK
Qop— QO Qomp— Qb G 2
h UM yi z i f(c¥ ()8 T Sk
VO A O QO OO © (3.8.4c)

79



&p HS|!
Mdi B U(e)!
Qoo B — de- okQed Qo Qo 8 Qo E
kv Gk mOKT
FON AR AT S A &
Kdr o] rm1KT
Qo — — . w - — e w —Q
Lex U& -F LK
Qw —— Qw DO— 0 OWw
N —— QO —— OO S0
Qw E —o
r 1Jj
QOPe- & B —6 ©QdHh (3.8.4 €)
&p HS$| !
3A3 .2 x
GGKI AGE ~oveéi » =zdafT 8 G 6L 66171 o4
U(387)8 i1 S!
QOHA A QOFAQOPAQORA U o (1 3.8.7)
®AZHCKDUbDB:” 0KkEAGE »~ 0KkE' L$§SpuUI eS8
eSLredr »6eSE6SK kKSE3eKIS$3ke DT sLkelsS
k E vé Heée! GGKI [ Tuckerman (2010) @7 (2003) H 7
(1995) (2000)L k & ws | ¢86] &s SEfociek&des K

80



§” 0H] O] !
o7 L U(3.85)r (20000 KAGE ™~ k! TKeSLK T8I o
g !

QHPA A B QoPSAQORWGA 0§ © (1 3.8.5)
gruot Sc¥t:” 0H] 8§ OR] T Lo dbagsel
S!

o7 I miL O06L” U888 TSI G3.85HLT ST KAFI 260K
~ 0T Sk

QuwpA A p oA A —A A Il

P OA A — A AAAAA o (3A3.1)

KdsS! 6] ~ 8 k1KHGY Tk
B QOHIAQOBRGA Qo HA Qo A
p WA D p QA 0

P ®OA QA U (3A3.2)
U(Lk (2K xAk xBLA GSG RS L

c=1, d=1 (3A3.3)
LgeeoStijor ncodL™ of

QHPA A QoBPAQOHA U ® Gl 3.8.6)

K UG3.86H& R$)!Le ABI L* ZAK Ei s 11 thn ;
i ER Ak B3 XI #)
QoHPA A QuBAQOHA U
I (386)kI L O&6L™ 0l LS!
61 nrdo6L” 08€0S|] 6 ° 8§ k2KHGY T k
B Qo paiA QoA QOPGAQORGA Qo paA Qo WA

® p QWA — QA O o

C=z

P WOWA — QGA
p BWA —HG@A Od p Q@A — Q@A 06
P WOA QA — A COQAA QA 0 w
P WOA QA — OA COQAA Q A 0

P O OA QO QA

81



5

< @ O A ¢OQ ©Q ©Q AA COQAA Q Q A
(3A3.4)

Mk@LAG3S A] Q §OGk dLaijLrue Rs$S!

cte =1

a+d =1

T oy T T p

0wQ wQ wQ E

wQ - (3A3.5)
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L do I 161 Lk GH5GL- Cs S§ WjesS! T
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. . y y
S éy ~Q L n vv_.vAl,(dr, 'BZG’“u Head group |
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TZzeys ] - L 368] 8s8SiI eGijEPDPTZUIt Dee
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http://charmm - gui.org

Y

GLYFDKI ey §-_.TSj GKLG BZGlGys O&éTjF Foe
FUZS -H|FKGS!I GSIir¥F TTTZctbidlL -7 LRoYKNS$
- - KGS! 6] [+ DGHARMMGKL G NAMD AMBERGROMACS 5 L[
tDOGTL bt Ff 68 -KGS!
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Aéréi Lujest o] 2:Y: & & @HOH
APDt §4TK T SGké; KdsS! H H
RHH
4.1.1. ¥ Hd kX xekhvbpw
SPC TIP3P * Flex SPC Flex TIPS
Rwu(E) 1.000 0.9572 1.000 0.96
R (E) 1.633 1.5136 1.633 1.518
7 nor(degree) 109.47 104.52 109.5 104.5
K., (kcal/mol/ E ?) - - 39.90 38.25
Ko(kcal/mol/ E ?) - - 527.1 529.6
K;(kcal/mol/radian ?) | - - 37.95 34.05
Q (e) -0.820 -0.834 -0.820 -0.800
Q (e) 0.410 0.417 0.410 0.400
R(E) 1.7766 1.7683 1.7766 1.7825
&, (kcal/mol) 0.1554 0.1570 0.1554 0.1521
R/(E) 0 0 0 0
e, (kcal/mol) 0 0 0 0

* Jorgensen et al. (1987) LUOTzadf LGt aq: B: KI' LG AMBERQI
D] eSGt q: B: §o61 !

-7 Ac k#Aj LE ALPBtil FaPAlijkz aP AdiL ol
NKE§VG3 PDf Ge HEASS SGkeéve! 11 3 PbfL
H]  SPC (Berendsen et al., 1981) TIP3P (Jorgensen et al., 1987) Flex

k
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" — (6.3.3.1)
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- Qonn (6.3.3.6)
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S (6.3.3.19)

Q — (6.3.3.20)
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GGK erf(Nlt Ki GK erf(XN=l-erfc(x) Kd S|
LT @8 GLéeeEsSOHR]eG! YY" s ER OWTirS1recz
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B 4B B —Qiod B, —0Qiod Qe
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&v & S G Komeiji, 2000 H !

635 2| kd xf k™ kH

vota r AT ¥ sk G sl sisiijej 7L9KE:bZ
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Y* siijejr ubDU+ LkUyYt gknn LE6LkAE! BCZ7Z
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Y —B; Oi B ¢ Ol B ni Q& Ol
(1 6.3.1.9)
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w: d6351: Uofd IrS=2N y$§ L&AZG G sH
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' Le H(k) =exp( - (0 Gk(k)**2/4)/Gk(k)**2
L rr 1T rirRLeLK MLMRpli
I 1 sej GaZH] 1§85 0ZcbkK &8
fi:,)=0 ! Lnox
epot ewk=0 | ©cZZpf fox
DO k =1, nwave
bsk =0 I bsk= NJ g*sin( G R)
bck =0 I bck=  NJ g*cos(GI R)
DOi=1, natom
theta = Gk(1,k)*r(1,i) + Gk(2,k)*r(2,i) + Gk(3,k)*r(3,i)
sin_theta(i) = sin(theta)
cos_theta(i) = cos(theta)
bsk = bsk + g(i)*sin_theta(i)
bck = bck + g(i)*cos_theta(i)
END DO
epot_ewk = epot_ewk + H(k)*(bsk**2 + bck**2)!  ©c zZZpft L &2
csk(:) = H(k) * bsk * GK(:,k)
cck(:) = H(k) * bck * GK(:,k)
DO i=1, natom
fi(:,i) = fi(:,i) + cck(:)*sin_theta(i) - csk(:)*cos_theta(i)
END DO
END DO !overk
DOi=1, natom
fi(:,i) = 8*pi/box**3 * fi(:,i) !

END DO
epot_ewk = 4*pi/box**3 * epot_ewk ! ©6czZzZpt

GLW: d§6$LSESreéil "9l zzkti HGS! T H] owWW: d
L x '] el 8! nwaves L k§ kUZby: | SH] £#ZHI $Lr é!

6.35. 2| kd x

l7k00fa rddsHe] G) & GGK"pBH] Fs s FOOEA I
aopP " [+ DKIdorASsjelLeronsS 641 "pBT S PME & -
" ALiges-—blH]EeS!j& PMEI ®8,00fada L ¢ s § FFT
K> *x #] 6Lj ER CsiIs,o0ovfada kyntrédsS!jER E
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6.4. PME

TKi ., Eon)r &l Particle Mesh Ewald I PMET 631K0iH
Godwr)vs,00fad L™ x f:23xZKdS!I s, 00tadLaZ I aQnN
153j & PMEKI ~ ¢t : TU wn GFastFourier Transform, FFT H3 A 1J]
AN~ QNloghl 6 K kH] dS! PME I 1990 ~ | H$ ] E R GDarden

et al. 1993 Essmannetal., 1995 H AMBERCHARMMIAMDGROMALS @9

GLGby: zIt+ DI HS E -7 AL MIXI =2N_yv 8 &Z L
de factstandard LM <3t Hj e S!
s ,00tfa 1iTSx I NniLoo PMEIije] 6-F ijLK G
GKI'HGsonlLe!s ,0oftad k- & §04dT Si kkOS!
PME LUKdS$Sé& 8, 00fd LhU®6G313-6L&I G s UYs
G6.314) LO& HHAsjesStdrwUrirookKdas!?>v (3 PME
[ 27T se 1 I 6A4L UGBA4.4IHL D Kd S'!
Y —B — T B AQ0N® Ol
—B —— 7B AQeip; O B Q6N Ol
—B; "Of i Y i (6.4.1)
GLUK
(o} A (1 6.3.18)

€j
I 8,00td LKkGSKTKIi"BH]! 0]
Yi B AQoi®; Dl (6.4.3)
'Yy x” Ak! L $ 6A4Kd H|reé&i DBfBi GLt: TU ukKd
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PME KI' U@)S§ FFTK™ * £21 SGkK 8, 00f dKlI @mNj 1)
G s L&AEZ 3 QNogNi 6K kT GkeKGS!TLTEYTzQLDO

 GGKI'i G% PMEert o6L=N &#Z LP k- 1iejr Deserno
& Holm (1998ab)e 6 k O] e SL K Wi L Gk! Le FFT 1T S pPMAR ~
Tk H] x 8 HEGKE&EYRS] eS|

6.5.

I KI  5"Q3" 0 G Multipole expansion H $ H)l 2N v $§ LA&EZ
§"BT Str»dokroovta kit~ LPMEI "loeel " Ht:
TU nsArR] #2T SLj & s 503" 0 I lo ToliaLlG
_ Ly TS jH s‘;"Qa‘“UjGKr EZ

Gl § §950% 0Kw | &2
1 OWs LOT: TtY

e1é6¢ LOE 106 LOFT HEvYvgRsSLe
T z Q]G Hierarchical tree algorithm Hk # OAST SGKkK QNogNER QN
oKy §SGké&;: Kds! x f 67 e
503" 0kOT: $#O0OASI |5 wZoaT: ZZZI Barnes&Hut
(1986) i r SQ wlLZoaT: 222§ kTStTrd Q wj GKLG
9" CcL®" ~s " HAs§SreéeiLW]!-" AL MIXI Saito
(1992)8 sf 1"~ HsSSré&i Ll ek Z:G: WwZla:B: 3L’

s LY I OtfZel MXI 503" 08ASS$] &S GAndohetal.,
2013, 2014H !

v GL LTEYTzQaLw 34 TSI rr0HGYF)] GSL
Pfalzner & Gibbon (1996) 4* R (1996) (1998) Kurzak & Pettitt (2006) L
KSWi L Gk!

[1] 5 3" 0 Lw ? CMM FMM
OT: §AW] Q3" 06 [ I ~ #j Cel Multipole Method (CMM
Ding etal., 1992 , Saito, 1992 )k Fast Multipole Method (FMM  Greengard &

SPME I &L Gk6-" AL MDLoKI Ss5 @i TKdSSI T MNoévekas
S§SE6MsLe!l ANI HGK ¢ I PME $kUUt Q] GKELEéERDOF
MRLe#H T80 ®s,00ftal' ™ ol Ckeeérfl” GCLLK G
GKI'i HITjeée)jeée]! ™HsL MDLYHHS WNERJA4ASK 8, 00ta o1
GI GOHG] 6 PVH i T SWol s0¢cLée6LLEFKdS!I el RG OTL
¢k hiseCcr ~jERI TH|LKILeéej SEE vYRTGk!
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KI' 95Q3" 0Ll Zf Lv

« kH#H™ ARI x Hel GT S]] O 6.5 2 ornazbkxd
I GLv,6 1«8 P Okl S!FP 7 o §SzZyo §° DKkG
AjT qgLNKSG6I TL<vsd a

';‘TS!G! §'['GS:P5‘f'" P bl orERETHTRE

ERG] rL<MlI dS!' I Sk P j—ln
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503" 0 GCLhUu Yl 617 é o/\T“ r
SER T$§8A&k PA j=1., n

& ilunTi e@czZzZpt U 470%
AoKL™ 0KI' ?v Ly &l " 6 A$ S GPfalzner & Gibbon 1996 !

Y B 5 B 4=
- 1 3 A monopole
He H3 A dipole
B ;50 - — B 0 — 4"Q3 A quadrupole
(6.5.1)
JiH *e00kol xyz - 8 T106)U0UQIcsSHQIAP: qZD
Z G, Q ?*v LUKT KHS S!
H B AH (6.5.3)
0 B A& & (6.5.4)

U@)L 2 Zt LY 3RAP: qZDGijofF NKHKZUt: @Lul HRA
P: qZDKAGDE @UL Q 4Q3AP: qZDK 3x3» LcZl f KdS
1 G§85 803 16MQ3,.. k+oeH]j 86GL &#Z- [ p&sSe& s or

1o @l 503 0Ll kGl HIf 6re! Q L' QAI H3IAP: qZDé 0

i LS keeqTbDeEdSLK "Qe & 6L1«1 HSIj& =N LQAI TL
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o
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J 1T §&s Mi ERKdS!
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(Dt r,f pPHLE! jk37TLPA kL _y 6.5. 3 X

§ KILG /ikZtklL & k#H] £2#

] e$Gke UERGSES™ -~ "Parent >~
doLr &l CMMKI  GLAZt GA / child! N

A child cell/particle ~ HL 5 Q3ER 1 @< // o, o E,M.\\\

[ ]
. , . b/
LT 2zt Gf A parentcelllparticle HL 5™Q ' '\O . \

3P: qzD3&21$1T7L] 6 GLAZ |\ | mmw
f ER SUETZfLBD%PiqZD§EZ ‘\ . wcm&/
TSUsSOH] eG!l ¢ 3LLT &1 T AL™ . . //
b1+ &P OkeG! /=1, .., M.A AT § e A
T 68 OERG] bL<vd1«1 U@E@@ L5Q3 2 U’ Fs6ijkT
SITLQA P 0811 H] 5Q3P: qZD Z 4”7 Q@I v LUK
HS SGp H! T r W] O,0=xyz!

O B O (6.5.5)

B & H (6.5.6)
0 B O OO® “® ‘ ® (6.5.7)

UGB)LYRIAP: qZDI NKL j ER® ! UBLH3IAP: qZDI
s 7LA A& LHRIAP: qZDL k A As NKKOLH] kGLHR
AP: qzDL [ LNjéestUu®LaQRAP: qZDI s Faq: z1ij
EOQI Gee O oiijej "TLUILWjesti4 1?2pLr0sAl]
CMMKI GHALZEtLDQ3P: qZDER”" GLZf L5 Q3P: qZDs Y
MT St

[B]ICMM L &2
rvolLrél 903" 0 OT: kWTKASS] n6f &2 § kI
Gké; KdS!OT: KI " GLPAERL TNy KaeZH _ GLP

hj ©eczzpflL U6 SS!|]|H BL ~j ER ©Q3P: qZDk6c
ZZptL oAt HS] ésL “Lert!

BHQ3" 0 tzpzdts oL LsijKdS! 0 HGI GCLYHHS
wi L Gk !
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AT ok O] Ko Al R U@LDQY K& [

L 22 § QNogNi k#HjéesStTrdRorsd TSGO Iar &é&

ys | I Hernquist 1988k h H!

&2 YT suwli 78] 6 S/l héORS|] N wkil SGe
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AM! GLwL 4T 44R¥3 | ER PALG DOr6UKdS!
0 — (6.5.8)
GLUs Rlijjejde] M
Hi e &I 6.5. 4 DK"Y x
x
Y — 6.5.9 A C BRERILIZHETS
(6.5.9) m% FLLNARTS L ERoR
‘ DhDHIL

Hf 1<LPA/&N7 K
v8 TSR LPAGS e
Ge 4Ku —i X 1J) H 5
MY 0K _ & TSZtL G
§ Ny kT S sijLPAKLNA
3 L § | CESEZOs

.....

v$ LA&EZOsS tyukeG
k e L.y$ L&Z2Os T,
I dUILS!

Yo 0E o E 0 (6.5.10)
u@ao)” (O I sijLtPAjroe. yv$ LAZOsjER 1$8 N TS
k N wl og£20s T, LSSGj ' T $K T,85€0SI I sk nys
£Z28] U@O)I~ T s$Lrea!

0T el N5 KaeZT SPALG] ER (PALG Yx( 9 RL %
T{)Kdasek

5 — (6.5.11)

Mg 8 €0S!1 6FZDI ¢ 4AK Rri_ é L* slIsi SH H
R LesZfl ST S1s7LZ2t8sijLKe AkOLTLK TLGS
Mgl LS! m L 6Ge 4L F —L HI 1« ERRj G $]ef GLZ
fr s & sk "K"oeH _ GirGnk~- GGLSrei 1SS! GGK
§00S Gt q: B: ¢ (& 0Oc OpeningangleHs Li T Sk 4 k

Rk SLial e 4BER RELTY &

oI
i1

r
—

177



— — (65.12)

KdsS! ? oL ki L 6kK

61

k©czZpt L AZGdH

/&SAyé

> RFRRs Le n oGS Nyykeée] €01 8!

e 4B 41 0] HARI U@23 A&k
Y Y Y p —Y
e -f ij ' RFR, Rusper = R ER
Y p — 2
KdasSe GL Lde " GSHF o TS$L
o 7 (6.5.13)
kLS! 6] sijLe I mos$SZtLG ny! Zf3 K" oH]es

ER ol H44RSZELsiL L 4 SKSI)

£

(6.5.14)

KdaS! | ji#m U@A2)3A0] ! Nyl Nk ngldi ER

: 6, ¢ u
U@©3sAN] RS HH
log(l+dHA (S A8 K
e (6.5.15)
k" 8KGS!
G&H] €0 1] M)k n,,G158 U@~ Ts§$L
Y el 0 o]
— YO0 o (6.5.16 H
& £20sKdS! GGK N di 610] eGL
"y O 0 &€ Q0 (6.5.17)
LS ru; GL L £ZWZ DI QNogNKd SGk&SEW| ! Le U
17)8§6 Sk &2 T,l i3 6 TS ¢ 3BLreéei cédO0cieaHHGS
LdHenNk Zft&aHGLS| O &#Z2- T wesSeée T L QidKaz
g+eéS!

178



~ 61 keczZpftlLaAZGdH As _ §

bl Sk U@eL” ~ 1 I "&£ _yv§ KaAN ~ 22 I_ £ _y §

K QNlogh L £Z 1 LS! Y Awe~ GGLS L E L6 &rZ
OsLNkTk3OSrel LSIj& aHewklr E LxZ I &
KGLe!

® CMMLAEZ I PAGN A D" E£ 31 5 R Gé0Ocdl
>pT SITH] &£Z L AMp1 I NdK NMogM * J G!

[4] OT: 4 xLYW

> K" BH] r &l CMMceeFMMKI §{ GSP AERG] _ GLvP
Ank| GATL G880k O] Zti $S1jeé ¢ 4ALT &I §71 GSP A
iT$T$TiH] % T1° s8 SHj e R 18] GKazOss_1Uj H
0ée ~ 1 x KGLée!T GK SOT: Y XGTreestructure HT 3§ § 0]
§ $&#21SGkiLS!

GLOT: YNkl ® s80Ws | STSGKkSAT! ¢ 51 ows OT:
UX8 Us i Ot Irndbl “YLPAwSsijL " GLZEI $S! 7o
OQLRLY nbGZeGsi "~ TSI GS§SO6WrTAE OLf: DZf kH
7 HRI 8 SHGe Il 268 LLK4 SH T$§3TAf 1L Zt kT S! G
$SHRI 8 SH... keéeréi Ssdd éeRS$| MOTAT (M) K
ANEl GEH]T el ows LZf I i REk exLl Lré&Lias
6ijLK G$3SOT: YXTk!' N
SGj ! 6.5. 5. DKWY GMD z 3

OT: U“XEYVH] KGSK Mo m vwed z2 m G

WGA, HL: 7L ZET ijeée]
A . y$ GANy HISzZtTZ
Dk_ £ _y$§ GHQ3" OHIT

I/&}[/2=N’eve[

af 0

STzD3§S! ©FZDI SP Ak D
PATeSPAKZETKILG LAJLL

SZtkzZtTL _ y$ TZDSS Jegepose
SGkKdS!ijor PAL i
i SRT o871l° s8§ ST S k

) L ~JLO
68 Gk! MOWGMG&GZt HLd Kmﬂ
Szt /iijjejr & ZtuL RIS
TZzDI 6Ly &1 8§81 & I JL—k

"HE Zf§Zf JkT S TAE 0O 1
D) Mg LA 28 s AE RkZt Jrs S8 U0U@8)s8 | ToK

Zt8 SHjeGl céldcul TKid H] AF - §00S Gt q

179



k©czZpt L AZGdH

/&SAyé

:B: LsijKdS! .
6.5. 6 DKWY nbkx
AJEBREIER
(6.5.18)
uagL satzt j1o B czvmeziaen
K SH|E dSerzt j
N oo A ) IE DI E EREE R
EMOWAowr | LWL kG (/\) THETBEE L
Zt j§ OL3ZAK 3T T
ZDk_ /&£ TZDIir ¥ IEDBEEAESEHR
GS;= BTHET 2RI
$Rb R !
L ! B AHAER
5 TZD
$T 829 !
- A TZD EI EERO+EIL
§ _H| 2t 2t _y§
TZDI el e 6L HHPH EEADEIL
rel LsS! "Tloegpée. 1
BAKd Seé . 5Ly &Ll
N OT: TtVYTzQK
§SKkGELSSG!I MToO@L QAl ¢ 6BKOT r &1 Ans os i Q

i T8$7T8$LYNNLO® 8421 SGOGU" 0Okéeé& Lambertetal
1996H !

>oKd H] OT: LYXI el RG s YALGSLK YPIT 61k
eSTL &dSréj!
[F(]CMM L k Uyt q

CMMS AN MKUUt QLw & Kow: dli OT!» zdfT $AWL
788100 1?v LWwaqzZDIi N6H] e !

Le GGKOH] T 1s08sCO j & A k_ £ [ 9500scC
o] G~ 31 HS #H "~ x T SGké; KdS!
Ww: d 6.5.1 CMM
CALLmktree l oWs OT: Y xLZt; 72t _ y$§ TZDS -
DOi=1,nstep ! Os

CALLatomcell ! P AT SAN] MoTAfL A2t i
Il PAST F GS!

180



~ 61 keczzptlLaAZGdH As &

CALLcmm_pole ! Nlevel ->root L Al TAjLZfL
l 5Q3P: qZDs &£21 S
v=v+h2* fim I z0t T % 37
r=r +h* v I 5% 3]
CALLcalfor (f)
I L3]I GLYKE:bBZLAK
! cmm near £ Zt ERL
! G=Y kLI LAg H
! cmm dist_. £ Zt ERL
! G=N §950%° 0K&AZH
'L jjLYyKE: BZS! NI
v=v+h2* f/m P+ 208 T % 387
END DO
[6(]CMM L Gt q: B:

TKIion] AF CMML Gt q: B: I OT: L%HA My ~ 5P AgA

5 R 6é0cd Q3 0L6GL 4ijKdS! #Z2- ka&Z2Osl GS$
Ri >pT S

Noer 3~ GGT Sk MaZf 8aHGLSLK ©czzptex 1136
LK &Z- s il @&ts MaZt&aHT §Sk qPT: eaZl U:
f:tbdé”" GGLSPqTbD6dS!

RI' " GenkaeZ - | @wéSeé O &#Z 6+éS!tLe 2N L°
5.v$8 kLssaLt: kK&AZT SQAI RI LJLMGgubDUt HG8
ET H?> @l TS &ds!

GéO0cd G NKka&EZ- | ©0&Sé »olréil £#2 I @Qd°HK

é
Si 6 &8dS! Le Saito(1992) i r S PPPC L P K
$KILG A RLiI GK _ Gi eGLeGnk ~GGLs’r

HjéS! 'SQ wk @& 1L -7 ALQA =N LE fO
60$ST| OKdS! || H 'HK | Barnes & Hut (1986) L' 6 © J§f¢k
H] A 1d) !

503" 0L 6 G o~ Genk - &wesS!IH] fru; &2

6 1LU: Bb: GPAGM I >prHLEeHK+é S|

GSRGt q: B: L 4 r ¢l E I H] o 8vYRLée!erv
$i1r #2CYo_27T: 2z2LdiGili TS8s.- k+ I DT:avu
P TLi Al GGKBuUPKdAS!

181



~ 61 keczZpftlLaAZGdH As _ §

[71 93" 01 7iT7TS " kokO

Hi CMM&§1«i 503" 0 3§ "BH] G] ! Mdl QN GKL G FMM
6nd] 5503 0iiHAH] YyHS] sx #Hj OS!

uotada Kx #H) S G632 HI CMMEFMMGS6 ©éej eELeéek
2x1T S AwL MO MH]HOo&!T L] O ME3 nblUdZLHIAP: q
Z Dk HJ )

0% —E (I 6.3.2.1)

§ Fof DQTZER. &] &2ZT71 SGChallacombe etal., 1997, Yoshii et
al,2018 H! | j # GS$I 3 nbiGze TLQAK s s LA
LRL

Y —EEE (1 6.3.1.6)

§ GGkiLs!

kGSK 9503 01l NVEMDijoFoldUu€Equf aKLUBt U:
k'Qe' I pédze(42d) kee&o &dS GHernquist, 1987; Bishop et
al., 1997 H! U8t U: I pédell 613L1Kx H] a ©czZpt
Ust U: 1 LOREKASGK & | HjeLeERKdAS!I dSOszc

bkEROLZcbkLsi dSPAszts. TséL TLPA&ynl I
1l xTsS; 18 eto)] TL)O ubDUtLQAI Hs$LAHA
eé gVEFzIi e6L&E-h sOkH]USBEU: LATt DELGN] H

081 6&si ™’ L pédell _ GLPAERL 8§ o6kOj 5
3 0K " orH] eS| O PA” jsL_y$§& & AtiT f,=-f,klILRL

G ERG®
Gej Let

j & PME FFT I J &21 & FMM T T Lo &Leée!r ]
roowl TH] FMM{3s I /b Hj eSTtD6dS!ITL L kHJ
50 MOKLJ A7 K L MODYLASA g SGk & KGS GAndoh etal.,
2013, 2020, Yoshii et al., 2018) | MODYLAS! % s [ I FMM OOt as #

e jjor & § L aéR [T -F | LeGkib”H]eS! GSR
L ~ T k¥idetT ™' & sH NVEMIXI L G NVIMDe NPTMD
néel NPx [ HLe!si ST 903" 08~ 61 #j eGL + KIaAG
LSIriKds!

Géesd ~e&dSl eE Her 1L 2023 O - AL MOLe3G ¢
Tk CMM FMMdor ASsjelLéeréej!kz si PMEZGTSHRS]
6S! PME »1 Kon] ~“I'-hlLewn - AL MDB: WoDLDHG
I PA"K TL"GAHj kD5 Q3" 0LaqTbDé& PME 0
]

182



~ 61 keczZpftlLaAZGdH As _ §

OAST | Tt YTz QG Schmidt& Lee, 1991, Figueirido et al., 1997) §n
H 1 $8 7L KT 1 x #] e S YXLOOI 0 L $$H"
(2011HL Y HHS Wi L Gk ! MODYLAS Ut f Ze Lkl 4™ wl MX -
d3$ "1 0] e SGAndohetal., 2014 H!

6 xenf
-7 AWKl 4~ As y$§ kH] Lk=2N_y38 84a&2T7 S
I déer i1 &£ K11 e&VG s £7Z | MM NbDZObDKdS!

ri3j] =2N.y8 L - 3 dijijaZ v gSGke™Q K 9 GER
7La &LHAS] G) !

>N & &£Z KkH] 1990 T oKI_ £ 3ubDUt BH] £#ZH] &
& 7L & REILNOJ!'TLrd ubDUtSHLeKATI £#2T S
eY x HS o Pl ENjeéesStTcrLreéLl ir =~ #H] +:TU wn
A8 GUDEAd el L™+ L PMEHKkDQY 03A8 G CMM ce
FMM HEdS! 1K6 -~ AL MXI PME & As L k #H] ¢ GAS

§] &St s 503" 0 JM WL AZK -O8Ag] éS!

6AL . SeRrI WDl hkn
ToeeKL=2N.y$§ ©cZZptLUM®G216) I TLOO MIKASSS
GkloilLeeg s U0t d oeFMM
Lkri "1 LS ~OLUKasS!I 6Al. 1 n=0 n
GK SEWNj] Ssirlea L KIds n=m

& I RUkj G t #HjeG!
Grussees 4 0] 0S!

Y -B BB o6 i. ! ,
(I 6.2.1.6)
i=1,.., M I 3§ ZtGYnH L n=000) ™ -
Ao &i GSeczzptsagZ1 S ke
sGKIL&InliT$ 1 ¥n o o
n=(000) k Ann_(000) T njiiT$ 1 2

KdS! GGKCr I'YNj GigL™ §&
G keé&® 1VjiiTsS T v$8 T8 "Hkeé&Gk! 1/28CEN] &§

Lr 3 zt L _y$ lijejrektulznps GS) O s Ank

—_—

183



~ 61 keczZpftlLaAZGdH As _ §

L. yv$ Tijejl YnkAntsKeczzptUat U: 3 Jiji
GANj] &S| 6Kas!
GGK [

| 30S! Yn KLBKfuUZDS GSLkeéesgLl 618
n KI j>j Gaezl SE

pul;

Yy -B B 6 1 B B 0 i

k HGAH] 64 SLe! YP kUUt QYXlI - Lré&l#H] &£Z §W
RTLE Aj!jé& YnkAnkLsl _ y$& Tké&lLLjSe' 12yl
H| R Gy LT Ho K i L) HoeKILeE" T§T Cs
f OGZFLKI®

GLK | "TS éI séeeée U@®311) Loo ©cZZpti 12350 G
] DKAHeKT ! GS$§ & H] R$)] 1T 128CEFoTT!g-

LETKaAS!ITsr?»viereid KGS!

SwliTS) 6 ¢ 1rel M2Lwss ésS! GGK U@®GIL) L WL é
i % Zf n=(0,00)k AnLsij n=nG%¥ Zft ERAGDEt Lm $§] & SH
kL y$8 ©czzZpt Ys #2171 Sk

Y g 6 ¢ 1T BEs o ¢ T HBEs 6 ¢ 1T EBS
6 ¢l 1 EBs
-6 ks o0 ¢ EHEs o0 ¢ EHEe o0 K (6A1.1)

]| B w63 A GSE K H] An mERL A1l CES f,
§ 2271 Sk

. ___ §l Bs ____§l _Es
H - ¥ "| |
S EBs oy g 6AL. 2 x4 o
gl Es
o EEmALEE~OH |
S Bs oy g 2
sl EBs
(6A1.2) 1./2}/
AGSOG T 1T kT 2 8T $7 1 e,
$§ f, f,ki KT Sk n=(0,0,0)
1/2f,,
"H -"H -"H (6Al.3)
Hl GL L™ 8ses!f, EE-mHDEEA~D S

184



~ 61 keczZpftlLaAZGdH As _ §

¥ i sl BES « )

H Sl Es ! &
i ER Anmt A28r,Lj G $§] YnOiynl KdSGe 6AL2T @
YN mmH! s f,l

H —Eﬂggiﬂ =
i ER Ynr A18Anml A2iynl LO>§H] eSG " wmH @
YPIiT ¥Ynr AOé 31 GSSGKdASG YOumH! k& & SGK
AOi 1 Al s éRSS 1,8 CENj &] 18?291 f,8 i G
CENj &) SGKds!

YI' GskoG h & AnmkYnslIATK T1 <Mi dSAn-mER
6CEN] eSLKdS! U®BAL2)I 1N] -mERL §&#2T Sk LA, E
R

o g
6Al1. 3 mn-mx X
E ~ ﬁyﬁssl = 4 0 X
PO~ ¢ _EBs . g '
¢ ¢l EBS
po ' ¢l B “| e
¢ ¢ EBS
: Pr, P-
oot
(6A1.4) ——
kLSLK f.k ©Gs ¥ T S (6A1.3.
Pv)rijor
M h H H

KdS!

ok OSk jLANn(mk -mt AOERL AONL SVHRASI $L
e BAL4ALT 81 T ST S$LANER i 128 CERLe & ejes
k OLT SSGKdS!

kedGkK U(@®311) I 128 &jeSeEgK ©czzpftj GKL
G L'Q 6 GSGkeKGSSGj!rN] GSERI H}] Us »H#
j Uofd ceFMMS 1 TSLI L& " 6Leél

185



~ 61 keczZpftlLaAZGdH As _ §

Le L k #®#] ALe &1 LAnkL _ & I ©czzpftr
V36 e Ol LSGk3st H]eG!T S$I UGALIL ¢;$ ;K T
Sk 0l LSGKERSES! Anryne Gi_ W) ~. TSjGjER
AnkYnisiol I ELeLKdS!

6A2 . | _ mx \ « X

~ 21 234s paTKon|réi TMoe¢eKIc’ I pHLe! G
I Gk 3 6AIK 2 1] Oy wKOH] eG! 44dKon)rei 7o
O@LNERNINEgF SSQAGTq: zZUYHIT ¢’ & pHLeE
LT3 KdS!|j & GGKI Fq: 2ZU8LeQA | keéelLk slLZ
o2T7: ZZZLkKK6 ¢’ I pHLE&EGK S OT !

6A2. 1A M « § xlyyp7 B z 3 Zr m

~234dKkAN] ¢ L ds x LUS GLOy widjros! |
H ¢’ LI xAAGDE L,k RSHelLK ~ SFi! K WT S!
— B 1T "H B » B 'H G| 2.39H
f7r Yn KO"O0&ynl LLK T$Iib"TSc’ I Os x #HL
6ER ~ O I OKd$SG23drx wr H! f*T AnNnERYNIiyn’d
0T ! G§8HGY Tk 6AILXx Lrél & &] LAnERL L' T
Oj ER éHj

186



~ 61 keczZpftlLaAZGdH As _ §

KkHGS! GLUSké&ehGU] 601 LRLeGwY | Hr 8k H] 6Y 1]
Vi LS GLLK GGKalOjeGH!' keedSGK ToeeKl ¢’
I pHLeé&!

Nes 1 6 ToeeKc’ & pi Sklsei Gelc’ & pl S
LR ¢ 1AO) el @i &iL” s3YneGé6i STAN6H§GSgSsilLec
1 Ke® H1IGSGkIi LSe TsérarelLe! BLrél Ye' sl
K vyiI LTMF8T1GoRGT HjesSLe Y KdSea!

kedSGK "Toee aKl Fq:22Z2UT1 SkGIéi ST ARLekG
Kéc’ I pHLeLKdS!

623 rupbDU0t §PA SK xTSPL K xL)] oru

€ 0O p p p — p G| 6231
S el eG! o , 6A3. 1
e 6.23.1B L Wc D § Gi Tk o 1i
LS! e ERSESr el ~GewcolL e
v$8 © JERmMLPUKAZ TLE&I
T —LgHewcoOL L I mk3 I PUK
£21 S1 s GL jjlLwecdl 62K 1
L LJHL T (MD(MmpKdS! L
I ol TStrW] mtL PU HGAEZ
KECEW] QAT v Liasf i ‘gr. ............ ;a .............
ddod 0 O 0 CLU ¢ S »
G$s nlifm]dGL U(®B2 31)& RS N-1
St
6A4 .z | kd X
Uofad LhU(®6.313 -7)8 Ballenegger (2014) i 13] i 1A
Hij j i #] OS! GL L 2014 kéé& _ §6Sk s a7 »l 1921
| As TKig  kx rjesUOvta Lri oj71 A#e 1 &iSL
E kxG!jé& GL KI g9eé [ G rLeae GLUJ

187



~ 61 keczZpftlLaAZGdH As _ §

es™ v GL feF AWLGS

Tk'He| QAl Ballenegger (2014) § AT G 6A4. 1

ki Ts!

GL KL GLW. I Pa  HC A RS (KTE0)
I AST | LK kI~ gt T siijejr

LO Kz x4 TSre] AGYy<Il P
ALTZPbGZ/ jks élLereili /K
6 JK6LG /L 08®] ]!

k" 1] escr Ni GKILet e
L i1 ecésijéslee GL KT B. EARRYIR (HKFEV)
Nés | dHel &r el ¢eeGijEe & Bz/
6] O] ! 0] KIgeuLr o>rI ELF —
Ly ase ¢LSES VKHGuH] d B, By
S! VO e r~s6 0] g LT
| SEF¥ el GH] ij6Fj & s | $Ks éc®t d0&-hLeGk3™ 7|
é! 'y LLK HRik OSsI TIiRs8 TjneelTLF
I SE6vsLe!
[ - Li
AT " YkT STTowl ¢ 1KdS! L 621 L KI'N 7 Ge
6211 Hi jjejd HjesSe KI' ris si A "G » " H

i #] US ejesSLK GL 61T sl e A "8§2é!jER
Le 6211 L BBBIN " LO jWU| & e 1L'A "~ KIAGDt B,B,B
I LSG KI a,a,a)! 1 3] 3 nbdzr 4 G KI )l A
"KIU@®G219 LreéiYiw §cG)jGje A "KIauiLs!
® A A JA
A A A A A DA (6A4.1)
rAAGDf LG KI' Ml U(®.217) §8A wi 24H]

g @ kdeél ¢l 10 ? w»r» i Deleeuwetal. (1980) L c¢: Bi GLR

WHhA ns3 H)Oofa L 1 & Odej] 20W: z? LE: DESII| Gk
gdsS!je& & KsW)e:Disi SRT E O H] 6 HG]r GSERLeé
kee | RGKdAS! UsAeLl -elleéekK CsL ne I ELLeéeLj!
GGK"™ BT S Rllenegger L I 9@ I né§LZZktj & GS$|j U] ELF
He! Dofta LUOr sOlF ANk vKILervli Tor 1iIkeéw] GTLI

Helj SEE! &dxi HedesS!
188



~ 61 keczZpftlLaAZGdH As _ §

E ¢A &£A &£A (6A4.2)
K T1]j#
T &tRR

¢t RE ™ phchoB d
r LU(@®.218) k ©6 hKdS!'3 nbdzZl n=0000) & "~ TS!o
] +:TU unKAEXYAAGDE GI  k=(k.k, k)3 nk h «GA G DI k
T Sk I U(6.2.1.11) 8§ 21 H]J
¢&r QH Q"H QH (6A4.3)
Kt KASS( KI GIa OL kk WAsjesS) ||+r

"H C“ A 'A’ “H cn ‘A "A, “H C“ A A

KdS! AGDf b, b, bLT KI TKI 246no0$] &6SLK +:TU wul
Uir 2drmoslLec 6AH !

v Lx [eeéej AGDEL GIiTS I 187 8N Nk HGGK
[ TSI GS§EHGY T L

B; B B B
d d d
B, s B B
d d d
KdsS! L, G5 GkT Si &¢I FAneAKNKILG AL), AQYLTr &l o
TS1o] Liiejr ! L v3 {7 KATTSQAI L7l
&1 HG!
2] L 1
>l ~Lkiprsk OUovtada rpus 118! k [ <V
r, NKgtLPA& 3 nbdaz | M pPT SwrLUBt U: jor U
(6.3.1.1) L 4,5 €0SG KI g ?>v KI' *ed0=1ri TS! 0]
' n=0,00) K /L™ 87 TSGksOT+r KAdSG KI's H!
Y -B fBB — (6A4.4)
¥ nbdzL 26312 I TL0O!
B R m (6A4.5)
6] % nNbGZLHRAP: qZD M6 (6.317) LooKdS!
E B 3’k (6A4.6)

189



~ 61 keczZpftlLaAZGdH As _ §

Q Q

U@L § e 1ALT 8L " s &7
Iy jjof L7l ijej €0b
L 7 HE 7! dL 32 8 HIU] MO I
wBeds i) o6l U@L s vur
rél iji GSGA%GGKL nl Vi

KdSGksYAs | OR] eSj GK U(@4)

I K
T H

LkiijGSnkl Al " #lLeH!

v 8 o B o & B O

(6A4.7)

NIarB)I - 11 7T Sr&i HF N¥l a1 KIrdSeée &£ZTL6LT w
Vi LSreil HS! dK ESréi Nl HIAMLY Zftk_ GLAN
L yv$ L kTSL& eGe 2H!' T 8T Sk Nlarp)l! "~ £ | 8
I [ LSER " s SGe IMHLOIrRLEUILS!
GL t K 181 0s]061 =2 y8 8 "E gk £ g(n)
I GS!

w [ % (6A4.8)
g RndK rér i G111 1TS6L8»N! G$T 614 [21kKd w1 &
i e 11 TS O akdS!ITLQA g(n=lUr-g(r)l rl dKg
() r* jjor=2N_y$ 1 "JG' GSRsEAN] UL VL' £ Uy,
k_ A& 7ide KIryi yHi GS!

YOYOY (6A4.9)
i H

Y -Bg.y BrAAT T 1 E (6A4.10)

Y -Be. BLAR % T B (6A4.11)

GGK Ud L«R TLSI =2"1"s L [ LUjese "&£ |E
R s Y s kT LTFG Al minimumimagelj GL [ LSt s U
kH] I 10)LooK @&t s U (1) L_ A& S ¢ AS §T >
LekAéeSoi LRLeLK ?v KO#EGEd TSI
8] _ & i )

v 0@aye_ & yre s U jjorg(ni. s La23§ $7
i eO6s! Ggs a1 178 LLK4 & !




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































