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First papers on MD simulations

Phase Transition for a Hard A 32-particle system in a cube and initially in a face-
Sphere System centered cubic lattice proceeded at about 300 collisions
an hour on the UNIVAC. For comparison a 96-particle

B. J. AtpEr AND T. E. WAINWRIGHT . v :
system in a rectangular box and initially in a hexagonal

University of California Radiation Laboratory, Livermore, California
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The record numbers of particles taken for MD
simulations in different years

e .._.u_..*m.f
1.000 Rahman
1984 200.000 Abraham
| 1990 1.000.000 Swope, Anderson
1994 100.000.000 Beazley, Lomdahl
| 1997 1.213.857.792 Stadler
| 1997 1.399.440.000  Mdller
1999 5.180.116.000  Roth /
2000 8.500.000.000  Vashishta

2003 19.000.416.964 Kadau, Germann, Lomdabhl
2005 160.000.000.000 Kadau, Germann, Lomdahl
2006 320.000.000.000 Kadau, Germann, Lomdahl
2008 1.000.000.000.000 Kadau, Germann




numbers of cores

" Mflops 1964r. CDC 6600 10 MHz 1 CPUs

Gflops 1985r. Cray 2 125 MHz 8 CPUs
& Tflops 1997r. ASCIRed 200 MHz 9152 CPUs
" Pflops 2008r. Roadrunner 3,2 GHz 122400 Cores
Eflops ~2018r. 108="10"

Y \&

Voevodin V.V., Xl International supercomputing conference «Scientific Service in the Internet:
Supercomputing Centers and Challenges», September 21, 2010.
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Multiscale approach in material sciences

Reactor & Separation

Quasi-Static
Engineering Simulations
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Choice of the simulation code

YV V V

Open source

Free of charge ©
Allows modifications

Implements cutting edge
technologies

Tested by many users over
the internet

Supported by a community
of developers

Proprietary

> Reliable

> Easier to install and
configure

» Professional support

» Usually has better support
for different platforms

L 3

Creating new code
on the basis of an

open source project




Key features of atomistic simulation codes

» Basic simulation algorithms
MD, MC, energy minimization, thermostats, boundary conditions,
neighbor lists, optimized electrostatics

» Particle interaction models
Force fields for pair and many-body potentials, customization

» Trajectory analysis tools
Binary trajectory output, plausible modules for calculation of
thermodynamics, correlation functions, etc. including averaging

» Parameter input and variation
Parameter input languages, batch runs, workflows

» Parallel execution
Parallel efficiency on modern supercomputing clusters

» Optimization for a special hardware, GPU
» Visualization
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Open source packages for atomistic simulations

Package Language |GPU| Parallel [Min{MD|{MC Comment
name

Adun C S s User specified force field (FFML), QM/MM
calculations with Empirical Valence Bond
(EVB)

DL_POLY* [Fortran, + General purpose MD, HDF5 output, Java

C++, Java GUI

GROMACS |C - + High performance MD, designed for
biological systems and polymers

HALMD C++ ++ + High-precision MD for the large-scale
simulation of simple and complex liquids,
HDFS output

HOOMD- C++, Python |++ + | + General-purpose MD highly optimized for

blue GPUs

LAMMPS C++ + | + | + |High parallel scalability, wide range of
potentials and analysis tools

MDynaMix |Fortran + Parallel MD for AMBER force field

MOIL Fortran, Tcl S s Basic algorithms and force fields, Replica
exchange, coarse-grained models, Tcl GUI

NAMD/VMD |C++ High parallel scalability, designed for
biomolecular, visualization (VMD)

RedMD ClE 1 - + | + | + |Coarse-grained models of proteins and
nucleic acids

TINKER Fortran OpenMP | + | + | + |Simple MD, QM/MM, molecular design

XMD C pthreads | + | + | + |MD for metals and ceramics




SIMULATION
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Molecular Dynamics: Trajectory Calculation

Set initial coordinates and positions

ri(to):riov Vi(to):ViO’ i1=1..N
L1
Calculate forces between particles
> = OU(f,.h)
| 8'7;
. =

Perform MD step solving the equations of motion
ri»(tn)_)ﬁ(tnﬁtl)’ \7i (tn)_)vl (tn+1)
L1

Calculate thermodynamical parameters.
Check energy conservation.
Output to the trajectory file.

: 3

> [ Exi

no yes




Monte-Carlo: Metropolis algorithm

—

Set initial coordinates and positions
ri(to):riov Vi(to):ViO’ i1=1..N

L1

=n+l
f

Randomly displace particles

—>ﬁ”+éw & <€[0,&,..1, pE&)=YE_ . <7

s =

Calculate the potential energy change
Un+1:U(ﬁn+l,...,FNn+l), AU :Un+1_Un

. B

Accept with the given probability:
AU <0 = p=1
AU >0 = p=exp(-pAU)

Return to the
previous state

Next step

L1 the move is accepted

—>

no yes

Exit




Equations of motion in Classical MD

Consider a system of N particles with positions
R={r,...f,} and velocities V ={v,,...,V, }

The Newton’s equations of motion: / e '_
fl;"(t):iﬁk(t,fi’___’FN)’ k=1 N, -,-..._:-b Y. .-
3 m, {r; 5 3. .
(R(ON=TR: s ()2 S S
Force acting of k-th particle: F, (R) = - O%ER) —
ﬁ<

General form of the interaction potential:

U(R) = ZUeXt(t Vo, B)+ D U(R,F)+ D) ®O(F.F LR +..

<] I<j<k

Particular case of the pairwise potential:

. oU (r r
U(EF) =U(E-R)-U() B =-32 (k,)

=> = f(r)

ki kj R




INTERACTION MODELS
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Interaction models and simulation techniques

» Particle-in-cell, hydrodynamic codes

» Coarse-grained, discontinuous molecular dynamics

» Simple pairwise potentials for atoms or
molecules with fixed atomic bonds

» Complicated many-body potentials for atoms
(EAM, MEAM, ReaxFF, Tersoff, etc.)

» Classical MD for electrons and ions

» Wave Packet MD, Electron Force Field

» QM/MM hybrid models
» Quantum MD (Car-Parinello, DFT, TD-DFT)

» Numerical solution of the Schrodinger equation
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Force field for interaction of atoms in a molecule
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Source: Pingwen Zhang, Molecular Dynamics Simulations (http://math.xtu.edu.cn/myphp/math/image/MD.ppt)



Classical Molecular Models of Water

Acronym (date)  Reference  Status Type  Sits (D) p (D)

BF (1933) 7 empirical R 4 0 20
R (1951} 2 empirical R 5 1.84 1.84
BNS (1971) 12 empirical R 5 21T 27
ST2(1973,1993) 23 empirical R 5 235 235
CF (1975,1976,1995) 24 empirical F 3 1.86 1.98
MY (1976) 25 ab initio R 4 219 219
DCF (1978,1980,1993) 26 empirical FILP 3 1.B55 -
PE {1979) 7 empitical P I 1855 250
SPC (1981) 14 empirical R 3 227 27
TIPIP (1081,1983) 15 empirical R 1 235 235
RWEK (1982) 18 empirical F 4 185  1B9
TIP4P (1983) 15 empirical R 4 218 218
BIH (1983) L'} empirical F 3 18T 199
SPCIF (1985) 30 empirical F 3 227 142
MCYL (1986) 31 ab initio F 4 219 X6
SPC/E (1987) 32 cmpirical E 3 235 233
WK (1989) i3 empirical 14 4 260 260
SPCP {1989) 34 emnpirical P 3 1.B5 290
CEKL {19909 35 empirical F.p 4 186 2.20
MCHO (19400} L] ab initio P 6 212 =30
MCC { 19%0) 17 ah initio P & 1.85 280
HEMO (1990,1995) 33 ab initig P 3 204 289
PTIP4P (1991) U} empirical F 4 185 2.80
SPCFP (1991} 40 empirical F.P k] 1.85 244
PSRWE (1991} 41 empirical P 4 1.B8  2.63
K (1992) 42 empirical P 4 185 -
NCCwib (1992) 3Tb ab initio F.p 3 1.85 3.1l
ASP-W (1992,1998) 43 ab 1nitio P 3 1.5 280
RPOL (1992) EES empirical P 3 202 142
CPMD (1993,1999) 45 DFT+CP  FDJFP nucltel.  1.87 295
PPC (1994) L1 ah initio P 4 214 251
SPCFQ (1994) 47 empirical P 3 1.85 283
TIP4RFO (1994) 47 efmpirical P 4 185 262
KEY (1994) a8 empirical F.D 3 138 221
SOPM (1995) 449 vilence bond P 4 185 262
. . SCPDP (1996) S0 cmpirical P 4 1.B5 287
¢ Guillot B (2002) What we have learnt during three TAB/IOD(1998) 51  SCF+MD P 5 1.85 268
. . MNSPCE (1998) 52 cmpirical R 3 218 218
decades of computer simulations on water. Journal of NCF (1998) 53 empieal F 3 185 1,90
. . MCEHO (2000 4 ab initio F.P 4 1.5 3.0
Molecular Liquids 101, 219-260. TIPSP (2000) 55 empirical R 5 229 229
SPOEW (20:01) 56 empirical R 3 241 241
i o) 1 i i DEC (2001) 57 empirical R 3 1.85 135
¢ Fln_ney JL (2004) Water? What's so special about it? SMLEXEIE % et B 2 i i
Phil. Trans. R. Soc. Lond. B 359, 1145-1165. POLARFLEX QUL 39 wloceboad, KF- (3 by £
POLS (2001) 6 ab initio P 5 1.B5 2.7

DY YT T MICHIGAN STATE Andrey G. Kalinichev, Seminar talk,
EPARTMENT OF CHEMISTRY Geological Sciences NNIEEACENE I JIHT RAS, Moscow, Russia, October 1, 2009



The Structure of H,O Molecule
and Classical Intermolecular Potentials

(a) H (b) H
+q +q
0 o /m
-2q 29
+q +q
H H
SPC MCY BNS
SPC/E TIPS2 ST2
TIP3P TIP4P TIPSP
é Ab-initio quantum mechanical
— Ir.12 - B./r.6 + a0.0. L) + . _ .
U ZZ(A”/ i BIJ/ fi Gid; / 8Oru) é Empirical and semi-empirical
Short-range repulsion  Van der Waals Coulombic é Rigid vs flexible
+ X Y2 ky(r - 1) + T Y2 Kky(0; - 00)* & Point polarizability
bond stretching bond bending O "ChargeS on SpfinQS" models
é Core-shell models

DY YT T MICHIGAN STATE Andrey G. Kalinichev, Seminar talk,
eological Sciences IUNNEAENEEE J|HT RAS, Moscow, Russia, October 1, 2009
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Interaction models and simulation techniques

» Particle-in-cell, hydrodynamic codes > 1pm

» Coarse-grained, discontinuous molecular dynamics

» Simple pairwise potentials for atoms or
molecules with fixed atomic bonds e
i 0p)
» Complicated many-body potentials for atoms g c WS
(Tersoff, EAM, MEAM, ReaxFF, etc.) D 3 @
(@) oy
> Classical MD for electrons and ions > Mo
N
> Wave Packet MD, Electron Force Field i
» QM/MM hybrid models
» Quantum MD (Car-Parinello, DFT, TD-DFT)
<lnm

» Numerical solution of the Schrodinger equation



Many-body Tersoff potentlal

¥ o E eV
E =) U,
i<j 10
e [Ae-mj 4B, e—%zﬁj] f.(r;) | O o C |

_7./b
B =Be ",

| | urA
12»

Zij i Z ( k) (C_I_e—dcoseijk )’ ’ ’ ’ ’ ’ ’
1.5 2 2.5 3 3.5 4

K#1, ]| (ij)_
A=2280eV, By=171eV, A =2X, A,=1465A""
w(r)= f (r)e™". |6=1324, =65 d=602, n=4,

1. r<R-D,
Parameters for Si: fe={3—7sinlym(r—R)/D], R-D<r<R+D,
LO, r>R+D,

(J. Tersoff, Phys. Rev. B, . )
37 (1988) 6991) R=30A, D=02A
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Many-body Tersoff potential
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Embedded Atom Method - EAM

Electron density
(transfer function)

/ ?
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Embedding function Pair potential




Embedded Atom Method - EAM
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Atomistic model of spallation process
at high rate shock”

.-...

— e——

mpaCt targe = .

Model parameters:

1. T=300K

2. Number of Cu atoms 112 000

3. Impactor / target mass ratio 1/6
4. Initial defect number density 0.05

“A. Yu. Kuksin, G.E.Norman, V. V. Stegailov, and A. V. Yanilki
Thermophysics, 2009, Vol. 18, No. 3, pp. 197-226.




Shock wave in Al crystal with Cu precipitates

piston Cu precipitates
\ /// /
thin slice
f
| &
atoms e
of defects
&=

200x80x80 N =5 million atoms Vp = 1800 m/s T=300K

“A. Yu. Kuksin, G.E.Norman, V. V. Stegailov, and A. V. Yanilkin // Journal of Engineering
Thermophysics, 2009, Vol. 18, No. 3, pp. 197-226.



The ReaxFF Interatomic Potential

Developed by Adri van Duin:

van Duin ACT, Dasgupta S, Lorant F, Goddard WA, J. Phys. Chem A. 105
9396 (2001) (183 citations up to Feb 2010)

Describes bond formation and charge transfer in condensed phases, especially
organics

Bonded interactions generated on-the-fly, based on distance-dependent bond-
order functions.

Bond-orders adjusted to compensate for atomic over/under-coordination

Atom charges computed using electro-negativity equalization i.e. minimizing
quadratic function in N charges (Coulombic plus ionization energies)

E

System

—E, +E

over funder

= F(bond-order) + E(non-bond) + E(charge equilibration)

t+E,+E, +E  +E,+E +E +E +E g, +E,

Sandia
National

source: http://lammps.sandia.gov/workshops/Feb10/Aidan_Thompson/ReaxFF_LAMMPS_ 2010.pdf



The ReaxFF Interatomic Potential

Butene oxidation, characteristic
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Interaction models and simulation techniques

» Particle-in-cell, hydrodynamic codes

» Coarse-grained, discontinuous molecular dynamics

» Simple pairwise potentials for atoms or
molecules with fixed atomic bonds

» Complicated many-body potentials for atoms
(EAM, MEAM, ReaxFF, Tersoff, etc.)

» Classical MD for electrons and ions

» Wave Packet MD, Electron Force Field

» QM/MM hybrid models
» Quantum MD (Car-Parinello, DFT, TD-DFT)

» Numerical solution of the Schrodinger equation
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Density-Temperature Diagram
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Breaking into the atom

Approximations, restrictions and gains

1. BO approx. (adiabMg appyeX.

No nonadiabatic proce (charge-transfer reactions,
photochemistry)

2. Ground state

No electronic excitation€io electron-phonon coupling,

etc

3. Classical approx. for nuclei movement
No proton transfer, atom tunneling, etc

On the good side — big systems, long evolution times,
nice parallelization and scaling

TD Schrodinger eq. — 3 atoms

MD — 1079 atoms, up to milliseconds

Source: Alexey Shaitan, International School “Computer simulation of advanced
materials”, Moscow, Russia, July 16-21, 2012



MD simulations of ionized sodium clusters

lonization and cluster expansion «Coulomb explosion»
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MD simulations of ionized sodium clusters

lonization and cluster expansion «Coulomb explosion»

Q Typical times of:

cluster expansion > 100fs
electron oscillations < 1fs




Visualization of particle motion in MD cell
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Models for electron-ion interaction potentials
1

Coulomb

V /KT

1 1 1
Cut-off —, r>—; —g, r<—
r € €

1{ [ r ﬂ

DEliE Chkas F e e

r }\‘ei
Ai, = Ay, =1/ A/MKT

Error function Eerf —L
r A

el

F(x)=1-exp(-x*) +nx(@-erf(x)) A, =#/~/2mkT



Models for electron-ion interaction potentials

3 rE

0 ‘ ‘ ‘ ‘
V/kT Anil€a) = T+ In {1 ré;, (u |—|—]1Lj| ) E; ) +

o
2 —_ yexp( —y?) dy
+ —l_-'-.r.-"f-'-';':f,.:/ 1 —
— exp(—m&, Ju)
]

—4 ] 1 r
Deutsch {1—9)@[_ ﬂ
r 7\‘ei

Ai, = Ay, =1/ A/MKT

re—z Error function 1erf[—rj
/ r A

0.1 0.2 0.3 0.4 0.5 0.6

el
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1 r kT~ e’ r

€ ted Kelb = - —
orrected Kelbg : [Aeij ZAe[kTA j p( [xeij]

F(x)=1-exp(-x") +Vmx(@-erf(x)) A, =h/~/2mkT




Interaction models and simulation techniques

» Particle-in-cell, hydrodynamic codes

» Coarse-grained, discontinuous molecular dynamics

» Simple pairwise potentials for atoms or
molecules with fixed atomic bonds

» Complicated many-body potentials for atoms
(EAM, MEAM, ReaxFF, Tersoff, etc.)

» Classical MD for electrons and ions

» Wave Packet MD, Electron Force Field

» QM/MM hybrid models
» Quantum MD (Car-Parinello, DFT, TD-DFT)

» Numerical solution of the Schrodinger equation

suolnenwis

oNSIWONY

> 1um

9Z1S WAISAS

<1nm



Wave Packet Molecular Dynamics

Gaussian wave packet (WP) for a single particle:

3 3/4 3 |
(P(X’t):(znyzj exp{—( Iy 2hyj(x r)°+— IO (X— r)}

“Physical” parameters (8 real numbers per particle):

(r, p) particle coordinate and momentum (3D vectors)
Y width of the packet (y > 0)
P, “momentum” of the width
P
—
b

|
|
|
|
|
:
I



Wave Packet Molecular Dynamics

Hamiltonian

e

A 2 Wt - hz
H:Ke+Vei+Vee+Hext:—Zk:2 Z‘X Gi N Z

k<m

Many-electron wave function
Y{x 3t) =] Jo(x,t)  (Hartree approximation)
k

Total energy

2
=(¥P|H|¥)= P IDYk+ 4 £ 58 orf ff +H
(PIH|¥)=2. pa -
Kk

2m 2m | S78my, T Ny \/Z(Vi"‘%z)/g

Norm-matrix

g ile ¢
19 4
N,;=——In(Y(q)|¥(q) 0D
" 80,00, < ‘ > i e T
dg, oH T
Equations of motion ZNas = ,
> . dt  dq,
: oH oH . oH . oH
rk(t):_’ k()___ Vk(t):—, pyk(t)=——

op, or, op,, Oy,



Ground state of simple atoms represented by
multiple Gaussian wave packets

Hydrogen
| NE-Ey, eV
RIS
0.01 =
0.001 —=
).0001 | |
1 2 3

Helium
50 -
E eV
. @
[ ] [ ] [ ] ®
-60 Eovtro, e = 5946V
A
_70 .|
A
BRI VI ot e ML,
-80 -[E_. . =-78.98eV Fa
| | | | | |
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Excited states of Hydrogen represented by
multiple Gaussian wave packets

|(E) . 0.04 = :
-~ : | —abs? ;
: 0.03 —
: 0.02
| ) 001 -
N L : )
: : E, eV ®, a.u.
l. I I I I I s I I I 0 ; Q T : I ? I : I : I I
12 8 4 0 A 035 0.36 0.37 038 039 04 041
Spectrum of the time Absorbed energy depending on
correlation function after the laser frequency in the area
excitation of 1s — 2s transition

N,, =9, T =200a.u., E, = 0.005a.u.



0.001

lonization of H(1s) atom by a laser pulse*

—¥— QM, E,=0.33 a.u.
- & -CTMC, E,=0.33 a.u.

~  WPMD, 5WP, E;=0.33 a.u.

—>— QM, E;=0.05 a.u.
o CTMC, E,=0.05a.u.

o WPMD, 5WP, E,=0.05 a.u.
#  WPMD, 3WP, E, = 0.05 a.u.

— C I s

T, fs

0.1

1

10

Classical Trajectory
Motne-Carlo (CTMC):

N E part >0

N

tot

WPMD
(1 electron, 3 WPs):

\V - Wbound i \Vfree

P - <\|jfree ‘\Vfree>
()

* Comparison with J.P. Hansen, J. Lu, L.B. Madsen, H.M. Nilsen // Phys. Rev. A,
2001, V. 64, P. 033418.



Electron force field approach®

” | 1 " V2r;
elec—elec — =— T ——————
JL E() r;_lr ,'._."II.FJ_;I _|_ 7
Epaui = z E(t1); + Z E(t1)i,
O0=0j ‘:F.'?E'ﬂ-j

Sﬁ. 55.
E(t1)ij = 1 3+{1—ﬂ1]+53

- Sr? ij
4
pSs
E(t1)j = —ATj;,
| l i ) +S,-3- /
j
T e WP Cooupmae| g = 9y 2 i e = —— — "l
me | 6 \5; S (g? 5 5;] ’ (5,‘;"5; + 5j/5i

p=—02, %; =x; X 1125, and 5 =s; X0.9.

*J.T. Su, W.A. Goddard Ill, Excited Electron Dynamics Modeling ofWarm Dense
Matter, Phys. Rev. Lett., 2007, v. 99, p. 185003.



PARALLEL EXECUTION
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Domain Decomposition

Principle: - Distribute the spatial domain most uniform among processors
- Particles can move across different processors
- Only local communications required (interacting particles are
on the local and neighbored processors)

slab-splitting cube-splitting
PE 1 PE 2 PE 3 PE 4 whole system PE 1 PE 2
® o . o . [® o
= * ] ] L ° . * L L .. . @ @ ..
s * ® o % o o % o
° L @ ° @ [ ° o L
° ° ° ° ° ° . ° .
° ° o ° ° °
@ ¢ b L] ¢ * * ¢ ¢
° * ° ° * ° * o ¢ ®
° ° ° ° -
@ ° ® L s ° ° o ® -
* ® r r [ . * Y R ° o o ©
| |
PE 3 PE 4

small number of neighbor cells:
2 neighbors

small surface area:
8 / 26 neighbors (2-/3-dim)
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Speedup depending on the number of CPU cores*
Simulations were performed at the MVS-100K cluster of JSCC RAS

Number of particles

using LAMMPS

t./t 80001, /t ,
17*M | —=—32000 ) I'™M Number of particles ’
0040 gffgfo Q. 1| » 1.3*10° o
o 1 A*AT eeé,’/ 3000 e 1.05*10° @5\2’
—»—1.3*10° . &
* 9 * Ve
500 - b ® 40001 K )
P /// e D
400 - ow ' AR e
// & 4 >
/ A 2000 - N e
s / >
200 - % /O //"}
Vo /O/ //’ g
Y - Number of CPU cores, M 5 i Number of CPU cores, M
0 200 400 600 800 1000 0 2000 4000 6000 80C
Lennard-Jones EAM, Al

“A. Yu. Kuksin, G.E.Norman, V. V. Stegailov, and A. V. Yanilkin // Journal of Engineering
Thermophysics, 2009, Vol. 18, No. 3, pp. 197-226.



CPU number limit due to
Interprocess communications

10997 computational time, s

A Total time
e Computation of forces
¢+ Communications

100.0

10.0 [
1.0 — s ftys
L A
. 4 $o &
010 1111l L1 o1l [ NN
s 10 100 1000

Number of CPU cores

The number of particles
Is fixed to
N =32 000

Lennard-Jones
Interaction potential
with large cut-off length
R el

Computing cluster
MIPT-60

Application
LAMMPS

“A. Yu. Kuksin, G.E.Norman, V. V. Stegailov, and A. V. Yanilkin // Journal of Engineering

Thermophysics, 2009, Vol. 18, No. 3, pp. 197-226.



NAMD: weak scaling for different clusters

92,224 atoms, 12A cutoff + PME every 4 steps, periodic

NAMD 2.8 ApoAl Benchmark (92K atoms, PME)

TACC Ranger (v2.6) —+—
TACC Ranger (v2.8) —<«— -
4 | SDSC Trestles —a— -
UC Beagle XE6 —5— 5
NICS Kraken XTS5 —m— '
TACC Lonestar —es—

K

Processor Cores x Time per Step (seconds)
Runtime for 1 ns Simulation (diagonal)

. 16 h[:urls 8 hours | 4 hours . 2 hnursl 1 hour | 30 min
8 16 32 64 128 256 512 1024
Mumber of Processor Cores

source: http://www.ks.uiuc.edu/Research/namd/performance.html






Top 500 Supercomputers (June 2012)°

Rank Site Computer/Year Vendor Cores Rmx Rpeeg Power
; ; Sequoia - BlueGene/Q, Power BQC 16C
1 LOEMISEAL L 160 GHz, Custom / 2011 1572864 16324 75 20132.66 78900
United States IBM
RIKEN Advanced Institute for K computer, SPARCE4 Vliifx 2.0GHz, Tofu
2 Computational Science (AICS) interconnect / 2011 705024 1051000 1128038 126599
Japan Fujitsu
e : ? . Mira - BlueGene/Q, Power BQC 16C
3 DOEFST/Agonne Natonal Labortoly. 3 gy Glidiom £2012 786432 816238 1006633 39450
United States IBM
SuperMUC - iDataPlex DX360M4, Xeon
Leibniz Rechenzentrum E5-2680 8C 2 70GHz, Infiniband FDR /
4 Germany 2012 147456 2897.00 318505 34227
IBM
MNational Supercomputing Center in Tianhe-1A - NUDT YH MPP, Xeon X5670
5 Tianjin 6C 2.93 GHz, NVIDIA 2050 /2010 186368 256600 4701.00 40400
China NUDT
6 Laboratory N\/IDIA 20‘90 12000 3 208592 1941.00 262761 51420
United States
Cray Inc.
CINECA Fermi - BlueGene/Q, Power BQC 16C
7 1.60GHz, Custom /2012 163840 172549 2097.15 8219
ltaly
IBM
: JUuQUEEN - BlueGene/Q, Power BQC 16C
8 O SR ) 1 60CHz, Custom / 2012 131072 138039 1677.72 6575
Y IBM
Curie thin nodes - Bullx B510, Xeon
9 CEA/MGCC-GENCI E5-2680 8C 2.700GHz, Infiniband QDR / 77184 135000 1667.17 22510
France 2012
Bull
: : - Nebulae - Dawning TC3600 Blade System,
National Supercomputing Centre in :
10 Shenzhen (NSCS) Xeon X5650 6C 2.66GHz, Infiniband QDR 450640 127100 298430 25800

China

NVIDIA 2050 /2010
Dawning

http://www.top500.0rg
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Accelerators in supercomputers

25
20
E 15 ul Clearspeed CSX60022
g Wl ATI GPU
@ 10 i IBM PowerXCell 8i
W NVIDIA 2070
5 « NVIDIA 2050
0
D
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GPU vs CPU:
Performance, Cost, Energy Saving*

Linpack performance,

FI K Fl KW
GFlops GFlops/$ GFlops/
750 -+ x
656 L 60 800 -
600 - 60 - 656
50 - 600 -
450 - 40 - -
300 - 30 - i
150 1 801 £0. 1 200 | 146
’ 10 a
N ol B e B |
CPU GPU-CPU CPU GPU-CPU CPU GPU-CPU
Server SEWE Server Server Server Server

CPU 1U Server: 2x Intel Xeon X5550 (Nehalem) 2.66 GHz, 48 GB memory, $7K, 0.55 kw
GPU-CPU 1U Server: 2x TeslaC2050+ 2x Intel Xeon X5550,48 GB memory, $11K, 1.0 kw

Anton Dzhoraev, The 1st Research and Practice Conference “High Performance Computing on GPUs”, Perm,
ussia, May 21-25, 2012



Comparison of CPU and GPU architectures”

CPU GPU

*QOriginal location: http://www.chepr.ru/index.php?rasd=info&id=75



GPU-enabled MD simulation packages

LAMMPS

Large-scale Atomic/Molecular Massively

Parallel Simulator
Sandia National Lab, USA

http://lammps.sandia.gov, Free.

O

Highly Optimized Object Oriented

Molecular Dynamics
Developers: J.A. Anderson, A. Travesset

— b,'w lowa State University, Ames, IA 50011, USA
http://codeblue.umich.edu/hoomd-blue/, Free.
NAMD/VMD
NASMDM. oynamics  UNIversity of lllinois at Urbana-Champaign
VMD (UIUC), USA
VisushMolecular Dynamics — http://www.ks.uiuc.edu/Research/namd, Free.

GROMACS + ¢

MDGPU AMBER

ACE-MD HALMD




Time of a single step execution (the lower the better)
for different number of particles

3 Time per step, ms Benchmarks for
1| 4 HOOMD ES520, 1core A Lennard-Jones
10* = | & LAMMPS E5520, 1core A liquid:
3| = LAMMPS E5520, 8cores
1| © LAMMPS GTX480 p =0.84, T=0.64,
. || © HOOMD GTx480 X
10 _g 53 rcut — 3, rskin — 08
3 . MD simulation
10 E packages:
g LAMMPS (18 Feb 2011)
10" = HOOMD ver. 0.9.1
100_; v 2 Compilers:
=ZgEioNna N icc 11.0 20090318
7 T CUDA 3.2, V0.2.1221

10° 10° 10° 10°



Ratio between GPU and CPU performances
depending on the number of particles

60 ? g G0 X
PGPU /PCPU
® GPU GTX480/CPU E5520(1core) - Benchmarks for
O GPU GTX480/CPU E5520 - LAMMPS Lennard-Jones
e GPU C2050/CPU E5520(1core) ° s liquid:
q
® GPU C1060/CPU E5520(1core) o
X . p=0.19, T=1.0,
® 2 rcut ™ 3’ r:skin =0.8
d ®
° ° MD simulation
20 g o e packages:
" LAMMPS (20 May 2010)
xRS . O HOOMD ver. 0.9.0
o g > N Compilers:
O If | I IIIIII | I IIIIII | 1T T 1111 ICC 11020090318
10° 10 10° 10° CUDA 3.2, V0.2.1221



Time of a single step execution for different number
of CPU/GPU cores of the hybrid cluster

If-\llllll

| Steps per second, s

O CPU X5670
o GPU C2050

- = ideal efficiency
s - s Ncores

- - ideal efficiency

/(a+bN

COFES)

cores

N,..=16-103

part

10

100

Benchmarks for
LJ liquid:
p=0.19, T=1.0,
eyt = 35 Tepin = 0.8

skin
MD simulation

packages:
LAMMPS (5 Apr 2011)

Compilers:
icc 11.1 20100414
CUDA 3.2,V0.2.1221

Cluster:
K100 (KIAM RAS)




Time of a single step execution for different number

of CPU/GPU cores of the hybrid cluster

= ,,’ I r 6
Ton Steps per second, s e Npart =4.10
3 3 ,,’ O
: 2 Benchmarks for
d LJ liquid:
- p=0.19, T=1.0,
101 = rcut = 3’ r:skin =0.8
E MD simulation
- O CPU X5670 packages:
= o GP 2
.G Fg .0.50 LAMMPS (5 Apr 2011)
10° — ---- ideal efficiency
= ---- ideal efficiency Compilers:
1, — P/P, =80% icc 11.1 20100414
355 — PP, =62% CUDA 3.2, V0.2.1221
N
Kl cores :
10 | | | IIIIII | | | IIIIII | | [ CIUSter

1 0 e K100 (KIAM RAS)



Ratio between GPU and CPU performances
depending on the number of particles

F)GPU /PCPU

e A& A s 100 X

A
G GPU:

NVIDIA Tesla M2050
A h CUDA 4.0, V0.2.1221

4 R Uk

% Xeon E5520

: (Nehalem),
M2050/E5520 2.27GHz, 8Mb L3
> =< <= <= 1thread per particle Intel Compiler

M2050/E5520 ver. 11.0.083
optimized version

N Interactions:
Al Coulomb

| |||||||| | |||||||| | ||||||||
100 1000 10000 100000 (long-range)

A\ W1/ RN




RIKEN “Protein Explorer™:
special purpose system for molecular dynamics

i

1 unit = Dual-core Intel Xeon CPU
+

24 MD-GRAPE chips

. TR
- e e o
LA L1l &
gt W ol oy
¥
= wll= . L

201 units achieve 1 PFlops for MD

3 MDGRAPE-3
— 1 Petaflops |
g | MDM _ |
= r L
o) !_ s .- GRAPE-E A
8 F  Teraflops V2
c 10
i 9
E = GRAPE-S -
.E GRAPE-3
© e . . )
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Requirements to Grid middleware

MD (or MC) numerical experiment usually goes
through a number of stages:

Low level:
* prepare system in the initial state » need for
- propagate it through the chain of other states workflow
 obtain system properties from the MD trajectory
High level:
A need for

e average over a set of initial states .
« perform parameter swee » BlCUElnET

P P _ P workflow
 perform optimal parameter search Scenarios

etc



Scenarios and workflow graphs

Scenario examples

Graph elements
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Open source GridMD library ~ GridMb

GridMD is a C++ class library intended for 1 ¢ ¢ 3
constructing simulation applications and running ’I‘I"I’ 1’
them in distributed environments ; i
| ¥ {T)
P

 Single application for serial (debug) and distributed
execution

« Automatic workflow generation from GridMD function calls inside
the main application

« Component architecture, easy interfacing to other MD packages.

* All required components for MD experiment: boundary conditions,
thermodynamic ensembles, etc.)

» Support for various job managers
e Cross-platform design, compiled for Linux and Windows

* Open source code (available at http://gridmd.sourceforge.net)




Submission of the tasks to parallel and
distributed systems

User code

MPI

Simulation program

llocal shell, ssh, Globus, etc

Working Working Working Working
node node node ® oo node
I I I |




Submission of the tasks to parallel and

distributed systems

1 =5 = 1= N
User code User code k- User code
MPI MPI MPI
local shell,
ssh,
Globus, etc
Grid Middleware
Cluster | PBS m PBS
N g \ \
Working | [ Working | [ Working | [
node node node




Submission of the tasks to parallel and
distributed systems

User code Grid_I\/ID_
application
MPI
GridMD

l local shell, ssh, Globus, etc
Grid Middleware

é/N
PBS PBS PBS

Cluster Cluster

Cluster

Working Working Working
node node node




Submission of the tasks to parallel and
distributed systems

User code GridMD
parameter sweep, optimization, workflows application
MPI
GridMD
workflow scenarios, internal job manager

Nimrod l

workflows

local shell,
ssh,
Globus, etc

DEISA Shell |

W Distributed
| o Europaan
W Infrastructure for
T Supercomputing
» Applicalions



Open source packages for atomistic simulations

Package Language |GPU| Parallel [Min{MD|{MC Comment
name

Adun C S s User specified force field (FFML), QM/MM
calculations with Empirical Valence Bond
(EVB)

DL_POLY* [Fortran, + General purpose MD, HDF5 output, Java

C++, Java GUI

GROMACS |C - + High performance MD, designed for
biological systems and polymers

HALMD C++ ++ + High-precision MD for the large-scale
simulation of simple and complex liquids,
HDFS output

HOOMD- C++, Python |++ + | + General-purpose MD highly optimized for

blue GPUs

LAMMPS C++ + | + | + |High parallel scalability, wide range of
potentials and analysis tools

MDynaMix |Fortran + Parallel MD for AMBER force field

MOIL Fortran, Tcl S s Basic algorithms and force fields, Replica
exchange, coarse-grained models, Tcl GUI

NAMD/VMD |C++ High parallel scalability, designed for
biomolecular, visualization (VMD)

RedMD ClE 1 - + | + | + |Coarse-grained models of proteins and
nucleic acids

TINKER Fortran OpenMP | + | + | + |Simple MD, QM/MM, molecular design

XMD C pthreads | + | + | + |MD for metals and ceramics




Benchmarks for bimolecular simulations

50 ——r——— 120 —————————
I: BlueGene/P { ¢ Cray XE6
40 . I
1 80} .
3{} I8 =il
20 |+ .
~ | 40 -
10 .
) ol 1+ T 0 '
o 0 1e+06 2e+06 3e+06 0 1e+06 2e+06 3e+06
7]
Z 80— 11—
iDataPlex &G—e AMBER/pmemd 11
| T E—& CHARMM 35b5
60+ . — GROMACS 4.5.5
A—A L AMMPS 27/10/2011
+—+ NAMD 2.8

H.H. Loeffler, M.D. Winn, Large biomolecular
simulations on HPC platforms: Ill. AMBER,
CHARMM, GROMACS, LAMMPS and
NAMD, 15 March 2012

0 1e+06 2e+06 3e+06
number of atoms

source: http://lwww.stfc.ac.uk/cselresources/pdf/biomolbenchiii.pdf



CONCLUSIONS

» Open source projects are particularly suitable for
scientific research because they are customizable,
extensible, implement a variety of ionization models
and optimization techniques.

» Quasiclassical atomistic simulations of chemical
reactions, ionization/recombination processes and
electron-ion relaxation are still a challenge.

» GPUs can highly accelerate MD simulations in
particular for long-ranged interactions.

» Averaging and parameter sweep lead allow to run
simulations on Grid and Cloud environments.

Our web site: http://www.i1hed.ras.ru/norman




