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Abstract

In this paper we investigatethe performanceof the LAMMPS molecular dynam-
ics code on two systems; an IBM p690+ cluster (HPCx) and an SGI Altix 3700
(CSAR). The performance of LAMMPS is measuredusing a number of user and
application supplied benchmarks. We have investigated the speedup of the code on
up to 1024processorson the HPCx system and up to 240 processorson the CSAR
system. The code is demonstrated to scalewell to 1024 processorswith a drop in
speed up beyond 256 processors.To understand this drop o� we have pro�led the
code on the HPCx system. Pro�ling the code has enabledus to determine the com-
putationally intensecomponents and to understand the communication patterns and
overheads.
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1 In tro duction

Molecular dynamics (MD) methods are an establishedmechanism for determining the
equilibrium and transport properties of a classicalmany-body system. Today, molecular
dynamics techniquesare being usedto simulate ever larger and more complex biological
systems, in areas such as disease,vaccine and drug research. This places increasing
demandson high performancecomputing (HPC) resources. A vast range of molecular
dynamics codes have beendeveloped to meet these goals. One such code is LAMMPS
([3], [5]).

In this paper we investigate the performanceof the LAMMPS code on two systems;
an IBM p690+ cluster and an SGI Altix 3700. The performanceof the code is measured
via a number of benchmarks - somewere supplied with the code, others were supplied
by user groups. The scaling of the LAMMPS code is then investigated using a variety
of pro�ling tools.

2 Computer systems

For this investigation we have usedthe two main national HPC systemscurrently avail-
able to British academia. A description of each systemnow follows:

2.1 IBM p690+ Cluster - HPCx

The IBM p690+ system(subsequently referred to as HPCx) consistsof 50 IBM pSeries
p690+ Regatta nodes, containing 32 1.7 GHz POWER4+ processors(a total of 1600
processors).Each frame operatesas a 32-way SMP node, with a total main memory of
32 GB sharedbetweenall 32 processors.The framesof the HPCx systemare connected
via IBM's High PerformanceSwitch (HPS). The systemhas a zero messagesizelatency
of 6 � s. The bandwidth between frames is 4.5 GB/s and the intra-frame bandwidth is
8 GB/s. Each frame runs its own copy of the AIX operating system. HPCx is currently
running AIX 5.2.

2.2 SGI Altix 3700 - CSAR

The SGI Altix 3700system(subsequently referred to as CSAR) consistsof 512 Itanium
2 processors,384 of which have a clock speedof 1.3 GHz and 128 of which have a clock
speedof 1.5 GHz. The 1.3 GHz and 1.5 GHz processorshave a peak performancesof 5.2
Giga
ops and 6 Giga
ops respectively. The system has a theoretical peak performance
of 2.7 Tera
ops (basedon 384processorsx 5.2 Giga
ops + 128processorsx 6 Giga
ops).
At the time of writing the systemis con�gured astwo separatepartitions, each consisting
of 256processorsand 512GB of memory. This partitioning meansthat the maximum job
size is presently 250 processors.The machine usesSGI's NUMAlink interconnect. The
zeromessagelatency is reported to be 3-5 � s and the aggregatebandwidth is reported to
be 6.4 GB/s per brick (4 CPU's). Each partition runs its own copy of the Linux kernel
with SGI Propack extensions(basedon Redhat 7.2).

1



3 LAMMPS code - in tro duction

The Large-scaleAtomic/Molecular Massively Parallel Simulator (LAMMPS) is a freely
available classicalmoleculardynamicscode. LAMMPS canbeusedto model an ensemble
of particles in a liquid, solid or gaseousstate. It can model atomic, polymeric, biological,
metallic or granular systems.The codehasbeendesignedto run well on parallel machines
but also runs on single-processormachines.

Three di�eren t versions of the LAMMPS code have been tested: LAMMPS 2001;
LAMMPS 2004;LAMMPS 2005. LAMMPS 2001is a Fortran 90 code. LAMMPS 2004
is a C++ code. LAMMPS 2005 is an update to LAMMPS 2004. A number of new
features have beenadded to LAMMPS 2005,pleaseseethe 17 Jan 2005entry at
www.cs.sandia.gov/ sjplimp/lammps/bug.html for full details. The most signi�cant
addition to the 2005versionis the inclusion of pre-computetables for the pairwiseportion
of long-rangecoulombic solvers. Thesepre-computetables can reducethe computational
cost by up to a factor of 2 (relative to the 2004version). LAMMPS 2004and 2005have
many similar features to earlier versions of the code, however the names and syntax
of many of the commands have changed meaning the input �les are not backwards
compatible. All versions of the code consideredby this paper are parallelised using a
domain decomposition approach.

Instructions for installing and compiling LAMMPS on HPCx and CSAR canbefound
in the Appendix. Environment settings used with the batch system on HPCx can also
be found in the Appendix.

4 LAMMPS performance - including description of the
benchmarks

The performanceof LAMMPS has beenmeasuredusing a number of benchmarks. The
benchmarks consist both of user supplied (i.e. real research problems) and application
supplied (i.e. those supplied with the LAMMPS codes) systems. The main di�erence
betweenthe user and application benchmarks is that the user benchmarks include disk
I/O. Thesemolecular dynamicssimulations are typically intended to run for many thou-
sandsof time steps. Therefore the system will checkpoint every few hundred steps in
order to avoid losing valuable work should the system becomeunstable or a hardware
problem develop. Checkpointing typically involves writing out atom positions, energies
and restart �les such that the simulation can be restarted if necessary.

The user supplied benchmarks consist of four clay-polymer nanocomposite systems
ranging from 31760 to 1016320atoms [1]. To date, the clay-polymer systems have
only been run on LAMMPS 2001, however it is our intention to run these benchmarks
on LAMMPS 2005 when the input �les becomeavailable. The application supplied
benchmarks consistof a 32000and a 128000atom rhodopsinsystem. The systemconsists
of a rhodopsin protein solvated in a lipid bilayer with a CHARMM [2] force �eld applied.
The 128000atom rhodopsin system is generatedby scaling up (replicating) the 32000
atom system. The replication factors used to generate the 128000atom system are 2,
2, 1 in the X , Y and Z directions respectively. Unfortunately we do not have directly
comparablesystemsfor LAMMPS 2001and 2004/05making comparingdi�eren t versions
of the code problematic. Table 1 givesa summary of the benchmark systemstested.
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Benc hmark system LAMMPS
version

Num ber
of atoms

I/O HPCx CSAR

Clay-polymer 32K 2001 31760 yes yes yes
Clay-polymer 125K 2001 127040 yes yes yes
Clay-polymer 250K 2001 254080 yes yes yes
Clay-polymer 1000K 2001 1016320 yes yes yes
Rhodopsin 2004 32000 no yes no
Rhodopsin 2004 128000 no yes no
Rhodopsin 2005 32000 no yes yes
Rhodopsin 2005 128000 no yes yes

Table 1: Summary of systemsusedto benchmark the LAMMPS codes.

Figure 1 shows the performanceof LAMMPS 2001measuredon the HPCx and CSAR
systemsfor the clay-polymer systems.Resultsare shown for all four benchmarks on both
HPCx and CSAR. The performanceis measuredin steps per secondto allow di�eren t
system sizesto be compared on the sameplot. The timings are taken from the \lo op
time" reported by the code which represents the total time spent in the main MD loop.
To ensure that any start up costs or instabilities were removed from the timings, two
runs of each benchmark were performed; one for 250 time steps and one for 500 time
stepsand the resulting times subtracted.
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Figure 1: Performanceof LAMMPS 2001on the HPCx and CSAR systemsfor the clay-
polymer nanocomposite systems.Systemsizesrange from 32K atoms to 1000K atoms.

Figure 2 shows the performanceof LAMMPS 2004and 2005measuredon HPCx and
CSAR for the rhodopsin systems. Results for LAMMPS 2004are only available for the
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HPCx system. Results for LAMMPS 2005are available for both HPCx and CSAR. As
with the clay-polymer systemsthe performance is measuredin steps per second. The
timings are taken from the \lo op time" reported by the code and the benchmarks were
run for 50 and 100stepsto remove any start up costs. It turns out that the start up costs
associated with the rhodopsin benchmarks are are almost negligible as input data �le is
very small (� 6MB). This meansthat the cost per stepsfor a 100step run is identical to
the cost per step for a 100-50step run.
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LAMMPS 2004: Rhodopsin benchmark, 32000 atoms, 500 time steps

LAMMPS 2005: Rhodopsin benchmark, 32000 atoms, 100-50 time steps

LAMMPS 2005: 32000 atoms, 100-50 steps CSAR

LAMMPS 2004: 128000 atoms (scaled 2-2-1), 100-50 steps

LAMMPS 2005: 128000 atoms (scaled 2-2-1), 100-50 steps

LAMMPS 2005: 128000 atoms (scaled 2-2-1), 100-50 steps CSAR

Figure 2: Performanceof LAMMPS 2004/05 on the HPCx and CSAR systemsfor ap-
plication supplied rhodopsin benchmark. The 128000atom system has beencreated by
replicating the 32000atom system 2x2x1 times.

Figures 3 and 4 show the speed up of the clay-polymer and rhodopsin systemsre-
spectively. For the clay-polymer systems(�gure 3) it was not possibleto run the largest
benchmarks on lessthan 32 processorsdue to the large runtimes involved, therefore, the
speedups are computed relative to the 32 processorloop times. For easeof comparison
the speedups for the rhodopsin systemsare alsogiven relative to the 32 processortimes.

5 LAMMPS performance - discussion

From �gures 1 and 2 we can seethat with the exception of the 32000atom rhodopsin
benchmark the LAMMPS execution time continues to reduceup to 1024processorson
HPCx and 240 on CSAR. For the 32000atom rhodopsin systemthe loop time increases
from 512 to 1024processors.This is likely to be due to the small problem sizeand lack
of I/O. As expected, as the number of atoms increasesthe number of steps computed
per seconddecreases.For both the clay-polymer and rhodopsin systemsthe performance
of LAMMPS 2005on the HPCx system is greater than that of the CSAR system. The
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Figure 3: Speedup of LAMMPS 2001(relative to 32 processors)on HPCx and CSAR for
clay-polymer nanocomposite systems. Ideal scaling(relative to 32 processors)is denoted
by the dashedline.
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Figure 4: Speedup (relative to 32 processors)of LAMMPS 2004/05 on HPCx and CSAR
for application supplied rhodopsin benchmark. Ideal scaling (relative to 32 processors)
is denoted by the dashedline.
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ratio in clock speedsis betweenHPCx and CSAR is 1.3 however the performanceratio
is as much as 1.5.

From �gure 3 we can seethat the speed up of LAMMPS generally increaseswith
the number of atoms. The speedups obtained on the CSAR system tend to be slightly
higher than those obtained on HPCx. For the largest benchmark (1000K system) the
CSAR system exhibits super-linear scaling for 32 and 64 processors.We believe this to
be a cache related e�ect.

From �gure 4 we can seethat for more than 256processorsthe speedup of LAMMPS
2004 is higher than LAMMPS 2005 for the samebenchmark (compare open and solid
symbols). The runtimes obtained from LAMMPS 2004were up to twice as slow as for
LAMMPS 2005due to the addition of the pre-compute tables in the 2005version. Com-
paring the speedups obtained on HPCx and CSAR (solid and squareshadedsymbols)
we seethat the CSAR system shows slightly poorer speedups than HPCx, particularly
for more than 128 processors.

6 Repro ducibilit y

All the results presented in this report have beenrun on a production system, i.e. one
in which other user codesare running concurrently. On the HPCx system each job has
exclusive accessto the nodeswhich it runs on and doesnot sharememory or processors
with anyone else. However, each node has its own copy of the operating system which
may interfere with the performanceof the code. All I/O (read and write) on the system
occurs between two separateI/O nodes. These I/O nodesare sharedbetweenall users
of the system and therefore can in
uence the performanceof a code.

On the CSAR system each job has accessto an exclusive number of processorsand
their associated memory (� 2 GB memory is available locally per processor). As the
CSAR systemcomprisestwo 256processorpartitions each running their own copy of the
operating systemwe cannot guarantee that other usersactions do not interfere with our
runs. As with HPCx �le I/O is sharedbetweenall usersof the system.

The benchmark results presented here have beenrun multiple times, with the lowest
times reported. For low processorcounts (� 256) the timings were generally very stable.
On HPCx, for 512 and 1024 processorruns somevariabilit y was observed between the
runtimes. It is thought that this variabilit y may be I/O related as LAMMPS regularly
writes out large (up to 600 MB) position and restart �les several times per run. If
another user is also writing/reading large �les then it is possiblethat an I/O bottleneck
could result.

7 Pro�ling the LAMMPS code on the HPCx system

Benchmarking of the 128000atom rhodopsin system on LAMMPS 2005 has resulted
in the code being awarded a Bronze Capabilit y Incentiv e on HPCx [4]. The scaling of
LAMMPS (all versions) is generally good up to 256processorsbut drops o� beyond 256
processors.By pro�ling the code we aim to understand the reasonsfor the poor scaling
beyond 256 processorsand to suggestways of improving the scaling.

Our pro�ling will concentrate on the 2001 version of the code with results from
the 2004/05 versionsincluded where relevant. The reasonfor concentrating on the 2001
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versionis that wehavea realistic userbenchmark to work with rather than an application
supplied benchmark. We plan to run the clay-polymer systemsthrough the 2005 code
when the input �les becomeavailable.

To investigatethe performanceof LAMMPS 2001several di�eren t methods and tools
have beenutilised: timings output directly by the code, MPIT race [6] and Vampir [7].

7.1 Timings output from the code

The LAMMPS code outputs timings from the main routines. Using thesetimings we can
plot a stacked bar chart showing how the time spent in each section of the code varies
with processorcount. Figure 5 shows such a chart for the 125K atom clay-polymer
benchmark run on LAMMPS 2001. The time spent in each section of the code is given
as a percentage of the total loop time. The timings reported by LAMMPS include
estimatesof the time spent in for example,pairwise calculations, bond calculations, I/O
and communications. Table 2 gives a summary of the timings reported by LAMMPS
2001and what they represent.
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Figure 5: Timing breakdown for clay-polymer nanocomposite benchmark on LAMMPS
2001.

The I/O time as reported by LAMMPS gives the total time associated with writing
out any of the following �les: restart, atom positions, atom velocities and atom forces.
The time reported includesboth the actual �le I/O time (i.e. time spent writing to disk)
and the time associated with gathering the relevant data back from all processors(i.e.
MPI Allreduce , and sendand receive calls).

From �gure 5 wecanseethat asprocessorcount increasesthe percentageof time spent
in I/O, Fcomm, Comm, Long and Other beginsto dominate. As Fcomm, Comm, Long
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Name Description
Loop Total time spent in minimize
Nbond Time spent computing forcesdue to long range interactions
Long Time spent in either Ewald or PPPM computations
Bond Time spent computing forcesdue to covalent bonds
Angle Time spent computing forcesdue to angles
Dihed Time spent computing forcesdue to dihedral angles
Impro Time spent computing forcesdue to improper angles
Nay-1 Time spent computing new neighbour lists
Nay-2 Time spent verifying new neighbour lists
Exch Communication time for shifting atoms to new processors
Comm Communication time for updating atom positions
Fcomm Communication time for updating force calculations
I/O Time to output restart, atom position, velocity and force �les
Other Di�erence between loop time and all other times listed in table

Table 2: Description of timings output directly by LAMMPS 2001code.

and I/O all involve MPI Allreduce and MPI Irecv / MPI Sendcalls this is not unexpected.
Figure 6 shows the absolute timings (in seconds)output from LAMMPS 2001 plotted
against processorcount. It is clear that the time spent in I/O, and Comm remains
constant regardlessof the processorcount. The time spent in Long decreasesas the
number of processorsrisesto 256,but increasesabove 512processors.The increaseafter
512 processorscould be explained by the eager limit - at this point the eager limit is
reduced and so messagesabove 32K have to be sent synchronously. The time spent in
Fcomm is also interesting.

Wehavealsolookedat the timings output by the 2004and 2005versionsof LAMMPS.
Table 3 gives a summary of the timings reported by the 2004/05 codes and what they
represent. Figure 7 shows the absolute timings (in seconds)output by LAMMPS 2004

Name Description
Loop Total time spent in minimize
Pair Time spent computing pairwise interactions; includes VDW, LJ and

short-range coulombic interactions
Bond Time spent computing forcesdue to covalent bonds
Kspace Time spent computing long-range coulombic interactions e.g. Ewald,

PPPM
Neigh Time spent computing new neighbour lists
Comm Time spent in communications
Outpt Time to output restart, atom position, velocity and force �les
Other Di�erence betweenloop time and all other times listed in table

Table 3: Description of timings output directly by LAMMPS 2004and 2005codes.

and 2005 plotted against processorcount for the 128000atom rhodopsin benchmark.
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Figure 6: Timing breakdown for 125K atom clay-polymer benchmark on LAMMPS 2001.

Solid lines correspond to timings output by LAMMPS 2004whereasdashedlines corre-
spond to timings output by LAMMPS 2005. Examining �gure 7 it is clear that the most
signi�cant di�erence between the two versionsof the code is the amount of time spent
in Pair time, which is up to a factor of two lessfor the 2005 code. The reasonfor the
reduction in Pair time is the inclusion of pre-compute tables for pairwise interactions in
the 2005version of the code. The inclusion of the pre-compute table translates directly
into reducing the amount of time the LAMMPS code spendscomputing pairwise inter-
actions. The time spent in all other sectionsof the code should be largely una�ected
and �gure 7 con�rms that the time spent in Bond, Kspace, Neigh, Comm, Outpt and
Other are nearly identical for both LAMMPS 2004and 2005.

7.2 Comm unications via MPIT race

We have investigatedthe amount of time that LAMMPS 2001spendsin communications
using MPIT race. MPIT race is an IBM tool which provides details of the amount of time
spent in communication routines. It reports the total time spent in MPI routines by each
process,the number of times a routine is called and the averagemessagesize for that
routine. Figure 8 shows the averageamount of time spent in communications against
processorcount for the 125K atom clay-polymer system run on LAMMPS 2001for 500
times steps. From �gure 8 it is clear that communication plays a signi�cant role in the
performanceof LAMMPS 2001 especially for large processorcounts. The majorit y of
the communication time is spent within MPI Bcast , MPI Wait , MPI Barrier , MPI Send
and MPI Send ext . For more than 512 processorsthe time spent in MPI Allreduce
also becomessigni�cant. Calls to MPI Sendand MPI Send ext represent MPI Sendcalls

9
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Figure 7: Timing breakdown for rhodopsin benchmark (128,000atoms) on LAMMPS
2004(solid lines) and 2005(dashedlines).
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taking place within and outwith a 32 processorframe respectively.
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Figure 8: Average time spent in MPI communications for 125K atom clay-polymer
nanocomposite benchmark on LAMMPS 2001.

To investigate the e�ects of initialisation costs we have also run MPIT race for 500
and 250time stepsand subtracted the resulting times. Table 4 givesthe averageamount
of time spent in each MPI call for 500and 250stepsalong with the di�erence. From the
last column of table 4 we can seethat calls to MPI Wait , MPI Send ext , MPI Barrier and
MPI Senddominate. Interestingly, the time spent in both MPI Bcast and MPI Allreduce
seemsto be attributed to either initialisation or �le. I/O. Examination of the source
code con�rms that calls to MPI Bcast are made by the following sourcecodes: input.f,
initialise.f. read data.f and read restart.f all of which are associated with initialisation.
Calls to MPI Allreduce arescatteredthroughout the codewith the vast majorit y relating
to the collection of data from all processesat the end of each time step or prior to
outputting data to �le.

Table 4 suggeststhat the majorit y of the communication time (that which cannot
be associated with initialisation) is spent within the following MPI calls: MPI Wait ,
MPI Sendext , MPI Barrier and MPI Send. Calls to MPI Wait and MPI Send are as-
sociated with �le I/O and communications between processesat the end of each time
step. The source�les which contain calls to MPI Wait and MPI Sendare: communicate.f,
dump atom.f, dump force.f, dump vel.f, pppm coe�.f, pppm remap.f, shake.f, special.f
and write restart.f. Calls to MPI Sendext are associated with MPI Sendand correspond
to communications taking place outside a 32 processorframe. Calls to MPI Barrier are
madefrom a large number of source�les including I/O, communication and computation
routines.

A large number of subroutines begin with a call to MPI Barrier or contain calls

11



MPI call Time (seconds)
500 steps 250 steps 500-250 steps

MPI Allgather 0.0050 0.0110 -0.0060
MPI Allreduce 2.7692 2.4588 0.3104
MPI Barrier 3.9343 3.1233 0.8110
MPI Bcast 8.9995 9.0089 -0.0094
MPI Comm rank 0.0 0.0 0.0
MPI Comm size 0.0 0.0 0.0
MPI Irecv 0.2662 0.1402 0.1260
MPI Irecv ext 0.0610 0.0315 0.0295
MPI Send 1.1943 0.6306 0.5636
MPI Sendext 6.4568 4.1834 2.2733
MPI Wait 6.2594 3.8258 2.4336
MPI Waitall 0.0349 0.0242 0.0107
MPI Waitany 1.4577 0.9437 0.5139
Total communication time 31.4381 24.3814 7.0567
Total elapsedtime 45.4614 31.7866 13.6749

Table 4: Average timings output by MPIT race for a 512 processorrun of the 125K
clay-polymer benchmark on LAMMPS 2001.

to MPI Barrier throughout which we believe to be unnecessary. Calls to MPI Barrier
shouldn't really be required in an MPI code asthe MPI should handle the necessarysyn-
chronisation. In an attempt to reducethe amount of time spent in MPI communications
all 48calls to MPI Barrier werecommented out of the sourcecode. It wasfound the code
ran successfullywithout the barriers producing identical scienti�c results. Unfortunately,
the e�ect on the total runtime or time spent in communications wasminimal. Removing
the MPI Barrier calls simply resulted in the time being spent in MPI Allreduce instead.
For example,for a 500step run performedon 512processorsthe code spent 2.77seconds
in MPI Allreduce and 3.93 secondsin MPI Barrier . The corresponding times for the
code with the barriers removed were6.97secondsfor MPI Allreduce and 0.0 secondsfor
MPI Barrier .

7.3 Comm unications via Vampir

We can use the Vampir tool to gain a better understanding of the communication pat-
terns taking place inside LAMMPS 2001. Vampir is a commercial post-mortem trace
visualisation tool that can handle both MPI and non MPI (user code) calls. Only MPI
calls are handled in any detail. Figure 9 shows a graphical representation of the main
communications occurring within LAMMPS on 16 processorsfor a 10 step run. Lines be-
tweenprocessesrepresent MPI communications betweenprocesses.The lines have been
coloured according to the type of communication taking place. Yellow lines correspond
to MPI Bcast , orange lines to MPI Allreduce , blue lines to MPI Barrier , purple lines
to all other collective communications and black lines to all point to point communica-
tions. Red blocks represent time spent in MPI calls, whereasgreenblocks represent time
spent in computation (labelled User Code). The code can be broken down into several
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sections:

1. 0-11.5seconds:initialisation, data read in from �le, data distributed to all proces-
sors

2. 9-11.5seconds:time spent in MPI Send, MPI Barrier and MPI Allreduce .

3. 11.5-22.5seconds: Main molecular dynamics computation. This trace is for 10
times stepswith two blocks of MPI communications per time step. Communication
betweenprocessorsis required at every time step to update energies,forces,atom
positions etc. Normally this stagewould also include �le I/O.

4. 22.5-28.0seconds:Gather all results, timings then output to �le/screen etc.
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Figure 9: Graphical representation of the communication patterns in LAMMPS 2001for
a 10 step run of the 125K clay-polymer benchmark on 16 processors.

We should point out that for a typical MD simulation the time spent in the initial-
isation and �nalise stages(steps 1. and 4. above) would be a small part of the total
runtime - the exampleshown here has beenchosento illustrate the communication pat-
tern. From �gure 9 we can seethat the �rst 8.5 secondsare spent broadcasting data
from the master to all other processors.During this initial 8.5 secondsthe input data
are read in on process0 and therefore all other processeshave to wait until process0
has read in the data before the broadcast operation can complete. This con�rms that
all the MPI Bcast calls are associated with the initial distribution of data to processors.

We now concentrate on the communications taking placeat each time step of the MD
simulation, i.e. those occurring between 11.5-22.5secondson �gure 9. As the number
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of processorsincreasesthe amount of time each time step spendswithin MPI Sendand
MPI Wait starts to dominate. For a 16 processorrun 3% of the total runtime is spent in
point to point communications (MPI Send, MPI Irecv , MPI Wait ). This increasesto 16%
and 31% for 128 and 512 processorsrespectively. The numbers quoted here are taken
from a 500 step run of the 125K atom clay-polymer benchmark. Now consider�gure 10
which shows the communications taking place for a single time step of a 500 step run
performed on 128 processors.Only data from the �rst 47 processorsare shown however
the pattern is similar for the remaining processors.It seemsthat a signi�cant amount
of time is spent in either MPI Send or MPI Wait at each time step while each process
waits for the incoming data to arrive. A truly hugenumber of messagesare sent between
12.286-12.92secondsbut thesedo not seemto impact on the total runtime.
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Figure 10: Graphical representation of the communication patterns in LAMMPS 2001
for a 500 step run of the 125K clay-polymer benchmark on 128 processors.Plot shows
the communications taking place for a single time step only.

8 Conclusions

We have presented a benchmarking and pro�ling study of the LAMMPS molecular dy-
namics code. Even accounting for the di�erence in clock speedsthe performance(mea-
sured in number of steps computed per second)of LAMMPS (all versions) is found to
be higher on the HPCx systemthan the CSAR systemfor comparableprocessorcounts.
The LAMMPS code scaleswell to 1024processorswith a drop o� in speedup occurring
beyond 256processors.We have pro�led the 2001versionof code to understand the poor
speedup for large processorcounts. The main reasonfor the poor speedup is found to
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be the amount of time spent in point to point communications, particularly MPI Send
and MPI Wait . As the code needsto communicate betweenall processorsat every time
step is is di�cult to envisagea meansof reducing this bottleneck. In reality the actual
time spent in point to point communications seemsreasonable.It could simply be that
the problem sizehas reducedsuch that the amount of computation each processhas to
do beforecommunicating is too small.

Ac knowledgemen ts

We would like to acknowledge the following for their support and assistance: Peter
Coveney (UCL), Chris Greenwell (UCL) and Steve Plimpton (Sandia National Labora-
tories).

References

[1] The clay-polymer nanocompositebenchmarks weresuppliedby Dr H. C. Greenwell at
the Centre for Computational Science,Department of Chemistry, University College
London. http://www.chem.ucl.ac.uk /ccs /

[2] MacKerell, Jr., A. D., Bashford, D., Bellott, M., Dunbrack Jr., R.L., Evanseck, J.D.,
Field, M.J., Fischer, S., Gao, J., Guo, H., Ha, S., Joseph-McCarthy, D., Kuchnir,
L., Kuczera, K., Lau, F.T.K., Mattos, C., Michnick, S., Ngo, T., Nguyen, D.T.,
Prodhom, B., Reiher, I I I, W.E., Roux, B., Schlenkrich, M., Smith, J.C., Stote, R.,
Straub, J., Watanabe, M. Wiorkiewicz-Kuczera, J., Yin, D., & Karplus, M. (1998)
All-atom empirical potential for molecular modeling and dynamicsstudiesof proteins,
Journal of Physical Chemistry B, vol. 102, pp 3586{3616.

[3] Plimpton, S.J. (1995) Fast Parallel Algorithms for Short-RangeMolecular Dynamics,
J. Comp. Phys., vol. 117, pp. 1{19.

[4] Capability Incentives on HPCx,
http://www.hpcx.ac.uk/serv ice s/po lici es/ capabili ty. html

[5] LAMMPS WWW Site, http://www.cs.sandia.gov / � sjpli mp/l ammps.h tml

[6] MPIT race documentation
http://www.hpcx.ac.uk/supp ort /doc umentat ion/ IBMdocuments/mpitr ace

[7] Visualisation and Analysis of MPI Resources (Vampir) , Intel GmbH, Software
http://www.pallas.com/e/pr oducts/ vampir

15



9 App endix

9.1 Installing LAMMPS on HPCx

The LAMMPS 2004 and 2005 codes were installed with minimal alteration to source
code and Make�les. The test examplesand benchmarks supplied with the code all ran
successfully.

The LAMMPS 2001code was more problematic to install. A variety of changeswere
required in order to compile the code:

1. The IBM p690+ system has a Fortran routine called abort() so does LAMMPS
2001. The IBM routine doesnot acceptany arguments socannot beusedin placeof
the LAMMPS routine. The solution is to renamethe abort subroutine in error.f
to abortx

2. Change\ ??" on line 1060of minimize.f to \ QM" asonly alpha-numeric valuesare
acceptableon the IBM.

3. Changefftw.h to dfftw.h in fft 3d.c .

4. Add system clock() to mpi fortran.f if the STUBS library (used for the serial
version of LAMMPS) is usedas etime() doesnot exist on HPCx.

These issueshave been submitted to the code developers. As a result items 1. and 2.
will be changedin subsequent versionsof LAMMPS. Items 3. and 4. are speci�c to the
IBM systemand therefore will not be changed.

Initially the code appeared to install successfullyand many of the test examples
suppliedwith the coderan without error. However, the codecrashedwith a segmentation
violation or malloc error as soon as any attempt to usePPPM (particle-particle particle
mesh)wasmade. ExtensivedebuggingusingTotalview revealedthat the problem related
to the calling of C functions from Fortran and the naming conventions used. Unlike other
compilers, the IBM compilers do not give the external C functions underscores. For
example, when the fft 3d function is called from the Fortran code rather than calling
the fft 3d Fortran wrapper function the fft 3d function is called instead. Although the
variable typesand sizesare not known the code continued without crashing. The crash
would then occur within FFTW - usually becausean attempt to malloc an unde�ned
variable is made. As the crash occurred a considerabledistance from the original error
this made it particularly di�cult to detect.

The initial solution to this problem was to renameall relevant functions within the
Fortran subroutines so that the extra underscorewas included, e.g. rename fft 3d to
fft 3d etc. This renaming allowed a fully functional versionof the code to be compiled
and tested. The problem examplesand benchmarks then ran successfully.

Renaming the functions in this way is not a desirablesolution as it limits the porta-
bilit y of the code. After extensive communication with the code developersa new version
of the fft 3d.c has been written. To ensure the correct functions are picked up and
to remove the problems causedby having near identical function wrapper and function
namesthe C functions are renamedas follows: fft 3d() is replacedwith c fft 3d() . A
combination of #ifdef and #define statements are then usedto ensurethat the correct
wrapper function is called from the Fortran routines. These changesallow LAMMPS
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2001to becompiledand executedon an IBM p690+ with the addition of a -DIBM KLUDGE
to CCFLAGSin the Make�le. The new version of fft 3d.c has been incorporated into
the latest releaseof the 2001code.

9.2 Compilers and 
ags on HPCx

The 2001code was compiled using XL Fortran for AIX, Version 8.1.1.7and C for AIX,
version 6.0.0.0The following 
ags were usedon the HPCx system:

F90 = mpxlf90_r
F90FLAGS= -q64 -O3 -qarch=pwr4 -qtune=pwr4 -qfixed
CC= mpcc_r
CCFLAGS= -q64 -O3 -qarch=pwr4 -qtune=pwr4 -DIBM_KLUDGE\

-I/usr/local/packages/f ftw/ inc lude -DFFT_FFTW
LINK = mpxlf90_r
LINKFLAGS= $(F90FLAGS)-O3 -q64 -v -L/usr/local/packages/fft w/l ib
USRLIB= -ldfftw
SYSLIB = -lm

The 2004/05 codes were compiled using VisualAge C++ for AIX, Version 6.0.0.0.
The following 
ags were used:

CC= mpCC_r
CCFLAGS= -q64 -O3 -qarch=pwr4 -qtune=pwr4 \

-I/usr/local/packages/f ftw/ inc lude -DFFT_FFTW
DEPFLAGS= -M
LINK = mpCC_r
LINKFLAGS= -q64 -O3 -qarch=pwr4 -qtune=pwr4 \

-L/usr/local/packages/f ftw/ lib
USRLIB= -ldfftw
SYSLIB = -lm

9.3 Batc h system settings on HPCx

The following environment variables were set within the batch script:

export MP_EAGER_LIMIT=65536
export MP_SHARED_MEMORY=yes
export MP_USE_BULK_XFER=yes
export MEMORY_AFFINITY=MCM
export MP_STDINMODE=all

9.4 Installing LAMMPS on CSAR

As with the HPCx system, LAMMPS 2005 was installed on CSAR with minimal al-
teration to the original sourcecode. The MPI bug �xes described in section 9.6 were
applied to the code.

For the LAMMPS 2001installation we usedthe sourcecode from the HPCx system
(with changesdetailed in section 9.1) with the additional modi�cation:
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1. Changedzomplex to complex on line 172 of fft 3d.c

The naming conventions used for cross-callingFortran and C on the CSAR system did
not give rise to any problems.

9.5 Compilers and 
ags on CSAR

The 2001 code was compiled using Intel Fortran Compiler for Linux, Version 8.1.023
and Intel C++ Compiler for Linux, Version 8.1.023The following 
ags wereusedon the
CSAR system:

F90 = ifort
F90FLAGS= -O3 -v
CC= icc -v
CCFLAGS= -O3 -DFFT_FFTW-I/usr/local/apps/unsup por ted/ fftw /in clud e
LINK = ifort -L/usr/local/apps/unsupp orte d/ff tw/ lib
LINKFLAGS= -O3 -v
USRLIB=
SYSLIB = -lmpi -lfftw
SIZE = size

The 2005codewascompiledusingthe Intel C++ Compiler for Linux, Version8.1.023.
The following 
ags were used:

CC= icc
CCFLAGS= -O2 -DFFT_SCSL-w
DEPFLAGS= -M
LINK = icc
LINKFLAGS= -O2
USRLIB=
SYSLIB = -lmpi -lscs_mp
SIZE = size

9.6 Fixing the deadlo ck problem

Initial benchmarking of the LAMMPS codes(2001,2004and 2005)revealedthat the code
deadlocked for processorcounts greater than or equal to 512. The deadlock occurred
regardlessof the benchmark system tested. Reducing the eagerlimit on HPCx to zero
resulted in the codedeadlocking on any number of processorssuggestingthat the problem
lay in one or more of the send/receive calls.

To investigate the causeof the deadlock the eagerlimit was set to zero (via the en-
vironment variable MPEAGERLIMIT=0). This ensuresall communications are unbu�ered
(i.e. synchronous). LAMMPS was then executed inside Totalview using 4 processors.
Unfortunately running the code inside the debugger destroys the timing so that the
deadlock no longer occurs and the code runs successfully. Write (either write or cout )
statements were placed before and after the MPI Send and MPI Recv calls in order to
determine the point at which deadlock occurred. To ensure the output appeared in
the correct order the I/O bu�ers were 
ushed after each write statement (using call
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flush (6) or cout << flush ). This resulted in a number of MPI Send/ MPI Recv com-
binations being identi�ed as potential sourcesof deadlock. Various source �les were
a�ected by this problem both in LAMMPS 2001and LAMMPS 2004/2005.

A solution to the deadlock problem was to replace the original MPI Send/ MPI Recv
combinations with MPI Irecv / MPI Send and an additional MPI Wait . Several of the
MPI Recv/ MPI Rsendcombinations werealso replacedwith MPI Irecv / MPI Sendand an
additional MPI Wait . The MPI Recv/ MPI Rsend combinations did not appear to cause
deadlock however, MPI Rsendshould generally be avoided as careful synchronisation is
neededfor it to work correctly. Also, if no corresponding receive exists then the message
will be lost.

After making thesechangesLAMMPS (all versions)ran successfullyon any processor
count. The changesto the MPI have had no e�ect on either the results obtained or the
runtimes of any versionsof the LAMMPS code. Thesechangeshave beenpassedon to
the code developers and we are currently awaiting their response.
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