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A systolic loop method for parallel molecular dynamics, previously written in Occam, is reimplemented in
Fortran using a general message-passing library. The method is extended to include a conventional
neighbour list, fully distributed over the processors. A modification of the systolic loop method, called
systolic replication, permits a parallel implementation of the fastest known sequential algorithm, in which
a link-cell spatial decomposition is used to form the distributed neighbour list. The performance of each
method, for a liquid argon simulation, is measured on a Transputer system and analysed in terms of the
concept of scaleability. Some measurements are also made using 1860 processors. The best performance
achieved is 5000 particle moves per second, using 28 Transputers.

KEY WORDS: systolic loop method, distributed neighbour lists, transputer, molecular dynamics.

1. INTRODUCTION

A multicomputer is a parallel computer in which the individual processors have their
own memory and run separate processes from that memory. They are thus computers
in their own right, but are able to cooperate to solve a problem by passing data
amongst themselves over some kind of network. Such communication events provide
the only form of (loose) synchronisation between the processors. For many problems
multicomputers are the most effective way of providing very high performance
computing at modest cost. They are particularly suitable for molecular dynamics
simulation which requires vast amounts of processor time but not usually the very
large amounts of memory and very fast discs provided by more conventional super
computers. Their low cost means they are affordable by individual research groups,
and can therefore be easily integrated into a local computational environment with
convenient access to facilities such as file store and workstation graphics.

In molecular dynamics simulation the main part of the computational task is the
evaluation of interactions between pairs of particles. Normally the interaction poten-
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tial has limited range, and locating interacting pairs can itself be a substantial problem
except in the case of a solid material where spatial relationships between particles do
not change. We use the word “particle” as a short-hand. It can represent a monatomic
molecule or a small rigid molecule with a number of interaction sites or it can be an
atom or interaction site within a large flexible molecule. We use the simple Lennard-
Jones fluid as our prime example in this paper, but the principles apply equally in
more complex cases.

There are, broadly, three ways in which multicomputers can be used for molecular
dynamics simulation. They can run several independent conventional sequential
simulation programs at the same time, and this can be extremely useful: for example,
when there are a range of simulation projects being tackled at the same time, or when
a particular project needs runs at a range of state points or with a range of potential
parameters. (There may also be circumstances in which several independent simula-
tions at a given state point can provide more efficient phase space sampling than a
single long simulation). However, not all work is of this nature, and more often it is
desirable to minimise the turnaround time for an individual simulation by distributing
it over a number of processors. An obvious way to do this is to adopt a master/slave
decomposition in which the master processor farms out the major computational
tasks to a number of slave processors, and then gathers together their results. In the
case of molecular dynamics the master, at the beginning of each time step, sends out
the particle coordinates to all the slaves. These evaluate a subset of the pair interac-
tions, accumulating them into force arrays. At the end of the time step the master
gathers and sums these force arrays and then integrates the motion of all the particles.
This is a very easy strategy if the main aim is to parallelise an existing sequential
program as quickly as possible, since the master program is essentially the existing
program minus its force routine, and the slave program is essentially the force routine.
All that is required is to program in the coordinate distribution and force collection.
However, there are two problems with this approach. First, the motion integration
becomes the rate limiting step, since, however much the execution time for the force
evaluation is reduced, the motion integration remains on a single processor. Second,
and more seriously, communication of data into and out of the master processor
becomes a bottleneck as the number of processors is increased. Any application which
involves running a simulation on a large number of processors needs an approach
which distributes the complete calculation, motion integration as well as force evalua-
tion, evenly over the processors, and also minimises communication delays.

Such fully distributed parallel strategies for molecular dynamics fall into two
classes. One approach is to adopt a problem decomposition which distributes the
particles over the processors [1]. Every particle has a “home” processor which is
responsible for its motion integration throughout the simulation. However, during a
time step particles circulate round the processors in such a way that every particle
meets every other particle so that their interaction can be found (if their separation
is less than the range of the potential). These methods are usually described as
“systolic loops™. The other approach is to adopt a decomposition in which different
processors control different regions of space, rather than different sets of particles [2].
In the case of a liquid simulation this means that a particular particle will move from
processor to processor as it diffuses in space during the course of the simulation. Such
a spatial decomposition is more suitable for systems of very large numbers of particles
where the size of the system is many times the range of the potential, and the
evaluation of interactions can be achieved by exchanging data between ‘“nearby”
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processors, rather than circulating round all the processors. Our own interests lie in
the modelling of molecular liquids and ionic materials, where very large particle
numbers are rarely required, and we concentrate on systolic loop methods. A previous
paper by Raine, Smith and Fincham [3] analysed these methods in some detail,
particularly from the point of view of load balancing and communication overheads.
Testing was carried out on a Transputer system using the Occam programming
language. The first aim of this paper, which is the subject of Section 2, is to discuss
reimplementation in terms of a standard sequential language (Fortran) allied with a
library of general message-passing routines. Again our testing is on a Transputer
system, and we give performance measurements. The advantage of this approach,
apart from the familiarity of Fortran, is that most multicomputers provide such a
message-passing facility whereas Occam is specific to Transputers

In molecular dynamics simulation particles do not move very far during one time
step, and it is not essential to locate neighbours afresh on every step. In Section 3 we
show how it is possible to incorporate a conventional neighbour list within the systolic
loop framework. Pair interactions are only evaluated for pairs appearing within the
list, leading to a considerable performance improvement. An important point is that
the memory-consuming neighbour list is fully distributed over the processors.

In Section 3 we also investigate an alternative method of constructing the neigh-
bour list, based on the conventional link-cell algorithm. This algorithm is central to
spatial decomposition methods, but here we use it within the systolic loop framework.
To do this we need to provide every processor with a copy of all the particle
coordinates, and show that this can be done in a method we call systolic replication
which involves exactly the same amount of communication as the standard systolic
loop method. The neighbour list itself is again fully distributed.

In our discussion, Section 4, we compare our systolic loop neighbour lists with the
alternative spatial decomposition methods, from the point of view of performance
and practicality. We also make some remarks about the incorporation of many-body
forces.

2. FORTRAN IMPLEMENTATION OF SYSTOLIC LOOP METHODS
2.1 Hardware and software issues

Our programs are implemented in Fortran and run on our Meiko in-Sun Computing
Surface with 28 Transputers using the “CSTools” software. This software has a
number of interesting features which make its use quite different to that of Occam. It
provides a set of utilities, running on the hosting Sun workstation under the Unix
operating system, for compiling and loading Transputer programs. A user task can
request any number of processors from one upwards, and is allocated an individual
domain with the required number of processors: the rest of the processors are free to
be allocated by the system to other tasks. The task is described by a configuration file
which specifies the process to be run on each processor of the domain and the
topology of the connections between the processors which are to be wired up before
the task is loaded. Each process is a standard sequential language program. Usually
the same program is loaded on each processor, though this is not essential. The
process when it is running can call a library routine to enquire on which processor of
the domain it is running, so that it can behave appropriately. Processes in the task can



19: 45 14 January 2011

Downl oaded At:

138 D. FINCHAM AND P.J. MITCHELL

communicate with each other by means of the Computing Surface Network (CSN).
This is achieved by calling routines from a message-passing library. Individual proces-
ses can also read and write files, with all the passing of data through the Transputer
network to the Sun being handled automatically. (It is particularly helpful for debug-
ging purposes to be able to insert print statements in any process of the task, and a
major advantage over Occam). There is also a symbolic debugger.

In Occam, direct communication between processes on different processors is only
possible if they are directly connected together. If data is to be passed between
processors which are not directly connected then the messages must be explicitly
passed on by processes running on the intervening processors. As well as complicating
the programming this makes the program specific to a particular hardware topology.
Use of the CSN message-passing routines is much simpler, as a single call will send
a message to any processor in the network, with data being passed across the network
completely transparently as far as the application program is concerned. Communi-
cation is via “‘transports”. A process can create transports which it can use to send
or receive messages. If it wishes to receive messages on a particular transport it gives
it a name which is registered centrally. The sending process then looks up this name
and addresses messages to it. This ensures that the behaviour of a program is
independent of the way in which the processors are wired together, which can affect
only its performance.

A number of different types of communication are possible using the CSN. Com-
munication may either be synchronous or asynchronous. A synchronous communi-
cation is not regarded as having been completed untii the message has been received
at its destination, and the sending process only knows this when an acknowledgement
has been received. In asynchronous communication the sending process simply com-
mits the message to the network and there is no acknowledgement. Clearly synchron-
ous communication will be slower, but it is safer in the sense that it is not possible to
saturate the network with messages that cannot be received. Thus synchronous
communications may be used during program development, and asynchronous com-
munications in production runs.

Communications can be initiated by two types of call to CSN routines, blocking
and non-blocking. On a blocking call, control returns to the calling routine only when
the data has been safely copied out of the program array (on a send) or copied into
it (on a receive). During program development one would normally use synchronous
communications in blocking form. However, for maximum performance it is desir-
able to use asynchronous communications and there can then be an advantage in the
use of non-blocking communication calls. A non-blocking call returns as soon as the
communication has been initiated, allowing the program to continue with other useful
work while the communication is in progress. While a non-blocking communication
is in progress it is of course not safe for the process to write to the data arrays in the
case of a send, or read from them in the case of a receive. Wait routines are thus
provided which can be called at the point in the program where it becomes essential
to use the arrays, and these calls will not return until communication has completed.
In the case of asynchronous sends the performance gain of non-blocking over block-
ing calls may not be very great, since a blocking call will return as soon as the program
data has been copied out into system buffers. However, a blocking receive will not
return until data has been received from the network, and the receiving process will
be idle during this wait. Thus it is desirable, if the algorithm can be arranged suitably,
to issue a non-blocking receive as early as possible, to then carry on with useful
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Figure 1 Communication times as a function of message length along a chain of Transputers. The labels
indicate the number of links traversed.

calculations (or other communications), and issue a wait only when the data being
received is required.

We have measured the performance of message-passing on our system and Figure
1 shows the time taken for messages of different lengths to be transmitted different
number of steps along a chain of processors. The figure reveals some interesting
features of the CSN message-passing system. Each graph is very linear, with a slope
of about 1 Mbyte/s. However, the intercept on the vertical axis shows that there is a
“start-up” time for a message between directly-connected processors of around
250 ps. This means that messages must be much longer than 250 bytes for the overall
speed of transmission to approach the asymptotic rate of 1 Mbyte/s. Another interest-
ing feature revealed by Figure 1 is the performance of message-passing between
remotely connected processors. The asymptotic rate shown by the slope of the graphs
is not noticeably less than that between directly connected processors, and the
increase in start-up time is also not very great. This shows that the performance of
parallel algorithms is unlikely to be very sensitive to the exact wiring of the hardware
topology. The next generation of Transputer, and rival parallel processing systems,
will have hardware support for general message-routing and such machines can
effectively be regarded as fully-connected networks. The CSN system already emu-
lates this in software. We have also been able to time communication rates on a Meiko
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Computing Surface using i860 processors, and also on an Intel iPSC/860, which also
uses 1860 processors and a message-passing library. On the Meiko, communication
rates are very similar to those given above: not surprising since this machine uses
Transputers as communication engines. (However, this speed will increase in the near
future as Meiko provide software to connect i860 processors by several Transputer
links working in parallel). On the Intel, communication rates are currently approxi-
mately twice those on the Meiko machines, with a similar start-up time. Since the 1360
is a much faster processor than the Transputer (about eight times on our programs),
the machines based on it have a worse ratio of communication to calculation speeds,
and applications are more likely to be communications bound. It should be men-
tioned that our performance tests have all been carried out with the processors doing
nothing but communication. In principle the Transputer hardware allows com-
munications to be carried out by the link “engines’ almost completely independently
of the main processor, and communication and calculation should therefore be able
to continue simultaneously without either seriously affecting the performance of the
other. However we have not tested how far this is true in practice using the CSN,
except indirectly in some of the simulation methods described below.

The use of the CSN message-passing system does have an associated performance
penalty. Between directly-connected processors using Occam we previously measured
an asymptotic transmission rate of about 1.3 Mbyte/s with a very low start-up time
of 15 us. We have been able to match these figures in Fortran using routines provided
by Meiko for direct data transmission over inter-Transputer links. To be able to use
these, one must write one’s own loading utility (a C program running on the host Sun)
using a facility called “CSBuild”". Since systolic circulation involves only nearest-
neighbour communication it would be possible to use these routines in our programs
to improve performance. However, we prefer to sacrifice this performance gain for the
benefits of programming ease, portability and topology-independence provided by
the CSN.

2.2 The SLS-G method

The methods we use throughout this paper are based on the SLS-G (Systolic Loop
Single-Grouped) method of [3]. There is a single copy of the data for each particle
which at the beginning of a time step is in the particle’s home processor. During the
time step groups of particles circulate around the processors in a series of ““pulses’ in
the manner shown in Figure 2. The data circulating include particle coordinates and
force accumulators, and possibly other information such as type indices, but not
velocities. The ‘““Head” processor has one group, and on each pulse it evaluates the
intragroup interactions between particles in its current group. Each “Body” processor
has two groups, and it evaluates the inter-group interactions between pairs of particles
from different groups. At the end of the timestep each particle returns to its home
processor but now its force accumulator contains the total force acting on it, so its
motion can be integrated, ready for the next time step. This SLS pattern of data
movement is the only one which ensures that each pair of particles meets up only once
during the systolic circulation, and that each particle returns directly to its home
processor after all the interactions have been evaluated. The computational work is
distributed over all the processors except that Head has a special role: it has less work
to do than the Body processors and so does not produce a computational bottleneck,
and its spare capacity can be useful: for example, for output and graphics.
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Figure 2 The pattern of data movement in the SLS parallel molecular dynamics methods.

The implementation of a Fortran program for the Lennard-Jones fluid proved to
be straightforward using CSN routines. In the SLS-G algorithm each pulse begins
with the evaluation of pair interactions: this is followed by the circulation of the
coordinate and force data. There is no possibility of overlapping the calculation with
the communication since the force arrays may not be passed on until evaluation of
interactions is complete. However, non-blocking calls to the communication routines
are still useful to enable the four communications required on each processor (send
and receives on the “upper” and “lower” groups, see Figure 2) to be initiated as soon
as possible and to proceed simultaneously. To perform the systolic circulation proces-
ses are connected in a chain and need to communicate with their two nearest neigh-
bours, and so register two transport names to receive messages from these neighbours.
These names are conveniently made up to incorporate processor numbers in character
form. Processors allocated to a task are numbered sequentially from zero by the
system, and we identify processor zero with Head. The same processor numbers are
used in the configuration file which controls the wiring of the Transputer links. Thus
we are able to physically wire the processors in a chain which matches the logical chain
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of processes connected by transports. In principle, since each Transputer has four
physical links it should be possible to use two links between neighbouring processors,
but this is not possible with the current wiring hardware and software.

In molecular dynamics a small amount of information must be accumulated from
all the processors (potential and kinetic energy etc.) and the relevant data is passed
to Head. In the previous Occam programs this was laboriously sent along the chain
of processors step by step, but here each process can address the data directly to Head.
With a singly connected chain it is possible to use the “spare” links to reduce the
physical distance from each processor to Head, and we have made use of this in
another context (4}, but here the amount of data involved is so small that this is hardly
worthwhile.

Compared with our Occam programs the Fortran implementation is more flexible,
with the possibility to have groups of different sizes, and for the program to run
without change on any number of processors. We have also incorporated an option
to evaluate radial distribution functions. This is easy since each processor can main-
tain its own histogram of pair separations, and these can be combined at the end of
the run.

2.3 Scaleability analysis

In [3] the performance of various systolic loop methods was discussed in detail and
timing formulae were given. We can summarise the discussion in general terms as
follows. The first point concerns load balancing. If all the pair interactions in the
system were to be evaluated the load balancing would be perfect, since the evaluation
of interactions and the integration of particle motions is distributed evenly over the
processors. (In this discussion we ignore the special role of the Head processor in the
SLS methods: the other methods described do not have this complication). However,
normally a spherical cut off is applied. Assuming that particles assigned to particular
processors are randomly distributed in space, there will not be any systematic im-
balance of load, but there will be statistical fluctuations in the number of in-range
pairs on each processor on each pulse. These fluctuations will slow the calculation
down since the processors are synchronised by message-passing at the end of each
pulse, and other processors will have to waid for the one with the largest number of
in-range interactions to evaluate. Analysis shows that this will have a negligible effect
on performance providing the number of particles in a group is greater than about 10.
A second point concerns the start-up time for communications. To overcome the
effects of this messages must be sufficiently long, implying that groups must contain
a sufficient number of particles. We have already seen that, using CSN routines,
messages must be much longer than 250 bytes to approach asymptotic transmission
rates. With 24 bytes to represent a particle (3 components of position and force, with
4 byte words) this requires groups to be much larger than 10 particles. Providing
groups contain sufficient particles to mask the effects of statistical fluctuations and
communication start-up times, the timing formulae in [3] have the general form of an
execution time per time step, for N particles on p processors, proportional to

(@N* + BN)p + N + yp 1

The first term represents the calculation time which is inversely proportional to p since
the methods have been designed to distribute the calculation over the processors. The
N?component arises from the need to test the separation of every pair before applying
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the cut off, and the N component from the evaluation of in-range interactions and the
integration of particle motions. The second term represents the communication time
of the systolic circulation which is easily seen to be proportional to N and independent
of p, since there are g pulses, where g is the number of groups (g = 2p — 1 for the
SLS case), and each pulse involves the simultaneous transmission of groups each
containing NJg particles. The third term represents the time to pass thermodynamic
data from the other processors to Head, and accumulate it, and is proportional to the
length of the chain, i.e. to p.

We would like to discuss this formula in terms of the concept of scaleability, which
is often used in parallel computing. Ideally we would like the speed of execution, for
fixed problem size, N, to be proportional to the number of processors, p. We call such
a method strongly scaleable. This can never be achieved in practice for all values of
N and p, since clearly if the number of processors exceeds the size of the problem some
of them will be idle. We have seen in our case, and it is generally true, that perform-
ance will suffer if the ratio of problem size to processor number becomes too small.
One can then introduce the concept of weak scaleability, which requires only that

-execution speed should be constant for a fixed ratio N/p. If a method is not scaleable,

one can distinguish two cases. If the speed, for fixed N, tends to a constant as p
increases, we call this mildly non-scaleable. If the speed tends to zero we call this
seriously non-scaleable.

Turning to equation (1) we see that the first term alone would result in scaleable’
performance, since the calculation is distributed over the processors. However the
second, communication, term will eventually dominate over the calculation term as
the number of processors is increased. This will lead to a constant execution speed for
fixed N, and so to a mildly non-scaleable regime. The third term is proportional to p
and in theory will dominate the calculation for very large p, leading to a seriously non
scaleable situation. However, the amount of data involved is very small and the term
is entirely negligible for any reasonable number of processors, but it does illustrate an
important point. The most serious problem for parallel computing with a large
number of processors arises when there is a need to gather data from all processors
at one point in the network, either for global accumulation or for output. Similarly,
all algorithms based on a master/slave decomposition are liable to be seriously
non-scaleable and hence very inefficient with more than a handful of processors.

2.4 The SLS-GO method

Can we avoid the communication term to give a more scaleable method? It was shown
in [3] that it is possible to rearrange the systolic loop methods so that calculation and
communication can be performed simultaneously. The SLS version of this method is
called SLS-GO (““‘O” for “overlapped”). Briefly: while a processor is evaluating pair
forces into a temporary array; it is also passing on the coordinates it is currently using
and the forces from the previous pulse; at the same time it is receiving the coordinates
it will require on the next pulse, and the force accumulators to which it will add the
temporary forces when it has completed the current pulse. In Occam a PAR statement
is used to initiate three processes running in parallel (calculation, and communi-
cations in each direction). We have implemented the same algorithm in Fortran/CSN
using non-blocking communication routines. The communication calls are made at
the beginning of the pulse and the process then continues with the calculation of
interactions while the data is being transmitted. At the end of the calculation wait
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routines are called so that the process will not continue unless and until the data
transmissions are complete. Providing the total communication time is less than the
total calculation time, one would expect to be able with this method to simply drop
the communication term from equation (1), giving a scaleable algorithm.

2.5 Performance of the methods

The performance of the SLS-G and SLS-GO algorithms in terms of execution speed
as a function of processor number is illustrated in Figure 3 for a 1000 particle system,
and shows the expected features. For a small number of processors both algorithms
execute at the same speed and with linear speed-up in the number of processors,
showing that communication time is negligible in comparison with calculation time
in this region. For large numbers of processors the SLS-G curve flattens off as the
communication time remains constant while the calculation time decreases. On the
other hand the SLS-GO algorithm speed continues to increase with processor
number. However, there is some falling off compared with a linear speed-up and this
is probably attributable to the effects of start-up time as the number of particles per
processor becomes rather small.
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Figure3 Performance of three algorithms as a function of number of Transputers. The test system is liquid
argon with 1000 particles at a reduced state point of T* = 1.5 and p* = 0.59, with an interaction cut off
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Figure 4 shows results for a system of 8000 particles. Because of the N* component
in the calculation time communication delays have less relative effect in this case, and
the number of particles per processor is also greater. The performance is accordingly
more scaleable.

Figure 5 shows results for the SLS-G algorithm on a Meiko Computing Surface
using i860 processors. The results for 1000 particles show non-scaleable behaviour,
even with a small number of processors. This is to be expected because the processor
speed is much greater without a corresponding increase in the communication rate.
Results with 8000 particles are much better. The present preliminary software on this
machine does not provide non-blocking communications so we have not been able to
implement the SLS-GO algorithm.

3. NEIGHBOUR-LIST METHODS
3.1 All-pairs neighbour list

In a simple molecular dynamics program such as the one described in the previous
section every pair of particles is examined on every timestep to see whether its
separation is within the cut off distance representing the range of the interaction. It
is not however necessary to make this test on every step, since particles do not move
very far during a time step, and do not change many of their neighbours. Instead, one
can make a list showing which particle pairs are separated by less than an outer cutoff
distance somewhat larger than the interaction cutoff. In evaluating particle inter-
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Figure 5 Performance of the SLS-G algorithm using i860 processors for 1000 and 8000 particles. Other
parameters as in Figure 3.

actions it is then only necessary to loop over pairs taken from this list, discarding
those separated by more than the interaction cutoff. The list must be revised periodic-
ally. To avoid missing any interactions this should be done when any pair separation
may have changed by more than the difference between the outer and interaction
cutoffs. A necessary condition for this is that the distance moved by at least one
particle since the last list update should be greater than half the distance between the
outer and interaction cutoffs. If the neighbour list is formed by examining all-pairs in
the system we call this an all-pairs neighbour list (APNL).

We have implemented a parallel version of the APNL method within the systolic
loop framework. Each processor deals with the same subset of pair interactions on
each timestep. Thus during a list-forming time step it can make a list showing which
of its own subset of pairs is within the outer cutoff. In this way the complete neighbour
list is fully distributed over the processors. On subsequent time-steps each processor
receives the coordinates of its pairs during the systolic circulation in the normal way,
but only considers pairs if they appear within its list, and evaluates their interaction
if their separation is within the interaction cutoff. The evaluation of interactions can
be overlapped with the circulation of data as in the standard SLS-GO method. During
the motion integration phase the processor monitors the total displacement of each
of its home particles, accumulated since the previous list update. It determines the
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number of particle displacements exceeding the critical value described above, and
sends this number to Head, which sums the values. If the total is greater than zero,
i.e. if any particle displacement in the system exceeds the critical value, Head signals
to all processors that they should reform their neighbour lists on the next time step.

3.2 Performance of the method

The frequency of the list updates, and the overall speed of the method, depend on the
choice of the outer cutoff. A larger value leads to less frequent updating, but more
pairs listed that are outside the range of the interaction. Ideally one should experiment
by varying the outer cutoff until the average speed of the program is maximised, but
this is a tedious business which would need to be done for each choice of density,
temperature, system size and timestep. We have adopted the choice of 3.0 ¢ for the
outer cutoff (where ¢ is the Lennard-Jones diameter: the interaction cutoffis 2.5¢) and
in our case this leads to an interval between list updates of around 10 time steps. The
performance of this algorithm (SL.S-GO-APNL) is also shown in Figure 3, for 1000
particles. It is faster than SLS-GO by a considerable factor, but less scaleable with
processor number. This we attribute to communication delays: the use of the neigh-
bour list has speeded up the interaction calculation on each pulse so much that it now
takes less time than the systolic data circulation, and the overlapping is no longer
complete. The “wiggles” in the graph are also a sign that communication effects are
present: note the abrupt change in slope after eight processors, which is the number
of processors on a single board in our machine; evidently communicating between
boards introduces additional delays. With the 8000 particle system, Figure 4, the
graph shows scaleable behaviour over a larger number of processors.

3.3 Link-cell neighbour-list method

On conventional computers simulations with very large numbers of particles
(thousands to millions) almost invariably utilise the link-cell method [5]. The com-
putational region is divided into cells. At the beginning of the timestep the coordinates
of each particle are examined so that it can be assigned to a particular cell. A list is
formed indicating the contents of each cell, usually in the form of a linked list: hence
the name “link cell”. Two cells which have no points separated by less than the
interaction cut off cannot contain interacting particles. Thus, when looking for
interacting neighbours of a particular particle, it is only necessary to search its own
cell and a subset of other nearby cells. At no point are all pairs of particles considered,
and the execution time is of order N in the particle number, with no N? component.

This does not mean, however, that the method locates neighbours with maximum
efficiency. The conventional implementations, with a cubic box and cells, use cells
whose side is equal to or greater than the interaction cut off. Neighbours of a particle
are then looked for in its own cell and the 26 touching cells. (Of course, steps are taken
to avoid double counting by only considering each pair of cells once.) The ratio
between the number of potential neighbours found by this scheme, and the actual
number of in-range neighbours, is at best 27R}/4nR}~ 7. This situation can be
improved by using smaller cells, and considering more of them, so that the region of
space in which one looks for potential neighbours more nearly approximates the
cut-off sphere. However, other inefficiences are introduced when the occupancy of the
cells becomes low, which can only be partly compensated for by loop re-ordering. In
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tests using a single Transputer we found that the optimal speed of a link-cell program
was obtained when the side of a cell was half the interaction cut off. In this case the
number of cells to be searched for neighbours is 125, and the ratio of potential to
actual neighbours found is still as large as four. At a typical liquid density the average
number of particles per cell is around two.

Because a link-cell program, even when optimised as described, still picks up many
out-of-range neighbours whose separation needs to be tested before they can be
discarded, the fastest simulation method for large systems is to use link-cell neighbour
location to set up a neighbour list [6] (providing sufficient memory is available). We
call this the /ink-cell neighbour list (LCNL) method. We have been able to develop a
parallel implementation of this method, within the systolic loop framework.

1t turns out that this method requires each processor to have a copy of all the
particle coordinates, and we first describe a modification of the systolic loop method,
which we call systolic replication, which enables this to be achieved. It is essentially
the method intorduced by Craven and Pawley [7]. In the systolic loop methods the
coordinates and force accumulators circulate together in a series of pulses in the
course of the time step. In systolic replication the coordinates circulate first, at the
beginning of the time step. As coordinates pass through, the processors retain a copy,
so that at the end of the circulation each contains a complete copy of all particle
coordinates. Similarly, each processor has a complete force array, which it initialises
to zero. Processors then evaluate a subset of pair interactions, and accumulate forces
into the fixed force arrays. After all interactions have been evaluated, force accumu-
lators are circulated. As the accumulators for a particular group of particles pass
through a processor, the processor adds on the relevant forces from its own force
array. The accumulators eventually reach their home processors carrying total forces,
ready for motion integration. The allocation of particles to processors is exactly as in
the corresponding systolic loop method, as is the pattern of data movement. The
essential difference is the separation of the force circulation from the coordinate
circulation, and the replication of data across the processors. Pair interactions may
be assigned to the processors in the same way as in the corresponding systolic loop
method, or, since each processor has all the coordinates, in any convenient manner.
We make use of this fact in our LCNL method described below. The simple systolic
replication method has some minor advantages and disadvantages compared with a
systolic loop method. In SRS, the systolic replication version of SLS, there is no
possibility of overlapping communication with calculation, since they occupy
separate phases of the time step. (The method of Craven and Pawley [7] is similar to
the SLD method of [3] in which intra-group interactions are not evaluated on a
separate processor, but on the home processor. In this case the intra-group inter-
actions can be evaluated while the coordinates are being distributed or the forces are
being collected.) Another disadvantage is the extra memory required to store the
particle coordinates, and there are also extra start-up times involved in the com-
munication as a result of circulating coordinates and forces separately rather than
together. Neither of these presents a significant problem. An advantage of systolic
replication is better load balancing since processors work completely independently
during the evaluation of interactions. A further point in favour of systolic replication
is that many-body forces may be incorporated, and distributed over the processors in
any convenient way. (See Section 4 for a further discussion of many-body forces.)

Systolic replication enables us to use the link-cell method of neighbour location in
the following way. Coordinates are distributed, forces collected and motions inte-
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Figure 6 Performance of the SRS-LCNL algorithm for 1000 and 8000 particles.

grated as just described, using the SRS pattern of data movement. However, the
evaluation of interactions is distributed over the processors in a different way, by
dividing the link cells between the processors. Each processor, because it has all the
coordinates, is able to set up a complete link list for the system. It is able then to
evaluate interactions between particles within its own link cells, and between particles
in its own link cells and particles in those nearby cells which may possibly contain
neighbours. In this way each processor evaluates a subset of all the pair interactions,
determined by a spatial decomposition of link cells over processors. The setting up of
the linked list in each processor is an order N calculation which adds another mildly
non-scaleable term, similar to the communication term, to the execution time. This
is an extra argument over those given earlier in this section, for not setting up the link
list every step, but rather to use it to set up a neighbour list and revise this only when
necessary. Since each processor uses the link list to select a subset of all pair inter-
actions to evaluate, there is no problem in setting up a neighbour list and using this
on subsequent steps. Again we end up with a fully distributed neighbour list. We call
this method SRS-LCNL. The criterion for selecting which nearby cells need to be
searched for potential neighbours must now, of course, depend on the outer rather
than interaction cut off. We use a link-cell side of around half the cut off, as suggested
by our sequential tests.
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Since completing this work we have received a preprint by Bruge [8] who has also
implemented a link-cell method (but without a neighbour list) in a systolic loop
framework. In this method each processor sets up a link-list for its home particles
only, and this list is circulated along with the group of particles so it can be employed
to speed up the interaction calculation. In other respects the method is a conventional
systolic loop method and there is no replication of data.

3.4 Performance of the method

The performance of the SRS-LCNL method is shown in Figure 6. It is indeed faster
than the APNL method (very much faster in the 8000 particle case), though somewhat
less scaleable. Because it is an order N method the performance in terms of particle
moves per second is very similar for 1000 and 8000 particles until the number of
processors becomes large. The 1000 particle performance then levels off as the number
of particles per processor becomes small.

4. DISCUSSION

We have implemented, in Fortran augmented by a general message-passing scheme,
parallel versions of three molecular dynamics neighbour location algorithms; the
simple all-pairs method with sperical cut off; a traditional neighbour list; and the
link-cell neighbour list, which is the fastest known sequential algorithm. This has been
done within the systolic loop framework, where the communication time is constant
for a fixed number of particles, independent of the number of processors. This results
in mildly non-scaleable behaviour: the graph of performance against number of
processors tends to level off, rather than steadily increase, for large numbers of
processors. The more efficient the neighbour location algorithm, the more noticeable
this effect becomes. There are extra inefficiencies when the number of particles per
processor becomes small, due to communication start-up times and imperfect load-
balancing. Nevertheless our fastest algorithm achieves the remarkable speed of 5000
particle moves per second on 28 Transputers, and this speed is still increasing with
processor number. This can be compared with a speed of 42000 moves per second
achieved by a highly vectorised program using a similar link cell neighbour list
method [6} on a Cray XMP supercomputer costing perhaps 100 times as much as our
Meiko system. It is also important to point out that our benchmark system, the
Lennard-Jones fluid, provides a very severe test of any parallel algorithm because of
the extreme simplicity of the interaction. If rigid multi-atom molecules are being
studied, the calculation time increases as the square of the number of sites, whereas
the communication time is only doubled (because of the need to circulate orientation
and torques as well as coordinates and forces). Communication delays will then have
little effect for any reasonable number of processors.

We would like to compare the systolic loop approach with the alternative methods
based on a spatial decomposition of the problem [2]. In these methods particular
regions of the computational space (let us assume it is a cube) are assigned to
particular processors, rather than there being a fixed assignment of particles to
processors. For example, with a ring of processors the space is divided into slabs.
Within the slab assigned to a particular processor a link cell decomposition is usually
made. The ring connection facilitates the application of periodic boundaries in the
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appropriate direction. The calculation of interactions between particles in neighbour-
ing processors involves the exchange of data between these processors. Coordinates
are circulated in one direction, and forces return in the opposite direction. Such a
method resembles a systolic loop but with only one pulse (or perhaps a few [9]) rather
than a complete circulation round the ring, because of the spatial ordering. If particles
at the end of a time step move out of the region of space controlled by their current
processor then all their data must be moved to the appropriate neighbouring pro-
cessor. These ideas extend easily to a column decomposition of space over a toroi-
dally-connected mesh of processors, or to a sub-cube decomposition over a three-
dimensional processor grid, again with wrap-around connections.

The most important point to make about spatial decomposition methods is the
following. Suppose the number of particles and number of processors are increased
in proportion, so that each processor still deals with the same volume and average
number of particles. Then the calculation time remains constant, as does the amount
of data to be communicated between neighbouring processors. This means that the
method is scaleable (weakly) and hence it is the only practical method for really large
numbers of processors. Since there is still the requirement to have a reasonably large
number of particles per processor, say 50 or more, this implies a very large numbers
of particles. Set against this, however, must be the fact that, as mentioned in Section
3.3, the basic spatial decomposition i.e. link-cell method is not very efficient at
locating neighbours, and ideally should be supplemented by the use of neighbour lists.
We have been able to do this within the systolic loop framework, but it is difficult to
combine lists with a spatial decomposition as processors deal with different pairs on
a step-by-step basis as the particles move around in space.

For reasonable numbers of processors (tens rather than hundreds) systolic loop
methods are competitive with spatial decomposition methods, especially if used in
conjunction with neighbour lists, and particularly with more complicated molecular
interactions. They also have several practical advantages. Since each particle has a
home processor sufficient of its history can be stored there to enable time-correlation
functions to be found. With spatial decomposition it would be necessary for a particle
to take along its whole history as it moved between processors. In the systolic loop
all the particles pass, in order, through the Head processor so that a trajectory file can
be written. With spatial decomposition the writing of such files would require the
sorting into order of particles from different processors in order to make it possible
to follow individual motions. Another point in favour of the systolic loop method is
that it will work with an arbitrary number of processors, in our case without any
change to the program itself. We find this particularly useful in a multi-user situation
where one can simply check how many processors are free and then grab them. With
spatial decomposition the number of processors must be chosen to fit the requirement
that each hold an integral number of link cells, and the number must be a perfect
square (or at least a product) in the case of a 2D mesh of processors, and a cube (or
triple product) in the 3D case. Furthermore the fact that the number of particles per
processor fluctuates from step to step in this method involves some tedious book-
keeping in the program.

We would like to conclude this discussion section with some remarks about the
inclusion of three-body forces, to which we have given some thought but of which we
have, as yet no experience. Consider first the case of bonded three-body forces (i.e. the
angle bending forces used in macromolecular simulation: similar remarks apply to
torsional, four-body, forces). In the case of many polymer systems it is possible to
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divide the atoms into groups in such a way that these interactions never involve
particles from more than two groups [10]. They can then be evaluated straight-
forwardly during systolic circulation. We do not know to what extent such a decom-
position is possible for more complicated systems such as covalently bonded lattices.
An alternative approach would be to use systolic replication, when the list of bonded
forces can be distributed over the processors in any convenient way. Another very
general method is for each particle to carry along a list of other particles to which it
is bonded when it moves from processor to processor [11] during evaluation of the
pair forces. When it meets up with its partners, either in its own processor, or during
systolic circulation, or on a visit to a neighbouring processor in the case of spatial
decomposition, it picks up their current coordinates. Back in its own processor its
bonded interactions can then be evaluated. This means these interactions will be
evaluated more than once, at least if they involve particles based in different pro-
CESSOTS.

Non-bonded three-body interactions are believed to be important in molecular
liquids. Is it possible to derive a pattern of data circulation, a sort of double systolic
loop, in which every triple of particles meets up once so that the three-body inter-
action can be evaluated? We have found solutions for 7 and 11 processors, but not
in the general case. While this is an intriguing mathematical problem, it probably has
little relevance to real simulation. Such three-body interactions are short in range, and
probably a more effective technique is to adopt either a spatial decomposition over
processors, or else our systolic-replication link-cell method, in which cases nearby
interacting triples would easily be found.
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