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Abstract

Java’s support for parallel and distributed processingasake language attractive for
metacomputing applications, such as parallel applicatibat run on geographically distributed
(wide-area) systems. To obtain actual experience witha& dantric approach to metacomput-
ing, we have built and used a high-performance wide-area Sgstem, called Manta. Manta
implements the Java Remote Method Invocation (RMI) modieigudifferent communication
protocols (active messages and TCP/IP) for different nedsvoThe paper shows how wide-
area parallel applications can be expressed and optimigied dava RMI. Also, it presents
performance results of several applications on a wide-system consisting of four Myrinet-
based clusters connected by ATM WANs. We finally discussradi#/e programming models,
namely object replication, JavaSpaces, and MPI for Java.

1 Introduction

Metacomputing is an interesting research area that tries to integeatgraphically distributed
computing resources into a single powerful system. Many applications can Hemafisuch an
integration [14, 32]. Metacomputing systems support such applications by addressiag like
resource allocation, fault tolerance, security, and heterogeneity. Méatomeputing systems are
language-neutral and support a variety of programming languages. Recentlytihtesesdso
arisen in metacomputing architectures that are centered around a sirgglade@. This approach
admittedly is restrictive for some applications, but also has many aalyasit such as a simpler
design and the usage of a single type system. In [36], the advantages of a Jaaapgntrach
to metacomputing are described, including support for code mobility, distributed pgdamsm,
distributed garbage collection, and security.

*This is a preprint of an article accepted for publication in “Concurrency eanhd Experience©1999 John
Wiley & Sons Ltd



In this paper, we describe our early experiences in building and using a high-pamnizem
Java-based system for one important class of metacomputing applicationtel garaputing on
geographically distributed resources. Although our system is not a completeomgtating en-
vironment yet (e.g. it currently provides neither code mobility nor fault toleraitas)interesting
for several reasons. The system, callddnta focuses on optimizations to achieve high perfor-
mance with Java. It uses a native compiler and an efficient, light-weijht(Remote Method
Invocation) protocol that achieves a performance close to that of C-based RteCqis [25]. We
have implemented Manta on a geographically distributed system, dal&dconsisting of four
Pentium Pro/Myrinet cluster computers connected by wide-area ATM links. Hudtirey sys-
tem is an interesting platform for studying parallel Java applications on gaugedly distributed
systems.

The Java-centric approach achieves a high degree of transparency and hideetadsygf the
underlying system (e.g., different communication substrates) from the prograrforeseveral
high-performance applications, however, the huge difference in communicatictsdpetsveen
the local and wide-area networks is a problem. In our DAS system, for examlea &8I over
the Myrinet LAN costs about 4sec, while an RMI over the ATM WAN costs several millisec-
onds. Our Java system therefore exposes the structure of the wide-area sytbie@pjolication,
so applications can be optimized to reduce communication over the widerdeea |

This paper is based on our earlier work as published in [34]. We show how wid@anaéel
applications can be expressed and optimized using Java RMI and we discusddimamere of
several parallel Java applications on DAS. We also discuss some shorgsoaiithe Java RMI
model for wide-area parallel computing and how this may be overcome by adagtngefefrom
alternative programming models. The outline of the paper is as follows. lio8&ctve describe
the implementation of Manta on our wide-area system. In Section 3 we desarilexperiences
in implementing four wide-area parallel applications in Java and we discesgerformance. In
Section 4 we discuss which alternative programming models may contribameRMI-based pro-
gramming model. In Section 5 we look at related work and in Section 6 weogiveonclusions.

2 A wide-areaparallel Java system

In this section, we will briefly describe the DAS system and the original Msydtem (as designed
for a single parallel machine). Next, we discuss how we implemented Manteavide-area DAS
system. Finally, we compare the performance of Manta and the Sun JDK on theyBi&#s

2.1 Thewide-area DAS system

We believe that high-performance metacomputing applications will typicallprueollections of
parallel machines (clusters or MPPs), rather than on workstations at randgnagkic locations.
Hence, metacomputing systems that are used for parallel processing Wwiéraechically struc-
tured. The DAS experimentation system we have built reflects this basimpsien, as shown in
Figure 1. It consists of four clusters, located at different universiti#g@eNetherlands. The nodes
within the same cluster are connected b¥ Gbit/sec Myrinet [7]. The clusters are connected by
dedicated 6 Mbit/s wide-area ATM networks.



Delft Leiden

24 24

VU Amsterdam UVA Amsterdam

28 24

[any

Figure 1. The wide-area DAS system.

The nodes in each cluster are 200 MHz/128 MByte Pentium Pros. One of the clusté28na
processors, the other clusters have 24 nodes each. The machines run RedHat kionxX2/@136.
The Myrinet network is a 2D torus and the wide area ATM network is fully connectied system,
called DAS, is more fully described in [29] (and bttp://www.cs.vu.nl/da3/

2.2 TheManta system

Manta is a Java system designed for high-performance parallel computing. kieaity [28],
Manta uses a separatemotekeyword to indicate which classes allow their methods to be in-
voked remotely. This method is somewhat more flexible and easier to usentieniting from
java.rmi.server.UnicastRemoteObjdtite standard RMI mechanism). JavaParty requires a pre-
processor for implementing this language extension; for Manta, we have modified outerompi
Except for this difference, the programming model of Manta is the same as thandastl RMI.
Manta uses a native compiler and an optimized RMI protocol. The most importaantade of a
native compiler (compared to a JIT) is that it can do more aggressive aptions and therefore
generate better code. The compiler also generates the serialization anidld@dion routines,
which greatly reduces the runtime overhead of RMIs. Manta nodes thus contaixethdable
code for the application and (de)serialization routines. The nodes communithteagh other
using Manta’s own light-weight RMI protocol.

The most difficult problem addressed by the Manta system is to allow interougrabth
other JVMs. One problem is that Manta has its own, light-weight RMI protocol that@npat-
ible with Sun’s JDK protocol. We solve this problem by letting a Manta node also conuate
through a JDK-compliant protocol. Two Manta nodes thus communicate using our fast protocol,
while Manta-to-JVM RMIs use the standard RMI protocol.

Another problem concerning interoperability is that Manta uses a native compstead of a
byte code interpreter (or JIT). Since Java RMIs are polymorphic [35], Manta nodébemwlsle to



send and receive byte codes to interoperate with JVMs. For example, ibdéeremethod expects a
parameter of a certain cla€s the invoker may send it an object of a subclas€of his subclass
may not yet be available at the receiving Manta node, so its byte code may havetodwed and
integrated into the computation. With Manta, however, the computation isemu&ble program,
not a JVM. In the reverse situation, if Manta does a remote invocation to a nadeng a JVM,
it must be able to send the byte codes for subclasses that the receiving JVM does hranteyet
Manta solves this problem as follows. If a remote JVM node sends byte code to ahbaletethe
byte code is compiled dynamically to object code and this object code is linked intarthang
application using thélopen() dynamic linking interface. Also, Manta generates byte codes for
the classes it compiles (in addition to executable code). These byte codesra at an http
daemon, where remote JVM nodes can retrieve them. For more details, wrefg).

The Manta RMI protocol is designed to minimize serialization and dispatethead, such as
copying, buffer management, fragmentation, thread switching, and indirect mehed Manta
avoids the several stream layers used for serialization by the JDlkabhsRMI parameters are
serialized directly into a communication buffer. Moreover, the JDi€éash layers are written in
Java and their overhead thus depends on the quality of the interpreter or JITnta, Mk layers
are either implemented as compiled C code or compiler-generated native Eederogeneity
between little-endian and big-endian machines is achieved by sending da¢aniative byte order
of the sender, and having the receiver do the conversion, if necéssarjurther optimization, the
Manta compiler heuristically checks whether a method called via RMI makblagng execution.
If the compiler can exclude this, remote invocations are served withoutthreation at the server
side. Otherwise, threads from a thread pool are used to serve remote nmetheations.

To implement distributed garbage collection, the Manta RMI protocol also kesgsof object
references that cross machine boundaries. Manta uses a mark-and-sweepmnalgeicuted by
a separate thread) for local garbage collection and a reference counting rsecHianremote
objects.

The serialization of method arguments is an important source of overheadtoigiMI im-
plementations. Serialization takes Java objects and convertdigg=jishem into an array of bytes.
The JDK serialization protocol is written in Java and uses reflectiaetermine the type of each
object during run time. With Manta, all serialization code is generatethé&ygompiler, avoiding
the overhead of dynamic type inspection. The compiler generates a specialiaidag®n and
deserialization routine for every class. Pointers to these routinedaaesl sn the method table.
The Manta serialization protocol optimizes simple cases. For exampleragnvehose elements
are of a primitive type is serialized by doing a direct memory-copy into thesage buffer, which
saves traversing the array. Compiler generation of serialization isfathe major improvements
of Manta over the JDK [25].

In the current implementation, the classes of serialized objects argfdreed as numerical
type identifiers. They are only consistent for the application binary for which liaeg been
generated by the Manta compiler. This implies that Manta’s RMI is type sdfeng as all nodes
of a parallel run execute the same binary. When combining different applidaitianies, type
inconsistencies may occur. Due to the same problem, Manta’s serialirasigrcurrently only
be used for persistent storage when the same application binary stores ahobldseserialized

IManta supports the serialization and deserialization protocols needepporsheterogeneous systems, but the
underlying Panda library does not yet support heterogeneity, as it dbds byte-conversions on its headers yet.
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Figure 2: Wide area communication based on Panda

objects. The replacement of Manta’s numerical type identifiers by a globally uraquaehgence
type safe) class identification scheme is subject to ongoing work.

2.3 Mantaon thewide area DAS system

To implement Java on a wide-area system like DAS, the most important prableow to deal
with the different communication networks that exist within and betweenetsisiAs described
in Section 2.1, we assume that wide-area parallel systems are hieaflychiuctured and consist
of multiple parallel machines (clusters) connected by wide area networksLANe (or MPP
interconnects) used within a cluster typically are very fast, so mjgortant that the communi-
cation protocols used for intra-cluster communication are as efficient aglgosinter-cluster
communication (over the WAN) necessarily is slower.

Most Java RMI implementations are built on top of TCP/IP. Using a stanaamnsnunication
protocol eases the implementation of RMI, but also has a major performanceypen@P/IP
was not designed for parallel processing, and therefore has a very high overhtzesti DANS
such as Myrinet. For the Manta system, we therefore use different protocofgriciuster and
inter-cluster communication.

To obtain a modular and portable system, Manta is implemented on top of a sepanateni-
cation library, called Panda [3]. Panda provides communication and multiihgeprimitives that
are designed to be used for implementing runtime systems of various panadjeblges. Panda’s
communication primitives include point-to-point message passing, RPC, and brtoddeagrim-
itives are independent of the operating system or network, which eases porting ojasguale-
mented on top of Panda. The implementation of Panda, however, is structuredhia way that
it can exploit any useful functionality provided by the underlying system (e.g. btellmessage
passing or broadcast), which makes communication efficient [3].

Panda has been implemented on a variety of machines, operating systemswamksaekhe
implementation of Manta and Panda on the wide-area DAS system is shown i Rigufor
intra-cluster communication over Myrinet, Panda internally uses the LF@nzontation system
[6]. LFC is a highly efficient, user-space communication substrate for Myraieitilar to active
messages.

For inter-cluster communication over the wide-area ATM network, Panda usetedieated
gatewaymachine per cluster. The gateways also implement the Panda primitivesjdpndrs
communication over both Myrinet and ATM. A gateway can communicate with thehimes in



its local cluster, using LFC over Myrinet. In addition, it can communicatl gateways of other
clusters, using TCP/IP over ATM. The gateway machines thus forwafettrafand from remote
clusters. In this way, the existence of multiple clusters is transparénétManta runtime system.
Manta’'s RMI protocol simply invokes Panda’s communication primitives, twimternally calls
LFC and/or TCP/IP.

The resulting Java system thus is highly transparent, both for the programmer ariflthe
implementor. The system hides several complicated issues from the prografonexample,
it uses a combination of active messages and TCP/IP, but the applicationrpnograees only
a single communication primitive (RMI). Likewise, Java hides any dhffiees in processor-types
from the programmer.

As stated before, parallel applications often have to be aware of theus&ruadt the wide-
area system, so they can minimize communication over the wide-area IMista programs
therefore can find out how many clusters there are and to which clustemangahine belongs. In
Section 3, we will give several examples of how this information can be osgatimize programs.

2.4 Performance measurementson the DAS system

Table 1 shows the latency and throughput obtained by Manta RMI and Sun JDK RMI over the
Myrinet LAN and the ATM WAN. The latencies are measured for null-RMIs, chhiake zero
parameters and do not return a result. The maximum throughputs are measured$ah&MNHke
a large array as parameter. The Manta measurements were run on the Linatngpgystem.
With Sun JDK over ATM, we used JDK version 1.1.6 on Linux. The performance of theaiD
Myrinet was measured on BSD/OS (using the JDK 1.1.4), because we do not have a Linfx port
the JDK on Myrinet yet.

For intra-cluster communication over Myrinet, Manta is much faster thadDK, which uses
a slow serialization and RMI protocol, executed using a byte code interpkédata uses fast seri-
alization routines generated by the compiler, a light-weight RMI protocol, aedfiarent commu-
nication protocol (Panda). The maximum throughput of Manta is 38.0 MByte/sec. A perfamanc
breakdown of Manta RMI and JDK RMIl is given in [25].

For inter-cluster communication over ATM, we used the wide area link leiwiee DAS clus-
ters at VU Amsterdam and TU Delft (see Figure 1), which has the longesiciatand largest
distance) of the DAS wide-area links. The difference in wide-area RMhiat between Manta
and the JDK is 1.2 msec. Both Manta and the JDK achieve a maximum wide-avaghput of
0.55 MByte/sec, which is almost 75% of the hardware bandwidth (6 Mbit/sec). Tieeedi€es in
wide-area latency between Manta and the JDK are due to Manta’s morergferialization and
RMI protocols, since both systems use the same communication layer (TCRARTOM.

3 Application experience

We implemented four parallel Java applications that communicate via RMikllyi the appli-

cations were designed for homogeneous (local area) networks. We adapted theselisstgyle
versions to exploit the hierarchical structure of the wide-area system bynming the communi-
cation overhead over the wide area links, using optimizations simil&ogetdescribed in [4, 29].



Table 1: Latency and maximum throughput of Manta and Sun JDK

Myrinet ATM

Latency Throughput Latency Throughput
(M9 (MByte/s) (M9 (MByte/s)

Manta 42.3 38.0/ 4350 0.55

Sun JDK‘ 1228 4.66‘ 5570 0.55

Below, we briefly discuss the original (single cluster) applications as agethe wide-area opti-
mized programs and we give performance measurements on the DAS system. \jgeeselyt
results for Manta, as other competitive Java platforms (e.g., the JDK arfe)) kéaé not yet avail-
able on the DAS system (using Myrinet and Linux).

For each of the four programs, we will analyze its performance on the wide-&8a{ktem,
using the following approach. The goal of wide-area parallel programming is tonotgter
speedups on multiple clusters than on a single cluster. Therefore, we havg®dehe speedups
of each program on a single DAS cluster and on four DAS clusters, the latterawit without
wide-area optimizations. In addition, we have measured the speedups on a sistge wiith
the same total number of nodes, to determine how much performance is lost by usiigemult
distributed clusters instead of one big centralized cluster. (All speemhepsomputed relative to
the same program on a single machine.)

The results are shown in Figure 8. The figure contains four bars for each appligatiog,the
speedups on a single cluster of 16 nodes, four clusters of 16 nodes each (with and witleaut wi
area aware optimizations), and a single cluster of 64 nodes. The differenceebetve first two
bars thus indicates the performance gain by using multiple 16-node clusters (@rdiféeations)
instead of a single 16-node cluster, without any change to the application source ribneaece
gain achieved by the wide-area optimizations can be seen from the diffdretveeen the second
and the third bar of each application. Comparing the second and the third barkevitutth bar
shows how much performance is lost (without and with wide-area optimizatilresho the slow
wide-area network. (The 64-node cluster uses the fast Myrinet network betWweedes.)

3.1 Successive Overrelaxation

Red/black Successive Overrelaxation (SOR) is an iterative meth@blving discretized Laplace
equations on a grid. Here, it is used as an example of nearest neighbor pataitelzathods.
SOR is an iterative algorithm that performs multiple passes over angelar grid, until the grid
changes less than a certain value, or a fixed number of iterations has bdedretire new value
of a grid point is computed using a stencil operation, which depends only on the previous value of
the point itself and its four neighbors on the grid.

The skeleton code for the single-cluster parallel Java program for SOR s igiiegure 3.
The parallel algorithm we use distributes the grid row-wise among theaél@iprocessors, so
each machine is assigned several contiguous rows of the grid, denoted by thé LB¢odB (for
lower bound and upper bound). Each processor runs a Java thread &@Rs#hich performs the
SOR iterations until the program converges (seertimemethod). Each iteration has two phases,



for the red and black grid points. The processes are logically organized inea imay. Due to
the stencil operations and the row-wise distribution, every process needswaoéthe grid from
its left neighbor (rowLB — 1) and one row from its right neighbor (rauB + 1). (Exceptions are
made for the first and last process, but we have omitted this from our sketeter) c

At the beginning of every iteration, each SOR thread exchanges rows witftinld right
neighbors and then updates its part of the grid using this boundary information from its nsighbor
The row exchange is implemented using a remote object of Biags each processor. This object
is a buffer that can contain at most one row. It has synchronized methods to put aladeget

public remote class Bin {
public synchronized void put(double [] row) {
Wait until the bin is empty and save the new row.

}

public synchronized double [] get() {
Wait until the bin is full and return the row.

}

}

public remote class SOR extends RemoteThread {
private Bin leftBin, rightBin; // Remote bins of left and right neighbors.
private Bin myLeftBin, myRightBin; // My own bin objects.
private double[][] matrix; // The matrix we are calculating on.

public void sendRows() {
leftBin.put(matrix[LB]); // synchronous RMI (first row of my partition)
rightBin.put (matrix[UB]); // synchronous RMI (last row of my partition)
}

public void receiveRows() {
matrix[LB-1] = myLeftBin.get();
matrix[UB+1] = myRightBin.get();
}

public void run() {
do { // do red/black SOR on the interval LB .. UB
sendRows () ; // Send rows LB and UB to neighbors
receiveRows(); // Receive rows LB-1 and UB+1
Calculate red fields in local rows LB ... UB

sendRows () ; // Send rows LB and UB to neighbors
receiveRows(); // Receive rows LB-1 and UB+1

Calculate black fields in local rows LB ... UB

} while (....)

Figure 3. Code skeleton for SOR, implementation for single cluster.

On a local cluster with a fast switch-based interconnect (like Myrinke exchange between
neighbors adds little overhead, so parallel SOR obtains a high efficiency. @iesavrea system,
however, the communication overhead between neighbors that are locatddrentitlusters will
be high, as such communication uses the WAN. The Java program allocates neighbomsggsoc
to the same cluster as much as possible, but the first and/or last procesh tiwester will have
a neighbor in a remote cluster. To hide the high latency for such inter-clustengoitation,
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Table 2. Performance breakdown for SOR, average times in milliseconds

clustersx CPUs optimization| speedup| total computation sendRows receiveRows

1 x 16 no 15.2| 76888 75697 419 772
4 x 16 no 37.5| 30973 18397 2088 10488
4 x 16 yes 53.9| 21601 17009 4440 152
1 x 64 no 60.6 | 19091 17828 754 509

the wide-area optimized program uses split-phase communication for exchangmgetwmeen
clusters, as shown in Figure 4. It first initiates an asynchronous send for its bpuods and
then computes on the inner rows of the matrix. When this work is finished, a blockieyeec
for the boundary data from the neighboring machines is done, after which the boundary rows are
computed.

The optimization is awkward to express in Java, since Java lacks asynchramoomsinica-
tion. It is implemented by using a separate thread (of clsslerThreadfor sending the bound-
ary data. To send a row to a process on a remote cluster, the row is festtgia newly created
SenderThread; this thread will then put the row into the Bin object of the dastinabcess on a
remote cluster, using an RMI. During the RMI, the original SOR process camaertomputing,
SO communication over the wide-area network is overlapped with comput&ayrcommunica-
tion within a cluster, the overhead of extra thread-switches slightly oghsehe benefits, so only
inter-cluster communication is handled in this way (see the metendRows

The performance of the SOR program is shown in Figure 8. We ran a problem with a grid
size of 4096x 4096 and a fixed number of 64 iterations. The program obtains a high efficiency
on a single cluster (a speedup of 60.6 on 64 processors). Without the optimization, SG& on t
wide-area system achieves only a speedup d 8A 4x 16 processors. With the latency-hiding
optimization, the speedup increases t&5%hich is quite close to the speedup on a single 64-node
cluster. Latency hiding thus is very effective for SOR. Table 2 presgmésfarmance breakdown.
It shows the total execution time in then method, the time spent computing, and the time spent
in the sendRowsand receiveRowsnethods. The times in the table are the average values over
all SOR threads of a run. Comparing the two runs witk 6 CPUs shows the effectiveness
of our optimization. With split-phase communication, the time spemea@iveRowss reduced
dramatically. The price for this gain is the creation of new threads for asynobs sending. This
is why the optimized version glendRowsakes about twice as much time as its unoptimized (non-
threaded) counterpart. In total, the split-phase communication saves ab@ac®nds compared
to the unoptimized version.

3.2 All-pairs Shortest Paths Problem

The All-pairs Shortest Paths (ASP) program finds the shortest path betwegaiamy nodes in

a graph, using a parallel version of Floyd’s algorithm. The program uses a distatce tmat is
divided row-wise among the available processors. At the beginning of itedgti@hprocessors
need the value of thigh row of the matrix. The most efficient method for expressing this commu-
nication pattern would be to let the processor containing this row (calleditherp broadcast it to



public class SenderThread implements Runnable {
private Bin dest;
private double[] row;

public SenderThread(Bin dest, double[] row) {
this.dest = dest;
this.row = row;

}

public void run() {
dest.put(row);
}
}

public remote class Bin {
// same as in single-cluster implementation

}

public remote class SOR extends RemoteThread {
private Bin leftBin, rightBin; // Remote bins of left and right neighbors.
private Bin myLeftBin, myRightBin; // My own bin objects.

public void sendRows() {
if (leftBoundary) { // Am I at a cluster boundary?
new SenderThread(leftBin, matrix[LB]).start(); // Asynchronous send.
} else {
leftBin.put(matrix[LB]); // synchronous RMI.
}

Same for row UB to right neighbor ...
}

public void receiveRows() {
matrix[LB-1] = myLeftBin.get();
matrix[UB+1] = myRightBin.get();
}

public void run() {
do { // do red/black SOR on the interval LB .. UB
sendRows () ; // Send rows LB and UB to neighbors
Calculate red fields in local rows LB+1 ... UB-1
receiveRows(); // Receive rows LB-1 and UB+1
Calculate red fields in local rows LB and UB

sendRows () ; // Send rows LB and UB to neighbors
Calculate black fields in local rows LB+1 ... UB-1
receiveRows(); // Receive rows LB-1 and UB+1
Calculate black fields in local rows LB and UB

} while (....)

Figure 4: Code skeleton for SOR, implementation for wide-area system.

all the others. Unfortunately, Java RMI does not support broadcasting, so this canrptdssed
directly in Java. Instead, we simulate the broadcast with a spanninglge#tan implemented
using RMIs and threads.

The skeleton of a single-cluster implementation is shown in Figure 5. ldBgrocesses run
a thread of clas&sp For broadcasting, they collectively call thédroadcastmethod. Inside
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broadcastall threads except the row owner wait until they receive the row. The onitietes the
broadcast by invokingransfer, which arranges all processes in a binary tree topology. Such a tree
broadcast is quite efficient inside clusters with fast local netwotlesisfer sends the row to its

left and right children in the tree, using daemon threads of Gassler A Sendercallstransfer

on its destination node which recursively continues the broadcast. For highrefficeending
inside the binary tree has to be performed asynchronously (via daemon threads) bévawgse

all intermediate nodes would have to wait until the RMIs of the whole succefssivarding tree
completed. As shown in Figure 8, ASP using the binary tree broadcast achievest #ihear
speedup when run on a single cluster. With a graph of 2500 nodes, it obtains a speed@maof 57

a 64-node cluster.

A binary tree broadcast obtains poor performance on the wide-area system, chesingihal
ASP program to run much slower on four clusters than on a single (16-node) clegt&igsire 8).
The reason is that the spanning tree algorithm does not take the topology of the widgsheaa
into account, and therefore sends the same row multiple times over the sdearea link. To
overcome this problem, we implemented a wide-area optimized broadcastr $othe one used
in our MagPle collective communication library [20]. With the optimized pragréhe broadcast
data is forwarded to all other clusters in parallel, over different vaidea links. We implement
this scheme by designating one of tAep processes in each cluster as@ordinator for that
cluster. The broadcast owner asynchronously sends the rows te@aclnatorin parallel. This
is achieved by one dedicated thread of cl8ssderper cluster. Using this approach, each row
is only sent once to each cluster. Due to the asynchronous send, all wide-area ioosneat
be utilized simultaneously. Inside each cluster, a binary tree topology is ased,the single-
cluster program. The code skeleton of this implementation is shown in Figures&héwn in
Figure 8, this optimization significantly improves ASP’s application peréoroe and makes the
program run faster on four 16-node clusters than on a single 16-node cluster. Nessrttiede
speedup on four 16-node clusters lags far behind the speedup on a single cluster of 64 nodes. This
is because each processor performs several broadcasts, for differamrieiof thek-loop (see
therun method). Subsequent broadcasts from different iterations wait for each otharth&rf
optimization therefore would be to pipeline the broadcasts by dynamically rgea¢w Sender
threads (one per cluster per broadcast), instead of using dedicated daemon tHozeslser, this
would require a large number of dynamically created threads, even increasimthe/problem
size. If a truly asynchronous RMI would be available, the excessive use of adtiticesds could
be completely avoided and the overhead related to thread creation aadl $skaéching would also
disappear. Table 3 shows a performance breakdown for ASP. It shows the &tatiex time
in the run method, the time spent computing, and the time spebtoadcast The times in the
table are the average values over all Asp threads of a run. Comparing thansvavith 4x 16
CPUs, it can be seen that the wide-area optimization saves most of theucoration costs of the
unoptimized version. But even with the optimization, wide-area communicafidrnx 16 CPUs
takes much more time, compared to 64 CPUs in a single cluster. By complagirmgmputation
times of the three configurations with 64 CPUs it becomes obvious that the inferextigpef the
4 x 16 configurations is due to slow wide-area communication.
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class Sender extends Thread {
Asp dest;
int[] row;
int k, owner
boolean filled = false;

synchronized void put(Asp dest, int[] row, int k, int owner) {
while(filled) wait();
this.dest = dest;
this.row = row;
this.k = k;
this.owner = owner;
filled = true;
notifyAll();
}

synchronized void send() {
while(!filled) wait();
dest.transfer(row, k, owner); // do RMI to a child
filled = false;
notifyAll();
}

public void run() {
while(true) send();
}
}

public remote class Asp extends RemoteThread {
private int[][] tab; // The distance table.
private Asp left, right; // My left and right successors (children) in the broadcast tree.
private Sender leftSender, rightSender; // Threads that will do the RMI to my children.

public synchronized void transfer(int[] row, int k, int owner) {
if (left !'= null) leftSender.put(left, row, k, owner);
if(right !'= null) rightSender.put(right, row, k, owner);
tab[k] = row;
notifyAl1(); // wake up thread waiting for row to arrive

}

public synchronized void broadcast(int k, int owner) {
if (this cpu is the owner) transfer(tab[k], k, owner);
else while (tab[k] == null) wait(); // wait until the row has arrived

}

public void run() { // computation part
int i, j, k;

for (k = 0; k < n; k++) {
broadcast(k, owner(k));
for (i = LB; i < UB; i++) // recompute my rows
if (i !'= k)
for (j = 0; j < n; j++)
tab[i][j] = minimum(tab[i][j], tab[il[k] + tabl[k][jl);

Figure 5: Code skeleton for ASP, implementation for single cluster.

3.3 TheTraveling Salesper son Problem

The Traveling Salesperson Problem (TSP) computes the shortest path fespessbn to visit
all cities in a given set exactly once, startiri% in one specific city. W& a branch-and-bound



class Sender extends Thread {
// Same as in single-cluster implementation.

}

public remote class Asp extends RemoteThread {

private int[]J[] tab; // The distance table.
private Asp[] coordinators; // The remote cluster coordinators.
private Sender[] waSenders; // Threads that will do the wide-area send.

public synchronized void transfer(int[] row, int k, int owner) {
// Same as in single-cluster implementation.

}

public synchronized void broadcast(int k, int owner) {
if (this cpu is the owner) {
// Use a separate daemon thread to send to each cluster coordinator.
for(int i=0; i<nrClusters; i++) {
waSenders[i] .put (coordinators[i], row, k, owner);
}
} else {
while (tab[k] == null) wait();
}
}

public void run() { // computation part
// Same as in single-cluster implementation.

}

Figure 6: Code skeleton for ASP, implementation for wide-area system.

algorithm, which prunes a large part of the search space by ignoring partial roatesd already
longer than the current best solution. The program is parallelized by distribberggarch space
over the different processors. Because the algorithm performs pruning, hotevamount of
computation needed for each sub-space is not known in advance and varies betigssmt garts
of the search space. Therefore, load balancing becomes an issue. In Bistgesystems, load
imbalance can easily be minimized using a centralized job queue. In aan¢desystem, this would
also generate much wide-area communication. As wide-area optimizatiomphamented one job
gueue per cluster. The work is initially equally distributed over the quewdsstgaling between
the cluster queues balances the load during runtime without excessive wideameacication.

The job queues amemoteobjects, so they can be accessed over the network using RMI. Each job

contains an initial path of a fixed number of cities; a processor that exebatgst computes the

Table 3: Performance breakdown for ASP, average times in milliseconds

clustersx CPUs optimization| speedup| total computation broadcast

1 x 16 no 15.6| 230173 227908 2265
4 x 16 no 2.5 | 1441045 57964 1383081
4 x 16 yes 24.3| 147943 56971 90972
1 x 64 no 57.9 61854 57878 3976
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lengths of all possible continuations, pruning paths that are longer than the current beshsol
Each processor runs om@rkerthread that repeatedly fetches jobs from the job queue of its cluster
(using RMI) and executes the job, until all work is finished.

The TSP program keeps track of the current best solution found so far, which isoyseoshe
part of the search space. Each worker contains a copy of this value in anafapttsMinimum
If a worker finds a better complete route, the program does an RMI to all other jpelkeers to
update their copies. To allow these RMIs, Mmimumvalues are declared as remote objects. The
implementation shown in Figure 7 is rather straight forward and will ndedcavery large num-
bers of workers. In that case, a (cluster-aware) forwarding tree wouldrpebetter. Fortunately,
these updates happen infrequently. Using a 17-city problem, we counted as few ass dpdag
the whole run of 290 seconds when using 64 CPUSs.

The performance for the TSP program on the wide-area DAS system is shown ie Bigur
using a 17-city problem. The runtime of our TSP program is strongly influenced by the gttual
distribution which results in different execution orders and hence in diffeamounts of routes
that can be pruned. To avoid this problem, the results presented in Figure 8 apd4Tiade
been obtained by initializing thiglinimumvalue to the length of the resulting shortest path. Con-
sequently, theMinimumobjects are never updated, but pruning is always the same, independent
of configuration and execution order. Runtime differences are thus only due to comtimmica
behavior.

As can be seen in Figure 8, the speedup of TSP on the wide-area system is orllyislighbr
than on a single 64-node cluster. Our wide-area optimized version is evenyslagter than the
unoptimized version on a single, large cluster. This is presumably becauseéstkess contention
on the queue objects when the workers are distributed over four queues. Tdlsrdgsumption,
we also used our optimized version with four queues with6#t CPUs and obtained another slight
performance improvement compared to a single queue an@4LCPUs. Table 4 supports this
presumption. It presents the speedups, the average time spent by the worker thtetadisvhile
computing, and while getting new jobs. It also shows the average number of jobs pdopesse
worker and the average time per get operation. The speedups are computed for the vatiele pa
application (the maximum time over all processes), while the time vatube table are averaged
over the worker threads.

On a single cluster, the average time per get operation with 64 CPUs igithes=eas high as
with only 16 CPUs. This fact supports the assumption that contention at the queusg@®RIUs
is a problem. Unfortunately, we were not able to directly measure the tinm¢ Spering incoming
get requests. The total time spent in tpet method is very low compared to the computation
time which explains the high speedup values. With four queues, the avgeagme is much
higher than with a single queue, because job stealing between queues takes adiditenAut
as the achieved speedups suggest, the benefits of having multiple queues more than thweigh
additional costs with getting jobs in this case.

3.4 Iterative Degpening A*

Iterative Deepening A* is another combinatorial search algorithm, basedpmated depth-first
searches. IDA* tries to find a solution to a given problem by doing a depth-fiestisaip to
a certain maximum depth. If the search fails, it is repeated with a higgench depth, until a
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public remote class Minimum {
private int minimum; // the minimum value itself
private Minimum[] PeerTable; // table of peers

public synchronized void update(int minimum){
if (minimum < this.minimum) A
this.minimum = minimum;

}

public synchronized void set(int minimum) {
if (minimum < this.minimum) {
this.minimum = minimum;

// notify all peers
for (int i=0; i < PeerTable.length; i++) {
PeerTable[i] .update (minimum) ;
}
}
}
}

Figure 7. Code skeleton for TSP, update of current best solution.

Table 4. Performance breakdown for TSP, average times in milliseconds

time get operations
clustersx CPUs optimization speedup| total computation  get| number time per get
1 x 16 no 16.0| 509768 509696 72 211 0.3
4 x 16 no 60.7 | 128173 127904 269 53 5.1
4 x 16 yes 61.1| 129965 127270 269% 53 50.9
1 x 64 no 60.9 | 128144 128094 5( 53 0.9
1 x 64 yes 61.7| 131763 127184 4579 53 86.4

solution is found. The search depth is initialized to a lower bound of the solutionalfjbathm
thus performs repeated depth-first searches. Like branch-and-bound, IDA* uses pousvog
searching useless branches.

We have written a parallel IDA* program in Java for solving the 15-puzzle (lidéng tile
puzzle). IDA* is parallelized by searching different parts of the seamed concurrently. The
program uses a more advanced load balancing mechanism than TSP, based oramogk Ezch
machine maintains its own job queue, but machines can get work from other machieeshey
run out of jobs. Each job represents a node in the search space. When a machineihed obta
a job, it first checks whether it can prune the node. If not, it expands the node by computing the
successor states (children) and stores these in its local job queue. Toegbtairach machine first
looks in its own job queue; if it is empty it tries the job queues of some other, raydmidcted
machines. We implemented one wide-area optimization: to avoid wide-areagnication for
work stealing, each machine first tries to steal jobs from machines awitscluster. Only if that
fails, the work queues of remote clusters are accessed. In each casamtheechanism (RMI) is
used to fetch work, so this heuristic is easy to express in Java.

Figure 8 shows the speedups for the IDA* program. The program takes about 5% longer on
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Figure 8: Speedups of four Java applications on a single cluster of 16 nodes, 4 WAN-cdnnecte
clusters of 16 nodes (original and optimized program), and a single cluster of 64 nodes.

Table 5: Performance breakdown for IDA*, average times in milliseconds

time jobs stolen
clustersx CPUs optimization speedup| total computation get| local remote
1 x 16 no 15.6 | 77384 75675 170 69
4 x 16 no 50.1 | 23925 19114 481 46 15
4 x 16 yes 52.5| 22782 19098 368 62 8
1 x 64 no 55.4| 21795 19107 268 70

the wide-area DAS system than on a single cluster with 64 nodes. The commmoatrhead
is due to work-stealing between clusters and to the distributed termmndgétection algorithm
used by the program. The gain of the wide-area optimization is small in thes &as obtaining
meaningful results across various parallel configurations, our IDA* implementaearches all
solutions of equal minimal depth for a given puzzle. Table 5 shows a performandel®naafor
IDA*. The times presented are averages over all threads, showing tee sipent in total, while
computing, and while getting new jobs. Comparing the two runs withlé CPUs it can be seen
that our wide-area optimization is effective, but has only a minor impact otothecompletion
time. This is because job stealing occurs infrequently. The numbers of aditaéy jobs shown
in the table are also average values over all threads. It can be sédhelaptimization helps
reducing wide-area communication by reducing the number of jobs stolen from remsiiers!
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4 Alternative programming models

We have discussed the implementation and wide-area optimization of foulepaggblications
using the RMI model. RMI supports transparent invocation of methods on remote céetts
thus is a natural extension of Java’s object model to distributed memory syskeris section,
we discuss alternative programming models and we compare them to RMI ia tdraxpres-
siveness (ease of programming) and implementation efficiency. We willsiseplicated objects
[3, 23, 26, 33], JavaSpaces [15], and MPI for Java [10]. These alternative sriwalad not been
implemented in the Manta system, so we do not provide application measurer@emtexperi-
ences in wide-area parallel programming using replicated objects andr®imbination with
other languages (Orca and C) are described elsewhere[4, 20, 29]. We fitgtdeseribe the four
programming models.

4.1 Theprogramming models

RMI. With RMI, parallel applications strictly follow Java’'s object-oriedtmodel in which client
objects invoke methods on server objects in a location-transparent way. réacke object is
physically located at one machine. Although the RMI model hides object remotenesshie
programmer, the actual object location strongly impacts application perfoemanc

Replication. From the client’s point of view, object replication is conceptually equivaletti¢o
RMI model. The difference is in the implementation: objects may be physicaiyjcated on
multiple processes. The advantage is that read-only operations can be perfocalld Without
any communication. The disadvantage is that write operations become more contplewva to
keep object replicas consistent.

JavaSpaces. JavaSpaces adapt the Linda model [16] to the Java language. Communication oc-
curs via shared datgpacesnto whichentries(typed collections of Java objects) may be written.
Inside a space, entries may not be modified, but they may be read or remowad {takn a space.

A reader of an entry providestamplatethat matches the desired entry type and also desired ob-
ject values stored in the entry. Wildcards may be used for object valuestidxddily, a space may
notify an object whenever an entry matching a certain template has bettenw8paceobjects

may be seen as objects that are remote to all communicating procesdemndearite operations

are implemented as RMiIs to space objects. JavaSpaces also suppodactiva model, allowing
multiple operations on space objects to be combined in a transaction that eitheeds or fails

as a whole. This feature is especially useful for fault-tolerant programs.

MPI. With the Message Passing Interface (MPI) language binding to Java, commmmisa
expressed using message passing rather than remote method invocationsselRreead mes-
sages (arrays of objects) to each other. Additionally, MPI defines colleaperations in which
all members of a process group collectively participate; examples are bsiad related data
redistributions, reduction computations (e.g., computing global sums), and barrierayzation.
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4.2 Comparison of the models

To compare the suitability of the models for wide-area parallel computing, wdy shree impor-

tant aspects. Table 6 summarizes this comparison. In general, we assuthe threderlying pro-

gramming system (like Manta) exposes the physical distribution of the cldsiede-area system.
This information may be used either by application programs (as with Manta) gmolgyamming

platforms designed for wide-area systems (e.g., the MagPle library [20]).

Synchronous vs. asynchronous communication. Remote method invocation is a typical exam-
ple of synchronous communication. Here, the client has to wait until the server bagtturned
the result of the invoked method. This enforces rendezvous-style synchronizatioa cifent
with another, possibly remote process. With asynchronous communication, the cdignhme-
diately continue its operation after the communication has been initiatedayitiawer check or
wait for completion of the communication operation. Asynchronous communication is@spec
important for wide-area computing, where it can be used to hide the high messayadatby
overlapping communication and computation.

MPI provides asynchronous sending and receiving. The other three models, howeven, rely
synchronous method invocation so applications have to simulate asynchronous comoungzati
ing multithreading. For local-area communication, the corresponding overheduidadtcreation
and context switching may exceed the cost of a synchronous RMI. To cope with this problem
the optimized code for SOR gets rather complicated, as has been shown in tleaip®ation.
The broadcast implementation in ASP also requires asynchronous communicatiom bioh i
original (single cluster) and wide-area optimized version. (With synchronouls &kroadcast
sender would have to wait for the whole spanning tree to complete.) The TSP code lsould a
be improved by treating local and remote communication differently when ungpitite value of
the current best solution. Fortunately, TSP is less sensitive to this probEaundeethese updates
occur infrequently. In IDA*, work stealing is always synchronous but fortunatehgqfent. So,
IDA* is hardly affected by synchronous RMI.

In conclusion, for wide-area parallel computing on hierarchical systemstlgliupporting
asynchronous communication (as in MPI) is easier to use and more efficient timgnsys-
chronous communication and multithreading.

Explicit vs. implicit receipt. A second issue is the way in which messages are received and
method invocations are served. With RMI and with replicated object#jedanvocations cause
upcalls on the server side, which is a form of implicit message receiptpktiides only explicit
message receipt, making the implementations of TSP and IDA* much hardee, iHeoming
messages (for updating the global bound or for job requests) have to be polled for by tha-applic
tions. This complicates the programs and makes them also less efficieauisbdmding the right
polling frequency (and the best places in the applications to put polling stateatgrgslifficult

[3]. With clustered wide-area systems, polling has to simultaneouskfisétte needs of LAN

and WAN communication, making the problem of finding the right polling frequency even harder
With programming models like RMI that support implicit receipt, applicatievel polling is not
necessary.
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Table 6: Aspects of programming models

RMI replication JavaSpaces MPI
send synchronous synchronous synchronous synchronous and aspushro
receive implicit implicit explicit and implicit  explicit
collective communication no broadcast no yes

JavaSpaces provide explicit operations for reading and removing entries frpace, sesult-
ing in the same problems as with MPI. Additionally, a space object may nopfitential reader
whenever an entry has been written that matches the reader’s intéfagistunately, this notifi-
cation simply causes an upcall at the receiver side which in turn hatuallggerform the read or
take operation. This causes a synchronous RMI back to the space object. The addieomehd
can easily outweigh the benefit of implicit receipt, especially when \siga- networks are used.

Point-to-point vs. collective communication. Wide-area parallel programming systems can
ease the task of the programmer by offering higher-level primitives thamapped easily onto the
hierarchical structure of the wide-area system. In this respect, we foéhd tbllective operations
(e.g., broadcast and reduction) to be of great value. The MagPle library [20] opsiiPI’'s
collective operations for clustered wide-area systems by exploiting knowsduige how groups
of processes interact. For example, a broadcast operation defines datadranalfigorocesses of
a group. MagPle uses this information to implement a broadcast that optimaligsitivide-area
links; e.g., it takes care that data is sent only once to each cluster. Reglljects that are
implemented with a write-update protocol [3] can use broadcasting for writates, and thus
can also benefit from wide-area optimized broadcast.

Programming models without group communication (like RMI and JavaSpaces) caowvidepr
such wide-area optimizations inside a runtime system. Here, the optiomgadre left to the
application itself, making it more complex. The broadcast implemented foris&® example of
such an application-level optimization that could be avoided by having group comrtionica
the programming model. The MagPle implementation of ASP [20], for example, is siongter
than the (wide-area optimized) Java version. Similarly, TSP’s global baaudd be updated using
a pre-optimized group operation.

4.3 Summary

The remote method invocation model provides a good starting point for wide-ardkelpara:
gramming, because it integrates communication into the object model. Another IeRMt's
implicit receipt capability by which RMIs are served using upcalls. Tustributes to expres-
siveness of the programming model as well as to program efficiency, espeuatilwide-area
systems.

To be fully suited for parallel systems, RMI needs two augmentations. Thefiesis asyn-
chronous method invocation, especially important with wide-area systemsethad extension
is the implementation of collective communication operations that trartséebbeénefits of MPI's
collective operations into Java’'s object model.
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Although promising at first glance, JavaSpaces does not really make widpaedke!| pro-
gramming easier, because operations on space objects are neither asynchronousctive céls
fault-tolerance becomes more important in wide-area computing, the Java$paael along with
its transaction feature may receive more attention.

5 Related work

We have discussed a Java-centric approach to writing wide-area pa@ratacomputing) applica-
tions. Most other metacomputing systems (e.g., Globus [13] and Legion [17]) supporty wéri
languages. The SuperWeb [1], the Gateway system [18], Javelin [11],n}av¢d], and Bayani-
han [31] are examples of global computing infrastructures that support Java. A langgrdge-
approach makes it easier to deal with heterogeneous systems, since thgedsthat are trans-
ferred over the networks are limited to the ones supported in the language (thasrgpbtrie need
for a separate interface definition language) [36].

Most work on metacomputing focuses on how to build the necessary infrastr{@&td® 17,
30]. In addition, research on parallel algorithms and applications is requineg, the bandwidth
and latency differences in a metacomputer can easily exceed three ofaeagnitude [12, 13,
17, 29]. Coping with such a large non-uniformity in the interconnect complicatescapph
development. The ECO system addresses this problem by automatically genepdimiged
communication patterns for collective operations on heterogeneous networks [24].pphe3\
project favors the integration of workload scheduling into the application I&Yel [

In our earlier research, we experimented with optimizing parallel progifama hierarchical
interconnect, by changing the communication structure [4]. Also, we studied thi\sgnef
such optimized programs to large differences in latency and bandwidth bethvedrAN and
WAN [29]. Based on this experience, we implemented collective commuaoicaterations as
defined by the MPI standard, resulting in improved application performancedmasea systems
[20]. Some of the ideas of this earlier work have been applied in our wide-arag@dagrams.

There are many other research projects for parallel programming in Jaeium [37] is
a Java-based language for high-performance parallel scientific computing. EiRadsvsystem
[28] is designed to ease parallel cluster programming in Java. In partidisiggoal is to run
multi-threaded programs with as little change as possible on a workstatigarcldgperion [26]
also uses the standard Java thread model as a basis for parallel programmiikg.JavaParty,
Hyperion caches remote objects to improve performance. The Do! projectdresse paral-
lel programming in Java using parallel and distributed frameworks [22nt&j[19] is a parallel
programming environment that supports object migration. Java/DSM [38] impleméNfsl @n
top of a distributed shared memory system. Breg et al. [8] study RMI pediocenand interop-
erability. Krishnaswamy et al. [21] improve RMI performance somewhd#t waching and by
using UDP instead of TCP. Nester et al. [27] present new RMI and setializaackages (drop-in
replacements) designed to improve RMI performance. The above Java systtesigned for
single-level (“flat”) parallel machines. The Manta system describettiisBipaper, on the other
hand, is designed for hierarchical systems and uses different communicatiorofgdtwdocal
and wide area networks. It uses a highly optimized RMI implementation, whiphriscularly
effective for local communication.

20



6 Conclusions

We have described our experiences in building and using a high-performance Java gt
runs on a geographically distributed (wide-area) system. The goal of our workwhtain actual
experience with a Java-centric approach to metacomputing. Java’s suppornaiéel paocessing
and heterogeneity make it an attractive candidate for metacomputing. Thesykiem we have
built, for example, is highly transparent: it provides a single communicationitprax{RMI) to
the user, even though the implementation uses several communication netwopketacdls.

Our Manta programming system is designed for hierarchical wide-area systeragample
clusters or MPPs connected by wide-area networks. Manta uses a verynefig@ive message
like) communication protocol for the local interconnect (Myrinet) and TCP/IRvide-area com-
munication. The two communication protocols are provided by the Panda library. 'Miagité-
weight RMI protocol is implemented on top of Panda and is very efficient.

We have implemented several parallel applications on this system, usa&Ud for commu-
nication. In general, the RMI model was easy to use. To obtain good performbhaqaograms
take the hierarchical structure of the wide-area system into account anshim@rthe amount of
communication (RMIs) over the slow wide-area links. With such optinonatin place, the pro-
grams can effectively use multiple clusters, even though they are codrmcstow links.

We compared RMI with other programming models, namely object replicatioaSjaces,
and MPI for Java. We identified several shortcomings of the RMI model. Incpédatj the lack of
asynchronous communication and broadcast complicates programming. MPI offers hatbsfea
(and further useful collective operations) but lacks RMI's clean objeetted model. Object
replication is closer to pure RMI but offers only broadcast-like object updafirgareful integra-
tion of these features into an RMI-based system is our next goal for a Jave:@Eagramming
platform for wide-area parallel programming.
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