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Abstract

Design of an avalanche photodiode with high gain and lowentligt can achieve single photon
counting is a research application of the drift-diffusiondel. System-level load-balancing when com-
bined with application-level load-balancing is shown tgiove the performance of simulation code on
a Linux cluster supercomputer. The two forms of load balagare required to approach a smooth
increase in performance with scaling. Centralized andibiged organization of the adaptive simula-
tion code reflected the choice of system software. Markefbpaance differences were observed when
two contrasting cluster software parallelization systemM®SIX and Charm++, were applied. The pa-
per compares the two dynamically load-balanced system$oifdplementations (LAM and MPICH),
which are statically load-balanced. Also considered is AM#ich is based on Charm++ and includes

system-level load-balancing but additionally implemeaitdMPI calls.



1 Introduction

In this paper, an example of an adaptive simulation for alsipyoton detector (Rarity, Wall, Ridley,
Owens, and Tapster 2000) with an application in quantumtogyaphy is benchmarked. In fact, the
simulated drift-diffusion transport model (Korman and Mayoyz 1990) is applicable to a wide range of
layered semi-conductor devices, whereas other modelgwited to particular device geometries and bias
conditions (Lin and Wu 1987). We have also used it for a numbdevices including a back-gated Metal-
semiconductor-metal (MSM)(Mahseyekhi 1999) and a hotedadarrier light emitter (HEBLE)(Aiyarak
2000).

Our experimental C++ code (Aiyarak 2000), written for uipessor simulations to find the profiles of
the electric field and potential, is probably typical of tkaisting in other research laboratories. This code
has the merit that: it is well-understood and trusted by od;ia easily modified to model exotic research
devices. However, performance is slow on a uniprocessdchageriously restricts: the size of models;
their granularity; and their flexibility. Parallel proc@ss on a cluster computer potentially provides a
scalable solution by virtue of the distributed memory modalthis paper, the traditional drift-diffusion
algorithm is parallelized, which allowed us to benchmarlagety of software packages. A more complex
simulation algorithm (such as multigrid, discussed belawluld make it more difficult to establish the
relative merits of the support software.

The opportunity to convert the code to run on a Linux clustggescomputer allowed dynamic load
balancing to be introduced. The paper benchmarks this@gtigh using both the MOSIX (Barak, Guday,
and Wheeler 1993) and Charm++ (Kalé and Krishnan 1993)bmdancing systems. The relative perfor-
mance was further compared to that arising from the populkesddge Passing Interface (MPI) (Gropp,
Lusk, and Skjellum 1994) (both the LAM (Burns, Daoud, andgVdi994) and MPICH (Gropp, Lusk,
Doss, and Skjellum 1996) implementations). This study mgestigates the performance of AMPI (Bhan-
darkar, Kalé, de Sturler, and Hoeflinger 2001), based ugw@r@ objects and including object migration.
AMPI is a full implementation of MPI. While MPI applies a sitep static load-balancing system, MOSIX,
Charm++, and AMPI dynamically migrate processes or thréatiseen physical processors. Though case
studies of adaptive simulations are available, these amailty confined to an implementation using just
one system. Only system-level load-balancing is usualplieg, whereas we have found that application-
level load-balancing improves performance and scalingibien, at a cost in development time.

The drift-diffusion transport model requires solution @fmlinear Poisson equation and current con-

tinuity equations in the classical domain, together withuanarical solution to Schrddinger’s equation if



extending to the quantum domain. (Quantum-level simutagidows a correct estimation of electron and
hole density in the quantum well that lies between intriridightly-doped MSM regions.) A method
of decoupling the computation of the constituent equatimisg block iteration was devised by Gummel
(Gummel 1964). This method has a number of important adgastait has global convergence in that
convergence is guaranteed for any initial guess; the solutf simultaneous equations is avoided by up-
dating the electrostatic and quasi-Fermi potentials ah @aesh point by an explicit formula; and it only
requires storage of the results of one previous iteration.

Because solution of Gummel’'s method is by a finite differemzghod, it is capable of paralleliza-
tion, and indeed (Darling and Mayergoyz 1990) reports arlemgntation on NASA's Massively Parallel
Processor (MPP). However, machines of this type are bea@paiarity, whereas clusters are becoming a
common resource. Moreover, bit-wise processing of fixeidtpmde was needed to operate on the MPP.
An alternative route to speed-up is use of a simulation élyorwith faster convergence but more complex
data structures. For example, in (Mitchell 2001) in respectultilevel algorithms for partial differential
equations (PDESs) states "Effective parallelization iicliit because of the irregular nature of both adap-
tively refined grids and the multigrid process”. For furtbéscussion on multigrid methods refer to (Carey,
Richardson, Reed, and Mulvaney 1996).

Linux clusters (Sterling 2002a) have been widely deploge@tuce run-times for scientific problems,
thus allowing more tests to be performed, rather than balfagdéong waits before new model parameters
can be tried out. For the adaptive drift-diffusion model (@Psimulation reported herein, the runtime
was 54 min. on a single 2.8 GHz Athlon processor, even wheprfigem had been considerably simpli-
fied, compared to its original setting. Most cluster systeiftwsare will result in a speedup up to a limit.
However, this paper reports thetioiceof the type of parallel processing software has a considieiab
fluence on wall-clock performance and scalability. Of thest#r system software considered in this paper,
the MOSIX single system image software lends itself to aredimed organization. Boundary data are
passed to a parent node before redistribution, after chgdki convergence. The Charm++ asynchronous
message-passing system, is more suited to distribute@rgelof data and checks for convergence. There-
fore, choice of parallelizing software influences the saftvarchitecture of the application.

Parallelization of the optoelectronic computation wagetid by a temporal dependency within sim-
ulation iterations. It was found possible to by-pass theafbf sub-cycle dependencies with a gain in
performance. However, the parallel version of the simaiatvas also slowed down by a severe spatial
dependency across the simulation grid. Though MOSIX pewkkernel-level load-balancing, this paper

reports that the overhead from transparent process nograiay be high. Therefore, an additional form of



load-balancing was introduced to overcome spatial depeydépplication profiling identified computa-
tional hot-spots. A curve was fitted to this profile using nuead analysis techniques, with the area under
the curve integrated to make an equal division of work. Waakll moulding improved performance and
smoothed scalability as the number of cluster nodes wasased. Thus, the performance can be scaled
without undue performance loss for particular clustersiZzResults show that there is a synergy between
application- and system-level load balancing. Whethelieajion load-balancing is applied will be a trade-
off between the performance time gained and the developtimatspent to investigate application-level
load balancing.

There are a number of commercial semi-conductor modellackages available, with well-known
tools from Silvaco International and Synopsys Inc.. Fomepke, DESSIS simulates the electrical, ther-
mal, and optical characteristics of semiconductor devittdsandles 1D, 2D, and 3D geometries, mixed-
mode circuit simulation with compact models, and numeriaies and contains a comprehensive set of
physical models that can be applied to relevant semiconddetvices and operating conditions. DESSIS
is user extensible but its core models appear to be in 'blagki@rmat’. In the initial stages of research, a
working knowledge of models is important and there is a neezkperiment with those models. DESSIS
does provide API calls allowing multi-threading, which ilieg a shared-memory model of computing as
one would naturally expect with a tool that would normallydsed in a desktop situation. However, a
shared-memory model does imply limits to scalability, amelDESSIS v.9 user manual comments as such.
There can now also be a cost threshold in using a softwar@toedearch and within smaller organizations.
This does not imply in any way that this is the case for DESS®S which is simply used as a convenient
example. Provider/user agreements may also differ beteaeim user and between tool versions.

The rest of the paper is organized as follows. Section 2 dhizes the software and hardware com-
puting environment utilized by us. Section 3 outlines thebpem and the parallel decomposition strate-
gies adopted to achieve sensible experiment turnarourebti®ection 4 describes application level load-
balancing, while Section 5 analyzes comparative perfoonaamterms of convergence, scalability and run
times, across the different computational configurati&insally, Section 6 draws some general conclusions

about the techniques employed.

1Refer toht t p: / / www. synopsys. conl product s/ acngr/ i se/ dessi sds. htm .



2 Computing Environment

This section describes the two contrasting cluster paialbcessing systems, MOSIX and Charm++, the

MPI and AMPI implementations, and gives details of our @dusiardware.

21 MOSX

The MOSIX preemptive process migrati®ystem (A., S., and R. 1993)(Barak and La’adan 1998) orig-
inated as a symmetrical distributed operating system and oluster acts as a 'single system image’,
performing automatic load balancing (Amir, Awerbuch, BarBorgstom, and Keren 2000) by migrating
processes to faster or idle nodes, or 'memory ushering'glBand Braverman 1997) in which processes are
migrated away from a node that is running out of memory togheiavy page swapping. Though MOSIX
can be employed as a throughput engine, it has been reconethbgidts originators (Barak, La’adan, and
Shiloh 1999) for parallel applications on cluster compsitésr example molecular dynamics simulations.
The software version considered is the openMosix (Bar 208&)ion of MOSIX.

Migration transparency is achieved as follows. The proessparated into a user context (also known
as 'the remote’), which can be located anywhere in the duated a system context (also known as 'the
deputy’), which remains on the home node. As a process migsaict with its environment via its system
context (in other words using kernel system calls), andrtexfiace between system and user context is well
defined, it is possible to capture this interaction and etesitat the present location of the user context (if
the call is site-independent) or forward it over the netwiorkthe system context. This interaction is shown
in Figure 1.

Instead of a spawn (creating a new process), MOSIX employsiaflbr k() to create a duplicate or
child process. After théor k, the program counter of parent and child process is at the gasition, and
the two processes are only distinguished byftbek return value For k-style programming relies on the
parent and child inheriting the same environment. In cahtienmediately ‘execing’ a new process does
not assume a common environment, at a possible cost in sitlap

Given that under MOSIX file handles for filesystem and netwaiked 1/O are created on the home
node and located in the system context, the separation esp@osoverhead on communication. (Calls to
ti me() are also relayed to the system context.) These issues dia@lpaddressed by 'direct filesystem
access’ over a NFS-like filesystem known as the openMOSIXyf#ieem (0MFS) and ongoing work on
'migratable’ network sockets, the aim being to reduce ogadhby making some common I/O operations

site independent. However, this did mean that migrataldkete were not available for this work.



2.2 Charm++

Charm++ (Kalé and Krishnan 1993) (Kale and Krishnan 1986 object-oriented C++ development of
the Charm parallel programming environment from the Ursitgrof lllinois. Charm employs a message-
driven programming style known as “split-phase” or “con@ition passing”. Figure 2 gives a simple illus-
tration of the continuation-passing model. In this modemputation and communication can overlap to a
degree not attainable by other paradigmg, blocking remote procedure calls (RPCs), leading to a more
“latency-tolerant” application. This does mean, howetleat message queueing and scheduling are re-
quired at the system level, by linking in a runtime enviromtand are possibly required at the application
level.

The Charm system is logically divided in two components,Gharm language (Ramkumar and Kalé
1994a) and the Charm runtime (Ramkumar and Kalé 1994b)CHaem language, which conforms to the

actor or active object model (Agha 1986), is designed around

e concurrent objects (callechareg which encapsulate data and computation. Remotely attessi

chare functions are explicitly declared as such and be@ortrg points

e prioritized messages, the primary communication mechanighich are delivered to remote entry

points asynchronously and non-preemptively;

e data abstractions such as distributed tables, which aréietbdt runtime using messages, and read-
only global variables which are defined at compile time andlmaaccessed synchronously, as they

are copied to all instances of the Charm runtime.
To support data-driven execution, the Charm runtime has bactured into the following modules:
e The machine interface module which implements machineipéunctionality.

e The language features module that supports Charm’s dataetisns and a number of common

parallel programming algorithms such as quiescence detect

e The system ‘strategies’ module which is responsible fodlbalancing and memory and message

gueue management.

e The core kernel which interfaces to the queueing moduleamsla 'pick and process’ loop to deliver

messages to local chares or remote runtimes.

While Charm uses 'C’ as the base language, modules and clr@specified using non-standard syntax,

requiring a pre-processing pass before compilation.



Charm++ has inherited the runtime architecture and redamest of the original language features,
many of which have been rewritten to take advantage of C+stoocts. Two major additions to Charm
are chare groups and chare arrays of arbitrary dimensiotes)ded for shared memory multiprocessors
and networks of workstations respectively. Chare arragsadso the Charm++ collections of choice for
operations such as barrier synchronization, reductiodsrassage broadcasts. Figure 3 shows interaction
between chare array elements via message passing, fromotijiammer’s and system’s point of view.

Charm++ provides measurement-based run-time load-bdatpnwdules (Parallel Programming Lab-
oratory, University of lllinois, Urbana 2001) for iteraghapplications (such as DDM simulations) as these
generally display a computation and communication patteat persists over time. (For applications
with no or limited temporal behavior correlation, not applle to DDM simulations, Charm++ employs
'seed’ load balancers, which speculatively move seedsdarehares amongst processors.) Dynamic load-
balancing is only available to chares in chare arrays. Adrek are instrumented but there is a choice as to
whether statistics are collected centrally or in distrdalifashion. The centralized system employed (col-
lection on processor 0) in the DDM simulation applicationurs more overhead but in principle should
allow more accurate decisions to be made.

Of the non-seed balancers, tRef i neConmmLB module was selected for the DDM simulation. Other
balancers were experimented with but it was possible foraghyidication to misbehave if a chare was
registered as a sink for a collective communication openatil his included the reduction operation that
was used in the Charm++ version of the DDM simulation, Sec8@. Only load-balancers for which a
chare could be registered as non-migratable were suitBbtéunately, this includes thHeef i neConmLB
module, which takes into account both communication andechamputational load, and, hence, was
the most applicable of twelve available load-balancingtetyies. Migration can be restricted to preset
synchronization points, but the default option, periodignation, was selected. Migration takes place

unless the chare is completing computation of an entry poethod.

2.3 MPI: MPICH and LAM Implementations

The structure of MPI is very well-known and, hence, we simpfer the reader to one of the books on MPI
(Gropp, Lusk, and Skjellum 1994)(Snir, Otto, Huss-Ledamm&alker, and Dongarra 1998). For MPI-2
extensions, not considered herein, refer to (Gropp, Heskeitman, Lumsdains, Lusk, Nitzberg, Saphir,
and Snir 1998). The application was ported to two implentéria of MPI, MPICH v. 1.2.5.3 and LAM

v. 7.1.1. MPICH was compiled and run witth_p4npd support for job startup, while LAM used itssh

boot method.



The LAM implementation of MPI (Burns, Daoud, and Vaigl 19@quyres and Lumsdaine 2003)
originally consisted only of theand Request Progression Interface (RPI) message-passingecugges
indirect communication among processes, via LAM daemonsing on each node. As LAM is single
threaded, this is currently the only RPI that provides tadynchronous message passing. Subsequently,
a variety of options have become available. Blysv RPI uses shared memory to communicate between
MPI processes residing on the same node (with System V sameplor locking), and TCP to reach
remote MPI tasks. A similar modulasysv, uses spinlocks (with a backoff) rather than semaphores. Th
is intended for Symmetric Multiprocessor (SMP) nodes withrenprocessors than running MPI processes
(of the same job), for which busy waiting can improve perfante by avoiding preemption while the
shared memory is locked. In the DDM simulation applicationyhich potentially many MPI processes
run on the same uniprocessor node, TCP is clearly inefficesit does not take advantage of shared
memory. Theusysv RPI would cause processes to compete for CPU time even wiildaing useful
work. Finally, in preliminary investigationsand gave a net drop in performance, due to its increased
message passing latency. Therefore, the deggudy RP1 was the optimal communication method.

When TCP sockets are used for message passing, LAM emplifgsedt application layer protocols
depending on the message size. Short messages are senfatetyexhd in a non-blocking manner, while
for other sizes aendezvougrotocol ensures that a matching receive call has beendostéghe remote
side before the message body is sent. For the same efficieasgns, similar distinctions are made by the
sysv RPI (Open Systems Laboratory, Indiana University 2004xhenDDM simulation application, the
message body size is always 624 bytes for boundaries (ant smaller for reductions), which is well
below the short message threshold of all RPIs.

The MPICH implementation of MPI (Gropp, Lusk, Doss, and 8kja 1996) is characterized by its
wide range of native implementations, which it supportstigh its ‘abstract device interface’. For exam-
ple, like LAM MPICH has a shared-memory interface (Gropp hagk 1997). MPICH has three different
protocols depending on message length. The default ‘shwetsage size is 1 Khyte, which is small
enough to be sent as part of a control message. Thus, agddiMesimulation’s boundary messages fall
within this threshold. 'Eager’ messages of default lengtloty 12 Kbyte are sent immediately, whereas
larger rendezvous’ messages require a receive to be pdstédevin 1996), benchmarking on a worksta-
tion cluster confirmed that MPICH’s large message threstsolarger than LAM’s. Various performance
studiese.g.(Nupairoj and Ni 1996), (S. Markus, Patazapoulos, A. L. @Gk&u, Weerawarana, and Ma-
harry 1996) (also for a finite-element solver applicati@Wgyvin 1996), give differing views of LAM and

MPICHSs' relative performance. However, these studies adsy respectively by whether a custom paral-
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lel processor, a (heterogeneous) network of workstatioa, ldnux cluster was employed, which implies

relative performance may vary according to target parpletessor.

24 AMPI

AMPI (Bhandarkar, Kalé, de Sturler, and Hoeflinger 2001)¢Hg, Lawlor, and Kalé 2003) is an imple-
mentation of MPI v. 1.1 on top of the Charm++ system. AMPI watsaduced to make it possible for
existing parallel applications to use Charm++ featurefiouit an extensive rewrite. Load balancing, mi-
gration, and checkpointing calls are exported as MPI eitess To support these, tmai n functions of
MPI processes are renamed and run as user-level threaddPApeer and collective communication calls
are mapped to wrappers and macros that in turn use the Chatmtirne. This allows MPI processes to be
migrated between Charm++ runtime instances as needed e@edwode must be made thread safe, prin-
cipally by making global variables private (either manya# as used in this implementation — or through
the ELF object code format for position-independent co@®de that modifies global system structures,
such as standard stream redirection used for logging, adadbe adapted in our implementation.

Additional modifications are necessary to make MPI proceseggratable’. These are mainly a set of
pack/unpack routines which are registered with the Charm#itime and take care of the usual tasks of
freeing heap-allocated memory and saving and restoringtsites. These can also be used for checkpoint-
ing an MPI process by writing a serialized copy of its data isk.dMigration itself is apparently controlled
by barrier synchronization, which is initiated by carefyllacedvPPl _M gr at e calls.

The same load-balancing strategy and settings were engpiny&MPI as in Charm++, and reference

to AMPI henceforth assumes that AMPI is run with automatadialancing.

25 Cluster Hardware

The cluster employed consists of up to thirty-seven prangssodes connected with two Gigabit (Gb)
Ethernet switches (Sterling 2002c), designated as thegHgddge, Becker, Merkey, and Sterling 1997).
Each node is a small form factor Shuttle box (Model XPC SN4M@th an AMD Athlon XP 2800+ Barton
core (CPU frequency 2 GHz) and dual channel 1 GB DDR333 RANFidure 4, the nodes are connected
via the two 24 port Gb Ethernet switches manufactured by iikl(model DGS-1024T). Each switch is
non-blocking and allows full-duplex Gb bandwidth betweeg pair of ports simultaneously. Each switch
can be connected via independent network cards in the semadiow the cluster to be partitioned into two,

designated as "big” and "little heap” in Figure 4. Alternvatly, the two switches can be linked together via
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a Gb port, though obviously communication between nodedftereht switches becomes blocking. The
switches are unmanaged and, therefore, unable to carryp§u®000 B Ethernet frames (which would
lead to an increase in communication efficiency of about 1a6f, more significantly, a considerable
decrease in frame processing overhead(Breyer and Rile3)199

To make maintenance and cluster-wide propagation of carafligun changes easier, at boot time a file
server transfers using multicast a root file system to thalldisc of all nodes, while other file systems are

accessed via the Network File System (NFS) (Sterling 2002b)

3 Parallel Decomposition

This section details the test problem and its numerical foRarallel decomposition of the problem by

centralized and distributed algorithms is then described.

3.1 Modédling Optoelectronic Semi-conductors

Metal-semiconductor-metal (MSMs) photodiodes are findimgady use in optical transmission (Vickers,
Hassan, Mashakekhi, Griguoli, and Hopkinson 1996) and tiractive for other optoelectronic applica-
tions, such as single photon counting or detection of ardentiradio frequency field. Because they can
be of a large area without sacrificing device response, tffey low noise and high sensitivity (Anselm,
Nie, Lenox, Hansing, Campbell, and Streetman 1998)(LeN&x, Yan, Kinsey, Holmes, Streetman, and
Campbell 1999). They also offer high bandwidth, and thewnpk structure is well suited to integrated
circuits. Research is ongoing, as to how to optimize suckcdsyvFor example, there is a need to establish
the best doping level for facilitating the jumping of palgitioles between semi-conductor layers.

The example simulation in this paper models a Fabry-Pesoin@nt-cavity-enhanced avalanche pho-
todiode (APD) based on a heterojunction formed betwe&handInGaAslayers, of a type suitable for
long-wavelength optical communication systems. The inderis to allow doping concentrations, percent-
age of aluminium, and size and position of the quantum wede@ltered and simulated. A problem with
these devices is that they have a slow response if holes lareedl to pile up as a result of the valence
band discontinuity between theP andinGaAslayers. To increase the transition rate of the holes, a layer
of InGaAsPis inserted, separating absorption and multiplicationNBAayers, with the intention of grad-
ing (forming a smoother transition) of the discontinuityalow the holes to pass the barrier more easily
(Matsushima, Akiba, Sakai, Kushiro, Noda, and Utaka 19B®)(shi, Torikai, and Sugimoto 1988)(Parks,

Smith, Brenman, and Tarof 1996). Further discussion of gegation of these devices is outside the scope
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of this paper and the interested reader is referred to (Bae1l993)(Chuang 1995)(Wada and Hasegawa
1999).

An MSM consists of layers of semiconductor material eaciffering doping consistencies. Fig-
ure 5 is a schematic diagram of a 2-D cross-section of thecddhiat was simulated. The general form
of simulation is by the iterative finite-element method. g6 shows a 2-D mesh superimposed across
the device, with Dirichlet boundary conditions (electadit potential is the sum of the applied voltage and
the built-in potential in the region) where contact is madihwa metal pad assumed to be Ohmic. Neu-
mann conditions (reflection of values) were applied at theriral boundaries. Each mesh point contains
information or properties of the materialg.doping density, electrostatic potential.

A 2-D simulation was used, as the device characteristicsreresame for any parallel cross-section
normal to the contacts at the n- and p-doped regions. For 2 $AM device under test, the mesh points
were spaced 2.5 nm apart. Though a non-uniform mesh givegkeqsolution, for ease of writing the
initial C++ program, the mesh was made uniform. Finer grithpseparation at the heterojunction would
have improved resolution of a voltage spike/notch atltipeand InGaAsPlayers, but this would cause
difficulty in initializing the mesh points, and, if the seption was made finer across the device, simulation
turnaround time on the sequential version would become @sipty long. Finally, even simulation of a 2-D
surface covering the device was a lengthy process, andehamarrow effectively 1-D strip was actually
simulated. As is pointed out in Section 1, 1-D run times remsdw on current PCs with a high-end
processor if a traditional algorithm is employed.

As mentioned in Section 1, though we are aware that fastaecgance might be achieved by a refram-
ing of the problem, in this paper the approach of (Korman amyéigoyz 1990) is taken as a given. We
briefly mention other ways of possibly improving the consrge rate. Gummel’s method (Gummel 1964)
is sometimes combined with Newton’s coupled method (a gaization of the Newton-Raphson method
for finding the roots of an equation) in conditions of highdis/hereas Newton’s method is not guaranteed
to converge for all initial parameterizations, it may aseiéaster convergence. It is entirely possible that a
two or multigrid method, which has been applied in the nowdir case (Molenaar 1993)(Carey, Richard-
son, Reed, and Mulvaney 1996), will achieve faster convergeHowever, this would require conversion
of software to multigrid techniques, whereas at presentave Imore experience and confidence with the
straightforward application of the equations. There hanbeonsiderable research activity on parallel
multigrid methods for PDEs and related problems, exampméas(Chan and Tuminaro 1987),(Frederick-
son and McBryan 1988),(Heise and Jung 1997)(Griebel andodsain 1998).

Several equations (Poisson and continuity equations)rgdhe simulation model. Each equation is
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solved within what we designated a sub-cycle of each sinaun&eration. The order of solution is counter-
intuitive in that an iteration of the governing equation adved first, before the constituents forming that
equation such as the current densities are found. This iausecinitial values are used for Poisson’s
equation in the very first iteration and then subsequentegafar current density and so on are passed
forward into the next iteration of the Poisson equation epl\f ¢* represents the value of the potential
found in iteratiork of the Poisson equation, then the value relies on the Slotl{emponential quasi-Fermi
potentials) variables (Korman and Mayergoyz 199@)andv*, derived from the continuity equations. In
turn, the values of,**! andv**! are found usingp®, v*, andv*. Convergence of the simulation is
established by testing if the change in the potentials aadthtboom variables across the mesh is within

a given tolerance:

k+1 k
i it — ol <t 1)
crl-_,juf_";l — O'iyjuij S t (2)
k
oigui Tt — o v <t Q)

wheret is the tolerance, and the summation is across all of the maisitsp

It was possible to overlap the computation of different sybles,i.e. the equations outlined previ-
ously, which reduces the synchronization dependencyhauptesented solution avoids the dependency
altogether. Sub-cycle decomposition is further discussesiection 3.5. Tests showed that convergence
still occurred. For all the parallel versions and runs, tdfyecorrectness, a new grid was assembled and
stored on disk for later comparison with the results of tlipisatial solver, which did use the four sub-cycle

decomposition.

3.2 MOSIX Centralized Algorithm

To implement a parallel version of the simulation, a propetyvas initially written in Perl using System
V shared memory (Leach 1994) as the inter-process comntigricaechanism. With this method, the
common ’slab’ approach was used for the parallelizatiorshesvn in Fig. 8. The grid was divided into
segments of equal size and distributed to child processé&sdayzing’ (serializing) and 'thawing’ (deseri-
alizing) the grid, and copying to a shared memory region.ritign of the child processes, despite the use
of shared memory, was possible with the shared memory niegragtch, migSHM, for openMOSIX.

However, using shared memory proved untenable, due to theataority (at that time) of the migSHM

2Available fromht t p: / / opensour ce. codi t 0. comf mi gshn! at 6.2.05.
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add-on. The additional value of this exercise was that thieectness of the parallel decomposition was
established, without the need to move outside a desktopimeach

Parallel decomposition of the MOSIX version of the simwatinitially took advantage of the same
'slab’ approach as was employed in the prototype. The grisl diaded into segments of equal size and
distributed to child processes. As the cluster consist®ofdgeneous processors (and for up to 24 nodes,
links are homogeneous), it was initially thought that a $enfivision of the grid among the child processes
would be sufficient. Figure 9 shows an example division of tk20 x 1 grid used by this solver for six
processes, with the resulting dataflow. Message sizeséatidlition of protocol headers were 1312 bytes,
within the Ethernet frame size.

The parent process initializes the grid, prepares divisitsets and bookkeeping structures, forks the
required number of children and listens for connectionshteild uses the inherited information to select
a segment out of the global grid, initialize its own struetiand connect to the parent.

As MOSIX processes can potentially migrate a number of tjritas important to keep the memory
footprint of each child process as small as possible. Toteelpce migration overhead, the parent allocates
the global grid and other initialization-only structurgstbe heap, where they can be freed by the children
when no longer needed.

When all children have connected, the parent locks itseffiegchome node using the MOSKfr oc
API and triggers the computation. The children begin to pssctheir segments, increasing the load on
the home node and creating an imbalance in the cluster. $histected by the MOSIX load-balancing
subsystem and child processes are migrated away to idleder loaded nodes within the first few hundred
iterations (typically less than 1% of the total number).

The MOSIX solver processes use Unix domain stream socketsM®@SIX wraps all deputy-remote
communication in its own UDP-based protocol, the encapstlprotocol should be kept as simple as
possible to maximize efficiency. Unix domain stream socketseve low overhead and have semantics
similar to their Internet domain counterparts, aiding coalesability.

Communication in the MOSIX solver reflects the MOSIX arcbitee and is done in a centralized
fashion. At the end of each iteration, the parent receiveh ehild’s boundary rows as well as a value
calculated from its local grid segment, the aggregate oftwts checked against the convergence condition.
Unless the algorithm has converged, the parent sends thedhoes to the owner’s neighbors to resume
the computation.

Although our cluster consists of little-endian machine$yphoundary elements are serialized and

encoded in network byte order using a lightweight, eXtebeth Representation (XDR) (Srinivasan 1995)
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based library before they are transmitted. This is to enawtegree of parity with the Charm++ solver,
which packs message data in a platform independent fornrag its PUP interface (Kalé and Krishnan
1993).

When the algorithm converges, the child processes recaiignal by the parent to end processing and

write out their local grids.

3.3 Charm++ Distributed Algorithm

The Charm++ version employs a distributed algorithm, whhares sending boundaries directly to neigh-
bors.

In the initialization phase in the Charm++ version the gladpad is declared as a read-only global
variable and is initialized in the main chare’s constructbihe main chare then determines grid division
and instantiates a chare array with the required numbereofi@hts, which are distributed to the pool of
available nodes by the Charm++ runtime. At constructioretisach chare creates its local grid segment
from the global copy and, having completed its initialipati notifies the main chare that it is ready and
becomes idle. When all chares are ready, the main chare dastsda message to the array to begin the
computation.

The communication style used in the Charm++ solver is sicanifily different to that of the MOSIX
version. Figure 10 shows the exchange of boundary messgoelsabes, which periodically send their

local maxima for convergence testing. This is done by ogltiont r i but e() with:

1. acallback object that is created at startup with the ni@resr ecv- | nax entry point as an argu-

ment.

2. the size of the value, and the value itself, which is sigdl and sent off to the runtime that has the

mainchare.

3. the name of the method that will be called to aggregategbuts, in this case the built-in

CkReducti on: : sumdoubl e.

Boundary message sizes (before addition of protocol hepderre 632 bytes, but unlike MOSIX
the boundary data is not aggregated. Thus, the total meskdgesxchanged is 1264 bytes, similar to
MOSIX. Though choice of UDP or TCP transport layer protocopossible, UDP was chosen to reduce
latency. Messages in Charm++ are sent asynchronouslylaréfore, to guard against using out-of-order

boundaries, messages are sequenced by the sender anddaffthre receiver. Chares resume processing
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when their receive-boundary entry point is called and whewnnldaries from all neighbors and with the
correct iteration are found in the buffer.

Likewise, in the Charm++ implementation, the main charetdoasts a message to the array, to which
chares respond with a message containing their grid segmafaiues used for convergence tests are
not piggybacked on boundary messages, but are periodagdisegated using Charm++'s array reduction

mechanism.

3.4 MPI Algorithm and Communication

Conversion of the solver to MPI was via the Charm++ versiohisToute has the advantage that com-
parison is made more direct. It also means that the samébdigtd algorithm was employed in the MPI
versions.

The MPI processes use a combination of blocking and immedialls (Gropp, Lusk, and Skjellum

1994) to maximize computation/communication overlap. @¢teiteration step:
1. The process blocks to complete an immediate receive seépgosted in the previous step.
2. Animmediate, non-blocking, receive is posted for thetisép, and the request stored.

3. The grid chunk with the new boundaries obtained from (Iprizcessed and the step number is

incremented.
4. Boundaries for the current step are packed and sent thlaig using a standard blocking send.
5. All processes perform a reduction and the result is chokfikeconvergence.

Whereas contiguous data is most efficiently sent via stahiie| calls, derived datatypes (DDTSs)
are often used to send data scattered in memory to avoid mgpyCurrent MPI implementations us-
ing DDTs are reported (Byna, Gropp, Sun, and Thakur 2003)ffer dittle advantage over judicious
application-level packing. Hence, the DDM simulation euntty uses MPIPACKED datatypes, with gen-
eralized pack/unpack/sizers inspired by Charm++'s PURéwork (Kalé and Krishnan 1993) (refer to
Section 3.2). However, testing after the main benchmarke wempleted, shown in Fig. 11, suggests that,
for the LAM implementation, at least DDTs offer a performanmprovement and complexity reduction
(from the user point-of-view). The data packed and sentgn Fl is a DDM simulation boundariye. three

grid points with 26 doubles each, amountingte 26 x 8 = 624 bytes.
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3.5 Accounting for Sub-cycles

Because calculation of a sub-cyadle, particular equation as outline in Section 3, is dependebbamdary
values within the same cycle and sub-cycle, it is strictlgassary to stagger the calculation of adjacent
segments of the simulated strip. Figure 12 shows, for a divided between (say) just three processors,
then each must wait for the completion of the same sub-cyctkdgacent simulation strips.

The top half of Figure 13 details the computation order antd dependencies for each sub-cycle in
the sequential version of the code. In the reset’ sub-Gybke values in the central column are copied to
the ’halo’ area (open circles) of the simulated linear stiijne order of processing follows the direction
of the arrowed linei.e. vertically downwards. In the 'phi’ sub-cycle, each caldathvaluej.e. the filled
circles, require data from the four-nearest neighborstt@top-left value, the reliance on two halo values
is shown by dashed lines. Elsewhere, the reliance is imaliad not shown by dashed lines. Calculation
proceeds in the order indicated by the arrowed heavy line.'Th’v’, and ‘field’ sub-cycles have similar
dependencies on the halo region, though with differingudatoon orders.

The bottom half of Figure 13 shows the parallel implemeatgtivhereby, for a two node paralleliza-
tion, the linear strip is simply bisected. Clearly, at thagtion of the strips, in the sub-cycles following
reset’, the values taken from nearest neighbors are ncelomgdated ones, but values from a previous cy-
cle. Only at the end of the cycle are the boundary values eddat exchange of the horizontal boundary

strip.

4 Application-level Load Balancing

The separation of layers across the 1-D strip is shown ineTablRefer to Figure 5 and Section 1 for an
explanation of the layers. Analysis at the sub-cycle lez@kb identification of the cause of load imbalance
within the computation. Figure 14 shows a plot of iteratimmes for the four sub-cycles in the absorption
(absorp.) layer of the photodetector, during the companat{Two of the plots overlap.) In this Figure,
three iterative sub-cycles maintain a constant time peatiten, while the first’s iteration times increase in
an exponential fashion, approximately halfway throughdbmputation. All four sub-cycles in the rest of
the grid are constant throughout the computation, withatten times approximately constant. The cause
of the load imbalance was found by instrumenting charesortetimes on a per-sub-cycle basis with
each of seven chares assigned to a particular layer.

In the sequential solver, this simply means that a singigggment accounts for much of the total run

time. In the parallel version, however, equal grid divisiesults in many processors being idle waiting for
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boundaries from those that have been allocated rows frometjien with exponentially rising computation

times. This can be mitigated in at least three ways, destble®ow in decreasing order of complexity:

Redistribute grid rowsat runtime as iteration time increases are detected. This would niégesan
additional channel over which to send load information, argkneral solution that does not wse
priori knowledge of run-time behavior would essentially be a auslwad balancer with the com-
plexity and overhead that that implies. Shedding excesklbgalynamically creating new chares or
processes would be undesirable for the same reasons arttiifion, would complicate scalability
measurements. Load balancing techniques suffer if thegexfermedab initio (as if starting again)
at each check point. In (Aggarwal, Motwani, and Zhu 2003}, pinoblem is discussed and a greedy
algorithm is introduced for re-balancing load based on nemvutation and/or communication char-

acteristics. The technique is implemented for Charm++ igaval 2004).

Add instrumentation calls to quantify the solver’s non-linear behavior and use simpilmerical analysis
techniques to make a weighted grid division. This was ditfagward to implement and resulted
in significant improvements. The Charm++ solver was insgmtad using the Charm++ Projections
tool (Kalé, Kumar, Zheng, and Lee 2003), while the MOSIXsien used the GRM library which
is part of the PROVE grid monitoring and visualization tdbl{Balaton, Kacsuk, and Podhorszki
2001). The general load-balancing problem is akin to thagraph partitioning over parallel pro-
cessors, which is explored in (Karypis and Kumar 1998). PaeMet i s tool for MPI, originating
from the work in (Karypis and Kumar 1998), collects inforioatabout graph node connectivity
during a run and applies partitioning algorithms. In theteahof Charm++, graph partitioning is

discussed further in (Chakravorty 2002).

Decreasethe granularity by increasing the number of chares or processes, and lehttexlying system
distribute them as needed. This technique is well exemghlifiche molecular dynamics application
of (Vadali, Shi, Kumar, Kale, Tuckerman, and Martyna 200#wihich a large number of virtual
processors (chares) are created, specifically 12,800 <laneal space and a quarter of that in
'g-space’. In general, virtualization (Kalé 2002) unddra®m allows parallel decomposition to be

separated from mapping to a particular parallel machine.

This paper reports the effect of finer granularity by inchegthe number of grid segments and using
virtual nodesi(e. when more than one node is mapped to a physical processarsteichode) to host the

additional segments.
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Once the first subcycle timings (taken every 200 iteratiorese available for the absorption layer, then
the data was fittetto a suitable function (in this case a 5th degree polynomi&lijh the functional form
of the curve established then a numerical integrator suc@irapson’s rule gives sufficient accuréap
find the area under the constant part of the polynomial andré® under the "exponential” part (refer to
Fig. 14). Dividing the latter area by the former area giveaadr by which to weight processing time of
a row in the absorption layer, assuming a row outside thisrléwas unity weighting. The rows are then
allocated so that each chare is allocated an equal share oiwhworkload.

This method of load balancing is generally applicable tdbfgms of this sort, though in this example
the fact that the unbalanced or data-dependent part of thidoea was confined to a single sub-cycle and

a single layer of the surface under test reduced the contpleiihe task.

5 Performance Results

5.1 Charm++and MOSIX Timings

The Section assumes that the sub-cycle dependencies meghtioSection 1 can be ignored, as the results
without sub-cycle dependency are the same after conveggerthose with sub-cycle dependency. In other
words, calculation in one iteration are only dependent erbtbundary values from the previous iteration.
Section 5.2 examines the effect of including the sub-cytrlecture into the simulation, as it is recognized
that not all simulations will have the convergence property

Figure 15 shows comparative timings for the Charm++ and MO®&irsion of the simulation. The
graph is annotated with a line denoting the number of physlaater nodes, beyond which more than one
simulation process is placed on a cluster node or procesksarshown is the effect of adding application-
level load-balancing (annotatedlas) for both the MOSIX and the Charm++ versions. In both cases]4
balancing not only improves timings but also smoothes thifopmance curve between differing numbers
of processes. Beyond fifteen nodes, the MOSIX load-balameesion begins to experience increasing
overhead from process migration. In contrast, the Charmersion, which had no system load-balancing
applied in this instance, experiences a drop in performanogediately when more than two simulation
processes share a node, with some perturbations therddéieever, its performance curve is otherwise

smooth as the number of nodes is increased. A slight imprenearises from finer segment granularity.

3A convenient way for to do this for load-balancing purpossstd use an on-line data fitting service such as that at

http//wwmv. zunzun. coni .
4Simpson’s rule is, of course, completely accurate for 2rgtete polynomials.
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In Figure 16, speed-up curves show almost linear speedsuptHarm++ up to the number of physical
nodes. The workload is not evenly spread between nodes aadesult synchronization delays occur.
However, a different situation occurs when more than oneuai) node is placed on a processor. Then,
while one node completes its work, the other(s) on that m®mecan receive messages and consequently
continue with the next step’s processing. In the Charm+tridiged algorithm this results in continued
speed-up beyond the number of physical nodes, providedtioegs placement is propitious. The MOSIX
version cannot benefit from asynchronous operation beaafuiee centralized communication pattern,
resulting in a reduction in speed-up beyond the criticahpoi

To understand more fully the impact of MOSIX load-balandiygprocess migration, Figure 17 plots
the number of per-node migrations for increasing numberoafes. The total number of migrations for a
run is found by multiplying the number of nodes by the avefagrenode number, when it will be observed
that the number of migrations is considerable. In fact, thmler rises significantly after the physical
nodes are exhausted, and does not then always favor thé#dadeed version.

In Figure 18, the effect on speed-up of adding Bef i neComiB (rc) Charm++ load-balancing
module (Section 2.2) to application load-balancing is ok fact, adding system load-balancing brings
a relatively small improvement over the 'plain-vanilla’ &@m++ version. Additionally, for high numbers
of (virtual) nodes, the measured performance oscillatesrding to node number. We were able to estab-
lish that no background process on the cluster was resgerfsibthe oscillation and nor was migration
thrashing. Compared to MOSIX, the Charm++ performanceigoas to improve as more than one chare
is placed on a processor. The Charm++ load-balancing meghplkes a small number of migrations (two
or less) for most number of nodes, which is the main reasothf@superior performance. However, it
is when application level load balancing is added to sys&vmallload balancing that the main gains are
made. Before about seventy nodes, combining both formsaoflmlancing results in an almost ‘symbi-
otic’ performance improvement. The resulting speed-upeig smoothed out, making performance easier

to predict.

5.2 Sub-cycle Timings

Figure 19 shows the differing number of iterations needealctieve convergence, with and without the
inclusion of sub-cycles. (In the tests in this Section thestdr was enlarged by just one physical node.)
Comparing Charm++ and MOSIX versions, the number of iterstito convergence is actually the same,
with the stepped MOSIX curve simply reflecting the fact thaasurements were only taken every five

nodes. Another feature of the plots is the difference in thmlper of iterations needed to converge ac-
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cording to whether load-balancing is applied or not and éadaccording to the number of nodes. This
applies equally to the results including sub-cycles, shgvé spatial dependency affecting boundary ex-
changes. However, the main point that Figure 19 illustregtéisat the introduction of sub-cycles leads to
swifter convergence. Unfortunately, faster convergetim®gh clearly of benefit in the sequential version
of the code, does not lead to faster run-times, as eachidgeiatthat much slower in the sub-cycle version.
In Figure 20, below about 25 nodes, the sub-cycle inclusirsion under-performs all parallel versions,

whereas after about 25 nodes, other effects slow down thelXI@Ssion.

5.3 Comparing MPI Systems

Figure 21 compares the speed-up performance of MPI systémsygtem-level load-balancing for Charm++
and MOSIX versions. The MPI-based systems behave veryasimiio each other and to Charm++ un-
til the number of physical nodes is exhausted. Given that Adies the same load-balancing system as
Charm++, the consistent drop in performance after 55 naultisates a weakness in the current imple-
mentation of the AMPI software. The addition of system loathhcing to Charm++ does bring gains in
performance if virtual nodes are available for migratioowéver, again the erratic Charm++ performance
for large numbers of nodes makes the circumstances wherblladcing is advantageous compared to
an MPI implementation difficult to predict. There is little thoose between the two implementations of
MPI. As in the Charm++ 'plain-vanilla’ version of the DDM sirtation, the MPI systems benefit from the
reduction in latency from placing more than one node on agssar. Hence, speed-up continues to rise
beyond the number of physical nodes. Again, this can belzstto parallel slackness allowing processing
on one virtual node to proceed while another node on the santegsor is temporarily stalled.
Application-levelload balancing was added to all versjovith the results shown in Figure 22. Charm++
and the MPI implementations were best able to take advaofabes type of load-balancing, though again
AMPI's performance is weaker. Performance of these vessgmadually rises, as more and more vir-
tual nodes are added. Again, there is a thresholding affetteanumber of nodes on any one processor
exceeds two and then three. Adding both application lodaAcang and system-level loading results in
the best speed-ups. However, MPICH’s performance is venypetitive and exceeds that of the LAM

implementation for large numbers of nodes.
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5.4 Discussion

Speed-up graphs were chosen in the Sections 5.1 — 5.3 as & wagily discriminating the relative per-
formance of the various DDM simulation versions. If abseltimings are employed across the range of
timings then it becomes difficult to discriminate acrosstiege of times. Figures 23 and 24 shows the
absolute timings for the versions respectively without avitth application-level load balancing. These
graphs allow one to judge the gains to be made from devel@pptication-level load-balancing software
for an application of this type. While converting an apptica to a message-passing form might be rea-
sonably expected of a support programmer, load-balanoiitgare adds another level of difficulty and the
possibility of introducing errors. Equally, the graphsgasted also allow one to consider whether moving
from the highly-portable MPI to Charm++ system load-balagds justified. This judgement will also take
into account other factors, such as Charm++’s object aatant. Unfortunately, AMPI cannot currently be
said to offer a middle path for this type of application. Tively, AMPI's weaker performance may be
ascribed to its more recent provenance, without time toedfie software, or to the overhead of multiple
indirections when passing from MPI to Charm++. However,dhap in performance as virtual nodes are
used is unexplained.

For the DDM simulation application, adding virtual nodes taing a performance advantage whether
load-balanced or non-load-balanced code is applied. \Wittiee benefit of a set of performance curves
then the regime giving optimal performance is not easy tdipte For best performance this study found
that a combination of application-level and system-levatl-balancing was preferable. The efficiency was

68% on a thirty-seven node cluster.

6 Conclusion

Though the advent of clusters have been widely adopted fentific computing, to reduce turnarounds
further, rather than suffer repeated wait times, requiteention to which parallelizing software system is
applied.

Single system image software appears to offer the convemiehtransparent process placement and
load balancing.convenience. However, for the somewhatay/finite-element problem reported in this pa-
per, a restriction to centralized algorithms incurs a penfince penalty, as essentially it does not allow the
application to take account of parallel slackness. Mesg@agsing software, based on asynchronous mes-
sage delivery, recorded better and more consistent watkdimes (scaling over a range of cluster sizes).

A distributed rather than centralized exchange of data amdargence test was found to be preferable.
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Automatic process migration imposed a considerable oeerhespecially when the problem was decom-
posed beyond the number of physical cluster nodes. The sdgate to this story is that sequential code
parallelized by way of Charm++ requires careful design bseaf the non-blocking message semantics.
The same applies to the various MPI implementations tested.

An application-layer load-balancing scheme, based onetany numerical analysis techniques, was
found to improve all versions of the simulation, in terms iofi¢s and performance predictability when
scaling the cluster size. Having characterized the papseoislem as 'somewhat’ typical, in fact, computa-
tion times varied widely within the spatial sampling gridquiring load balancing, and was also hampered
by the need to synchronize between sub-cycles, when traimgférom sequential to parallel version. The
latter obstacle was overcome by taking values from a previyale, which prolonged the number of it-
erations to convergence but reduced the time for eachittardeading to a net gain. This may be an
unwelcome result to those who seek to parallelize apptinatwithout detailed knowledge of the applica-
tion’s characteristics.

System-level load-balancing has a disappointing effeppli&d alone it sometimes serves to degrade
speed-up rather than improve it. Only when combined withliegfion-level speedup did we notice an
improvement from including a load-balancing module in tHea@n++ run-time in term$goth of a sig-
nificant increase in speed-up and predictability of perfamoe for a given configuration. In many cases,
one of the MPI implementations (other than AMPI) without dymic load-balancing gave very respectable

performance in practical terms for jobs of this computadi@tale.
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Layer: | Inpl. | Mult. Charge Hole Absorp. Doping Inp2.

Range| 1-400| 401-800| 801-1100| 1101-1200] 1201-1320 1321-1420| 1421-1820

Table 1: Distribution of the linear strip rows from 1-182@awling to semi-conductor layer.
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Figure 1. Local, and migrated MOSIX process, showing tha dlak layer channel for deputy to remote

communication.
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(class Server : public Chare h
{
public:
/1l entry
void f(CkCal |l back chb)
{
| T cb.send(data);
}
¢ )

(cl ass Client : public Chare
{
void f(void)
{
server. f(CkCal | back(Ckl ndex_Client::g, thisProxy)); 1
/1 continue processing
}
public:
/1 entry, called when Cient becones idle
void g(foo_t data) 1\_///
{
/1 do sonething with data
}
\}; J

Figure 2: Continuation-passing in Charm++
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Figure 3: Charm++ system-user interaction

33



big heap little heap

T~ T

node 1l node 2 node 11 node 12 node25 node26 node 31

=N == ===
%HHHH L]
switch| EEREEEEEEEES switch) EEEEEEEEEEEE
oo e N e B L L e el
HHHHH ? H\\i
IH' Iﬂ] [ ] E=],SEI'VEI’ IH' (]
node 13 node 14 node 23 node 32 node 37

Figure 4: Schematic diagram of the Linux cluster, showingey partitioning and fileserver

34



P+-InP contact layer

InP multiplication layer

InP charge layer

INPGaAsP hole barrier suppression layer

InGaAs absorption layer

InP space layer

n-InP contact layer

+V

Figure 5: Schematic cross-section throughra®aAs/InPSAM APD (layer widths are not representative)

35



NESEEEEREREEERNE

A EEEEEEEEEEEEEEE
I EEEEEEEEEEEEEEEEERDN
I EEEEEEEEEEEEEEEEERDN
EEEEEEEEEEEEEEEEEEEEE
EEEEEEEEEEEEEEEEEEEEE
EEEEEEEEEEEEEEEEEEEEE
EEEEEEEEEEEEEEEER
ENEEENEEEEEEEEENN
EEEEEEEEEEEEEEEEE
EEEEEEEEEEEEEEEREN
EpEgpEEEEEEEEERE

V""" pirichlet boundary [ ] Neumann boundary

conditions conditions

Figure 6: Device cross-section with simulation grid supgrosed, showing treatment of boundary condi-

tions

36



A
kil COijar
O —O
12, \ +1/2,
= hi-l,j ah hi,j g
ks CD ijr

Figure 7: Calculation of mesh poif, j) forn =7

37



Figure 8: 1-D decomposition of the domain into three slabs
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Figure 20: Speed-ups with sub-cycles introduced
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Figure 22: Speed-ups with application-level load-balagéor all systems
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Figure 23: Timings without application-level load-balargfor all systems
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