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o
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J
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A
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a
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u
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a
rtm
e
n
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o
f
C
o
m
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u
te
r
S
c
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n
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a
n
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U
n
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e
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o
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o
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A
c
k
n
o
w
le
d
g
m
e
n
ts

�
T
h
an
k
s
to
th
e
organ
izers
for
th
eir
in
v
itation
,
an
d
you
fo
r

a
tten
d
in
g.

�
W
ork
in
collab
oration
w
ith
D
r.
R
ob
ert
D
.
S
keel,
U
IU
C
.

�
T
h
an
k
s
to
J
im
P
h
illip
s
for
su
ggestin
g
th
at
H
-b
on
d
s
m
ay
b
e
th
e

cau
se
of
in
stab
ility.

�
S
tu
d
en
ts:
Q
u
n
M
a,
T
h
ierry
M
atth
ey,
J
erem
iah
W
illco
ck
.

�
F
u
n
d
in
g:
N
S
F
B
IO
C
O
M
P
L
E
X
IT
Y
-P
H
Y
gran
t
00
83
65
3
an
d
an

U
n
iversity
of
N
otre
D
am
e
gran
t.
P
art
of
th
is
w
ork
w
as

p
erform
ed
at
U
IU
C
w
ith
su
p
p
ort
from
N
IH
an
d
N
S
F
.
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O
v
e
r
v
ie
w

1.
G
o
a
l:
L
en
gth
en
tim
e
step
s
for
stab
le
m
olecu
lar
d
y
n
am
ics

(M
D
)
sim
u
lation
s,
to
get
an
asy
m
p
totic
tw
o
fold
sp
eed
u
p
over

V
erlet-I/r-R
E
S
P
A
,
an
d
m
ore
scalab
le
softw
are
w
h
en
u
sin
g
fast

electrostatics
m
eth
o
d
s
su
ch
as
P
article
M
esh
E
w
ald
(P
M
E
)
or

m
u
ltigrid
su
m
m
ation
s.

2.
T
h
is
ta
lk
d
e
sc
rib
e
s
p
ro
g
re
ss
in
:

(a
)
L
en
gth
en
in
g
th
e
lon
gest
tim
e
step
u
sin
g
an
H
-b
on
d

m
olli�
ed
im
p
u
lse
m
eth
o
d
(M
olly
).
T
h
e
lon
gest
tim
e
step
is

100%
lon
ger
th
an
V
erlet-I/r-R
E
S
P
A
for
a
given
d
rift,

in
clu
d
in
g
n
o
d
rift

(b
)
U
n
d
erstan
d
in
g
rem
ain
in
g
ch
allen
ges
to
en
h
an
ce
stab
ility
of

M
D
,
p
articu
larly
n
on
lin
ear
in
stab
ilities
in
V
erlet-I/r-R
E
S
P
A
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O
u
tlin
e

1.
B
ack
grou
n
d
:
m
u
ltip
le
tim
e
step
p
in
g
in
tegrators
an
d
reson
an
ces

2.
M
olli�
ed
im
p
u
lse
m
eth
o
d
(M
olly
)

3.
A
n
aly
sis
to
m
otiva
te
d
esign
of
b
etter
algorith
m
s

4.
N
u
m
erical
ex
p
erim
en
ts
to
con
�
rm
in
sigh
ts
from
an
aly
sis

5.
H
-b
on
d
M
olly

6.
F
u
tu
re
w
ork
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B
a
c
k
g
r
o
u
n
d

�
M
u
ltip
le
tim
e
step
p
in
g
in
tegrators
h
ave
b
een
u
sed
to
accelerate

M
D
sim
u
lation
s.
V
e
rle
t-I/
r-R
E
S
P
A
p
artition
s
in
to
fast
an
d

slow
com
p
on
en
ts
of
th
e
force,
�
r
U
fa
s
t(x
);
�
r
U
s
lo
w
(x
);
an
d

in
corp
orates
th
em
w
ith
d
i�
eren
t
freq
u
en
cy,
Æ
�

1

an
d
�
�

1.

�
L
on
gest
tim
e
step
s
of
3
or
4
fs
are
p
ossib
le
fo
r
u
n
con
strain
ed

sim
u
lation
s
of
solvated
p
rotein
s.

�
T
h
ere
is
re
so
n
a
n
c
e
if
th
e
freq
u
en
cy
of
th
e
slow
force
im
p
u
lse

coin
cid
es
w
ith
a
n
orm
al
m
o
d
e
freq
u
en
cy
of
th
e
sy
stem
.

�
T
h
ere
is
also
a
p
rob
lem
for
lon
g
tim
e
step
s
ju
st
sm
a
ller
th
an

h
a
lf
th
e
p
erio
d
of
th
e
fastest
n
orm
al
m
o
d
e.

�
F
or
ex
am
p
le,
w
ith


ex
ib
le
w
ater
(fastest
m
otion
of
10
fs):

a
n
aly
tical
an
d
em
p
irical
ev
id
en
ce
th
at
tim
e
step
s
grea
ter
th
an

5
fs
are
n
ot
p
o
ssib
le
for
th
is
m
eth
o
d
.
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�
F
in
ally,
w
e
sh
ow
ev
id
en
ce
of
n
on
lin
ear
reson
an
ces
if
th
e
tim
e

step
is
a
th
ird
an
d
even
a
fo
u
rth
o
f
th
e
fastest
p
erio
d
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M
o
lli�
e
d
Im
p
u
lse
M
e
th
o
d
I

�
M
olly
is
a
fam
ily
of
in
tegrators
th
at
cou
n
tera
ct
th
e
in
stab
ilities

p
resen
t
in
th
e
V
erlet-I/r-R
E
S
P
A
m
eth
o
d
.
T
h
is
is
acco
m
p
lish
ed

b
y
:

{
P
ertu
rb
in
g
th
e
p
oten
tial
a
t
tim
e
averaged
p
osition
s

U
s
lo
w
(x
)
!

U
s
lo
w
(A
(x
));

{
D
e�
n
in
g
th
e
force
a
s
th
e
grad
ien
t
of
th
is
avera
ged
p
oten
tial,

�
r
U
s
lo
w
(x
)
!

�
A
x
(x
)
T
r
U
s
lo
w
(A
(x
)):

�
T
im
e
averagin
g:
ta
kes
in
to
accou
n
t
h
igh
freq
u
en
cy
v
ib
ration
al

m
otion

�
M
olli�
cation
:
�
lter
in
freq
u
en
cy
d
om
ain
w
h
ich
d
am
p
s
h
igh

freq
u
en
cy
com
p
on
en
ts
o
f
�
r
U
s
lo
w
(x
)
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M
o
lli�
e
d
Im
p
u
lse
M
e
th
o
d
II

�
G
arc��a-A
rch
illa,
S
an
z-S
ern
a
&
S
keel
(1996)
p
rop
osed
th
e

follow
in
g
averagin
g:

{
In
tegrate
for
a
tim
e
p
rop
ortion
al
to
�
th
e
sy
stem
u
sin
g
o
n
ly

th
e
fastest
forces
to
com
p
u
te
au
x
iliary
p
osition
s
~X
(t)

{
T
h
e
av
eraged
p
osition
s
are
d
e�
n
ed
as
th
e
w
eigh
ted
average

o
f
th
e
p
osition
s
~X
(t)
u
sin
g
a
w
eigh
t
fu
n
ction
�
(s)
w
ith

lo
cal
su
p
p
ort,
su
ch
as
con
stan
t,
lin
ear,
o
r
q
u
ad
ratic:

A
(x
)
=

1� Z
1

0

� �
t� �
~X
(t)d
t:

{
T
h
e
J
acob
ian
m
atrix
A
x
(x
)
is
com
p
u
ted
u
sin
g
th
e
ch
ain

ru
le,
an
d
sh
ou
ld
b
e
sp
arse.

�
T
h
ese
m
eth
o
d
s
w
ere
tested
an
d
th
ey
overcom
e
th
e
h
alf
p
erio
d

tim
e
step
b
arrier:
S
keel,
Izagu
irre,
1998;
Izagu
irre,
R
eich
,

S
keel,
1999
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M
o
lli�
e
d
Im
p
u
lse
M
e
th
o
d
III

A
lg
o
rith
m
for
M
O
L
L
Y
:

h
a
lf
a
m
o
lli�
e
d
k
ick

P
n
�

1
+
�
=
P
n
�

1
+
�
t2

F
s
lo
w
;n
�

1:

(1)

a
v
ib
ra
tio
n
P
rop
agate
X
n
�

1,
P
n
�

1
+
�
b
y
in
tegratin
g

dd
t X
=
M
�

1P
;

dd
t P
=
F
fa
s
t(X
)

(2)

(e.g
.,
V
erlet/leap
frog
w
ith
tim
e
step
Æt)
for
an
in
terval
�
t
to
get

X
n

a
n
d
P
n
�

�.

a
tim
e
a
v
e
ra
g
in
g
C
alcu
late
a
tem
p
orary
vector
of
tim
e-averaged

p
osition
s
�X
n

=
A
(X
n
)
an
d
a
J
acob
ian
m
atrix
J
n

=
A
x
(X
n
)
T

.

T
h
e
tim
e
averagin
g
fu
n
ction
A
(x
)
u
ses
on
ly
th
e
fa
stest
forces

F
r
e
d
u
c
e
d(x
).
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h
a
lf
a
m
o
lli�
e
d
k
ick

P
n

=
P
n
�

�
+
�
t2

F
s
lo
w
;n

(3)

N
o
te
th
at
�X
n

is
u
sed
on
ly
for
th
e
p
u
rp
ose
of
evalu
a
tin
g
F
s
lo
w
,
it

d
o
es
n
ot
rep
lace
th
e
valu
e
o
f
X
n
.1

0



M
o
lli�
e
d
Im
p
u
lse
M
e
th
o
d
IV

A
v
e
ra
g
in
g
a
n
d
m
o
lli�
c
a
tio
n
:

P
:=
P
+
12
ÆtF
fa
s
t
e
s
t(X
);

P
x
:=
P
x
+
12
ÆtF
fa
s
t
e
s
t

x

(X
)X
x ;

B
:=
B
+
12
ÆtX
�
(t=�
t);

B
x
:=
B
x
+
12
ÆtX
x �
(t=�
t);

X
:=
X
+
ÆtM
�

1P
;

X
x
:=
X
x
+
ÆtM
�

1P
x ;

t
:=
t
+
Æt;

B
:=
B
+
12
ÆtX
�
(t=�
t);

B
x
:=
B
x
+
12
ÆtX
x �
(t=�
t);

P
:=
P
+
12
ÆtF
fa
s
t
e
s
t(X
);

P
x
:=
P
x
+
12
ÆtF
fa
s
t
e
s
t

x

(X
)X
x :

(4)

1
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A
n
a
ly
sis
I

�
G
o
a
l:
com
p
are
stab
ility
o
f
V
erlet-I/r-R
E
S
P
A
an
d
d
i�
eren
t

M
olly
�
lters
w
h
en
ap
p
lied
to
th
e
sim
p
lest
lin
ear
m
o
d
el
p
ro
b
lem
,

u
sin
g
in
form
ation
to
gu
id
e
d
evelop
m
en
t
of
n
ew
M
o
lly
m
eth
o
d
s

�
M
o
d
e
l
p
ro
b
le
m
:

F
ollow
in
g
T
.
S
ch
lick
an
d
co-w
ork
ers,
w
e
u
se
th
e
sim
p
le
1-d

p
rob
lem
:

x
0

=
p
;p
0

=
�
(�
1
+
�
2 )x

th
at
m
o
d
els
a
p
article
of
u
n
it
m
ass
at
p
ositio
n
x
,
con
n
ected
to

tw
o
sp
rin
gs
w
ith
force
con
stan
ts
�
1

=


2

an
d
�
2

=
!
2;
w
h
ere



2

�
!
2:

1
2



A
n
a
ly
sis
II

�
D
isc
re
tiz
a
tio
n
u
sin
g
V
e
rle
t-I/
r-R
E
S
P
A

a
n
d
M
O
L
L
Y

w
ith
a
lon
gest
tim
e
step
�
;
an
d
assu
m
in
g
an
aly
tical
in
teg
ration

o
f
th
e
fast
sp
rin
g
force
asso
ciated
w
ith


;
ca
n
b
e
w
ritten
as

24
x
n
+
1

p
n
+
1 35
= 24
1

0

�
!
2
�2
G
2

1 35

24
cos
�

s
in
�




�


sin
�

cos
� 35

24
1

0

�
!
2
�2
G
2

1 35 24
x
n

p
n 35

w
h
ere
�
=


�
;G
is
th
e
F
ou
rier
tran
sform
o
f
th
e
avera
gin
g
an
d

m
olli�
cation
fu
n
ction
s
(G
=
1
for
V
erlet-I/r-R
E
S
P
A
).
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A
n
a
ly
sis
III

�
S
ta
b
ility
:
S
tab
ility
is
giv
en
b
y
an
aly
zin
g
th
e
eigen
valu
es
of
th
e

a
b
ove
p
rop
agation
m
atrix
.

�
B
ecau
se
th
e
sch
em
e
is
sy
m
p
lectic,
th
e
d
eterm
in
a
n
t
is
on
e,
an
d

in
stab
ility
o
ccu
rs
w
h
en
th
e
eigen
valu
es
b
ecom
e
real
an
d

recip
ro
cal
of
each
oth
er.
S
tab
ility
is
in
su
red
if
th
e
va
lu
e
of
th
e

trace
of
th
is
m
atrix

t(�)
=
�
2
!
2�
G
2
sin
�




+
2
cos
�
>
�
2;

o
r,
th
e
m
agn
itu
d
e
of
th
e
eigen
valu
es
m
u
st
b
e
1.

1
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A
n
a
ly
sis
IV

�
T
h
e
lim
it
of
in
terest
is


Æ
�

1
,
assu
m
e
an
aly
tical
fast
forces

(Æ
!

0).

�
W
e
also
w
an
t
!
�
�
1
to
ob
serve
th
e
stab
ility
con
d
ition
of

leap
frog,
!
�
<
2
.

�
F
or
th
e
p
u
rp
ose
of
giv
in
g
n
u
m
erical
resu
lts,
w
e
assu
m
e
!
=



=4:

�
F
in
ally,
sin
ce
th
e
m
atrix
B
A
B
is
sim
ilar
to
A
B
2;w
e
get

24
co
s
�

s
in
�




�


sin
�

cos
� 35 24

1

0

�

11
6


�
G
2

1 35
:

(5
)

1
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A
n
a
ly
sis
V

L
o
n
g
A
verage
is
stab
le
a
t
h
alf
th
e
fastest
p
erio
d
,
w
h
erea
s

V
erlet-I/r-R
E
S
P
A
an
d
S
h
ort
A
verage
are
n
ot.
T
h
is
is
con
�
rm
ed
b
y

n
u
m
erical
ex
p
erim
en
ts.

Im
p
u
lse
m
e
th
o
d
:
G
=
1

S
h
o
rt
a
v
e
ra
g
e
:
G
= Z

0
:5

�

0
:5
ex
p
(�
i�x
)

=
2�

sin
:5�
:

1
6
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1
8



L
o
n
g
a
v
e
ra
g
e
:
G
= R
1�

1

12
ex
p
(�
i�x
)
=
s
in
�

�

1
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N
u
m
e
r
ic
a
l
E
x
p
e
r
im
e
n
ts
I

�
E
valu
ated
w
ith
a
b
ox
of


ex
ib
le
T
IP
3P
w
aters
(10
an
d
20
�A

rad
iu
s)
an
d
a
solvated
E
R
/E
R
E
sy
stem
.

�
A
ll
th
e
M
olly
m
eth
o
d
s
are
im
p
lem
en
ted
in
P
r
o
t
o
M

o
l
,
a

fram
ew
ork
for
p
rototy
p
in
g
M
D
algorith
m
s.
P
r
o
t
o
M

o
l
h
as

b
een
released
an
d
is
availab
le
at

h
t
t
p
:
/
/
w
w
w
.
n
d
.
e
d
u
/
~
l
c
l
s
/
P
r
o
t
o
m
o
l
.
h
t
m
l
.

�
Im
p
lem
en
tation
d
etails
o
f
M
olly,
su
ch
a
s
all
th
e
H
essian
s
for

th
e
C
H
A
R
M
M

force
�
eld
,
m
ay
b
e
fou
n
d
in
th
at
w
eb
p
age.

�
G
en
eral
resu
lt:
fo
r
a
given
d
rift,
in
clu
d
in
g
zero
d
rift,
o
n
e
ca
n

in
crea
se
th
e
size
o
f
th
e
lo
n
gest
tim
e
step
by
5
0
%
by
u
sin
g

L
o
n
gA
vera
ge
M
o
lly
w
ith
o
n
ly
th
e
fa
stest
m
o
tio
n
s
(bo
n
d
s
a
n
d

a
n
gles).

�
In
N
A
M
D
2.1,
u
sin
g
M
olly
an
d
6
fs
w
e
got
a
38%
overa
ll

sp
eed
u
p
for
a
32000
atom
sy
stem
.

2
0



�
T
h
e
m
eth
o
d
s
w
ere
valid
ated
b
y
com
p
u
tin
g
R
D
F
an
d
velo
city

a
u
to-correlation
fu
n
ction
s
an
d
com
p
arin
g
again
st
leap
frog
w
ith

tim
e
step
of
0.5
or
1
fs.

2
1



Numerical Experiments II

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
5

−810

−800

−790

−780

−770

−760

−750

−740

−730

−720

−710

−700

Time (fs)

T
ot

al
 E

ne
rg

y 
(k

ca
l/m

ol
)

Impulse (∆ t, δ t) = (5, 1)                 
BSplineMOLLY using Short (∆ t, δ t) = (5, 1)
BSplineMOLLY using Long (∆ t, δ t) = (5, 1) 
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
5

−810

−800

−790

−780

−770

−760

−750

−740

−730

Time (fs)

T
ot

al
 E

ne
rg

y 
(k

ca
l/m

ol
)

Impulse (∆ t, δ t) = (6, 1)                 
BSplineMOLLY using Short (∆ t, δ t) = (6, 1)
BSplineMOLLY using Long (∆ t, δ t) = (6, 1) 
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H
-b
o
n
d
M
o
lly
I

�
T
h
ese
M
olly
�
lters
are
n
ot
av
eragin
g
th
e
sh
ort
ran
ge

n
on
b
on
d
ed
forces.
T
h
is
is
cau
sin
g
in
stab
ilities
b
efore
th
e

p
h
y
sical
reson
an
ce
�
=
2�
:

�
W
e
h
ave
in
clu
d
ed
a
su
b
set
of
th
ese
forces,
th
ose
d
u
e
to

H
-b
on
d
s.
P
h
y
sical
in
sigh
t
tells
u
s
H
-b
on
d
s
are
th
e
m
ost

im
p
o
rtan
t
in
teraction
in
solvated
b
iom
olecu
les.

�
W
e
u
se
a
geom
etrical
in
terp
retation
of
H
-b
on
d
s:
in
teraction
s
in

th
e
ran
ge
o
f
2
�
4:5 �A
,
an
d
a
p
lan
ar
an
gle
o
f
th
e
accep
tor
an
d

d
on
or
arou
n
d
30
d
egrees.

�
T
h
is
keep
s
th
e
n
u
m
b
er
of
n
on
zeros
in
th
e
J
a
cob
ian
for

m
olli�
cation
relatively
low
(for
N

w
aters,
ab
ou
t
3N
).

�
F
o
r
a
given
d
rift,
in
clu
d
in
g
zero
d
rift,
o
n
e
ca
n
in
crea
se
th
e
size

o
f
th
e
lo
n
gest
tim
e
step
o
ver
V
erlet-I/
r-R
E
S
P
A
by
1
0
0
%
by

u
sin
g
H
-bo
n
d
M
o
lly.

2
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H
-b
o
n
d
M
o
lly
II

2
5



F
u
tu
r
e
W
o
r
k

�
O
p
tim
ization
/sp
ecialization
of
H
-b
on
d
M
olly
w
h
en
w
ork
in
g

w
ith
b
iom
olecu
les
an
d
w
ater.

�
T
h
ere
are
m
ild
in
stab
ilities
rem
ain
in
g
even
a
fter
in
clu
d
in
g

H
-b
on
d
s,
w
e
w
ill
rem
ov
e
3:1
an
d
4:1
u
n
stab
le
n
on
lin
ear

reson
an
ces.
S
ee
p
lot
of
3:1
in
stab
ilities.
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�
O
n
e
p
o
ssib
ility
is
to
u
se
a
m
ild
th
erm
ostat.
F
or
ex
am
p
le,
w
ith

d
am
p
in
g
of
0:2
/p
s
w
e
are
ab
le
to
d
ou
b
le
th
e
tim
e
step
s

p
ossib
le
w
ith
M
O
L
L
Y
.

�
T
h
is
m
ild
th
erm
ostat
h
as
b
een
valid
ated
th
rou
gh
th
e

com
p
u
tation
of
v
elo
city
au
to
correlation
fu
n
ction
s
an
d
d
i�
u
sion

co
eÆ
cien
ts
for
th
e
sligh
tly
d
am
p
ed
an
d
th
e
N
ew
ton
ia
n

eq
u
ilib
riu
m
.
It
allow
s
a
fo
u
rfo
ld
sp
eed
u
p
over

V
erlet-I/r-R
E
S
P
A
,
cf.
Izagu
irre,
C
atarello,
W
ozn
iak
,
an
d
S
keel,

2
001.
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