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Molecular simulation methods such as molecular dynamics and Monte Carlo are fundamental for the
theoretical calculation of macroscopic and microscopic properties of chemical and biochemical systems.
These methods often rely on heavy computations, and one sometimes feels the need to run them in powerful
massively parallel machines. For moderate problem sizes, however, a not so powerful and less expensive
solution based on a network of workstations may be quite satisfactory. In the present work, the strategy
adopted in the development of a parallel version is outlined, using the message passing model, of a molecular
simulation code to be used in a network of workstations. This parallel code is the adaptation of an older
sequential code using the Metropolis Monte Carlo method. In this case, the message passing interface was
used as the interprocess communications library, although the code could be easily adapted for other message
passing systems such as the parallel virtual machine. For simple systems it is shown that speedups of 2 can
be achieved for four processes with this cheap solution. For bigger and more complex simulated systems,
even better speedups might be obtained, which indicates that the presented approach is appropriate for the
efficient use of a network of workstations in parallel processing.

[. INTRODUCTION workstations and some less expensive symmetric multipro-
cessor (SMP) machines, where communication is normally
done in this case by shared memory, has made this kind of
computing more accessible. Additionally, the development
of programming standards, such as message passing interface
(MPI),2# parallel virtual machine (PVM), and high-
performance Fortran (HPE)which make the writing of
parallel codes more portable between different parallel

. . : . . systems, has also contributed largely to this enthusiasm.
MD? is based on the solution of differential equations of 4 gey

classical mechanics such as Newton’s or Lagrange’s equa-an'\élf\?&gngasjéggnmoﬂsge(gs?narﬁllﬁ:'gfg'og S[}f;? ;Sail\rflpl
tions. Thermodynamic properties are calculated in this 9 gy popurar, y

method by averaging over the trajectories generated by thebecause of their great flexibility. In this _model, the various
dynamics. concurrent processes communicate via the exchange of

MC.2 on the other hand, is a method where the thermo- messages, usually through the network, but shared memory

. ) . - .. may also be used in SMP systems.
dynamic properties are calculated by solving the statistical T):T d Il.J tl ble f tk): devel t of codes based
mechanics’ integrals and resorts to the generation of random IS model IS surtable for the development of codes base
configurations of the system for a particular ensemble. on th? multiple Instruction multiple da_ta (MIMD) paradigm,
Although these two methods differ in their approach, they in which the various processes are independent from each

X i : other, as opposed to the single instruction multiple data
bOth give equwalgnt Fesu'ts .by the Gibbs pqstulate O.f the (SIMD) paradigm where the various processes must execute
statistical mechanics if the simulated system is ergodic.

. . the same instructions at the same time, although on different
craly it heavy Sinoe he simlated systoms are neceseariy 25 ©! 43
big and the number of cycles required for obtaining a holzlﬂvg(\:/r(;rogf :Eg sliar?r?e”elroc?gﬁl riiY’t?l(l)er)th;h(eSS;Mg?{[S :es’
significant sampling are of the order of millions (apart from This i ’ ial 9 FtthIMD P di here id 3;'.0 .I
some initial equilibration steps). Therefore, in some cases, IS1S a special case of the paradigm, where identical
the amount of computations performed by these methodsOP'€S of the same program are put in the various processing
demands the use of more powerful parallel computers. nodes, althoug_h each_ copy may afterward follow dlffe_rent
High-performance computing and parallel processing has paths of execution. This implies that they must be effectively
been gathering, over these last years, considerable reneweg]dependent, unlike the SIMD paradlg_m. .
The fact that the model is very flexible, and that it can

interest. The availability of new types of more affordable ow be implemented in a practical and portable way through
arallel systems, such as the network-based clusters o -

P Y the use of the well-established MPI standard and the de facto
*To whom correspondence should be addressed. Pher51-22- stan(_jard PVM, accounts Tor t_hIS p_opularlty. “_" fact, message

6082827. E-mail: ncordeir@fc.up.pt. passing parallel code, which is typical of distributed memory

In theoretical chemistry, molecular simulations are very
important tools for the calculation of equilibrium thermo-
dynamic properties as well as the microscopic structure of
chemical and biochemical systems. The methods which are
usually used in these calculations are molecular dynamics
(MD) and Monte Carlo (MC}. These two methods are
similar in their aim but follow slightly different approaches.
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architectures, is being developed and used nowadays evelthat attempts to optimize the amount of communication
in shared memory machines. In these types of machines, thebetween the processing elements. The usual Metropolis
traditional way for processes to share data and communicatealgorithm for the canonical ensemi3légr example, can be
between them was not by the passing of messages but insteadutlined as follows:

by the use of the operating system’s memory sharing (1) One particle is picked from the set of particles and is
facilities. Additionally, before the release of the MPI moved by a random displacement from its previous position.
standard, there were several different message passing (2) The energy of the system in this trial configuration is
parallel programming languages (or dialects of a language), calculated.

released by the various vendors of the hardware and specific (3) A test is made with the difference between the energies
for a particular brand of machine. This made the developmentof the trial configuration and the previous one:

of portable parallel code an impossible task. With the (a) If the energy of the trial configuration is lower than

implementation of the MPI standard in the various parallel e previous one, this movement is accepted as the new
systems, developers were presented a programming interfac@onfiguration.

which is uniform across different types of hardware. (b) Otherwise, a test is made, using a random number, to
Despite the recent growth of the offer of SMP and NUMA 500t the movement with a probability proportional t4€.

(nonuniform memory access) solutions, one kind of solution ¢ s test is failed, the previous configuration is taken as
for the setup of a parallel system that has been seen ashe new configuration.

particularly attractive is the assembly of a number of cheap
PC-style or Unix workstation machines, operating as the
processing elements, interconnected by cheap but reasonabl
fast communication hardware like Ethernet or Fast-Ethernet.
However, the limited bandwidth of the Ethernet hardware
imposes a much lower scalability on the parallel code

developed for this kind of setup. Still, for medium size processors with a litle amount of data having to be

problems that do nqt require t0o ”.‘“Ch C‘.’m”.‘“r."ca“on exchanged between the several processing elements at the
between the processing elements, this solution is indeed a

very interesting one. In addition, this setup could serve as end of each MC cycle. These data are, basically, only the
yn g one. ' Setup collective sum of the energies and, afterward, the update of
an initial test environment for developing codes to be used

; o .~~~ the moved molecule’s position.
in more sophisticated systems afterward. However, in this The strateay of parallelization of the MC code proposed
case one should not neglect the need to adapt the codes in 9y ot p prop

order to take advantage of any features the architecture'” this paper will be the foIIowm.g: . .
provides. (1) One master process will be responsible, in the

In summary, in order to efficiently take advantage of the beginning, for processing the input data and setting up the

network of workstations (NOW) as a parallel machine, one details for the simulation, and, in the end, for outputting the
has to attempt to optimize the code in the communications results. , )

side, even more than one usually does in other types of (2) Several slave processes will be responsible for the
parallel systems where the communication hardware is muchcalculation of the interactions between the mov_ed particle
faster. and only one subset of the whole system’s particles.

In the present work, an attempt to develop an approach (3) At each Metropolis MC cycle, the master process will
for a parallelization suitable for a NOW is presented. The Perform the random displacement of one particle and
type of computation that is being parallelized is a molecular @nnounce the trial position to the slave processes.
simulation’s code based on the metropolis MC method. In  (4) The slave processes will make the interaction calcula-
spite of MC (and even MD, if the goal is to calculate only tions between the received particle trial position and its
thermodynamic properties but not dynamic properties) being Particular subset of particles.
easily broken into multiple independent runs in a trivial  (5) The master computes the new energy by summing the
parallelization approach, there are some issues that mayinteractions collected from the slaves.
justify a less trivial parallelization method. First of all, any (6) The master compares the new energy with the energy
simulation (MC or MD) always requires an initial period of of the previous configuration to perform the metropolis test.
equilibration, where the starting positions (and velocities in The master gets this past energy from the slaves, who keep
MD) are allowed to relax to equilibrium values. The breaking this information for their subset of particles.
of one longer run into several shorter ones means increasing (7) The master announces to the slaves whether the new
the total amount of equilibration relatively to the useful configuration was accepted, in which case, the slave who
production CPU time. Additionally, this approach is not includes the moved particle in its subset, updates the
suitable for some kinds of simulations (such as free energy particle’s position.
calculations, for example). The amount of communication involved in this scheme

Performance results will be compared for different types consists of an initial big amount of data (but only sent once)
of interconnection hardware, namely, SMP and Fast Ethernetwhich distributes all the details of the simulation, including
network connected both by a switch or a repeater. the particles’ initial positions, among the slave processes.

Then, the main communication load consists of broadcasts,
Il. PARALLELIZATION STRATEGY at each cycle, of the trial position, the collection of the

The Monte Carlo method of molecular simulation is energies calculated by the slaves, and some control messages

suitable for the implementation of a parallelization strategy to notify the slaves of the acceptance/rejection of the

(4) The thermodynamic properties of the system in the
ensemble are calculated by averaging over the several
Xonfigurations generated by this algorithm.

The fact that movements of molecules can be carried out
one at a time (although they need not to be) makes it possible
to distribute the work of interaction calculations between the
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movement and also of any error condition that may cause Table 1. Speedups for the Various Parallel Systems and Different

the premature end of the simulation. Problem SizesNwatery
The way the whole system particles are to be distributed  Nwaters system ty/ts° ta/ts to/ts
by the several processes is a matter of crucial importance 512 FE+ R 1.38 1.25
for a good parallelization. Load balancing, i.e. the even FE+S 1.36 1.29
distribution of work to the slaves, is vital for the optimal SMP 1.58 1.16
R A 1024 FE+ R 1.62 1.81
performance of the parallehzauon s_cheme._The situation FE+ S 162 193
where some processes spend time doing nothing useful while SMP 1.70 2.06
others still have got enough work to be done should occur 2048 FE+ R 1.72 2.42
the least frequently as possible. EEA; S i;::i, ggg
In the scheme that is presented, a good load balancing 409 FE+R ' ' 1.70

can be obtained with a very simple distribution method,
assuming a homogeneous network environment, i.e. a *FE+ R = Fast Ethernet with Repeater; FES = Fast Ethernet
network composed by nodes similar in their hardware and With Switch; SMP= symmetric multiprocessor systefnSpeedup)

basi frwar ratin tem mmunication nd=t1/tn. The speedup with processes is the ratio between the execution
asic software (operating system, co unications - a time for 1 process and the execution time figrocesses’ Benchmark

message passing S(_)ftware, _etC-)- Th(‘_?‘ work is eve_n|y _diStrib'data are not available for the single processor case due to insufficient
uted to the slaves, in a static way, simply by attributing to memory to treat this problem size.

each slave the task of calculating the interactions between
the moved particle and one portion of the whole set of
particles. For instance, with a system of 100 particles and 2
slave processes, the first process will calculate the interac-
tions for particles £50 and the second process for particles
51-100. Since the duration of each interaction calculation
is similar, every slave will take about the same time to
complete its task provided they all take care of the same
number of particles. In a heterogeneous network, instead of
a static load distribution, a dynamic distribution can be
adopted with few changes: tasks will have a size fixed a
priori (instead of being divided evenly by the available
processors) and will be attributed to the slaves as they finish
computing their previous task and become available for the
next. This dynamic scheme will, however, increase the
communications overhead in comparison with the static
scheme for a homogeneous environment.

In MD calculations, it is common to see the use of a
distribution scheme known as the domain decomposition,
which consists of distributing the particles to the processes

on the basis of its spatial localization. In MD, where all the of the Ethernet with the repeater is generally only a fraction

articles are moved in each cycle, less communication . . . .
Eetween the processes is nece);sary to find out the newOf the 100 Mbit/s since it is shared by all the participants of

ositions of the particles if the neighboring particles are kept the network, either the machines of the paraliel system or
P th P This | gf gp ing th tp the network traffic generated by other machines in the net-
:gn -erasr?rgeinri:e?gﬁziﬂg arelsci)sr;s(i) dgfelijrsir?,tr?sssur:tlgg Wahigr?work. In addition, in a congested network, with lots of par-
i r?ot ogten the case. However. in the presgnt ca:se noticipants, latencies will become higher when supported by a
additional benefit is obtained by using the domain decom- reE)riater instead of & SWItCh'f don Li ith
position instead of the method that is used here, since in | "€ present tests were performed on Linux systems, wit
this type of MC calculation only one particle is moved at kern_el version 2.0.34, using the MPI implementation of LAM
each cycle (note that this implies that we are defining a MD version 6.2beta over TCP/IP for the Ethernet clusters and

step to be equivalent t§ MC stepsN being the number of ~ th€ same version of LAM using the Unix shmem system
particles). calls in the SMP machine.

The calculation that served as a test for the performance
Il. RESULTS of the parallel pode consisted of a Monte Carlo simulation
of a metal cation solvated by a certain number of water
The parallelized code was tested in several types of molecules Kuawersin Table 1). The water molecules were
communication hardware, namely, SMP, a four processor considered to be rigid bodies. The interactions were calcu-
SMP system with Intel Pentium Pro 200 MHz CPUs; Fast lated by fairly standard pairwise additive potentials consisting
Ethernet with switch, four Intel Pentium 1l 266 MHz PCs  of simple Coulombic terms and £5 Lennard-Jones terms.
connected by a 100 Mb/s Ethernet switch; and Fast EthernetThese types of interactions are the most frequently used in
with repeater, four Intel Pentium 11 266 MHz PCs connected simulations of big systems such as proteins; however, more
by a 100 Mb/s Ethernet repeater. complex types of interactions (Ewald sums, three-body
The system with the fastest communications is the SMP interactions, etc.) are also common in the simulations of
machine. It can exchange data by sharing part of the memory,systems such as the one in these tests.

in which case the bandwidth is that of the memory bus
(which is typically fast). However, the memory bus is shared
by all the processes, which means that the performance
degrades with an increasing number of processes. Also, the
use of shared memory in MPI is implementation dependent.
Some implementations use Unix network sockets instead,
which have a bigger overhead than plain shared memory.
The implementation of MPI used in this work, LAM version
6.2beté has the option of using shared memory.

The two Fast Ethernet-based systems differ in the way
the machines are interconnected. Both networks have peak
performances of 100 Mbit/s and minimum latencies of about
80 us, but, while in one of them the Ethernet cables are
connected by a repeater which simply copies the signals in
each cable to all the others, in the other case a switch routes
the Ethernet frames to their destination, isolating it from the
rest of the participants of the network. The outcome of this
is that the switch provides for a network with full 200 Mbit/s
bandwidth for all the machines, while the network bandwidth
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In Table 1 are presented the speedups obtained for theTable 2. Speedups in the Cray T3E, for the Problem 4096 Waters
tested computational systems and for two different numbers + Metal lor?

of water particles. The speedup is defined as the ratio n ta/t n to/tn
between the time an identical calculation took in a single 8 1.00 32 2.90
processor and the corresponding timeNiprocessors. 16 1.80 64 4.11

As one can see, a greater number of particles increases
the performance of the parallelization. This is an easily
understandable fact since, for the same amount of com-
munication, more work has to be done. Therefore, the ratio speedups obtained are interesting. Once again, one must
between work and communication increases and so does theemember that, frequently, MD calculations include the
benefit of parallelizing the code. In the same line of thought, treatment of intramolecular terms not accounted for in this
more complex potential functions, which require more example, which would increase the computation/communica-
expensive computations, will increase the amount of work tion ratio and, therefore, lead to a better parallelizable
and the benefits from parallel execution. In the present problem with higher speedups.
example, the interactions considered were fairly simple ones.

More complex interaction calculations (e.g. electrostatic IV. CONCLUSIONS

interactions calculated by Ewald sums) will certainly lead
to higher speedups. In the present work, a scheme was proposed for the

The highest speedups are obtained, naturally, on theParallelization of a Monte Carlo molecular simulation code

systems with faster communications’ hardware, namely, the that would make it suitable to be used in a parallel
shared memory SMP systems, where the communications€nvironment composed of cheap slower communication
are made through the memory bus. But it looks promising hardware. .
that, even in the slowest Ethernet connected by a repeater, The main aspects of the proposed scheme which can make
the speedup profiles seem quite satisfactory, provided thelt appropriate for these types of setups are the particular
problem has a suitable size to be parallelized. characteristic of the Metropolis algorithm used, where a
In comparison to available MD benchmark dagatained particle is moved at a time, diminishing considerably the
in Beowulf systems, the best speedups obtained with the@mount of communication performed at the end of each MC
present schemé,(t, = 1.70 for 4096 waters- 1 metal ion) cycle, and a load distribution based on the subdivision of
compare well with speedups for analogous systesfis € the particles domain, which can easily assure a perfectly
1.87-1.94 for 3830 waters- MbCO), considering that the balanced work distribution, with litle communication over-
network used is a Gigabit Ethernet instead of the slower Fasthead if done statically in a homogeneous network. In a
Ethernet and that there is more computation to be performedheterogeneous network, an extra communication overhead
in the treatment of the intramolecular degrees of freedom 0 implement a dynamic load balancing scheme may have
(the water molecules are flexible) in comparison with the @n impact on performanpe. _ _
present MC calculations (where the water molecules are The proposed parallelization method showed, in an Eth-
rigid). ernet based environment, satisfactory speedups of up to four
It must be noted that, as expected, these cheaper solutiongrocesses when the problem size is not too small. This type
do not present a very good scalability. Especially in the casesof parallel setup is typically not very scalable, because the
with the slowest communication hardware, the gains of communications overhead increases with the number of
parallelizing beyond four processes are somewhat modest?rOCESSES due to network packet collisions in the Ethernet,
(one can even obtain some speeddowns with Ethetnet ~Which cause some latency. On the other hand, this overhead
Repeater and for small problem sizes). Scalability can be is lowered as the amount of calculation is increased between

enhanced with some improvements in communications, bothcommunications at the end of the MC cycles. Therefore,
at the operating system’s level and the hardware level more complex types of interaction functions (e.g. consider-
(namely, with the use of several network cards), as proposedation of some intramolecular degrees of freedom or the use
in the Beowulf project® For problems that require much Of Ewald sums in electrostatic interactions) and the simula-
more computational power and, therefore, the use of a greatettion of bigger systems could show much better parallelization
number of processes, massively parallel machines may beefficiencies. And, in fact, it is in these cases that one will
the only resort. However, since MPI is implemented for most want to speed up the execution of the code in a parallel
of these machines, the porting of this code for those systemsmachine.
does not impose many important problems. Naturally, a Better speedups and an overall better scalability can be
successful parallelization must try to take into account the achieved in shared memory SMP machines, which are
peculiarities of the hardware as well as the network topology nowadays available at very interesting prices, built with
of the parallel machine, trying to adapt the algorithm to it cheap PC-style hardware. One should note that the tests for
(for instance, to try to restrict communication between the SMP machine presented in this work were performed
processor with closer/faster links). However, the simple on a Intel Pentium Pro system, which has a memory bus
scheme proposed does not seem to require any speciaivorking ata 66 MHz frequency and a 32-bit data width (266
adaptations. In fact, this code presents quite good scalabilityMB/s bandwidth). Faster and/or wider data buses are
when run in a MPP system such as the Cray T3E, as can beavailable in the market which can give significantly better
seen in Table 2. performances.

The comparison with benchmarks performed in similar ~ On the other hand, the portability of MPI makes it possible
systems with well-known MD prograrh& shows that the  for the code to be run, if needed, on more powerful MPP

aTimings are relative to the run in 8 processors.
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machines, without the need for many significant modifica- (3) gﬂeszagg F’Jassingglgéer;aceﬂForum, M,Pflr A Messlgge ljaSS_irR lntezrface

; ; ; ; ; tandard, June . http:/iwww.mpi-forum.org/docs/mpi-11.ps.Z.

tions in the source code and with a good scaling behavior. (4) Message Passing Interface Forum, MPI-2: Extensions to the Message-
Passing Interface, July 1997. http://www.mpi-forum.org/docs/mpi-
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