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1 INTRODUCTION

Molecular Dynamics (M.D.) Simulation is in principle very simple: the time devel-
opment of a many particle system is evaluated by numerically integrating Newton’s
equations of motion. But, as with most simple principles, many additional concepts
and techniques have to be applied to make the main principle operational. The ad-
ditional concepts and techniques are required, not because the main principle needs
correction or refinement, but because a bare implementation of the main principle
would result in very sluggish software without practical value. For that reason, from
the outset in the fifties, much work has been done to turn a simple principle into a
useful tool. In this thesis no new techniques are proposed, but existing techniques
are revised. As a result, a number of concepts of M.D. simulation are simplified, and
alternative implementations are proposed.

In this chapter the main concepts of the M.D. simulation technique are introduced
and an overview of this thesis is given. Also the goal of this thesis is formulated and
some remarks are made about the way current M.D. implementations are created.

1.1 M.D. simulation in outline

Main principle
The main principle of M.D. simulation is as follows: given the system state S(t0),
that is, the position r and velocity v of every particle (atom) in the system at time
t0, subsequent states S(t0 + ∆t), S(t0 + 2∆t), : : :, are calculated by using Newton’s
law F = ma. For accurate results small timesteps ∆t have to be used. To calculate
S(t0+(n+1)∆t) fromS(t0+n∆t), first for every particle i, Fi(t0+n∆t) is calculated.
Fi(t0 + n∆t) is the sum of the forces on i as exerted by the other particles of the
system at time t0 +n∆t. For every particle i the force Fi(t0 +n∆t) is then integrated
to get the new velocity vi(t0 + n∆t). Using this velocity, for every particle i the new
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2 Chapter 1 Introduction

position ri(t0 + (n+ 1)∆t) can be calculated. See Figure 1.4.

Integration
A widely used, simple and numerically stable, integration algorithm is the leapfrog
algorithm. In this algorithm particle positions are calculated at times t0 + n∆t and
velocities at midpoints, i.e. at t0 + (n + 1

2)∆t (this differs from the scheme in the
previous paragraph where particle positions and velocities were both evaluated at
t0 + n∆t). With tn � t0 + n∆t, the formulas for leap-frog integration are

vi(tn + ∆t=2) = vi(tn � ∆t=2) +m�1Fi(tn)∆t ; (1.1)

ri(tn + ∆t) = ri(tn) + vi(tn + ∆t=2)∆t : (1.2)

Interaction forces
Generally speaking, in an M.D. simulation the forces between particles only depend
on particle positions, not on velocities. Usually, interactions are specified by giving
an expression for the potential energy of the interaction, hence the force can be
written as a gradient of the potential.

Non-bonded interactions
Two classes of interactions may be distinguished: non-bonded interactions and
bonded interactions. Non-bonded interactions model flexible interactions between
particle pairs. Two well-known non-bonded interaction potentials are the Coulomb
potential and the Lennard-Jones potential. Using the convention that the distance
between the particles i and j is defined as rij � jrijj � jri � rjj, the Coulomb
potential can be written as

VCoul =
1

4��0

qiqj

rij
: (1.3)

Here qi and qj are the charges of particles i resp. j. The Coulomb force on particle
i, due to particle j is given by

Fij Coul: =
qiqj

4��0

rij
r3
ij

: (1.4)

The Lennard-Jones potential is given by

VL-J = 4"
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where " is a constant determining the depth of the potential well, and where �

determines the diameter of the particle (see Figure 1.1). The term
�

�
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�12
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a strong repelling force at very short distances, and the term �
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models an

attracting force with a longer interaction range. Adding these two terms gives a
potential well. The force of the Lennard-Jones interaction exerted on particle i by
particle j is given by

Fij = �riVL-J(rij) = 4"
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Due to the ‘action=�reaction’ principle (Newton’s third principle), the forces
between two interacting particles are related by

Fji = �Fij : (1.7)

So, the force between every particle pair i, j has to be evaluated only once instead
of twice. The usual way to evaluate every interaction only once is to use the j > i

criterion, i.e., to calculate explicitly the force on the particle with the highest particle
number. The force on the other particle is calculated with (1.7).

Bonded interactions
Bonded interactions model rather strong chemical bonds, and are not created or
broken during a simulation. For this reason, these interactions may be evaluated
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by running through a fixed list of groups of particle numbers, where each group
represents a bonded interaction between two or more particles. The three most widely
used bonded interactions are the covalent interaction, the bond-angle interaction, and
the dihedral interaction.

The covalent interaction is a bonded interaction between two particles i and j

with interaction potential

V =
1
2
Kb(rij � b0)

2 : (1.8)

This interaction may be thought of as a very stiff linear spring between i and j. The
spring has a neutral length b0 and a spring constant Kb. The force of this interaction
is given by

Fi = �Kb(rij � b0)(rij=rij) : (1.9)

The bond-angle interaction is a three particle interaction between i; j; k (see
Figure 1.2a), with interaction potential

V =
1
2
KΘ(Θ�Θ0)

2 ; (1.10)

with

Θ � arccos

 
rij � rkj
rijrkj

!
: (1.11)

(Valid for small (Θ � Θ0).) This interaction may be thought of as a torsion spring
between the lines i; j and k; j. The spring has a neutral angle Θ0 and a spring constant
KΘ.

The dihedral-angle interaction V (�) is a four particle interaction between i; j; k; l

(see Figure 1.2b) with an interaction potentialV = V (�). Two often used expressions
for V are

V = K�

�
1 + cos(n�� �)

�
and V =

1
2
K�(�� �0)n 2 Z ; (1.12)

where � and �0 are constants. The definition of the dihedral angle � is given by

� � sign(�) arccos(m̂ � n̂) ; (1.13)

m � rij � rkj ; (1.14)

n � rkj � rkl ; (1.15)

sign(�) �
rij � n

j(rij � n)j
; (1.16)

where r̂ � r
r
.
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FIGURE 1.2 a: Bond-angle interaction. Θ is the angle between the lines i; j and k; j.
b: Dihedral interaction with negative �. m is normal to the i; j; k plane, n is normal to the
j; k; l plane.

Cut-off radius and neighbour searching
In principle, a non-bonded interaction exists between every particle pair. Because
most of the CPU time of an M.D. simulation is spent in non-bonded force calculations,
the greatest gain in performance can be achieved by efficiency improvements in this
part. Two optimisations are widely applied: the use of a cut-off radius, and the use
of neighbour lists.

Earlier we proposed to evaluate all pair interactions, no matter how far the particles
are separated. However, the main contribution to the total force on a particle is
from neighbouring particles. Therefore, only a small error is introduced when only
interactions are evaluated between particles with a distance less than a cut-off radius
Rco. Choosing Rco so that for each particle 100 to 300 other particles are within
cut-off radius gives a good balance between correct physics and efficiency. For a
system of 104 particles this makes the non-bonded force computation a factor 104

100 to
104

300 faster.
Still, when using a cut-off radius, all pairs have to be inspected to see if their

separation is less than Rco. This is called neighbour searching. However, the
timesteps made, are so small that particles travel only a very small distance during
one timestep. In other words, the set of particles within Rco of a given particle
hardly changes during one timestep. Therefore, only a small error is made when
only every 10 or 20 timesteps all pairs are inspected to see if their distance is less
than Rco. Pairs with a distance less than Rco are stored in so called neighbour lists
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which are used the next 10 or 20 timesteps. In this way the all-pairs inspection every
timestep is replaced by an all-pairs inspection every 10 or 20 timesteps at the cost of
some memory space to store the neighbour list of every particle. Using Rco and a
neighbour list, non-bonded force calculations still take about 70% of the total CPU
time.

Periodic boundary conditions
Because of the limited CPU power, in current M.D. simulations typically 103 � � � 105

particles are involved. Single systems of this size suffer strongly from finite system
effects. For example, due to the surface tension of water (or Laplace pressure), the
pressure in a spherical droplet of water consisting of 2 � 104 molecules, will be
approximately 275 bar. Many other anomalies are introduced by using small, single
systems. Therefore, most simulations are done with periodic boundary conditions.
This means that the simulation takes place in a computational box, which is virtually
surrounded by an infinite number of identical replica boxes, stacked in a space filling
way, all with exactly the same contents (see Figure 1.3). Only the behaviour of
one box, the ‘central box’, has to be simulated; other boxes behave in the same
way. When periodic boundary conditions are used particles may freely cross box
boundaries. For each particle leaving the box, at the same instant an identical particle
from an adjacent replica box enters the box at the opposite side. In an M.D. system
with periodic boundary conditions particles are influenced by particles in their own
box and particles in surrounding boxes.

The shape of the computational box should be such that it can be stacked in a
space filling way. For reasons of efficiency only convex boxes are used. In 3-D
space there exist five box types with these properties: the triclinic box, the hexagonal
prism, two types of dodecahedrons, and the truncated octahedron. A system with
periodic boundary conditions is an infinite system, but has a crystal-like long range
order. Ideally, one would like to have a system without this long range order. By
choosing Rco not too large, the long range order effects are limited.

Constraint dynamics
Every timestep, during the force calculations, many types of interaction forces are
evaluated: Coulomb forces, Lennard-Jones forces, covalent forces, etc. Some of
these interactions are very rigid. The most rigid interaction in an M.D. simulation
is the covalent interaction. This means that two particles having a covalent interac-
tion, have an almost constant distance, or put in another way, two particles with a
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FIGURE 1.3 2-D Periodic Boundary Conditions. One box is surrounded by eight identical
boxes.

covalent bond vibrate with a high frequency. The maximally allowed timestep used
in an M.D. simulation is dictated by the allowed numerical drift of the integration
algorithm, so it is dictated by the highest frequency in the system, and should be
approximately 1=(40�highest frequency). However, the behaviour of covalent inter-
actions is not part of the physics of interest of an M.D. simulation because covalent
vibrations are only weakly coupled to the other vibrations of the system. Leaving out
frequencies above 1/4 to 1/2 the highest covalent eigenfrequency does not influence
the outcome of an M.D. simulation. So, it is a waste of computer time to use a
timestep based on covalent eigenfrequencies. For that reason, nowadays in most
M.D. programs, the covalent interactions are handled using constraint dynamics,
which means that the distance between particles with a covalent bond is kept con-
stant. Then the timestep may be as high as 1/20 to 1/10 (�highest frequency). In
this way, the same time span of physics can be simulated two to four times faster.

Because an atom may have covalent interactions with a number of atoms, sub-
stituting covalent interactions with length constraints will in general result in a set
of connected length constraints with a, possibly cyclic, graph-like structure. In a
typical M.D. system the number of constraints is of the same order as the number of
particles.

The introduction of length-constraints has no consequences for the force calcu-
lations, except of course that the forces of covalent interactions are not calculated.
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However, the introduction of length-constraints has severe consequences for the al-
gorithm in which Newton’s law is integrated, resulting in a matrix equation. As
the rank of the matrix is the number of constraints in the system, for systems with
many constraints, solving this equation directly is complex. There exists however
a fast, iterative method, called SHAKE to solve the matrix equation. The special
thing about SHAKE is that its iterative way of solving the matrix equation is directly
reflected in iterative adjustments of pairs of particle positions.

SHAKE is used as follows. Every timestep, the interaction forces, the new
velocities, and new positions are calculated as if no constraints exist, except that no
covalent interaction forces are evaluated. Particle positions obtained in this way do
not fulfil the distance constraints between particles. Then SHAKE is invoked. In
SHAKE, particle positions are iteratively corrected until all length-constraints are
fulfilled within a predefined tolerance. So, at the end of every timestep many SHAKE
iterations have to be done.

Applications
M.D. simulations are used to complement and to replace experiments in physics and
chemistry. As such, M.D. has been used to study simple gases, liquids, polymers,
crystals, liquid crystals, proteins, proteins in liquids, membranes, DNA-protein in-
teractions, etc. For example, the equation of state (the p; T; V diagram) or transport
phenomena, such as thermal conductivity of a gas, may be calculated by an M.D.
simulation. For polymers M.D. has been used to calculate mechanical properties
like compressibility and tensile strength. In the area of drug design, M.D. is used
to calculate the free energy of a reaction. Nuclear Magnetic Resonance experiments
give incomplete information about inter-atom distances; M.D. is used to refine these
data. Many of the physical properties mentioned are not derived from one system
state but as a time average over a long sequence of consecutive states. A much
broader overview is given in [1].

1.2 The subjects of this thesis

In this thesis, all the subjects mentioned in the previous section are revised, except
neighbour searching and integration. So, the following subjects are discussed: non-
bonded force calculations, bonded force calculations, constraint dynamics, and box
shapes. Moreover, mapping M.D. simulation on a parallel computer with a ring
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FIGURE 1.4 Main components of the M.D. simulation algorithm.

architecture is discussed. More precisely:

In Chapter 2, an alternative method is presented to calculate non-bonded forces in
systems with periodic boundary conditions.

In Chapter 3 it is shown that the concept of ‘box shape’, as used in molecular
simulations of systems with periodic boundary conditions, is superfluous. It is
shown that every simulation can be done in a computational box with a simple
shape.
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In Chapter 4 the formalism of constraint dynamics is revised, so that it is suitable
to study the (near) instantaneous behaviour of a system.

In Chapter 5, alternative expressions of the torsional angle interaction are derived
by using first principles of mechanics.

In Chapter 6 it is shown that the scalar configurational pressure (virial) of angle-
dependent interactions, is zero. This is also demonstrated with an M.D. simu-
lation.

In Chapter 7 it is shown how M.D. simulations may be mapped on a ring archi-
tecture, so that the communication related to the bonded force- and constraint
interactions is minimised.

In Chapter 8 a combined hardware and software solution is presented to speed up
the synchronisation of constraint iterations on parallel computers with a sparse
communication structure.

Except for this chapter, all chapters of this thesis have been published (2,5,6,7,8),
or will be submitted (3,4), so, are self-contained. For that reason the literature is
given per chapter. The chapters in this thesis are not ordered chronologically but
going from concepts to implementation. As a result, in some chapters reference is
made to later chapters.

1.3 Research goals

The research presented in this thesis stems from two questions:

How can the different parts of the M.D. algorithm be reshaped, such that it becomes
simpler and more efficient?

How should the various parts of the M.D. algorithm be mapped on a ring architec-
ture?

Although we did not have the intention to do research in the field of physics, a
number of new equations are derived, notably about the virial, bonded forces, and
constraint dynamics.
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1.4 Discussion

In the beginning, M.D. simulation was mainly used to study small artificial systems,
but there was, and still is, a strong inclination to apply it to more realistic and more
complex systems. All this with the intention to discover new, and explain known
phenomena of molecular systems. This urge for results, together with the fact that
M.D. software is designed and implemented by the M.D. community itself, has
resulted in an evolutionary development of M.D. simulation software. This has the
advantage that most simulations can be implemented quickly by adapting an existing
implementation, but on the other hand runs the risk of evolutionary processes in
general: the lack of an integral design. Once an idea has been implemented in some
way, it is copied by other members of the M.D. community in their implementations,
often without further critical reconsiderations. Besides the urge for results, also the
apparent simplicity of the principles of M.D. simulation give the feeling that it is a
waste of time to try to reshape M.D. simulation software.

When one takes into account that M.D. simulation software was created by an
evolutionary process, so, with the risk that errors in the software are passed on to
later generations, it may come as a surprise that the physics of the great majority
of simulations is correct. This is the case because the M.D. community is aware
of the fact that the results of M.D. simulations are very sensitive to errors in the
implementation. Therefore, before using a modified M.D. program for answering
new questions, many test runs on old systems are done to validate the modified
implementation. A significant amount of simulation time is spent on this. In contrast,
as pointed out before, little time is spent on creating alternative implementations of
parts of, or of the whole M.D. implementation. This thesis is an attempt to remedy
this situation.

In this thesis it is not tried to treat the M.D. simulation algorithms as a whole.
Instead, some crucial concepts are reformulated and worked out separately. We there
run the risk that more elegant concepts and more efficient algorithms, emerging from
such an integral approach, are overlooked. We feel however that such an approach
would be impracticable. In the first place because of the size of the problem. (The
GROMOS M.D. simulation package is 1 Mbyte of FORTRAN code.) Secondly,
because it is very difficult to find correctness preserving transformations, resulting
in more efficient code. Thirdly, because, when the first two steps could be made
with success, the resulting code would probably lack transparency. This is a major
problem because much M.D. code is continuously modified by its users.
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This thesis results from work directly and indirectly related with the GROMACS1

project. This project was started with the goal to design and construct a special
purpose computer for M.D. simulations. Because this computer would have con-
sisted of a long and wide unstructured pipeline with � 100 ALU’s, registers, local
memories, etc., it was important to use a specification of the M.D. algorithm that
resulted in as simple as possible hardware. Therefore we started with analysing
many parts of the M.D. algorithm. This proved to be a very important stage of the
project, even when the project eventually was transformed into a project aimed at the
design and implementation of a parallel computer for M.D. simulation, consisting of
conventional processors. In the software of the resulting parallel computer, (a ring of
36 i860 processors) ideas presented in this thesis were implemented, notably those
in the Chapters 2, 5, 6, 7.

Although the activities were initially related to special purpose hardware, most of
the ideas and concepts presented in this thesis may be used in M.D. implementations
in general. The exceptions are the ideas in the Chapters 7 and 8.

We have the feeling that besides the subjects treated in this thesis, some other
parts of the M.D. algorithm are worth a critical reconsideration. To mention a few:

Neighbour searching implemented with grid cells.

The implementation of the force and energy evaluations with tables.

The development of a very efficient, well documented M.D. kernel which can serve
as a starting point for most implementations.
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