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Molecular Dynamics Introduction

Molecular Simulation

Loschmidt-number

NL = 2, 687 · 1019cm−3: Number of molecules in 1 cm3 of ideal gas

Avogadro-constant

NA = 6.0221415 · 1023mol−1: Number of molecules in 1 Mol. 1 Mol of a
gas at ambient conditions has a volume of 22,4 litres (e.g. cube: ≈ 28cm).

Time steps

In the order of magnitude of femtoseconds (1fs := 10−15s)

⇒ Classical molecular simulation is limited to the nano scale in practice.
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Molecular Dynamics Introduction

Motivation

Macroscopic properties are determined by interactions on the atomic
scale
Experiments on the nano scale are difficult

Examples of areas where simulation can lead to new insights
Process engineering
Phase transitions at extreme conditions
Chemical reactions
Nanomachines
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Molecular Dynamics System

Most Basic System: N Interacting Points of Mass

Coordinates
q1, q2, . . . , qN with qi = (qix , qiy , qiz) (Spatial coordinates)

p1, p2, . . . , pN with pi = (pix , piy , piz) (Impulse coordinates)

Energy

Ekin(p1, p2, . . . , pN) =
∑N

i=1
p2i
2mi

(Kinetic energy)

Epot(q1, q2, . . . , qN) =
∑N

i=1
∑N

j>1 uij(|qi − qj |) (Potential energy)

The potential energy uij is assumed to be pair-wise additive.
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Molecular Dynamics System

Phase Space

The basis vectors of the phase space are the spatial and the impulse
coordinates of the N molecules → R6N

Microscopic State
One point in phase space is called a microscopic state of the system:
X = (q1, q2, . . . , qN , p1, p2, . . . , pN)

Ensemble
An Ensemble is a subspace of the phase space which includes all X fulfilling
a specific set of conditions.
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Molecular Dynamics Ensemble

Thermodynamic parameters

canonical ensemble

N

VE

P T

µ
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Molecular Dynamics Ensemble

Statistical mechanics - Ensemble average

Thermodynamic macroscopic state variables are computed as the
average over a large number of microscopic states (ensemble average):

〈A〉 =
∫

drNA(rN) exp[−βU(rN)]∫
drN exp[−βU(rN ])

Ensemble
A set of microscopical states, each representing a point in phase space,
fulfilling the same boundary conditions, e.g. identical number of particles
N, volume V and temperature T .
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Molecular Dynamics Simulation Set–up

Potential Energy: Lennard–Jones

ULJ (rij) = 4ε

((
σ

rij

)12

−
(
σ

rij

)6
)

LJ Potential LJ Potential truncated
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Molecular Dynamics Simulation Set–up

Domain

aa

b

b

Periodic boundary conditions: A small volume repeated periodically.
⇒ Domain with Torus-Topology

Images: Martin Bernreuther
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Molecular Dynamics ms2 and ls1 mardyn

Molecular Simulation Codes: ms2 and ls1 mardyn

Current release of ms2: version 2.0
Current release of ls1 mardyn: version 1.0

http://www.ms-2.de http://www.ls1-mardyn.de
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Molecular Dynamics ms2 and ls1 mardyn

Collaboration Partners

Projects:
IMEMO (2008 – 2011)
SkaSim (2013 – 2016)
TaLPas (2017 – 2020)
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Molecular Dynamics ms2

Highly Accurate Thermodynamic Properties: ms2

MPI and OpenMP parallelized
Multipole expansion
All static thermodynamic properties
Large set of transport properties
Currently five ensembles, soon all
eight
Derivatives of Helmholtz Free
Energy Henry Constant of H2 in H2O

o =̂ Simulation, + =̂ Experiment

(R. Fernández-Prini et al., 2003)

S. Deublein et al. ms2: A molecular simulation tool for thermodynamic properties. Computer Physics
Communications, 2011
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Molecular Dynamics ms2

ms2: Typical Use Case

Shear viscosity of a mixture of ethanol and water

40% volume ≈ 34% mass ≈ 17% mol
Circles =̂ 5 ◦C, Triangles =̂ 20 ◦C
Full =̂ Simulation, Empty =̂ Experiment
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Molecular Dynamics ms2

Highly Accurate Equations of State

Equations of State
A unified model for all time invariant thermodynamic properties.
Available for ≈ 100 pure substances.

α(τ, δ) = α0(τ, δ) + αr(τ, δ) , τ = Tc/T δ = ρ/ρc

Ideal part:

α0(τ, δ) = ln δ + a0
1 + a0

2τ + a0
3 ln τ +

7∑
i=4

a0
i ln[1− exp(−niτ)]

Residual part:

αr(τ, δ) =
7∑

i=1

aiτ
ti δdi +

14∑
i=8

aiτ
ti δdi exp(−δci )
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Molecular Dynamics ms2

Derivatives of the Helmholtz Free Energy

Amn =
∂m+nα(τ, δ)

∂τm∂δn
τmδn

Pressure
p

ρRT
= 1+ Ar

01

Speed of sound

Mw2

RT
= 1+ 2Ar

01 + Ar
02 −

(1+ Ar
01 − Ar

11)
2

A0
20 + Ar

20

Joule-Thomson coefficient

ρR · µJT =
−(Ar

01 + Ar
02 + Ar

11)

(1+ Ar
01 − Ar

11)
2 − (A0

20 + Ar
20)(1+ 2Ar

01 + Ar
02)
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Molecular Dynamics ms2

Derivatives of the Helmholtz Free Energy

Amn =
∂m+nα(τ, δ)

∂τm∂δn
τmδn

C. W. Glass et al., Comp. Phys. Comm., 185, 3302 (2014), R. Lustig., Mol. Phys., 110, 3041 (2012), R.
Lustig., Mol. Sim., 37, 457 (2011), R. Lustig., J. Chem. Phys., 100, 3060 (1994)
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Molecular Dynamics ms2

ms2: Equations of State from Simulation

Example: Phosgene

400 state points
9 thermodynamic quantities
⇒ 3600 simulation results

All simulations and fitting
residual part fully automized.

αr(τ, δ) =
7∑

i=1

aiτ
ti δdi +

14∑
i=8

aiτ
ti δdi exp(−δci )

A. Köster et al. Automatized determination of fundamental equations of state based on molecular simulations
in the cloud. Fluid Phase Equilibria, 2016
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Molecular Dynamics ms2

ms2: High Throughput Computing

A. Köster et al. Automatized determination of fundamental equations of state based on molecular simulations
in the cloud. Fluid Phase Equilibria, 2016
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Molecular Dynamics ms2

ms2: Phosgene Equation of State vs. Simulation Data

Pressure Isochoric heat capacity

FEOS, G. Rutkai, J. Vrabec, J. Chem. Eng. Data, 60 (2015)
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Molecular Dynamics ls1 mardyn

Large Systems: Equilibrium

Interesting simulation scenarios can be large.

A drop of acetone in coexisting vapour:
CO-(CH3)2 ⇒ 4 LJ, 1 dipole, 1 quadrupole
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Molecular Dynamics ls1 mardyn

From O(N2) to O(N): Neighbour Search with Linked Cell

Molecules are spatially sorted
into bins (usually cubes with
a = rc)
Sorting ∈ O(N)

For molecules in a given bin,
only molecules in neighbouring
bins can be within rc

Identifying neighbours ∈ O(N)

⇒ Linked cell reduces the complexity of the neighbour search to O(N)
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Molecular Dynamics ls1 mardyn
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Molecular Dynamics ls1 mardyn

O(N) vs. O(N2)
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Molecular Dynamics ls1 mardyn

ls1 mardyn

r
c ≥r

c

ls1 mardyn is designed for massive
parallelism in large, heterogeneous and
highly dynamic MD simulation scenarios.

Features
MPI domain decomposition
Optimized communication scheme
Linked cell algorithm
Dynamic load balancing
Heavily vectorized
OpenMP Intel MIC version

C. Niethammer et al. ls1 mardyn: The massively parallel molecular dynamics code for large systems. Journal of
Chemical Theory and Computation, 2014
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Molecular Dynamics ls1 mardyn

Massive Scaling in MD: ls1 mardyn

Goal
Achieve the largest MD simulation to date

Challenge

Available memory (RAM) . . . and scalability

⇒ Reduce memory footprint:

Position ~x 3 * 4 B = 12 B
Velocity ~v 3 * 4 B = 12 B
Identifier id 8 B
Total 32 B

Forces are only stored in a sliding
window:

6 7 8 9 10

18 19 2015 16 1712 13 1411

25 26 2722 23 2421

5

28

4321

29 30
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Molecular Dynamics ls1 mardyn

Massive Scaling in MD: ls1 mardyn

Setup:
Single-site Lennard-Jones particles
4.52 · 108 per node (weak scaling)

Largest MD simulation to date:
4.125 · 1012 particles (on 9’126 nodes) 6.3 µm

P.S.: Width of a
human hair ≈ 70µm

W. Eckhardt et al. 591 TFLOPS multi-trillion particles simulation on SuperMUC. ISC ’13, June 17, 2013
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Molecular Dynamics ls1 mardyn

Massive Scaling in MD: ls1 mardyn

1
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G
FL
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P

S

number of used cores

GFLOPS, ideal

GFLOPS, weak-scaling

Maximum performance of 591 TFlops on 146’016 cores
9.4 % peak performance
Parallel efficiency of 86.3 % on 146’016 cores (292’032 threads)
compared to 1 core (2 threads)
For 4.125 · 1012 particles: runtime of 40s / iteration
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Molecular Dynamics ls1 mardyn

World Record in Particle Simulation: ls1 mardyn

Colin W. Glass (HLRS) SSIP 2017 29.03.2017 27 / 34



Molecular Dynamics ls1 mardyn

Load Balancing

Problem for heterogeneous simulation scenarios

Simulation cost per volume is ∈ O(ρ2), where ρ is the density.
Typical density ratios of liquid to gas ≈ 102 − 103

→ Simulation cost per volume ratios ≈ 104 − 106

Conclusion
For such scenarios, load balancing is a must.

Solution in ls1 mardyn
Hierarchical subdivision of the simulation
volume through recursive bisection
Choice of planes for bisection that lead to
an equal load in the sub-domains
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Molecular Dynamics ls1 mardyn

Load Balancing: General view

Problem
The behaviour of simulation scenarios varies drastically, e.g. due to size,
shape and movement of expensive subdomains (liquid phase).

Approach
Introduce abstract description of scenario
Investigate different load balancing strategies
Learn mapping of description onto successful strategies
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Molecular Dynamics ls1 mardyn

Evaporation: Fuels

Good scalability on the order of 1’000 cores, depending on the scenario.

Matthias Heinen
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Molecular Dynamics ls1 mardyn

Cavitation: CO2

Colin W. Glass (HLRS) SSIP 2017 29.03.2017 31 / 34



Molecular Dynamics ls1 mardyn

Cavitation: CO2

108 molecules
T = 280 K, ρ = 17.2 mol/l, 3CLJQ
# neighbours =̂ local density
Local density evaluated at ≈ 5·106

grid points
Determine gas bubbles

Simulation on over 100’000 cores with excellent scalability!

Martin T. Horsch
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Molecular Dynamics Rare Events

Future Developments: Rare Event Sampling

Sampling microscopic states of the phase space can become difficult if a
transition through a high energy area is required.

Examples of rare events:
Nucleation
Chemical reactions
Protein folding

Examples of rare event methods:
Forward flux sampling
Umbrella sampling
Metadynamics
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Molecular Dynamics Questions

Questions
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