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2 Introduction

Java has gained much in popularity during the past few.ygava's clean and easy to
learn programming model, for example, makes it a goodrgigrbint for inexperienced
programmers. Due to the cleanness of its object odemtegramming model, Java is
more and more being considered an attractive alternativieaditional programming
languages like “C".

The simplicity of its programming model and inherent stmirguof the code is one of
the reasons that the scientific computing community is disglaa growing interest in
Java for use in high-performance (parallel) programriidy Java’'s built-in support for
distributed computing makes it attractive to use in largkesparallel and distributed
programs. Java, however, also has its drawbacksriits fitating-point standard causes
a performance gap between programs written in Java asd th traditional, compiled
languages on most current architectures. Java’'s remobedni@vocation (RMI) protocol
makes distributed programming possible, without having torpmoghe communication
routines explicitly. Its implementation, however, stilllea much to be desired, in terms
of performance. Most of the critical communication cii@terpreted, and requires extra
objects to be created, resulting in performance lewelss much as a factor 35 slower
than similar communication code (for example, remote proeedalls) in other
programming languages, as indicated by Maassen et al. [9].

The goal of this thesis is to investigate some of the diffes in porting parallel
programs written in other languages to Java, focusingoommunication aspects. As a
case study, a coarse grained parallel implementatiom &f-Body algorithm using the
Barnes-Hut method, originally written in C by TorsterelSand David Blackston [4], is
ported to Java. Two Java implementations have been miedfist version is written for
Sun’s JDK 1.2, using its RMI protocol for communicatiomeTsecond implementation
uses Manta [3], which supports a different RMI protocol,eldasn the JavaParty
programming model [10]. In this thesis, the first sectiomegjia description of the
Barnes-Hut method for computing N-Body problems. In sectione2otiginal C program
is discussed; sections 3 and 4 deal with the two Javaiingpitations. The next, section
5, gives an overview of the problems encountered, andose@&i discusses the
performance of the programs on a Myrinet based cluster cempkinally, the
conclusions are presented and a look on future work is given.



3 The Barnes-Hut method

3.1 Background

The Barnes-Hut method as described in this paper is fisieef method for the
implementation of classical N-body problems. N-body problsimulate the evolution of
a large set of bodies under the influence of a forebodly methods are used in various
domains of scientific computing, including astrophysics, fidjshamics, electrostatics,
molecular dynamics and even computer graphics. Most N-bodlgodg simulate the
movement of the bodies in discrete time steps. Thesestieps are generally split up in
two phases: a force computation phase, in which the foreed on each body by all
other bodies is computed, and an update phase in which newmositd velocities for
each body are computed. If the force is computed directlytaking into account all
pairwise interactions, the complexity is equabtg:’). This complexity is undesirable, as
for realistic problem sizes, the system usually conttingsands of bodies, resulting in
huge amounts of interactions. The Barnes-Hut method aidésrarchical technique to
reduce the complexity 0 (n log n).

Hierarchical algorithms are based on the fact that matyral processes show a range of
scales of interest in the available information; infation from further away in the
physical domain is not as important as information fromrlmg Hierarchical algorithms
exploit this property to optimize the amount of computatibhe Barnes-Hut method
takes advantage of this property as well, by approximatigrgap of bodies (celty that
are far enough away by one equivalent partitfiee center of mass) during the force
computation. This is illustrated in figure 1.

Fig. 1 A 2D cell containing bodies and its center of mass

In this paper, we discuss two implementations of an astsagi problem using the
Barnes-Hut method, where the bodies are planets and atatghe applicable law is
Newton’s gravitational law. Bodies are modeled as poinsesas

3.2 The sequential Barnes-Hut method

To structure the physical domain, the Barnes-Hut method diddedies to an oct-tree,
recursively subdividing it as more bodies are added, distributiegbodies to the
appropriate child nodes. The result is an oct-tree, wisicmore subdivided in denser

! In the context of the oct-tree, the terms ‘cafitidnode’ are used interchangeably.
2 The terms ‘body’ and ‘particle’ are used interchangettivoughout the paper.



areas of the domain. During the force computation phash,tealy can interact directly
with whole parts of the oct-tree, instead of interactivith all bodies contained in this
part of the tree, if the distance between the body anddtés large enough. Figure 2
illustrates this idea for a two-dimensional space usiggagitree. The bodies in cell B can
interact directly with the center of mass of cell & A and B are sufficiently far
separated.

Fig. 2 a quadtree representation of a system. The quadtree is more subdivided in denser
areas of the system.

In the Barnes-Hut method, as in most classical N-body methbd evolution of the
system is observed across a (large) number of distineée steps. In the Barnes-Hut
method, however, the force computation phase can be splitaifhiee separate phases,
resulting in a total of four different phases:

1. Root cell and tree construction. During this phase, the size of the root node of the
oct-tree is computed. This needs to be done for eachstigpeowing to its dynamic
nature. When the size of the root node has been determinéadas are inserted
into the tree, subdividing nodes if a leaf node contains thamea certain amount of
bodies. This results in an oct-tree, subdivided more in densas of the domain.

2. Center of mass computation. An upward pass is made through the tree to compute
the center of mass for each cell, taking into accallmhild cells and bodies.

3. Force computation. During the force computation phase, the oct-tree is tralerse
for each body, starting at the root cell. For each adsihode in the oct-tree, the
distance from the node to the body is measured. If it isfangh away, the body
will interact with the center of mass of this node, oth®e its child nodes are visited
(if it is an internal cell) or it interacts withlddodies (if it is a leaf cell). “Far enough”
away can be defined in a number of different ways, bullysthe ratio between the
sidelength of the cell and the distance from the body is tsedtermine this. The
ratio can be adjusted to obtain a better precision,tiguh a larger computation
time.

4. Update body properties. The positions and velocities of the bodies are updated
during this phase.



The four phases above are repeated during each timeSatgpet al [5] indicate that in
typical problems, more than 90% of the total execution timepent in the force
calculation phase.

3.3 Parallelism in the Barnes-Hut method

All four phases of the Barnes-Hut method contain some forim@&fal parallelism. The
way in which this parallelism is most efficiently expéat depends on the type of
implementation and the architecture of the system on whishimplementation is to be
used. Fine-grained, particle level parallelism for instais possible on shared memory
machines; a more coarse-grained parallel method is needardién to achieve decent
scalability on a distributed system. A detailed descriptibone of the many different
parallel methods, used in an implementation by Suel [4)visngn this paper, which uses
message passing for communication.

The method Suel uses in his implementation is based omdersdriven replicated
approach, which was first implemented by Warren andn®a [6]. This approach is
based on the observation that within the force computatioreptfees information in the
oct-tree is used in a read-only fashion; only the fometing upon the particles are
modified during this phase. If each processor is assigmedi@n of the domain, and the
oct-tree of each processor contains all essential glofmimation, then each processor
can run the force computation phase on its local part addh®in without any form of
synchronization and communication. The tree construction phasders of mass
computation phase and update phase do not require any comionnicatd
synchronization either, as they all operate on the locabpéne domain.

This approach does require an extra phase, however, tosuekéhat all processors are
supplied with the essential global information needed tarately compute the forces on
the local particles. Replication of (only the essentits of) the oct-trees belonging to
the other processors is used to supply each processoitswitidividual “view” of the
global system. Subtrees from other processors containing setfiahare well separated
from the local region are not replicated entirely, byllaeed directly by their center of
mass, as the center of mass will be used in the tanogutation as well.

To ensure a proper balancing of the workload betweempriteessors, a mechanism to
structure the physical domain is required. Two well-knowrciefit techniques for
structuring the domain are orb-tréesid costzones. Suel’'s method uses orb-trees, as this
is more suited to message passing implementations; costyite better performance

on shared memory machines (a thorough description of dfablese techniques is given

by Singh et al. [5]). A disadvantage of orb-trees is that number of processors is
restricted to powers of two, whereas the costzones sclhbameaise any number of
processors. In Suel’'s implementation, every processoaicgnthe same global orb-tree,
but the processor itself is only responsible for the bddig¢ke region of one of its leaf

3 «Orb” is an acronym for orthogonal recursive biseati Orb-trees can be used to hierarchically
subdivide (non-uniform) distributions into” Z2qual partitions, by starting with a root cell
containing the entire distribution, which is then recutgigeibdivided into two child nodes with
an equal cost.



nodes. The orb-tree is kept consistent using an extra pihasdyich the bounds are
updated. Load balancing is performed per tree levelregjions in the subtrees are
adjusted to divide the bodies more evenly.

Including the extra phases, the parallel version of the Batoesaethod as implemented
by Suel is structured as follows:

1. Orb-tree update. At the beginning of each time step, the global orb-tree nieeble
adjusted to accommodate all bodies in the system, as piheitions may have
changed beyond the boundaries of the system during thentesstep. This is done
by having each processor determine the boundaries of &brkgion of the system,
and exchanging those with all the others. With this inftionathe processors are
now able to compute the global boundaries of the system. Thaadetof the orb-
tree and any orb-tree nodes sharing a side with the root medeow updated to
match the new bounds. All bodies that are not containedoaggr within the local
part of the orb tree are exchanged with the other prosessor

2. Load checking and balancing. When the load imbalance surpasses a certain
threshold, a load-balancing phase is required. A good avdgtermine the load is to
assign a weight to each particle based on the numbaeteshctions that were needed
to compute forces during the last time step. The loadmbeessor is thus equal to
the total weight of all its local particles, which is appmately the total number of
interactions needed in the force computation phase of ghditae step.The load
checking procedure determines the minimum orb-tree levehtdwls to be balanced
to bring the imbalance to an acceptable level. The loaddiala process uses the
processors responsible for the parts of the subtree thdt toebe balanced to
determine the most efficient subspaces, which are againvidxd]i until the entire
subtree is balanced. A parallel median finder is used nd fhe separating
hyperplane. Bodies crossing region boundaries are exchanged theittother
processors.

3. Root cell and tree construction. This phase is the same as in the sequential version
of the Barnes-Hut method.

4. Center of mass computation. This phase is the same as in the sequential version of
the Barnes-Hut method.

5. Essential tree exchange. In this phase, each processor sends out the partslafats
oct-tree that are required by other processors durindoitte computation phase.
This is done recursively, in a similar way as in thedoromputation phase, for each
processor: for each visited cell, starting at the oddhe oct-tree, determine if the cell
is well-separated from the region of the processor whiah fiedeive the information.

If so, send its center of mass. Otherwise, visisabcells, or send all bodies if the
cell is a leaf cell. The received essential bodiesemséntial centers of mass are then
added to the local oct-tree, as if they were part ofdbal domain. A distinction is
made, however, between the essential bodies and the local belligls,is required
during the force computation phase. At the end of this pleasdy processor has its
individual version of the imaginary “global” oct-tree.

6. Center of mass update. This phase is the same as the center of mass computation
phase, except that only the centers of mass of parte afct-tree need to be updated
where essential tree information from other process@ddsd.

7. Force computation. This phase is the same as the corresponding phase in the
sequential version of the Barnes-Hut method, except thattibaljocal bodies need



to have the forces acting upon them computed; the essential lodtes tree are
only used in the computation process itself.

Update body properties. This phase is essentially the same as the corresponding
phase in the sequential version of the Barnes-Hut method.
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4 The Suel Implementation

4.1 Overview

The reference code was written in C by Torsten SuelDanid Blackston [4] and uses
the Green BSP communication model for communication betteeprocessors. Rutger
Hofman ported the code to the DAS [7], by creating a warsf BSP layered on top of
Panda [8].

4,2 Communication

The Suel code uses a SPMD style approach to performpaitsllel processing. The
processors communicate using BSP, a bulk-synchronous messag® paschanism
[11]. This mechanism provides functions to send and regedakets, as well as a
synchronization function. This synchronization function isedusto structure the
communication in the program into separate “supersteps”,hwéiie sections of the
program between calls to the synchronization function. Padkat are sent during a
particular superstep (between calls to the synchronizatiortidnpcare received only
during the next step. In figure 3, an example is given, whiclkls a message to another
processor in the first step, and receives messages daeiisgcond step.

typedef struct {
int source;
char message[16];
} helloPacket;
void Helloworld( int dest ) {
myPacket pkt, *pktPtr;
/] Step 1
pkt.source = myProc;
strepy( &pkt.message, “hello world!” );
bspSendPkt( dest, (void *)&pkt, sizeof( pkt) );

/I Synchronize here

bspSynch();
/I Step 2: Packets sent during the last step can now be received
while ((pktPtr = (myPacket *)bspGetPkt()) = NULL ) {

printf("received messafe from %d: %s\n",
pktPtr->source, pktPtr->message );
}
}

Fig. 3 Example C code using the BSP mechanism.

Since packets are likely to be small, message combisiniprie to optimize the actual
communication in the BSP implementation internally. Thadition of message
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combining makes BSP an excellent choice for coarse-grairsdems and high latency
parallel architectures. The BSP mechanism can be thafghs a variation of an
asynchronous, packet oriented message passing system, ugingrsbas the
synchronization primitive.

Most of the communication is performed by two specifiactions, which are used
multiple times throughout the code:

1. TotalExchangelnt. This function is used to exchange integers with othezgssors.

It accepts an array of integers as parameter, and skeadnteger at each position of
the array (from O to the number of processors minus 1jhéo corresponding
processor. After synchronization, the integers from the qifmressors are received
and placed in the array at the position correspondinggst@ource processor. To
indicate that no communication with a certain processareeded, the value “-1”
should be set at its corresponding position in the arrdyl’Avalue in the array after
the function was called means that no value from the psoceindicated by its
position was received.

2. ExchangeBodiesLimitedIO. The purpose of this function is to exchange bodies in
the local region of the domain with other processors. Thigifunaccepts an array
of integers as parameters (the same size as theblodglarray), indicating the new
destination processor of each body in the array. Fimstntimber of bodies that are
leaving are exchanged using TotalExchangelnt. A packet issdrdrfor each leaving
body, containing a stripped-down version of each body structurehich only the
required fields are present to minimize the data traffifter synchronization, all
bodies are received and extracted from the packets, antethéso the local body
array. The supersteps have been split up into smades $b protect against possible
buffer overflows.

In addition to three of the phases of each time step, concation is required during
initialization and finalization as well. A summary a@f communication in the program is
given here:

1. Initialization: The first processor generates all bodies, and distrilthtsa among
all processors. It sends the bodies, one at a time| pvaglessors (including itself),
round robin style. Special care has been taken not to owetfile buffers used in the
BSP implementation, by breaking the sending process intoesnslpersteps, as
large quantities of bodies have to be buffered.

2. Orb-tree update phase: To determine the global boundaries of the orb-tree, the
processors need to exchange their local boundaries. Eacbkspor determines the
minimum and maximum values in each dimension of thel loody positions, and
sends it using an array of 6 doubles to all processdisr Aynchronization and
receipt of all min-max packets, the global minimum andimarm can be computed.
Bodies that are not part of the local region anymore altledir displacement during
the last time step need to be migrated to the processspensible for the part of the
domain in which they are now located. The function ExchangeBbititedlO as
described above is used for this purpose.

3. Load checking and balancing phase: The load balancing function is the most
complex function in the code, as far as communication is coedefFor each orb-
tree level that needs to be balanced, multiple superstepsieeded. First, each
processor needs to know the weight of the bodies in the ssibivbieh is determined
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using the TotalExchangelnt function and adding the resultinghtgeiA new median
is then determined using the findMedian function. When the aneidi known, the
local bodies that need to be moved to the subtree on thesadkenf the median can
be exchanged. This is done using the ExchangeBodiesLimitedlO fundtmn.
reconstruct all orb-tree levels below the current level éhataffected by the change
of the median, another call to TotalExchangelnt is ne@dedder to broadcast the
new median for the subtree to the other processors. Th#lditidn function
implements a parallel median finder, which uses all @ in the subtrees of the
orb-tree level being balanced. The function containerddop iterating across the
number of bits used to shift the positions, communicatingetalicing each iteration.
A part of the local array of sums is sent to each gbhecessor in the subtree. After
synchronization, the received subsets are added to the UdsatsThe local subset is
then exchanged with the other processors in the subtremnpate the local array of
counts.

4. Essential tree exchange phase: The function TransmitEssential takes care of
sending the essential trees to the other processorsidd see centers of mass and
bodies where needed directly, using special packet strudinmedimize the amount
of data that has to be sent. After synchronizationptithes and centers of mass are
extracted from the packets and inserted into the locdfeet

5. Finalization: After the last time step, the bodies may have to beqgkirdr possibly
written to an output file. As the bodies are still dividedween all processors, they
have to be gathered somewhere to be able to process tHentiwelly. This is done
in the finalOutput function, in which each processor sendofalts bodies to
processor 0, which receives the bodies and puts them intoranta process them
later on. Several smaller supersteps are used here tobaffed overflows.

4.3 Comments on the code structure

The code itself is written in a typical “C” manner. Dymia memory allocation has been
avoided by putting all sets of structures into arraydh wittra space allocated to allow
them to grow within reasonable bounds. The main advantagfgisofnethod is that it
prevents a large number of malloc calls for relativatyall amounts of memory during
each timestep. Both the orb-tree and oct-tree areolatidn memory this way; they use
indices into the arrays instead of pointers to idenki€ir child nodes.

During the initialization, a set of bodies is generated ifnput file is used. The set of
bodies is generated using an implementation of the Plummerl| favdgalaxies. For
practical reasons, a pseudo-random number generator is usdgd gehnierates the same
set of “random numbers” for each execution of the prograhis feature facilitates
debugging, as each run using the same parameters generasamn¢heutput.
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5 The Sun JDK RMI based Java implementation

5.1 Overview

A Java version of the Suel code has been written to death@ applicability and
performance of both Java’'s built-in remote method invocaiRil) protocol [12] and
the JavaParty RMI protocol [10] as used in the Manta demjin coarse-grained parallel
problems. In this section, the Sun JDK RMI based versialiscussed; the next section
discusses the differences between the Sun JDK RMI ancaNrvit versions.

Both Java versions of the program are designed to be ramubiple nodes on the DAS
[7], but the Sun RMI based version can easily be adaptedther distributed
environments. The program uses the Fast Ethernet network ofD&@ for
communication, as it is not yet possible to use the Miyniewvork of the DAS for SUN
JDK RMI calls.

5.2 Communication

Java’s lack of pointer arithmetic, multicasting and abyonous communication calls for
a different approach than to just implement the BSRAnesiton top of RMI. To achieve
acceptable performance, message combining is essentthloutVimessage combining,
Java’s lack of asynchronous communication mechanism wouldicate that a
(blocking) RMI call has to be made for each call to theSendPkt equivalent. As even
simple RMI calls have a huge overhead (see Maassen[@})athis solution leads to
unacceptable results. An array-based approach is usiedttthe number of RMI calls to
an acceptable number for the equivalent Java code ofsegehstep in the original C
code; however, the flexibility of the packet-based approaldsts

To be able to communicate point-to-point with the other pemres each processor
should have access to at least one remote object ofodahprocessor, on which it can
invoke methods. To keep the program structure clean and comitiomiaa simple as
possible, only one remote interface is defined, which haradlesommunication. This
interface, “Processor”, defines all methods that mewgdiled by remote processors. This
interface is shown in Figure 4.

The communication code is located in the class “Prodesglr which implements the
Processor interface. Each program creates a locab&sorimpl object and registers this
at the local RMI registry at startup. The processors libeate the Processorimpl object at
processor 0, on which they call the barrier function as s@the object is available.
When the processors leave the barrier, they can be stirallthaocessors have started,
and have a Processorimpl object registered at tleml IRMI registry. After each
processor has obtained references to all remote Rotepl objects, the barrier
function is called again, to wait until all processdnave obtained all remote
Processorlmpl objects. An overview of the communicagagiven in figure 5.
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package NBody;

import java.rmi.*;
import java.lang.*;

interface Processor extends java.rmi.Remote {
void barrier() throws RemoteException;
void setBodyCount( int Count ) throws RemoteExcep

void setMinMax( int Source, vec3 Min, vec3 Max )
void setTotalExchangelnt( int Source, int Value )

void setExchangeBodies( int source, Body Bodies][]
void setExchangelntArray( int source, int array[]
RemoteException;

void setEssential( int Source, int bCount, Body [
throws RemoteException;

void setEssential( int Source, int bCount, double
throws RemoteException;

}

tion;

throws RemoteException;
throws RemoteException;

) throws RemoteException;
, int offset, int size ) throws

1 b, int cCount, CenterOfMass [] ¢ )

[1 bp, int cCount, double [] cp)

Fig. 4 The Processor interface

interface Processor implements
Remote {

‘.v;('Jid barrier();

N

class ProcessorImpl extend!
Processor {

gynchronized void barrier(){
}

Processors Processors[];
void foo() {

Processors[0].barrier();

/I Thread running on processor 0

class ProcessorThread extends Thread {
Processorlmpl localProc;

void run () {

localProc.foo();

interface Processor implements
Remote {

\./.('Jid barrier();

-

class ProcessorImpl extends
Processor {

synchronized void barrier(){

.

Processors Processors[];

Xc;id foo() {
mrocessors[O].barrier();

.
}

/I Thread running on processor 1

class ProcessorThread extends Thread {
Processorlmpl localProc;

void run () {

localProc.foo();

Fig, 5 Communication in the Sun JDK 1.2 version using RMI, running on 2 processors
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The Java code simulating the supersteps makes use of a barggnchronize all
processors. The code used for the barrier is display€ijime 6. The code makes use of
Java’s wait/notify mechanism, by having all processmal the synchronized barrier
method on processor 0. All processors except the last ilingallvthe wait function; the
last one entering the barrier will wake them up by callinghttéyAll function.

public synchronized void barrier() throws Exceptio n {
if (myProc==0) {
if (SyncCounter++<(ProcessorCount-1)) {

try {
wait();
} catch ( InterruptedException e ) {
System.out.printin( "barrier: Caught except ion:"+e);

}

}else {
SyncCounter = 0;
notifyAll();

}

}else {
/I call the barrier function on proc 0
Processors[0].barrier();

}
}

Fig. 6 the barrier function

To offer mechanisms to handle the diverse communicationrpatpeesent in the Suel
code, several functions have been created that provide eflexipility to carry out all
communication. These functions are methods of the clase$dorimpl; as they are not
defined in the Processor interface, they can only bedckically.

1. TotalExchangelnt: This function has exactly the same purpose (and syntaix3 as
“C” equivalent; it accepts an array of integers aspeter, which is exchanged with
all other processors. The implementation of the Javaioverfiowever, is quite
different. In the Java implementation of the TotalExchamgdlnction, each
processor calls the interface method setTotalExchangelall semote processors.
This method takes two integer parameters: an index amadua.vihe method stores
the value at the specified index in the receiving integatyaat the remote processor.
After all integers have been set, the barrier functiaraled for synchronization and
the received integers are copied back into the origimaly.

2. ExchangeBodies: This function is comparable to the ExchangeBodiesLimitedlO
function in the Suel code. It takes an array of integerpasmameter, which indicate
the new destination for the body in the local array at thaéx. It operates quite
differently as well; first, the array is iterateddount the number of bodies migrating
to each processor. Using these numbers, a new arayeated for each remote
processor, exactly large enough to hold all bodies that nwvkee processor. The
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index array is again iterated over, now adding the bodidsetadwly created arrays.
The arrays are set at the remote processors by invoking ach Bemote
Processorlmpl object the setExchangeBodies method, paksingriay containing
the references to the bodies moving to this processor. Theshibdieremain at the
local processor are also handled by this function,bthdt case, setExchangeBodies
is called locally, to circumvent the RMI processing ovatheThe barrier method is
then called, to synchronize all processors. The nextretamstructs the local body
array by concatenating each received array.

ExchangeMinMax: This function is used to compute a global minimum and
maximum, by exchanging all local boundaries. It isprasent in the Suel code, as it
uses BSP directly for this purpose. It is based on thmesidea as the
TotalExchangelnt function; it invokes a method (setMinMax) @theremote
Processorlmpl object, this time setting a pair of3vebjects, instead of an integer.
The vec3 objects, containing minimum and maximum valuethénx, y, and z
directions, are received in a local array. After syoolration, the global minimum
and maximum are computed; the values can be retrievedlliyygcthe getMinMax
function on the local Processorimpl object.

ExchangelntArray: The findMedian function in the original Suel code uses BSP
code to partially exchange an array of integers. To impfenthis in Java, extra
object creation and copying would be required. As theadetrray used in the Suel
code is relatively small (128 elements), a decision was radend the complete
array, including an offset and the size of the regufragment. In the Java code,
special functions are provided to set the fragment offsetssizes for each remote
processor. The array itself is passed as a paratodiee ExchangelntArray function.
This function sets the array, offset and fragment size ibvoking the
setExchangelntArray function on the remote Processorimjgictsbh The received
arrays, offsets and fragment sizes can be retrievedatling respectively the
getExchangelntArray, getExchangelntArrayOffset and getExchatdgeaySize
methods on the local Processorimpl object.

ExchangeEssential: The ExchangeEssential function is used to perform the
communication during the essential tree transmission plaseSuel code uses BSP
directly, but the transmission and receipt of the esdenfiarmation, required to
reconstruct the trees, is spread out across multipleidmsctTo keep the code
structured and simple, the Java code provides methods te thdfenformation, to
exchange it and retrieve the information when required. éBlsential information is
sent in two forms: bodies and centers of mass. Bathrepresented by different
objects; they need to be buffered separately, althouglrahemission can be done
using the same RMI. Buffering is done using the sendEssentialBand
sendEssentialCenterOfMass funtions. After the locatreet has been traversed for
each remote processor, and all essential trees arerduffthe ExchangeEssential
method can be invoked. The exchange mechanism works mies ahe same as the
other exchange functions mentioned above, by invoking a method qeetia on
each of the remote Processorlmpl objects. A numbélifigrent implementations of
the buffering/exchange mechanism have been implemented, whipkire two
versions of the setEssential method to be present in tbees$¥or interface.
Performance issues are the main reason to experimdninuitiple implementations,
as the essential tree exchange phase appears to be thecokitivf the program (this
will become clear later on, see the section on perfocaia The different
implementations are described below:
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a. The first implementation is the most obvious; both sereliiEdBody and
sendEssentialCenterofMass add the object to the ead-allocated array
(created during the initialization), and increment a teuthat keeps track of
the number of elements in the array. Different arrapsl counters are
required for each remote processor. The ExchangeEsdemiition uses the
setEssential( int Source, int bc, Body [] b, int ccn@eOfMass [] ¢ ) version
to set the complete arrays and their number of elemantdhe remote
Processorlmpl object. This implies a serializatiwaffic and object creation
overhead, as a part of the array is not used. This patietarge, due to the
fact that far less communication is required with rempegions of the
domain, and more communication is required with processspmonsible for
adjacent regions in the domain. The setEssentialMetlurdssthe counters
and references to the arrays; the stored items céooked up when needed
using the getEssentialBodies and getEssentialBodyCount for thesbadid
getEssentialCenterOfMass and getEssentialCenterO@dass methods for
the centers of mass. This implementation will be useddfsult.

b. The second implementation is a variant of the first, guswtra arrays,
dynamically allocated to fit exactly the required humbgrlements. This
requires extra object allocation on the sending side (an axiag for each
remote processor, every iteration), but implies less m&tiwvaffic and less
serialization overhead. The difference lies in the Exchasgmifial method,
where the extra array allocation and copying takes places Thi
implementation is used if the “-trim-arrays” command lemgument was
specified.

c. The third implementation is the most radical, as thialsgtion is performed
explicitly by the program itself in this implementationekploits the fact that
all required fields of the Body and CenterOfMass objeets be broken
down to doubles, and arrays of doubles (like all simpfgeg) have the
advantage that they don't need serialization on their eglésn In fact, an
array of doubles can in theory be passed on directlyetmétwork layer. The
sendEssentialBody and sendEssentialCenterOfMass copy reeired
doubles from the objects to an array of doubles (pre-aidcaturing
initialization). The second variant of the setEsseimiarface method is used
to transmit the arrays of doubles and the number ofiexiés to the remote
Processorlmpl objects, which reconstruct the arrays Boflies and
CentersOfMass. The objects in these arrays are meatdd during
initialization, which imposes memory overhead, but reguiless object
creation during run-time. This implementation is a litt@rsh, as it does
away with one of the main advantages of Java’s remotkoahénvocation
paradigm, but indicates the performance penalties dilgation and lack of
pointer arithmetic. This implementation is used if theefialize” command
line argument is specified.

Variations of the above methods, especially the third, camudsel to tune
performance a little more.
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5.3 Comments on the code structure

The oct-tree code uses a typical Java structure, usingnitydject creation instead of a
pre-allocated array of tree nodes as used in the ori@htalde. This structuring does not
impose a noticeable performance penalty, as tharaeersal code is quite efficient, and
not the most time-critical. There are a number of gttors, most of which are formed by
the replacement of vec3 objects by three separate do@Edete of the orb-tree code on
the other hand is quite similar to the original “C” cotlbis has been done deliberately to
facilitate debugging, which proved to be cumbersome nevesthefince the original
code uses a large set of global data, a GlobalData cladseba created to give some of
the objects access to the required data. This isalypicot a good way to start writing a
Java program from a software engineering point of viewjtlproved to be a convenient
way to get around a lot of parameter-passing annoyance.
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6 The Manta RMI based version of the Java Code

6.1 Overview

The Manta project [2,3,9] is a native code generating Javgiter designed to optimize
polymorphic RMIs. The generated RMI code reaches performanmets similar to those
of user level RPCs, a factor 36 improvement over Sun's JDK.IManta uses its own
RMI protocol, implementing the same programming interiaedavaParty [10]. Manta’s
RMI protocol implementation, layered on top of Panda {8]pptimized for efficient
communication, whereas the Sun JDK RMI protocol has bedgndesto be flexibile
and is much more inefficient in terms of raw perfonc®

6.2 Code structure

Because of the difference between the Sun JDK RMI protmedl Manta's JavaParty
based RMI protocol, a special version of the Java progiadrto be created. Most of the
code could be reused however; only minor changes had to betm#de BarnesHut,
ProcessorThread, GlobalData and Processorlmpl sla§he Processor interface was left
out for practical reasons.

The Manta RMI protocol is based on a special languagesgte the “remote” keyword,
as introduced by JavaParty [10], which can be addedss declarations indicating that
the class can be called remotely. The runtime syst&as taare of the distribution of
remote objects, which are automatically distributed adiassvailable processors, unless
explicitly told not to. For simplicity, the only remotdass in the Manta variant of the
Barnes Hut application is the ProcessorThread, which besn renamed to
ProcessorThread _Manta to distinguish it from the RMkieer. It does not contain the
remote keyword in its class declaration, however; thesclasderived from the
RemoteThread class, and inherits its remoteness frensuperclass. The array of
Processor interfaces, used in the Processorimpl, has teplaced by an array of
ProcessorThread _Manta objects. The ProcessorThreath MEss has been extended
with “stub” code for the methods defined in the Processmrface, which calls the
corresponding method on the local Processorimpl objec.ig fllustrated in figure 7.

During initialization, the ProcessorsThread Manta objeots created on the right
processor by explicitly setting the target processor. Wdflethreads have been created,
they are updated by setting references to the other Bors&@hread Manta objects using
the setRemoteProcessor function. At the moment the thagadstarted, they already
have access to all remote objects.

The runtime system of Manta contains a very fast drarimplementation:
RuntimeSystem.barrier(). It is used by the default in Manta version, but can be
overriden by the "—java-barrier” commandline option.
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class ProcessorImpl extends Processor

{

synchronized void barrier() {

>...

}

ProcessorThread_Manta Processorsl[];

void foo() {

Processors[0].barrier();

class ProcessorImpl extends Processor

{

synchronized void barrier() {

}

ProcessorThread_Manta Processorsl[];
void foo() {

Processors[0].barrier();

/

/I Thread running on processor 0

class ProcessorThread Manta extends
RemoteThread {

Processorlmpl localProc;
[/l “Stubs” for methods in Proces

void barrier() {

t ocalProc.barrier();
}

void run () {

localProc.foo();

/I Thread running on processor 1

class ProcessorThread Manta extends
RemoteThread {

Processorlmpl localProc;
/[ “Stubs” for methods in Processorimpl

void barrier() {
LocalProc.barrier();

}

void run () {

localProc.foo();

Fig, 7 Communication in the Manta version using RMI, running on 2 processors.
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7 Problems porting (distributed) C code to Java

7.1 Floating point issues

One of the differences between C and Java is therftpabint handling. Java has a
strictly defined floating-point model (using 64-bit precisiom ftoubles), whereas the
floating point precision of C usually depends on the CPU onhnttie software is run.
On the x86 architecture of the DAS [7] for example, thatffa-point precision for
doubles is 80 bits. The difference is in practice almost nbtgign terms of precision,
but this difference can accumulate as results of tipasaare being used over and over
again.

This difference in floating point handling also impedesflbeting-point performance; to

ensure floating point compatibility with the Java defined ddanh, the values have to be
truncated to the 64 bit precision for every floating-poingration in hardware, making

effective use of the floating point pipeline virtually impossib

Throughout the Suel code, doubles are tested for equalitgrbgaring them directly. In

Java, checking two doubles for equality can't be done direxs really small differences
in both values may become visible, and possibly provide woteg results. To

circumvent this, the Barnes-Hut Java code uses epsilorsvaltben comparing doubles.
At one place in the original code, where the maximum of tfpessibly equal) doubles
was determined, inconsistencies in the results appearedC Tdode had to be modified
by including an epsilon value in the comparison to makethgreutcome of the result is
consistent with the Java version.

7.2 Lack of pointer arithmetic

An advantage of C code is the use of pointers, and theett@ineous operations possible
on these pointers. Pointer arithmetic proves especialjuuén dealing with arrays,
which introduces significant overhead in object creation @wmying when porting C
code directly to Java, for instance if parts of arrases addressed as arrays themselves.
The ExchangelntArray function is a good example; in the dgram, parts of the array
are adressed as separate arrays and sent to the rgmutessors. In the
ExchangelntArray function in the Java program, the wholayais sent to each remote
processor, as the array size is relatively small.

7.3 Overhead of temporary object creation

Another issue that should be kept in mind when porting pragtardava is the fact that
creating temporary objects is usually expensive. In €iructure can be declared as a
local variable to a function, so it is allocated dikecin the stack. This structure can be
used throughout the function, possibly passing a pointéroto o other procedures (this
pointer is valid only in the local function!). The allocation tbfs structure does not
impose a performance penalty, as it is just a mafténanementing the stack pointer
during the stack frame creation. In Java, however, tempotgects can only be created
by calling thernew function, possibly invoking a constructor as well. Theseab do
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have the advantage that they are not restricted to Usealand can be used anywhere in
the code. Sun’s JDK handles the allocation of temorary tdajacts relatively efficiently
by means of escape analysis, whereas Manta curidmgly not. This becomes painfully
clear during dynamic object creation in recursive functisapjacing a vec3 object by
three separate doubles in a recursive function somewlherthei Manta compiled
(sequential) Barnes-Hut code improved the performancefdstar of two.

7.4 Garbage collector issues

In the Barnes-Hut application, support for explicitly callitg garbage collector has
been added. As the parallel version is run on multiple maghalerunning their own
runtime system, each processor runs the garbage collebenever it thinks it is the
right moment to do so. This may produce the unwanted sfdet aff one processor
delaying the entire application, as garbage collection meg @anoticeable amount of
time. For example, if the first processor calls the ggebcollector during the first
iteration, the second somewhere during the second iteratidrgaaan, a lot of time is
wasted, as all non-garbage collecting processors arelikalgtidle during the garbage
collection of the other(s). The garbage collecting procaasbe made more deterministic
by calling the garbage collector explicitly everh iteration, where: can be tuned for
maximum performance (this depends of course on the probkieen and available
memory). This effectively synchronizes the garbage catlecamong the different
processors, so evemyth iteration will take a little longer

7.5 Bugs

A number of bugs were encountered in the Sun’s currentllRKuring the port of the
Barnes-Hut application, which severely limit its applicaypilh the field of distributed
computing:

1. With Sun’s JDK 1.2 on Linux with the JIT enabled, thetilag-point results were
sometimes completely random, running the multithreadedntasiahe Barnes-Hut
RMI implementation. This is most likely a bug in the J§,running Java without the
JIT showed correct results.

2. For some reason, it was not possible to run the JDK 1sibweon more than 4
processors using Sun’s RMI protocol (the program would casggmentation
violation if more than 4 processors were used).
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8 Performance

8.1 Overview

In this section, a performance comparison is given betweermoriginal C version, the
Java RMI version and the Manta Java version. The expatamare run on the DAS (on a
local cluster), consisting of 128 nodes. Each node is equippgbhdawi00 MHz Pentium
Pro Processor, 128 MB of EDO-DRAM, and a 2.5 GB |IDEdHsk. Two different
networks connect the nodes: a switched 1.28 Gbit/sec Myrinet rif\Nork and a 100
Mbit/sec Fast Ethernet network. The operating system iss&bd Hat Linux, version
2.0.36. All numbers were obtained by specifying the followdagnmand line options for
the Barnes-Hut program: “-M10 —tstop 1.0 —dtime 0.025 —eps 0.000000625%t Thes
parameters make the program run 40 iterations, using a maxah@t bodies per leaf
node, and an epsilon value of 0.000000625. The Java versions fotram use the
extra command line options “-trim-arrays —gc-interval 5”egsl noted otherwise, which
specify explicit garbage collection every 5 iterations andextra array copy in the
communication code. The C program and the Manta Java vengamin on the Myrinet
network; the Sun JDK version is run on the Fast EthernetonletWwhe numbers and
profiling information are acquired by accumulating the tispent in each phase for all
iterations. The timing information is printed at the efithe program execution.

8.2 Speedups

In the test runs, the number of bodies is kept relatively because a problem with the
Java virtual machine of the JDK 1.2 prevents it from runnintp Wirge amounts of
bodies. The JDK RMI version of the code is limited to diolyr processors, as the RMI
version crashes when run using JDK 1.2 and more then fooegwars are used. Tests
using Manta indicate that the source of this problem istalsdava virtual machine. A
drawback of the relatively low amount of bodies is thettemt speedups are only possible
on few CPUs for Manta. The Suel code already reachepeadup of 7.62 on 8
processors using 30000 bodies, whereas the Manta version raasgessdup of 6.54 on 8
processors in this case. Figure 8 illustrates this.ntinebers are given in Appendix A.

The profiling information generated by the Java prograsnshawn in figures 9 and 10
indicates that the bottleneck in both Java implemematiis the relatively poor
performance of the essential tree exchange phase, hed,large sets of bodies are used,
the load balancing phase as well. This performance prolslemainly caused by two
important aspects of both the Sun JDK RMI protocol dredJavaParty RMI protocol;
both protocols are synchronous, and require serializafiobjects.

The BSP implementation of the Suel code uses asynchronousurication, whereas
both Java versions use synchronous communication to distributeethénformation.

This is one of the reasons for the poor performance ofat® dode on larger sets of
processors and small sets of bodies. If asynchronous megsassjag has a two way
latency ofn microseconds, the two way latency of the total synchronmssage passing
is equal tor times the number of processors. As larger amoundatd are sent, the
influence of the latency on the message passing diminisidetha influence of the actual
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Manta Code Profile (1000 Bodies)
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data transmission becomes more significant, which agthe better performance using
larger sets of bodies.

Another source of overhead is the serialization requirexdnal objects using RMIs. This
is especially true for the Sun JDK version, as the ®lampiler generates optimized
native serialization code. This is illustrated by the udea slightly modified
communication mechanism (explained on page 15) which perfésnasvih serialization
during the essential tree exchange phase, giving a 5-10 pereerall performance
increase when run on 4 processors.

The Sun JDK RMI version crashes when run using as ktte30000 bodies. The
speedups obtained by the Sun JDK RMI version are very pda®ristmainly caused by
the overhead of the RMI protocol [9], which is partially ipteted and requires the
creation of several temporary objects in its criticahpdhis limits the use of the Sun
JDK RMI protocol to applications that involve very coarsergd parallel problems
where its high latency does not have a large influencé@roverall performance. The
performance of the force computation phase is practichkly game in both Java
implementations, indicating the heavy use of floating-point codthis phase, which
cannot be optimized much by Manta.

8.3 Performance difference between and C / Java

In the essential tree exchange phase, the differengeedretManta and JDK 1.2 is
relatively small in terms of performance, and is aboiaictor 3 slower than the compiled
C code. This is a direct result of Manta’s strict adhee to the Java floating point
standard; the load / store required for converting Itraifg-point values to 64 bits has a
tremendous performance impact, hindering effective usadeedfdating point unit. It is
worth noting, however, that the floating-point performadoes scale linearly with the
number of CPUs. In the other phases, the performance uataMtarts approaching the C
performance.

8.4 Optimizations

Explicitly calling the garbage collector, which synchrosizéhe garbage collection
process between all processors, may increase the mparfoe by as much as 5%, as
shown in figure 11. However, as large amounts of bodiesused, garbage collection
may still be done implicitly during the essential treehewme phase, due to the high
memory overhead caused by the creation of array objectstriiiarray option, which
minimizes the data traffic between the processors duhiegessential tree exchange
phase (discussed on page 15) may increase performanceottnerafi%, as shown in
figure 11.

The actual performance gain for both optimizations dependdyhighthe number of
processors and the number of bodies.
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9 Conclusion and future work

This thesis describes the process of porting a distributBddy algorithm (Barnes-Hut)
from C to Java, and gives a discussion of the problemsuatered during the process.
Two versions of the Java program were made, using tworaitfdRMI protocols (the
Sun JDK RMI protocol and the Manta RMI protocol, whichb&sed on the JavaParty
model) for communication.

The performance of the Barnes-Hut application in Jayaadmising. Although the Sun
JDK version does not perform to well, the Manta version yresl acceptable speedups.
Using 8 processors and a system consisting of 30000 bodiddattia version reaches a
speedup of 6.54, in which case the C code reaches a speedup dfhé.&2alability of
the Java programs, however, is worse than the scalatfilithe original C program. This
is caused by the lack of asynchronous communication in thdRtMioprotocols, which
has a dramatic impact on the total latency in the ésséme exchange phase, when large
amounts of data have to be transmitted. The absoldtermance of the Java versions is
reduced by the poor floating performance, imposed by ttiet adherence to the Java
floating-point standard. This problem is widely recogdias one of the most important
deficiencies of Java, and is currently being looked into.

Distributed programming using Java and RMIs for communinas feasible for coarse-
grained parallel programs. However, the performance depwraddly on the structure of
the communication code, in particular when using the Sun JDK PBidiocol. A
communication aspect that may exert a large influenctemperformance is the use of
arrays of objects as parameters of RMIs, as timstngsion of large arrays may affect the
latency to a large extent because of network load a@ndligation overhead. Array
copying and trimming may improve performance, if the rédacof the network traffic
justifies extra object creation costs. The lack of asymmous communication also has an
impact on the latency when using larger sets of processoss total point-to-point
communication scheme. Synchronizing the garbage collectiorxfiilicidy calling the
garbage collector may improve performance.

There is still some more performance to be gainedcidlyeon larger systems. The use
of threads to perform the actual RMIs may improve thenkey when larger sets of
processors, or large datasets are used.
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Appendix A: Performance results

Suel C code (gcc -03)

Average time per iteration (ms)

Speedups

Manta Java code

Average time per iteration (ms)

(-trim-arrays -gc-interval 5)

Speedups

JDK 1.2 Java code

Average time per iteration (ms)

(-trim-arrays -gc-interval 5)

Speedups

Performance ("C"=1)

Cpu's
Bodies 1 2 4 8 16 32
1000 55 31 20 19 25 13:
3000 270 141 76 46 39 51
10000 1713 871 448 241 139 292
30000 9820 4949 2520 1288 677 383
Cpu's
Bodies 1 2 4 8 16 32
1000 1.0C 1.77 2.7 2.8¢ 2.2 0.41
3000 1.0C 1.91 3.5t 5.87 6.92 5.2¢
10000 1.0C 1.97 3.82 7.11 12.32 5.87
30000 1.0C 1.9¢ 3.9C 7.62 14.51 25.6¢
Cpu's
Bodies 1 2 4 8 16 32
1000 145 94 88 88 142 29¢
3000 733 407 268 203 238 381
10000 4741 2603 1394 839 619 687
30000 27554 15718 7562 4211 2566 1886
Cpu's
Bodies 1 2 4 8 16 32
1000 1.0C 1.54 1.6% 1.65 1.0Z 0.4¢
3000 1.0C 1.8C 2.74 3.61 3.0¢ 1.92
10000 1.0C 1.82 3.4C 5.6t 7.6€ 6.9C
30000 1.0C 1.7¢ 3.64 6.54 10.7¢ 14.61
Cpu's
Bodies 1 2 4 8 16 32
1000 17€ 33€ 71¢ Crast Crast Crast
3000 863 872 134« Crast Crast Crast
10000 5354 402z 406~ Crast Crast Crast
30000 Crast Crast Crast Crast Crast Crast
Cpu's
Bodies 1 2 4 8 16 32
1000 1.00 0.52 0.24
3000 1.00 0.99 0.64
10000 1.00 1.33 1.32
30000
Version
Bodies |C Manta JDK
1000 1.0C 2.64 3.2C
3000 1.0C 2.71 3.2C
10000 1.0C 2.71 3.1z
30000 1.0C 2.81
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Manta Java code Profile

1000 Bodies

CPUs 1 2 4 8 16 32
load balancing 116 163 942 1037 2539 6572
tree construction 557 310 147 79 45 30
center of mass computation 69 37 21 6 8 2
essential tree exchange 2 630 1025 1560 2500 4691
center of mass update 0 17 20 26 27 24
force computation 4713 2334 1159 583 289 149
position update 110 58 22 13 8 5
explicit garbage collection 101 120 115 133 160 183
total 5668 3669 3451 3437 5576 11656
10000 Bodies
CPU’s 1 2 4 8 16 32
load balancing 1163 6234 2398 1439 2510 7679
tree construction 7299 3514 1700 843 435 226
center of mass computation 952 487 223 93 41 20
essential tree exchange 0 3738 5998 7614 9100 12154
center of mass update 0 90 154 191 173 160
force computation 173116 85700 42496 21330 10729 5392
position update 1270 644 305 144 72 40
explicit garbage collection 1122 1113 1094 1099 1088 1122
total 184922 101520 54368 32753 24148 26793

JDK 1.2 Code Profile

1000 Bodies

CPU’s 1 2 4
load balancing 200 2317 7060
tree construction 821 456 293
center of mass computation 92 78 25
essential tree exchange 4 6999 18846
center of mass update 2 22 32
force computation 5248 2729 1336
position update 187 104 49
explicit garbage collection 318 434 400
total 6872 13139 28041

10000 Bodies

CPU’s 1 2 4
load balancing 2141 4696 6017
tree construction 11926 4970 2599
center of mass computation 1282 656 313
essential tree exchange 1 46431 98544
center of mass update 0 120 203
force computation 189813 97094 48608
position update 2113 1079 532

explicit garbage collection 1530 1849 1755




Explicit garbage collection

GC Interval | 0 1 2 3 4 5
Average Iteration Time(ms) | 299 314 286 287 292 287
Array trimming
Bodies No Trimming Trim Array 4 CPUs
3000 291 285 Average Iteration Time(ms)
10000 1579 1570
Bodies No Trimming Trim Array 8 CPUs
3000 245 220 Average Iteration Time(ms)
10000 996 958

Custom serialization

Bodies No Serialize Serialize
3000 277 261
10000 1404 1359

4 CPUs
Average Iteration Time(ms)

33



