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ABSTRACT

In this work, the experiments have been performed based on diffusion
coefficients of Green-Kubo and Einstein expressions and conservation energy to investigate the
accuracy and stability of second order explicit symplectic integrators of position Verlet and
velocity Verlet algorithms compared to non-symplectic interators (fourth order Runge Kutta and
fourth order Gear predictor-corrector). The attractiveness of these algorithms lies not only on
their stability but also in their simplicity and low memory requirements. The simulations were
performed by invoking the Green-Kubo and Einstein relations include global error in energy.
Computer simulations were performed using double precision of calculations. Simulations for
diffusion were performed on a system of 256 Lennard-Jones particles interacting with a potential
that was truncated at 3.0 0. The essence of the study was to run series of simulations, starting
from the same initial configuration, with each simulation being run the same reduced time. They
differ in the size of the time step used and hence the total number of steps actually made during
the simulation. The simulation runs were divided into 10 independent batches such that these 10
batches formed an approximate Gaussian distribution for which the mean and its uncertainty can
be calculated. This technique gives reliable error estimates from computer simulations.

Results showed that the position and velocity Verlet algorithms were very
competitive compare to the Runge Kutta and Gear predictor-corrector methods. Both Verlet
methods use approximately the same CPU time due to less force evaluations per time step
compare to non-symplectic integrators. The appropriate time-step size for velocity Verlet
algorithm should be lower than 0.01 as well as the time-step size that used for molecular dynamic

simulation must depend on temperature and density of system
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71 J.M. Haile. 1992. Molecular dynamics simulation.
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(A1) Aty +1)) = lim- j CA(t,) AL, + t)dt, (2-37)
T T 0

v v o %

o (A(t) A, + 1)) inilaiduiifeniutunawesiulsmandeui A(r)

o * & o @ ! .
Avuali A() ey WusiMouna1ves A1)  nanat 137 52ELHINUeY 4 9N

o ] A= o A 1
AV UIVDINUNYUNUNLIAT t=0 %zegiugﬂ
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t L]
A(t) - A(0) = j dr' A(t") (2-38)
0
o o :/l 9 o A ~ Y ~ o
NINITINNIAY 2 mamwuazmmimaﬂﬂi'ﬁnmqmaamauh ﬂzhlﬂmmaﬂmmaawm

5282114 (msd)

msd = ([A(@0) - AO)]' ) = jdr"jdz'<}1(z') f4(z")> (2-39)

t " . .
msd = 2j d" j dt'<A(t') A(t")>
0 0
Taeilafsufeiy (correlation function) w2 liitimansenulumsideunaidese s
<}1(z') }1(z")> _ <}1(z"—z') }1(0)> (2-40)

2 ¥ n_ Y ' °Q . Na(an n
ﬂ”lﬂ“ﬂi‘ﬂ T=t-1 fl]gllﬂ dt'= —d7 UasnUUAUDVLUADNNUDINITOUNINTA 7 =" 1lag

VO UIIAVUUDINIDUNNTA 7 = 09218

mds = 2j dt"]dr<}1(r)}1(0)> (2-41)

mds = 2} dz-<A(r) A(O)>j dr" = thdr<}1(r) f4(0)>(1 —%j (2-42)

A -AOF) < /. .
¥30 <[ (0= 40)] >= | dT<A(r)A(O)>(1—£j (2-43)
2t ) t

ol ¢ Hvwalvg) au) aglan

([40-40F) 4.
lim - - _[dz-<A(r) A(0)> (2-44)
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Mneiuiunal gniuauelag Green 1wuiu dmsudulszansmnielounnuiou uaz
o [ Jd [ [y} c’dy = 1

Kubo dwisuils1ngmsainia i Taeanuduiusiignisen Taesaui1 Green-Kubo formula

4
$170819 subroutine ﬁ'"ﬁ’ii‘]_Iﬁ”I‘L!’JmﬂTﬁjJ‘]Jizﬁ‘Vl‘ﬁﬂ"liuWilmﬂﬂguﬂiﬂllﬁﬂﬁiuﬂTﬂNu’Jﬂ N.

2.6 521 D8VIBIBINAAVEIHSV MD (Integration methods for molecular dynamics)
= at a o o 9 A 9 k2 A A ]
seileVITFIauavgmimnlylu MD ieassmsudaumsmsindounneglugll
A v 7 % A A L 4 o
YOIANMTIFIOUWUT (differential equations)  FIM 3 1HOUNNTIADS IUANMINDNIRIAOU
z 1 o Yo = A o A Y Aa a
wu dawamlddneviinnuaaiamaoy (errors) lUanfimeuiunase  Tassiavesniy
4 \ < A o N R R g 4 4
aaamasuuliseanily 2 ¥iladuaadlugili 2.7 Wune ylanniaunnuaaiamasun
a a 1 3 4 { A @
1nA1NM5TlALAY (round-off error) HarsuanasuiuaNuAaIAMABUNIAAINNITAANDY
o . &£ A a A = Y 1Y . Hq 9
AMOU (truncation error) FIAINNUAAIAAAOUFUANTDUNSIVOINVUUIAVD time-step 11 1%
o 4 ' 4 . < 1
Tumssrans TasanuaarandeuaInnIsilawbaziinuinile time-step  WYUIALAN AU

ANNAMIAAADUANANINMTAANOURIADLIZTAIMINIID time-step Huu1A 1Hin)

round-off error truncation error
dominates dominates

Total global error

Integration step size At
{ v o J ! ' a Y =
gﬂﬁ 2.7 HAMIANUANNUDTIEHINAIANUNANDIAVDITEUUNUVIUIAVDN time-step nl4

111 7M. Haile. 1992. Molecular dynamics simulation
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@ { <3 o [ { 1
woaa s lHnudoya (double precision) Tumsanuawaasluzdi 2.8 drunnunaia
A @ A 9 [ 1 o Y =} axt A o A
IAADUIINMIAAMBUBBNINGITDI 1ABATINUANNUNUIIVDINT 1F321 ] sUITFIANaVIND
° 1 o a a 4 J Y . Aa a
Wfeey AnuudwesdumnamesmaiamsonaasldTumeuves time step Hazdun

4 1 dyd v = o 3 1 A
NSNOTHAHNINAADANNIADYTUDINTITI MD 1Tl Ue81989

I | 1 I
100} ® |
b ®
. @
EB 107 & ® -
£
& ! ® o @ i
=
w1074 “ o o8 :
g @ single precision o
23] L | O double precision o -
F:
L 10-§f O -
Q CPO
E O N
o®
10-8} i
@}
1 i 1 1
1076 10°5 1074 10°3  qp-2 1071
time-step

a @ { ]
517 2.8 nlseuiisuriavesdudshldnudoya

131 J.M. Haile. 1992. Molecular dynamics simulation
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ao 1 a a a J [ a a 3 a
Tuaudtetazndssiavesduninsimesoomily 2 “D’uﬂﬁ’ﬂ HUUSEHNANaN (SI) tag

a I a [ dy
HUUUDUFUWANAN (non-SI) AU

a a J a a
2.7.1 OUNNINDIHVVHOUTBNIWANAN (non-SI)
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a a 4 < ~ ax a o { s A
DUNINTLADT non-SI Lﬂuﬁ&ﬂﬁlﬂ’)%t%ﬂ@nlﬁﬂl“ﬁgﬂ GMHWNWﬂWﬂ@HﬂiﬂJ!‘VILa@ﬁLﬁ@W1
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v A

Y Aa R Y] a R d' 9 Aav A
9anN93NUUUL non-SI 0andTNUN 15 1UaUITeAAI
a a J [ @ @ a [~
1. OUNNTODILUVUITINNANT (Runge Kutta; RK) ’t’)ﬁﬂﬁ]ﬁﬁlll!fﬂll RK daudlunyy

[

A g & o AR Ao Y A = Qddy
non-SI uazﬂaLﬂuwuﬂuaaﬂaﬁmmmﬂ%amwnmumm FUAVDI RK UHA1YITVUNY

v v Y I Y
Yuaundeans Tuntiiden 14w fourth order Runge Kutta (RK4) Fauandlagane 11



Yoy =V + %(kl + 2k, + 2k, + Kk, )h (2-45)

il k = f(t,7) (2-46)
ky, = f(t, +0.5h,y, +0.5k,h) (2-47)

ky = f(t, +0.5h, y, +0.5k,h) (2-48)

k,=f(t +h,y, +kh) (2-49)

o 1 @ a ) v o o | < @ a @ @
@lﬂ@ﬂ?ﬂﬂaﬂﬂ‘iﬁuﬁTﬁiUﬂ1u’Jm§l1L!Wuﬂllﬂ$ﬂ’31ﬂli’J"UfoJHﬂWﬂ Tﬂﬂi%ﬂﬁﬂﬂ‘iﬁmmﬂ TNNNA

A1 OUAL 4 BFAAS IUNANUIN 9.

4
a a Ak Ao

2. aumﬂimamumﬂaﬁ (Gear predictor corrector) @aﬂaimuﬂmﬂmmu non-SI LAY

a a @ o, A
dousuiinsmesnienldlunsii MD 1wuiu vilavesduiinsmesuuuResinatedt
Y

] [ = v v o oA 9 A A 9 . =
IFUNU YUNUDUAUNADINIT Gluwmaan“lsmmu fourth order Gear predictor corrector (G4) %

Y
uaaa laaane lai

Predictor

r(t+Az)_r(z)+r,(z)At+°r°(z)( t) <’”>(t)( ) <’V>(t)( ) (V)(t)(At) (2-50a)

Pt 4 A = 11 () + 7o (0)AL 4 10 (1 LBD ) F (1) 8D (At AU UM (At ) (2-50b)
Tt A = 70+ 1 (A + ) (02D @ ) rY () ~—— (AZ) (2-50¢)
r @+ A =1 () + 1™ (OA + 7 () —— (& ) (2-50d)

rO (1t + A =1 (1) + 1 (AL (2-50e)
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i+ Ay =r (1) (2-500)

Corrector

Yy

Fi(t+ A — 1 (4 A |(AD)?

AR2 = o (2-51a)
r =17 +ayAR2 (2-51b)
[ ] .p

riAt=r; At+a,AR2 (2-51¢)

(1] '.p
ri(Af)? T (A1)?
2 2

+a,AR2 (2-51d)

r[(iii) (At)3 _ rl.(il'l')p (At)3
|

3 + a,AR2 (2-51e)

'(iv) At 4 '(iv)p At 4
i (A (| NS (2-510)
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r (A rMP (A
B !

. + 2 AR2 (2-51g)

f Q,a,,Q,,0,,a,,0; Y0 fourth order Gear predictor corrector N 19/120, 3/4, 1, 0.5 ,0
awday ualuaisoileeld s, a,, oy, a5, a,,a; 11U 251/720, 1, 11/12, 1/3, 1/24, 0
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UUVLIDTLAN NAIDILANA NN UN LASLIDTLANAITULID
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o @ Y a [ I a a S
dSurd Taolin13Wa191n simpler Euler 9ano3nuidadlunuy SI wazdoludunnsnesn

9
v A

Heu1Flun i MD Uy Faaadlagadl

Velocity Verlet

r(t +dt) = r(t) + v(t)dt + %a(t)dtz

1 (2-52)
v(t +dr) = v(t) + > [a(t) + a(t + dt)}dt
Position Verlet
vt +dt) = v(t) + F(r(t) + v(z)ﬂ)ﬂ
2" m (2-53)

r(t+dt) = r(t) + [v(t) + v(t + dt)]%
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V04 R.L. Rowley LLaAIadunIsN (2-53)

p =L\, D 46b () 2-54
i e e s
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* * 3 T* 6 *y j—1 B
p D, =\ Do, (T (2-55)

RV ESIGARE b, o, fmsuaumsi (2-54) uag (2-55) a1an1 1aanansan 2.2

y 1 a o o [ { 9 o L a [
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T" =12,p =06 0.000224 0.001179 Overflow 0.000119 0.000921 Overflow
" =14,p" =06  0.000313 0.001036 Overflow 0.000041 0.000299 Overflow

d
3.3.2.2 dudszansmsunsuazanuudua UM snIn
1NN1SHIAFNUTEENTNITUNTNEN1ILA199 91AAT1T19N 3.5 WUNNVUIAVD
. Y 1 o a = v qgj 4 4 = A e !
time-step H08n1 0.01 duilsz@nimaunsnaun lodalaw vaznuuniug Tufan1g p* iim

Pl v
Hoond 1.0 imlndiResdumdudse anEmsuns NAUIAINENMTADIULYDS R.L. Rowley

1w a = 1 Y A 1 a A dgl q’j dy
maulszanimsunsiuud Tuuanaulon YU MUUUDITZUUIANANYY el
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A A ] A d?’ o Y 1 Y o o Y A
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A A Y 9 = 1 Y o a & T A A dgl A
mgmmﬂaauw"lﬂuaﬂm wawwalnaulszansmsunsiaanad uazazlaunuIULLD

9 Y Y 1] 4
gUNYNVeTT UV Neiliilosnnileguugiivesszuugadu i ldeynialuszuy

Ao 4

d' = 1 Y o a Q\{ = Q' tg U d' . 1w
naoUNTIVU dewa Induilszansmsunsiaunuay TagwuNUUIa time-step 110U 0.02
4 1
HAZAMNHU MU UYDITZUDTAIZINI 0.2 HAITU T2VWAANT melt  down FUAADIN
@ a R 4 4 3 = = B @ Y A = o
ganesnunuUNesNaNuE gy FsaNuEadss T mTaduna lda1ngli 3.1 Fanua
log<ge> NUUIA time-step VNV 0.005 taz 0.01 WA1wuana1e ldnindeeunuan
YUIA time-step 1NV 0.02 AUNANNVUIA time-step MV 0.02 HATANNHUWUUYDITE U
4 )
WAy 0.2 szuudensansamuamisidulszanimauns 14 e annneynialusyuy
v A9 o

'] o ° Y] { A 9 o ] @
agrianuun Ml Tenmaneyninazinanissuniedeuiiunulites irldszuvdng

o Aa 1 YR Y1 o AR a ] =
guiiumsan ll1doausindansinuazinannu liades

{ [ a 1 a a 4 4 J < { 1
A1519% 3.5 LaAIaNYTTANTMIUNTVRIDUNLNTLADTLUVNIBTANANNSTINTANIZAN 9

AaN5EANTMIUNTUV Einstein relation  MaNU5EaNTMIUNTUVY Green-Kubo

D from eq.
of state
AT =0.005 AT =001 A =002 A =0.005 A =001 A =002 (259
0.064605 0.064434 0.064549 0.064142
T" =1, =08  (0.0039972)  (0.0033810)  Overflow  (0.0038945)  (0.0032319) ~ Overflow  0.063302
0.157548 0.156820 0.158000 0.157467
T =15 =06  (0.0055467)  (0.0065646)  Overflow  (0.0050943) (0.0061243)  Overflow  0.155844
0.300855 0.298813 0.305070 0.304059
T" =1 =04  (0.0227478)  (0.0220295)  Overflow  (0.0254069)  (0.0206605) ~ Overflow  0.285322
0.576914 0.580867 0.606113 0.588521 0.595088  0.621485
" =1 =02  (0.0132271)  (0.0192631) (0.0225624)  (0.0190583) ~ (0.0245369) (0.0256493)  0.590479
0.118631 0.118760 0.122957 0.118590 0.118604  0.123897
" =08, =06 (0.0055574)  (0.0062424) (0.0078836)  (0.0061156)  (0.0070078) (0.0085666)  0.08951
0.185783 0.184635 0.186557 0.186173
T*=12,p =06 (0.0050563) (0.0057271)  Overflow  (0.0038217)  (0.0078303)  Overflow  0.184834
0.210974 0.212338 0.212011 0.212370
T"=14,p" =06 (0.0039853)  (0.0070665)  Overflow  (0.0006487)  (0.0081972)  Overflow  0.213206

w A luuAUNAAIDIANUAAIAAAD U (standard deviation) 11 0.000869 + 0.00005
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subroutine fcc

third = 1/3
A a
vol  =np/dr vol f® 1U5uasvesszuy
cube = vol**third dr A9 ANUNUIUY
nx = nint((np/4)**third) nx, ny, nz %"mmaumﬂ“luumuﬂu X,Y,Z
ny = nint((np/4)**third) np fo i‘hmuaumﬂ“luiznu

nz = nint((np/4)**third)

if (4*(nx**3).ne.np) stop 'np should be 2*n"2'
dx = 1.d0/nx FZZHVDIDYNIAAD 1 HUIBAWYT?
dy = 1.d0/ny

dz=1.d0/nz

x(1) = 0.25d0*dx

y(1) = 0.25d0*dy

z(1) =0.25d0*dz

x(2) = 0.75d0*dx

v(2) = 0.75d0*dy

z(2) = 0.25d0*dz

x(3) = 0.75d0*dx

y(3) = 0.25d0*dy

7(3) = 0.75d0*dz

x(4) = 0.25d0*dx

y(4) = 0.75d0*dy

z(4) = 0.75d0*dz

m=0

doli=1,nz

dolj=1,ny
dolk=1,nx
do2ij =14 MAUARWHUIYDIDYNIN

x(ij + m) = x(ij) + dx*(k-1)

y(ij + m) = y(ij) + dy*G-1)




z(ij + m) = z(ij) + dz*(i-1)
2 continue
m=m-+4
1 continue
REDUCE TO COORDINATES OF THE CUBE
do3i=1,np Ysudumisveseumalinediu
x(i) = x(i)*cube YTasvesszuy
y(i) = y(i)*cube
z(i) = z(i)*cube
3 continue
GENERATE RANDOM VELOCITIES
sumx = 0.0d0
sumy = 0.0d0
sumz = 0.0d0
rtr = sqrt(3.0d0*tr) tr AD QUNYN
tcon = 3.0d0*np
do4i=1,np gusnuE eI YN
call vrandom(iseed,xx)
call vrandom(iseed,yy)
call vrandom(iseed,zz)
Xyz = 1.d0/sqrt(xx*xx+yy*yy+zz*zz)
px(i) = xx*xyz*rtr
py(i) = yy*xyz*rtr
pz(i) = zz*xyz*rtr
sumx = sumx + px(i)
sumy = sumy + py(i)
sumz = sumz + pz(i)
4  continue
CORRECT FOR DRIFT
ps =0.0d0
do5i=1lnp
px(i) = px(i) - sumx/np
py(i) = py(i) - sumy/np

pz(i) = pz(i) - sumz/np
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5

ps = ps + px()**2 + py(i)**2 + pz(i)**2
continue
heat = sqrt(tcon*tr/ps)
do6i=1,np
px(i) = px(i)*heat
py(i) = py(i)*heat
pz(i) = pz(i)*heat
continue
do7i=1,np
x1(i) = px(i)*delta
y1(i) = py(i)*delta
z1(i) = pz(i)*delta
continue

return

end

s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skosk sk skoskosk skoskoskoskookook

subroutine vrand(iseed,r)

implicit none

double precision d2p31m,d2p31,r,dseed
integer iseed

data d2p31m/2147483647.d0/

data d2p31/2147483648.d0/

dseed = iseed

dseed = dmod(16807.d0*dseed,d2p31m)
r = dseed/d2p31

iseed = int(dseed)

return

end

@ 1 <
Psuudmanusveseymalimunzau

@

VUNYUUDITEV

] ' ) v W as 2 J
UM x1,yl,z1 FINTUDNDINULUULNYT

ganeINuguANaUT MU

ANNIFIVDIDYMA
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MANUIN V.

danosnuilFlumsmuuaveuIvaMILIEZMIMUIUNITITHINBYMA

subroutine force

rmax = rcut**2

shift = 4.0d0/rcut**6*(1.0d0/rcut**6-1.0d0)
doli=1,np

fx(i) = 0.0d0

fy(i) = 0.0d0

fz(i) = 0.0d0

1 continue

u =0.0d0

FII=FORCE ONIDUE TO J.

do2i=1np-1

do2j=i+1,np

ry =y(@) - y(j)
ry  =ry - cube*nint(ry/cube)
rsq = ry**2

if (rsq.gt.rmax) go to 2

rx = x(1) - x(§)
rx  =1x - cube*nint(rx/cube)
rsq = rsq + rx*rx

if (rsq.gt.rmax) go to 2

rz = z(i) - z(j)
rz =1z - cube*nint(rz/cube)

rsq = rsq + rz*rz

if (rsq.gt.rmax) go to 2
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rsi = 1.d0/rsq

4 = rsi*rsi

6 = r4*rsi

rl2 =r16*16

u =u+4.0d0*(r12-16) — shift

rscalar= rsi*(2.d0*r12-r6)
fiix =24.0d0*rscalar*rx
fiiy =24.0d0*rscalar*ry

fjiz =24.0d0*rscalar*rz

fx(@) = fx() + fjix
fy() = fy() + fiiy
f2(i) = fz(i) + fjiz
x(G) = fx(j) - fjix
ty()  =1y() - fiiy
2() = f2() - fiiz

2 continue

return

end

o 2 o o
AMUIUNAINUANYVDITSUY
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subroutine diffu(switch) switeh = 0 5udu, 1 iudeya
if (switch.eq.0)then
sumd=0
r=0.0d0
do 1i=1,np Lﬁuﬁwwﬁwmaumﬂﬁnmﬁuﬁu
x0(1)=x(1)
y0(i)=y(i)
z0(1)=z(i)
continue
else if (switch.eq.1) then
sum=sum-+1
do 3 i=1,np
xt(i)=x(i) udumiveseynaiina t
yt(i)=y()
zt()=z(i)
r=r + (xt(i)-x0(1))**2 +(yt(i)-y0(i))**2 +(zt(i)-z0(i)) **2
x0()=x(i) Ysuilgadmrnaveteymn
yO(i)=y(i)
z0(1)=z(1)
continue
diffein = r/(6*np*nproc*delta*sum) smnumdulszansmaumsuunloralai (2-36)
endif
return

end
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A I o
subroutine difugk(switch) switch = 0 15UAY, 1 1NUT0Ya, 3 KANMIAIUIN
if (switch.eq.0) then
ntel=0 time counter

t0=0

dtime=delta*nsamp

do i=1,tmax

ntime(i)=0

vacf(i)=0

enddo

else if (switch.eq.1) then
ntel=ntel+1

if (mod(ntel,it0).eq.0)then
t0=t0+1

tt0= (MOD(t0-1,t0max)) +1
time0(tt0)=ntel

do i=1,np

vx0(i,tt0)=px(i)
vyO0(i,tt0)=py(i)
vz0(i,tt0)=pz(i)

enddo

endif

do t=1,MIN(t0,t0max)

delt=ntel-time0(t)+1

if(delt.lt.tmax)then

ntime(delt)=ntime(delt)+1

do i=1,np
vacf(delt)=vacf(delt)+(px(1)*vx0(i,t)+(py () *vy0(i,t))

&+(pz(i)*vzO0(i,t))

enddo

szeznAIETHINMINUYATEYA 2 YA

1 Y A g
tmax VMUIUYAVIYANINUY

A 3 9
laninuYavela t= 0

smansaugadeya t=0

fUaIn =0

< <
INUAITNLTIVDIBYNIA

ANAAA velocity autocorrelation function
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endif

enddo

else if (switch.eq.2) then

do i=1,999

time=delta*nsamp*(i+0.5)
vacf(i)=vacf(i)/(3*np*ntime(i))

enddo

diffugk=0

do i=1,998
diffugk=diffugk-+(nsamp*delta*(vacf(i)+vacf(i+1))/2)
enddo

write(6,*)'diffugk = ' diffugk
endif

return

end

MU velocity autocorrelation function

Taeldaumsn (2-37)

AUIuMaNse@NTMTUNns

nuuniug Ty Taeldaunish (2-44)
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subroutine rk4
do200i=1,np
xoldi) =x()
yold(i) =y(@
zold(Q) =2z()
pxold(i) = px(i)
pyold(i) = py(i)
pzold(i) = pz(i)
200 continue
k1
do205i=1,np
k1x(i) = px(i)
kly(i) = py(i)
k1z(i) = pz(i)
k1px(i) = fx(i)
k1py(i) = fy(i)
k1pz(i) = fz(i)
205 continue
k2
do210i=1,np
x(1) =xold(i)
y()  =yold()
z(i) = zold(i)

Mudeyadmmiaazanusiveseymaina t

furaa k1 Tasldaumsn (2-46)

famd k2 Taeldaumsii (2-47)
+ k1x(i) *delta/2.d0
+ kly(i) *delta/2.d0
+ k1z(i) *delta/2.d0

px(i) = pxold(i) + k1px(i)*delta/2.d0

py(i) = pyold(i) + k1py(i)*delta/2.d0

pz(i) = pzold(i) + k1pz(i)*delta/2.d0

210 continue
call force

do215i=1,np

Fa
1nUAT k2
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k2x(i) = px(i)
k2y(i) = py(i)
k2z(i) = pz(i)
Kk2px(i) = fx(i)
k2py(i) = fy(i)
k2pz(i) = fz(i)
215 continue
k3
do220i=1,np
x(i) = xold(i)
y(i) = yold(i)
z(i) = zold(i)

M k3 Taeldaunsn (2-48)

+k2x(i) *delta/2.d0

+ k2y(i) *delta/2.d0

+ k2z(i) *delta/2.d0

px(i) = pxold(i) + k2px(i)*delta/2.d0

py(i) = pyold(i) + k2py(i)*delta/2.d0

pz(i) = pzold(i) + k2pz(i)*delta/2.d0

220 continue
call force
do225i=1,np
k3x(i) = px(i)
k3y(i) = py(i)
k3z(i) = pz(i)
k3px(i) = fx(i)
k3py(i) = fy(i)
k3pz(i) = fz(i)
225 continue
k4
do230i=1,np
x(1) = xold(i)
y(i) = yold(i)
z(i) = zold(i)

+ k3x(i)*delta
+ k3y(i)*delta
+ k3z(i)*delta

px(i) = pxold(i) + k3px(i)*delta

py(i) = pyold(i) + k3py(i)*delta
pz(i) = pzold(i) + k3pz(i)*delta

230 continue

&
InuA1 k3

AMuraa k4 Tasldaunsn (2-49)




call force
do235i=1,np (fUA ka
k4x(i) = px(i)
kay(i) = py(i)
kdz(i) = pz(i)
kdpx(i) = fx(i)
kdpy(i) = fy(i)
kdpz(i) = fz(i)
235 continue
do240i=1,np ﬁwmmﬁumu'ma:mmﬁammaumﬂiﬂai%’ﬁumﬁﬁ (2-45)
x(i) = xold(i) + delta/6.d0*
& (k1x(1) + 2.d0*k2x(1) + 2.d0*k3x(i) + k4x(i))
y(i) = yold(i) + delta/6.d0*
& (k1y(i) + 2.d0*k2y(i) + 2.d0*k3y(i) + k4y(i))
z(i) = zold(i) + delta/6.d0*
& (k1z(i) + 2.d0*k2z(i) + 2.d0*k3z(i) + kdz(i))
px(i) = pxold(i) + delta/6.d0*
& (k1px(i) + 2.d0*k2px(i) + 2.d0*k3px(i) + kdpx(i))
py(@) = pyold(i) + delta/6.d0*
&  (klpy() + 2.d0*k2py(i) + 2.d0*k3py(i) + kdpy(i))
pz(i) = pzold(i) + delta/6.d0*
& (k1pz(i) + 2.d0*k2pz(i) + 2.d0*k3pz(i) + kdpz(i))
240 continue
call force

return

end
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C

subroutine gear4
f01 =251.0d0/720.0d0

21 =11.0d0/12.0d0

31 =1.0d0/3.0d0

f41 =1.0d0/24.0d0

sttt predictor loop #HHH#: AU (2-50 a-f)

do 20001 = 1,np
x(1) = x(i) + x1(1) + x2(1) + x3(1) + x4(i)
y(@) =y(@) +y1() + y2() + y3@) + y4()
z(i) = z(1) + z1(1) + z2(1) + z3() + z4(1)
x1(i) = x1(1) + 2.0d0*x2(i) + 3.0d0*x3(i) + 4.0d0*x4(i)
y13) = y1() + 2.0d0%y2(i) + 3.0d0*y3(i) + 4.0d0*y4(i)
z1(3) = z1(3) + 2.0d0*z2(1) + 3.0d0*z3(i) + 4.0d0*z4(i)
x2(1) = x2(1) + 3.0d0*x3(1) + 6.0d0*x4(i)
y2(i) = y2(i) + 3.0d0*y3(i) + 6.0d0*y4(i)
72(i) = z2(i) + 3.0d0*z3(i) + 6.0d0*z4(i)
x3(1) = x3(@1) + 4.0d0*x4(1)
y3(i) = y3(3i) + 4.0d0*y4(i)
73(1) = z3(i) + 4.0d0*z4(3)

px(i) = px(i) + px1(i) + px2(i) + px3@) + px4(i)

py(i) = py() + py1(i) + py2(i) + py3(i) + py4(i)

pz(i) = pz(i) + pz1(i) + pz2(i) + pz3(i) + pz4(i)

px1@) = px1(i) + 2.0d0*px2(i) + 3.0d0*px3(i) +4.0d0*px4(i)
py1() = py1(@i) +2.0d0*py2(i) + 3.0d0*py3(i) +4.0d0*py4(i)
pz1(i) = pz1(i) + 2.0d0*pz2(i) + 3.0d0*pz3(i) +4.0d0*pz4(i)
px2(i) = px2(i) + 3.0d0*px3(i) + 6.0d0*px4(i)

py2(0) = py2(i) + 3.0d0*py3(i) + 6.0d0*py4(i)

pz2(i) = pz2(i) + 3.0d0*pz3(i) + 6.0d0*pz4(i)

px3(1) = px3(i) + 4.0d0*px4(i)
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2000

C

py3(i) = py3(i) + 4.0d0*py4(i)
pz3(1) = pz3(@i) + 4.0d0*pz4(i)

continue

call force

#iHH# corrector loop #HH#H#HE

do 24001i=1,np

xcor  =x1(i) - (px(i))*delta
yeor =yl(i) - (py(i))*delta
zcor = 2z1(i) - (pz(i))*delta

pxcor = px1(i) - fx(i)*delta
pycor = pyl(i) - fy(i)*delta
pzcor = pz1(i) - fz(i)*delta

x(i) = x(i) - xcor*f01
y(0) = y(i) - ycor*01
z(1) = z(i) - zcor*f01
x1(i) = x1(3) - xcor
y1(@) =y1(@) - ycor
z1() = z1(i) - zcor
x2(1) = x2(1) - xcor*f21
y2(i) = y2(i) - ycor*f21
z2(1) = z2(i) - zcor*f21
x3(1) = x3(1) - xcor*f31
y3(i) = y3(i) - ycor*f31
z3(1) = z3(i) - zcor*f31
x4(1) = x4(1) - xcor*f41
v4(i) = y4(i) - ycor*f41

z4() = z4(i) - zcor*f41

px(i) = px(i) - pxcor*f01
py(@) = py(i) - pycor*f01
pz(i) = pz(i) - pzcor*f01

px1(1) = px1(i) - pxcor

qumsi (2-51 a-g)
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pyl1@) = py1(i) - pycor

pz1(i) = pz1(i) - pzcor

px2(3i) = px2(i) - pxcor*f21
py2(i) = py2(i) - pycor*f21
pz2(i) = pz2(i) - pzcor*f21
px3(i) = px3(i) - pxcor*f31
py3@) = py3(i) - pycor*f31
pz3(i) = pz3(i) - pzcor*f31
px4(i) = px4(i) - pxcor*f41
py4(i) = py4(i) - pycor*f41
pz4(i) = pz4(i) - pzcor*f41

2400 continue

C

end of corrector loop

return

end
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Subroutine vv2
step= delta/2.0d0
doi=1,np f‘im'Jmmmﬁ'mmaumﬂﬁnm t+At/2
px(i) = px(i) + fx(i)*step
py(i) = py(i) + fy(i)*step
pz(i) = pz(i) + fz(i)*step
enddo
do i=1,np f‘imamcﬁummmmaumﬂﬁ'nm t+ At
x(i) = x(i) + px(i)*delta
y(i) = y(i) + py(i)*delta
z(i) = z(i) + pz(i)*delta
enddo
call force SIS EnIeYMAiine £ + At

. o < {
doi=1,np ﬂwmmmmuaﬁum@umﬂﬁnm t+ At

px(i) = px(i) + fx(i)*step

py(i) = py(i) + fy(i)*step

pz(i) = pz(i) + fz(i)*step
enddo

return

end
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Subroutine pv2
step= delta/2.0d0
do i=1,np f‘imamcﬁummmmaumﬂﬁ'nm t+At/2
x(i) = x(i) + px(i)*step
y(i) = y(i) + py(i)*step
z(i) = z(i) + pz(i)*step
enddo
call force SIS EnIeUMAine £ + At/ 2
doi=1,np ﬁm’Jmmmﬁ’mmmgmﬂﬁnm t+ At
px() = px(i) + fx(i)*delta
py(i) = py(D) + fy(i)*delta
pz(i) = pz(i) + fz(i)*delta
enddo
do i=1,np ﬁwmmﬁnmﬁwmaumﬂﬁnm t+ At
x(i) = x(1) + px(i)*step
y(i) = y(i) + py(i)*step
z(i) = z(i) + pz(i)*step
enddo
return

end
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