


Molecular Dynamics

Compute the forces on the particles
Solve the equations of motion
Sample after some time steps
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Algorithm 3 (A Simple Molecular Dynamics Program)

program md simple MD precgram
call init initialization
t=0
do while (t.lt.tmax) MD loop
call force(f,en) determine the forces
call integrate (f,en) integrate equations of motion
t=t+delt
call sample sample averages
enddo
stop
end

Comment to this algorithm:

1. Subroutines init, force, integrate, and sample will be described in

Algorithms 4, 5, and 6, respectively. Subroutine samp le is used to calculate
averages like pressure or temperature. 9



Algorithm 4 (Initialization of a Molecular Dynamics Program)

subroutine init

sumv=0

sumv2=0

do i=1,npart
x(i)=latticepos(i)
v{(i)=(ranf()-0.5)
sumv=sumv+v (1)
sumvZ=sumvZ2+v (1) **2

enddo

sumv=sumv/npart

sumvZ2=sumv2/npart

fe=sqgrt (3*temp/sumv2)

do i=1,npart
v{i)=(v (1) —-sumv) *fs
xm{i)=x(1)-v (1) *dt

enddo

return

end

initialization of MD program

place the particles on a lattice
give random velocities
velocity center of mass

Kinetic energy

velocity center of mass
mean-squared velocity

scale factor of the velocities

set desired Kinetic energy and set
velocity center of mass to zero
position previous time step
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Algorithm 5 (Calculation of the Forces)

subroutine force(f,en)
en=0
do 1=1,npart
f (i)=0
enddo
do 1=1,npart-1
do J=i+1l,npart
xr=x (i) -x(J)
Xr=xr-box*nint (xr/box)
r2=xr**2
if (r2.l1lt.rc2) then
r2i=1/r2
rei=r2i**3
ff=48*r2i*r6i* (r6i-0.5)
f(i)y=f(i)+ff*xr
£(3)=£(3)—£E*xr
en=en+4*r61*(roi-1) —ecut
endif
enddo
enddo
return
end

determine the force
and energy

set forces to zero

loop over all pairs

periodic boundary conditions
test cutoff

Lennard-Jones potential
update force

update energy
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Algorithm 6 (Integrating the Equations of Motion)

subroutine integrate(f,en)

sumv=0

sumv2=0

do i=1l,npart
XXx=2*x(1)—-xm(1) tdelt**2*f (1)
vi=(xx-xm(i))/(2*delt)
sumv=sumv+vi
sumvZz=sumv2+vi**2
xm{i)=x (1)
X(1)=xx

enddo

temp=sumv2/ (3*npart)

etot=(en+0.5*sumv2) /npart

return

end

integrate equations of motion

MD loop

Verlet algorithm (4.2.3)
velocity (4.2.4)

velocity center of mass

total kinetic energy

update positions previous time
update positions current time

instantaneous temperature
total energy per particle
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Molecular Dynamics

e |nitialization

— Total momentum should be zero (no external
forces)

— Temperature rescaling to desired temperature
— Particles start on a lattice
* Force calculations
— Periodic boundary conditions
— Order NxN algorithm,
— Order N: neighbor lists, linked cell
— Truncation and shift of the potential
* Integrating the equations of motion
— Velocity Verlet
— Kinetic energy
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Periodic boundary conditions
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Lennard Jones potentials

*The Lennard-Jones potential

-2 42

*The truncated Lenna-Jones potenti
u(r):{u” (r) r<r,
0 r>r,
*The truncated and shifted Lennard-Jones potential

U(f)={uu(r)_“u(fc) r<r,

0 r>r,
15



Phase diagrams of Lennard Jones
fluids
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Saving cpu time

Cell list Verlet-list




Equations of motion

r(t+ At) =r(t) + v(t) At + ?—jf(t) + g—tﬂjf(t) + O(AtY)
r(t — At) =r(t) — v(t)At + ?—:;f(t) — ;i—tnjf(t) + O(AtY)

r(t + At) +r(t — At) = 2r(t) + A—tzf(ii) + O(AtY)

m
Verlet algorithn

(4 at)=2r ()1 (¢ —At)+A—:f (t)

Velocity Verlet algorithm A2
r(t+At)=r(t)+v(t)At +%f (t)

v(t+At)=v(t)+2A—rtn[f(t+At)+f(t)] .



Liouville formulation

JL Depends implicitly on ]

Solution

f (t) =exp(iLt) f (0

19



IL=IL +IL —rai+p—

) = expliL, t)f

-ex Oﬁ{}LL<:;i:

Shift of coordinates

r(0) — r(0)+r¢ (O}

0
op

Let us look at them

separately

= expr(O)t %J f(0)

~

/[ [ \ \ n
Taylor expansion1 0 f(O)

) )

o T op"

= £((p(0)+p(0k)",r* (0)

Shift of momenta

p(0) -

p(0)+p(O)






ILAt=T 1 +FAt (e(ime/z)e(we(ime/z) )P
ILAt=p - p+pAt
o715 (0hr(0) = f[[p(o)%tp(o)T,rN@‘
- Velocity Verlet! (0)+ &t ( AztﬂNJ
r(t+aAt)=r(t)+ v(t)At +%F(t)At2 |

o /

p(0) = p(0)+ [p(0) + (o)

v(t+At) = v(t)+2A—rtn[F(t)+F(t+At)] m

r(0) - r(0)+Atr (At/2) =r(0)+ Atr (o)+§_:|:(0)



Velocity Verlet:

olibott/2) itan) iLyat/2)

Call force(fx)
Do while (t<tnmax)

gl :v(t +§j Lv(t)+ 2 )
2 2m
vx=vx+del t *f x/ 2

e or (t+At) - r(t)+Atv (t+At/2)

Xx=x+del t *vX
Call force(fx)
At

&)y (t+at) - v(t+ay/2)+ - f (t+At)
vx=vx+del t *f x/ 2

enddo 23



Liouville Formulation

Velocity Verlet algorithm:

p(t+20)=p(t)+ 5 plt) +p(t + 1)

_ () A
rt+At)=r(t)+Atrt)+ o P (0

Three subsequent coordinate transformations in er or p of
which theJacobian is one:Area preserving

plt+4t/2) =plt) + = F(r) p(t+At/2>=p(tZtAt/2) o+ 1) =+ 84/2) + 2 1)
r(t)=r(t) r(t+At):r(t)+Ep(t+At/2) (1) =r(t)
At 9F(r) 1 At 9F ()
Jy=det” 2 o |=1 JZ:de* O‘:1 J,=dett 5 g |=1
0) 1 At/m 1 0 1

Other Trotter decompositions are possible!
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Lyaponov instability
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Multiple time steps

 What to use for stiff potentials:

— Fixed bond-length: constraints (Shake)
— Very small time step
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F = |:short T |:Iong MUIt|p|e
iL=il, +il, -v2.F9%  Time steps

Introduce:ot=At/n

ei (Llong +Lonort t Lt )At ~ ei Liong At/2 |:el Lshort Jt/zei L, ot ei Lehort Ot/ 2 ]n e“—long At/2
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ei (Llong +Llgpon t Ly )At ~ ei I-Iong At/2 |:e| Lhort 5t/zei L, ot ei Lshondt/z :|n ei I-Iong At/2

Lo At/2=v — v+ F  At/2m
AX/2=>Vv - v+ Fhrté't/Zm

|Lr5t =TI - r +Vot
First

e [r 0)v0)] = 1[r (0)(0)+ F (0)t/2m)

Now n times

| gleen g 'Lhth] [r(o) v(0)+ |Ong(O)At/2m]

28
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e(inLongAt/Z) :V(t +%) . V(t) +£f (t)

Call force(fx_|

vx=vx+del t *f x_|
Do ddt=1,n
e(inShorIJt/Z) V(t +

vx=vx+ddel t*f x_short/ 2
e 1 (t+at) - r(t)+dtv(t+At/2+ )/ 2)

x=x+ddel t *
Call force

e(inShondt/Z) V(t +

vx=vx+ddel
enddo




Algo

rithm 29 (Multiple Time Step)

+

subroutine
multi (f_long, f_short)

vx=vx+0.b*delt*f_long
do it=1,n
vx=vx+0.5* (delt/n) *f short
x=x+ (delt/n) 2*vx
call force_short (f_short)
vx=vx+0.5* (delt/n) *f _short
enddo
call force_all (f_long, f_short)
vx=vxt0.5*delt*f_long
return
end

Multiple time step, £_1long is

the long-range part and £ _short
the short-range part of the force
velocity Verlet with time step At
locp for the small time step
velocity Verlet with timestep At/n

short-range forces

all forces
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GPUs are outpacing CPUs...

350 | G80 = GeForce 8800 GTX i
G71 = GeForce 7900 GTX ,
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Fig. 1. Performance of CPUs (blue circles) and GPUs (green squares) over the last few years. Figure courtesy of NVIDIA, and adapted
from Ref. [1]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Which is good for MD!
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van Meelet al. Mol. Sim. 31, 259 (2008).
Anderson, Lorentz, and Travesset, J. Comput. Phys. 227, 5342 (2008
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