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Java offers interesting opportunities for parallel conmautin particular, Java Remote Method Invocation (RMI)
provides a flexible kind of Remote Procedure Call (RPC) thppsrts polymorphism. Sun’s RMI implementation
achieves this kind of flexibility at the cost of a major runéiraverhead. The goal of this paper is to show that
RMI can be implemented efficiently while still supportinglyroorphism and allowing interoperability with Java
Virtual Machines (JVMs). We study a new approach for impletimg RMI, using a compiler-based Java system
called Manta. Manta uses a native (static) compiler instfad just-in-time compiler. To implement RMI
efficiently, Manta exploits compile time type informatioor fgenerating specialized serializers. Also, it uses an
efficient RMI protocol and fast low-level communication fareols.

A difficult problem with this approach is how to support polgrphism and interoperability. One of the
consequences of polymorphism is that an RMI implementatiost be able to download remote classes into an
application during runtime. Manta solves this problem bings dynamic bytecode compiler which is capable
of compiling and linking bytecode into a running applicatioro allow interoperability with JVMs, Manta also
implements the Sun RMI protocol (i.e., the standard RMIgeot), in addition to its own protocol.

We evaluate the performance of Manta using benchmarks gpictatpns that run on a 32-node Myrinet
cluster. The time for a null-RMI (without parameters or auratvalue) of Manta is 35 times lower than that
for the Sun JDK 1.2, and only slightly higher than that for &&>ed RPC protocol. This high performance is
accomplished by pushing almost all of the runtime overhdd&Mi to compile time. We study the performance
differences between the Manta and the Sun RMI protocols faildeThe poor performance of the Sun RMI
protocol is in part due to an inefficient implementation af firotocol. To allow a fair comparison, we compiled
the applications and the Sun RMI protocol with the native Matompiler. The results show that Manta’s null-
RMI time is still 8 times lower than for the compiled Sun RMbpocol and that Manta’s efficient RMI protocol
results in 1.8 to 3.4 times higher speedups for four out oappications.

Categories and Subject Descriptors: D.P8dgramming Techniques]: Concurrent ProgrammingBistributed
programming, Parallel programmind.3.2. [Programming L anguages]: Language ClassificationsGencurrent,
distributed, and parallel languages; Object-orienteddaages D.3.4 [Programming L anguages]: Processors—
Compilers; Run-time environments
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1. INTRODUCTION

There is a growing interest in using Java for high-performance phegiplications. Java’s
clean and type-safe object-oriented programming model and its suppaxriourrency
make it an attractive environment for writing reliable, large-scale paraitgirams. For
shared memory machines, Java offers a familiar multithreading paradigmaigtributed
memory machines such as clusters of workstations, Java provides Rerathtednvo-
cation (RMI), which is an object-oriented version of Remote Procedure(RRIC). The
RMI model offers many advantages for distributed programming, inctyd seamless
integration with Java’s object model, heterogeneity, and flexibilgldo 1998].
Unfortunately, many existing Java implementations have infegofopmance of both
sequential code and communication primitives, which is a serious distadjeafor high-
performance computing. Much effort is being invested in improving setial code per-
formance by replacing the original bytecode interpretation scheme veithirjttime com-
pilers, native compilers, and specialized hardware [Burke et al. 1999;dt@/Grafl 1997;
Muller et al. 1997; Proebsting et al. 1997]. The communication overhe&dtfimple-



mentations, however, remains a major weakness. RMI is designed for sdiemty pro-
gramming in distributed (Web based) systems, where network latenciég iorder of
several milliseconds are typical. On more tightly coupled parallel machsue laten-
cies are unacceptable. On our Pentium Pro/Myrinet cluster, for examples 3D’ 1.2
implementation of RMI obtainsiaull-RMI latency(i.e., the roundtrip time of an RMI with-
out parameters or a return value) of 1316 compared to 3{is for a user level Remote
Procedure Call protocol in C.

Part of this large overhead is caused by inefficiencies in the JDK implemeantztio
RMI, which is built on a hierarchy of stream classes that copy data and cathMnethods.
Serialization of method arguments (i.e., converting them to arrays of)igtesplemented
by recursively inspecting object types until primitive types are reachetihem invoking
the primitive serializers. All of this is performed at runtime, for eaeimote invocation.

Besides inefficiencies in the JDK implementation of RMI, a second reasondatdw-
ness of RMI is the difference between the RPC and RMI models. Java's RiélIn®
designed for flexibility and interoperability. Unlike RPC, it allswlasses unknown at
compile time to be exchanged between a client and a server and to be downiuadzd i
running program. In Java, an actual parameter object in an RMI can be a subdiass of
method’s formal parameter type. In (polymorphic) object-oriented lanegjalyedynamic
type of the parameter-object (the subclass) should be used by the metiidde static
type of the formal parameter. When the subclass is not yet known to theeedehas
to be fetched from a file or HTTP server and be downloaded into the receilier.high
level of flexibility is the key distinction between RMI and RPC [Walti#98]. RPC sys-
tems simply use the static type of the formal parameter (thereby typextory the actual
parameter), and thus lack support for polymorphism and break the objentenl model.

The key problem is to obtain the efficiency of RR@d the flexibility of Java’s RMI.
This paper discusses a compiler-based Java system, d&dlath® which has been de-
signed from scratch to implement RMI efficiently. Manta replaces Sun’smenpirotocol
processing as much as possible by compile time analysis. Manta useseaaustipiler
to generate efficient sequential code and specialized serialization routinesidtizaiele
argument classes. Also, Manta sends type descriptors for argument clalysesae per
destination machine, instead of once for every RMI. In this way, almosf #lle protocol
overhead has been pushed to compile time, off the critical path. The probligimthis
approach are, however, how to interface with Java Virtual Machines (JVMshaw to
address dynamic class loading. Both are required to support interdfigand polymor-
phism. To interoperate with JVMs, Manta supports the Sun RMI analization protocol
in addition to its own protocol. Dynamic class loading is supporteddmpiling methods
and generating serializers at runtime.

The general strategy of Manta is to make the frequent case fast. Since Bldatigned
for parallel processing, we assume that the frequent case is communicsticgeh Manta
processes, running for example on different nodes within a cluster.tavamports the
infrequent case (communication with JVMs) using a slower approach. TdreavRMI
system therefore logically consists of two parts:

—A fast communication protocol that is used only between Manta processesaliVe
this protocolManta RM| to emphasize that it delivers the standard RMI programming

1A fast, flexible, black-and-white, tropical fish that can berid in the Indonesian archipelago.



model to the user, but it can only be used for communication between Martagses.

—Additional software that makes the Manta RMI system as a whole contgalith stan-
dard RMI, so Manta processes can communicate with JVMs.

We refer to the combination of these two parts asNtemta RMI systemWe use the
term Sun RMIto refer to the standard RMI protocol as defined in the RMI specification.
Note that both Manta RMI and Sun RMI provide the same programmirdgeibut their
wire formats are incompatible.

The Manta RMI system thus combines high performance with the fléyilsihd in-
teroperability of RMI. In a grid computing application [Foster and kassmn 1998], for
example, some clusters can run our Manta software and communicate iteisiag the
Manta RMI protocol. Other machines may run JVMs, containing, for exanpapdraphical
user interface program. Manta communicates with such machines using tiRvSmno-
tocol, allowing method invocations between Manta and JVMs. Manta implenaémost
all other functionality required by the RMI specification, including hegemeity, mul-
tithreading, synchronized methods, and distributed garbage colledtiamta currently
does not implement Java’s security model, as the system is primaglydatl for parallel
cluster computing.

The main contributions of this paper are as follows.

—We show that RMI can be implemented efficiently and can obtain a performanee clos
to that of RPC systems. The null-RMI latency of Manta RMI over Myris&7 us, only
6 ps slower than a C-based RPC protocol.

—We show that this high performance can be achieved while still supggwblymor-
phism and interoperability with JVMs by using dynamic bytecode ctatiph and mul-
tiple RMI protocols.

—We give a detailed performance comparison between the Manta and Sun Rbtigiso
using benchmarks as well as a collection of six parallel applications. To alltair
comparison, we compiled the applications and the Sun RMI protocol twémative
Manta compiler. The results show that the Manta protocol results8inol3.4 times
higher speedups for four out of six applications.

The remainder of the paper is structured as follows. Design and impleloentéthe
Manta system are discussed in Section 2. In Section 3, we give a detailediadlthe
communication performance of our system. In Section 4, we discuss tfegrmpance of
several parallel applications. In Section 5, we look at related work. Sectfmes®ents
conclusions.

2. DESIGN AND IMPLEMENTATION OF MANTA

This section will discuss the design and implementation of the Mantagybtem, which
includes the Manta RMI protocol and the software extensions that makesMompatible
with Sun RMI.

2.1 Manta structure

Since Manta is designed for high-performance parallel computing, itusatve compiler

rather than a JIT. The most important advantage of a native compileatig ttan perform

more aggressive (time consuming) optimizations and therefore @ptggenerate better
code.
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Fig. 1. Manta/JVM Interoperability

The Manta system is illustrated in Figure 1. The box in the midd&edbes the structure
of a Manta process. Such a process contains the executable code for teatappind
(de)serialization routines, both of which are generated by Manta’s nativpilssnmManta
processes can communicate with each other through the Manta protocol, velsidts h
own wire format. A Manta process can communicate with any JVM (the bokenght)
through the Sun RMI protocol, using the standard RMI format (ibe format defined in
Sun’s RMI specification).

A Manta-to-Manta RMI is performed with the Manta protocol, which isali®d in
detail in the next subsection. Manta-to-Manta communication is the amaease for high
performance parallel programming, for which our system is optimized. tdsBerial-
ization and deserialization protocols support heterogeneity (RMIs betwaehines with
different byte-orderings or alignment properties).

A Manta-to-JVM RMI is performed with a slower protocol that is complatiwith the
RMI specification and the standard RMI wire format. Manta uses generitesuto
(de)serialize the objects to or from the standard format. These routseseflection,
similar to Sun’s implementation. The routines are written in C, ad of lanta’s runtime
system, and execute more efficiently than Sun’s implementation, whicltly prritten in
Java.

To support polymorphism for RMIs between Manta and JVMs, a Mantaicgtjgn
must be able to handle bytecode from other processes. When a Manta appliegtiests
bytecode from a remote process, Manta will invoke its bytecode comipilgenerate the
meta-classes, the (de)serialization routines, and the object code for thedsieds if they
were generated by the Manta source code compiler. Dynamic bytecode coongdadie-
scribed in more detail in Section 2.4. The dynamically generated object clilesid into
the application with thdlopen () dynamic linking interface. If a remote process requests
bytecode from a Manta application, the JVM bytecode loader retrieveyteedale for the
requested class in the usual way through a shared filesystem or througiT&xdd&mon.
Sun’sjavac compiler is used to generate the bytecode at compile time.

The structure of the Manta system is more complicated than that of a BAdh of
the complexity of implementing Manta efficiently is due to the need terface a sys-
tem based on a native-code compiler with a bytecode-based system. The fasiriemm
cation path in our system, however, is straightforward: the Manttopobjust calls the



compiler-generated serialization routines and uses a simple scheme to cioatewrith
other Manta processes. This fast communication path is described below.

2.2 Serialization and communication

RMI systems can be split into three major components: low-level corfoation, the RMI
protocol (stream management and method dispatch), and serialization. Belaigauss
how the Manta protocol implements each component.

Low-level communicationRMI implementations typically are built on top of TCP/IP,
which was not designed for parallel processing. Manta uses the Panda ciationn
library [Bal et al. 1998], which has efficient implementations on a varietpeifvorks.
Panda uses a scatter/gather interface to minimize the number of memory, cegidting
in high throughput.

On Myrinet, Panda uses the LFC communication system [Bhoedjang et 8|, 200ch
provides reliable communication. LFC is a network interface protocoMyrinet that
is both efficient and provides the right functionality for parallel peogming systems.
LFC itself is implemented partly by embedded software that runs on thranbtyNetwork
Interface processor and partly by a library that runs on the host. Tid #ve overhead
of operating system calls, the Myrinet Network Interface is mapped irgo $gace, so
LFC and Panda run entirely in user space. The current LFC implementationaloaffer
protection, so the Myrinet network can be used by a single process@nliyast Ethernet,
Panda is implemented on top of UDP, using a 2-way sliding windowopmns to obtain
reliable communication. The Ethernet network interface is managed by thelKer a
protected way), but the Panda RPC protocol runs in user space.

The Panda RPC interface is based orupnall model: conceptually a new thread of
control is created when a message arrives, which will execute a handler imesgsage.
The interface has been designed to avoid thread switches in simple casdse ddtilve
message handlers [von Eicken et al. 1992], upcall handlers in Panda are altoledk
to enter a critical section, but a handler is not allowed to wait for anothesagedo arrive.
This restriction allows the implementation to handle all messages asimgle thread, so
handlers that execute without blocking do not need any context switches.

The RMI protocol.The runtime system for the Manta RMI protocol is written in C.
It was designed to minimize serialization and dispatch overhead, such as g:opyifer
management, fragmentation, thread switching, and indirect method callsreAgives
an overview of the layers in the Manta RMI protocol and compares it wéhaiering of
the Sun RMI system. The shaded layers denote statically compiled code tiivhite
layers are mainly JIT-compiled Java (although they contain some nedil®. Manta
avoids the stream layers of Sun RMI. Instead, RMI parameters are serializetlydinto
an LFC buffer. Moreover, in the JDK, these stream layers are written & das their
overhead thus depends on the quality of the Java implementation. IraMdIiayers are
either implemented as compiled C code or compiler-generated native code h&lsative
code generated by the Manta compiler calls RMI serializers directly, insteagnaf the
slow Java Native Interface. Heterogeneity between little-endian and bigrendichines
is achieved by sending data in the native byte order of the sender, aimg) lia® receiver
do the conversion, if necessary.

Another optimization in the Manta RMI protocol is avoiding threadtsking overhead
at the receiving node. In the general case, an invocation is serviced at the renenéigy
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Fig. 2. Structure of Sun and Manta RMI; shaded layers run dechpode

a newly allocated thread, which runs concurrently with the applicaticratis. With this
approach, however, the allocation of the new thread and the context switits thread
will be on the critical path of the RMI. To reduce the allocation overhdas Manta run-
time system maintains a pool of preallocated threads, so the thread can b&dakédms
pool instead of being allocated. In addition, Manta avoids the contéidting overhead
for simple cases. The Manta compiler determines whether a remote methodadiaylb
the compiler can guarantee that a given method will never block, the receaartes the
method without doing a context switch to a separate thread. In this teseutrent ap-
plication thread will service the request and then continue. The compilerily makes
a conservative estimation and only guarantees the non-blocking prépentythods that
do not call other methods and do not create objects (since that might ittivekgmarbage
collector, which may cause the method to block). This analysis has to bereatige,
because a deadlock situation might occur if an application thread would sarmie¢hod
that blocks.

The Manta RMI protocol cooperates with the garbage collector to keep traefest r
ences across machine boundaries. Manta uses a local garbage collector based an a mark
and-sweep algorithm. Each machine runs this local collector, using a dedicetad that
is activated by the runtime system or the user. The distributed gadodigetor is imple-
mented on top of the local collectors, using a reference-counting mechamnisenfote
objects (distributed cycles remain undetected). If a Manta process comnasniziét a
JVM, it uses the distributed garbage collection algorithm of the SdhiRplementation,
which is based on leasing.

The serialization protocolThe serialization of method arguments is an important source
of overhead in existing RMI implementations. Serialization takes a Jajegtoand con-
verts (serializes) it into an array of bytes, making a deep copy that inclueesférenced
subobjects. The Sun serialization protocol is written in Java and edlestion to de-



termine the type of each object during runtime. The Sun RMI implementatses the
serialization protocol for converting data that are sent over the netviirk. process of
serializing all arguments of a method is calledrshalling

With the Manta protocol, all serialization code is generated by the compileiding
most of the overhead of reflection. Serialization code for most classes isatghat com-
pile time. Only serialization code for classes which are not locally availsbyenerated
at runtime, by the bytecode compiler. The overhead of this runtime cedergtion is
incurred only once, the first time the new class is used as an argument éorsethod
invocation. For subsequent uses, the efficient serializer code is then svéilateuse.

The Manta compiler also generates the marshalling code for methods. Thpdlerom
generates method-specific marshall and unmarshall functions, which (artierg)call
the generated routines to serialize or deserialize all arguments of the métbodvery
method in the method table, two pointers are maintained to dispatch tigkhenarshaller
or unmarshaller, depending on the dynamic type of the given objecimidasioptimization
is used for serialization: every object has two pointers in its method talihe serializer
and deserializer for that object. When a particular object is to be serializethetied
pointer is extracted from the method table of the object’s dynamic ayygethe serializer
is invoked. On deserialization, the same procedure is applied.

Manta’'s serialization protocol performs optimizations for simpleeoty. An array
whose elements are of a primitive type is serialized by doing a direct myecopy into
the LFC buffer, so the array need not be traversed, as is done by thérdbider to detect
duplicate objects, the marshalling code uses a table containing objattsatre already
been serialized. If the method does not contain any parameters that are objeetgeiho
the table is not built up, which again makes simple methods faster.

Another optimization concerns the type descriptors for the parameters RMI call.
When a serialized object is sent over the network, a descriptor of its tygeaiso be sent.
The Sun RMI protocol sends a complete type descriptor for every classmghe remote
method, including the name and package of the class, a version numberiesctigtion
of the fields in this class. All this information is sent for every RB&Il; information
about a class is only reused within a single RMI call. With the Manta RiMtocol, each
machine sends the type descriptor only once to any other machine. Thierfe st type is
sent to a certain machine, a type descriptor is sent and the type is giventgpeeid that
is specific to the receiver. When more objects of this type are sent to theedsstination
machine, the type-id is reused. When the destination machine receives @&sypiptbr, it
checks if it already knows this type. If not, it loads it from the locakdisan HTTP server.
Next, it inserts the type-id and a pointer to the metaclass in a tabléjtime references.
This scheme thus ensures that type information is sent only once to eaute remde.

2.3 Generated marshalling code

Figures 3, 4, and 5 illustrate the generated marshalling code. Con®@etitteExample
class in Figure 3. Thequare() method can be called from another machine, so the
compiler generates marshalling and unmarshalling code for it.

The generated marshaller for tequare () method is shown in Figure 4 in pseudo
code. Becausequare () hasStrings as parameters (which are objects in Java), a table is
built to detect duplicates. A speciateate_thread flag is set in the header data structure
becausesquare potentially blocks: it contains a method call that may block (e.g., in a
wait()) and it creates objects, which may trigger garbage collection and thus also may



import java.rmi.x;
import java.rmi.server.UnicastRemoteObject;

public class RemoteExample extends UnicastRemoteObject
implements RemoteExampleInterface {
int value;
String name;

synchronized int square(int i, String s1, String s2) throws RemoteException {

value = ij;
name = sl + s2;

System.out.println("i = " + i);

return i*i;

Fig. 3. A simple remote class

block. ThewriteObject calls serialize the string objects to the buffél.ushMessage
does the actual writing out to the network buffer. The functidn1Message initiates
reading the reply.

marshall__square(class__RemoteExample *this, int i, class__String *sl, class__String *s2) {
MarshallStruct *m = allocMarshallStruct();
ObjectTable = createObjectTable();

writeHeader (m->outBuffer, this, OPCODE_CALL, CREATE_THREAD);
writeInt (m->outBuffer, i);

writeObject (m->outBuffer, s1, ObjectTable);

writeObject (m->outBuffer, s2, ObjectTable);

// Request message is created, now write it to the network.
flushMessage (m->outBuffer) ;

fillMessage (m->inBuffer); // Receive reply.
opcode = readInt(m->inBuffer);
if (opcode == OPCODE_EXCEPTION) {
class__Exception *exception = readObject(m->inBuffer, ObjectTable);
freeMarshallStruct (m);
THROW_EXCEPTION (exception) ;
} else {
result = readInt(m->inBuffer);
freeMarshallStruct (m);
RETURN(result);
}

Fig. 4. The generated marshaller (pseudo code) fosdghere method

Pseudo code for the generated unmarshaller is shown in Figure 5. The feater
ready unpacked when this unmarshaller is called. Becauserthee thread flag in the
header was set, this unmarshaller will run in a separate thread, obtaineal fhoead pool.
The marshaller itself does not know about this. Note thattthies parameter is already
unpacked and is a valid reference for the machine on which the unmarshallemwil



unmarshall__square(class__RemoteExample *this, MarshallStruct *m) {
ObjectTable = createObjectTable();

int i = readInt(m->inBuffer);
class__String *sl1 = readObject(m->inBuffer, ObjectTable);
class__String *s2 = readObject(m->inBuffer, ObjectTable) ;

result = CALL_JAVA_FUNCTION(square, this, i, s1, s2, &exception);
if (exception) {

writeInt (m->outBuffer, OPCODE_EXCEPTION);

writeObject (m->outBuffer, exception, ObjectTable);
} else {

writeInt (m->outBuffer, OPCODE_RESULT_CALL);

writeInt (m->outBuffer, result);

}

// Reply message is created, now write it to the network.
flushMessage (m->outBuffer);

Fig. 5. The generated unmarshaller (pseudo code) farghere method

2.4 Dynamic bytecode compilation

To support polymorphism, a Manta program must be able to handlsesldkat are ex-
ported by a JVM, but that have not been statically compiled into the Manoigram. To
accomplish this, the Manta RMI system contains a bytecode compiler tedtarclasses
to object code at runtime. We describe this bytecode compiler below. Maetatbhe
standard dynamic linker to link the object code into the running appéin.

As with the JDK, the compiler reads the bytecode from a file or an HT TWeseext,
it generates a Manta meta-class with dummy function entries in its methled &bce the
new class may reference or even subclass other unknown classes, the bytecpitkr com
is invoked recursively for all referenced unknown classes. Subsequetlydtiuction
stream for each bytecode method is compiled into a C function. For each m#teod,
used stack space on the Virtual Machine stack is determined at compile timeaoad a
stack area is declared in the C function. Operations on local variables are ednmpéd
straightforward way. Virtual function calls and field references can be res@ioedthe
running application, including the newly generated meta-classes. Jurdpsxeeption
blocks are implemented with labels, gotos, and nonlocal gaiesjp/longjmp). The
resulting C file is compiled with the system C compiler, and dynamicaiked to the
running application witldlopen () (from the POSIX standard). The dummy entries in the
created meta-class method tables are resolved into function pointer&lwith () .

One of the optimizations we implemented had a large impact on the spesalgémer-
ated code: keeping the method stack in registers. The trivial implementdtibe method
stack would be to maintain an array ¥f32-bit words, wherel is the size of the used
stack area of the current method. Since bytecode verification requires thatklbffsets
can be computed statically, however, it is possible to replace the arrhyavsieries ofi
register variables, so the calls to increment or decrement the stack poindepated and
the C compiler can keep stack references in registers. A problem is that inhesavbit
variables are spread over two contiguous stack locations. We solve thmaioyaining
two parallel stacks, one for 32-bit and one for 64-bit words. Alnatidbytecode instruc-
tions are typed, so they need to operate only on the relevant stack. Soetgiently used
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Fig. 6. Example of Manta’s interoperability

instructions (thelup2 family) copy either two 32-bit words or one 64-bit word and there-
fore operate on both stacks. The memory waste of a duplicate stack isatedsnce
the C compiler will remove any unreferenced local variables. With this apdition, the
application speed of compiled bytecode is generally within 30% of compilaatéicode.

2.5 Example application

Manta’s RMI interoperability and dynamic class loading is useful to ogerate with soft-
ware that runs on a JVM and uses the Sun RMI protocol. For exampledenrasparallel
program that generates output that must be visualized. The parallel praeggcampiled
with Manta and uses the Manta RMI protocol. The software for thealization system
to be used, however, may be running on the Sun JDK and use the Suprmtdtol. To
illustrate this type of interoperability, we implemented a simplaraple, using a graphical
version of one of our parallel applications (Successive OverrelaxatioSeimn 4).

The computation is performed by a parallel program that is compiled wihtdand
runs on a cluster computer (see Figure 6). The output is visualizetieodisplay of
a workstation, using a Graphical User Interface (GUI) application evrith Java. The
parallel application repeatedly performs one iteration of the SOR algoutid collects
its data (a 2-dimensional array) at one node of the cluster, calledotvelinator The
coordinator passes the array via Sun RMI to a remv@eer object which is part of the
GUI application on the workstation. The viewer object creates a windovdepdays the
data. Since the GUI application is running on a Sun JDK, communicagbmden the
coordinator and the GUI uses the Sun RMI protocol. The Manta nodesaily use the
Manta RMI protocol.

The RMI from the coordinator to the GUI is implemented using a renigeerinter-
face, for which an RMI stub is needed. This stub is not present in the cednbilnta
executable, so the coordinator node dynamically retrieves the bytecottefstub from
the code base of the GUI, compiles it using Manta’s dynamic bytecodeiwnamd then
links it into the application.

3. COMMUNICATION PERFORMANCE

In this section, the communication performance of Manta RMI is comparedstgaiveral
implementations of Sun RMI. Experiments are run on a homogeneousrctiif®entium
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Pro processors, each containing a 200 MHz Pentium Pro and 128 MByterofmeaiory.
All boards are connected by two different networks: 1.2 Gbit/sec MyfiBetlen et al.
1995] and Fast Ethernet (100 Mbit/s Ethernet). The system runs Rediiiat 6.2 (kernel
version 2.2.16). Both Manta and Sun RMI run over Myrinet and Fast Béter

For the comparison, we used three systems that use Sun RMI: the &wkdBwn)
JDK 1.2 with JIT, the IBM JDK 1.1.8 also with JIT, and a Sun RMI t&ys (based on
the JDK 1.1) compiled with our native Manta compiler. For all thredesys, we built
an interface to run over Myrinet. We describe these systems in detail iro8eti, in-
cluding important optimizations. Since the Sun system compiled Mihta turned out
to be the fastest of the three RMI systems, we use this system ioltbeihg sections to
represent Sun’s RMI protocol. Next, we discuss the latency (Sect®raBd throughput
(Section 3.3) obtained by Manta RMI and Sun RMI. Finally, we analyze tipact of
several optimizations in the protocols (Section 3.4).

3.1 Implementation of Sun RMI over Myrinet

A difference between Manta and the Sun JDK is that Manta uses a native comupieeas
the JDK uses a JIT. The sequential speed of the code generated by the Mapiiaicism
much better than that of the Sun JDK/JIT system, and comparable to theJIBVDIT.
The overhead of the Java Native Interface and differences in sequential estkvepuld
obscure the comparison between the Manta and Sun RMI protocols. Toaafinwcom-
parison, we therefore built a third system, which uses Sun RMI, tihtthe Java RMI code
compiled by the native Manta compiler. This system is caied compiled Below, we
discuss the latter system and the optimizations we implemented fouthR® | protocol
on Myrinet.

The Sun compiled systerd/e built a Sun RMI system by compiling the Sun RMI code
with Manta. Sun’s native code had to be replaced by new Manta native C codealive
code is used for object serialization and interfacing to the network layer.n€&tv object
serialization code is similar to the Sun implementation, using refletdi@onvert objects
to bytes. To improve performance, we reimplemented a larger part of tredizzion
code in C. In the new native code, we can exploit knowledge about the pdayout of
objects: we directly use the class information and data fields preserg objlct, instead
of calling the reflection mechanism in Java, as the Sun JDK does. Alscg iith JDK,
expensive Java Native Interface calls are required to convert scalar typdsnil and
double to bytes before writing them to the output stream. In theauele, these values can
directly be written into the stream buffer, converting them on the fly.

Interfacing to Myrinet. To run the Sun JDK, IBM JDK, and th&un compiledystem
over Myrinet, we use a socket interface on top of Panda/Myrinet. The sotkeface
is called FastSockets and is a reimplementation of Berkeley FastSocketgjirasdet al.
1997]. Its main virtues are zero-copy streams, a one-to-one mappingk#tanessages
and Panda messages, and a performance quite close to Panda’s. The Sunekity claes
not allow replacement of its sockets with an alternative implementatiorFbistSockets,
so a marginal change to the APl was necessary. It was sufficient to declare stielictun
of classjava.net.InetAddress as public. (This API problem has been registered in
Sun’s bug database.)
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Performance optimizations for Sun RMBelow, we describe several performance prob-
lems we addressed with the FastSockets layer, to allow a more fair comparikdanta.

In general, we tried to eliminate the mostimportant sources of overhe&dfoRMI, as far
as these optimizations could be done in the FastSockets layer. In partigaloptimized
the interaction with the thread package and with the garbage collector.

The first problem is that many socket calls (esgnd, receive, accept, connect) are
blocking in the sense that they suspend the caftiragessuntil the system call has been
completely serviced. Java applications are multithreaded, and the semdtiosking
calls must be that the calléhreadis suspended, and any other runnable thread in the
process is scheduled: otherwise, deadlock may occur. Virtual machine impéioest
handle blocking system calls in their thread package: all sockets are set tiandimg
mode, and blocking calls are intercepted so threads that would block are dadpdmhe
thread scheduler polls any sockets on which a call has been posted (e.gsehtit),
and wakes up a suspended thread if some action can be performed on its sodket. Th
functionality to block a thread and schedule another one is not exportddial machine
implementations. Therefore, we must emulate it in our interface layer.

All sockets are set to non-blocking mode by our interface layer. A naivdation of
blocking would have a thread invoR&read . yield () until its socket call has completed.
However, for performance reasons it is important that the blocking méghatoes not in-
volve unnecessary thread switches, even though multiple threads caly beusdheduled
(e.g., a thread in the server that listens to the registry). For tifes Jibe penalty would
be hundreds of microseconds per RMI, since the kernel is involved in egedmdtbwitch.
Our implementation therefore uses condition variables for conditinntspnization. For
the JDKs, these were implemented in Java. Manta’s thread package expdit®oorari-
ables to native functions. A thread that would block enters the wait siatead. It is
signaled when a poller thread notices that the socket is ready. The rol#efthoead is
taken by one of the blocked threads: a separate poller thread would alwaleeittiwead
switches. Usually, no thread switches are incurred on the critical patle &N latency
test.

The second optimization we performed concerns garbage collection. THerprislihat
RMls create many objects that become garbage at the end of the invocation. afite M
compiler provides support for the server side: it determines whethatijeets that are
argument or result of the invocation magcap€i.e., whether a reference to the object is
retained outside the RMI invocation). If not, Manta allows such objecte immediately
returned to the heap. For ti&in compilegdystem, we modified Sun’s skeleton compiler
rmic, so the generated skeletons use this compiler information. Thisasiadly im-
proved latency and throughput for RMIs that use objects as argumermtsion value (see
Section 3.4). There is no mechanism in the JDK to explicitly free ohjsotsve could not
apply this technique for the Sun or IBM JDK. The garbage collector jsaesible for the
low throughput achieved even by the fast IBM JDK system.

Performance.Table 1 shows the null-RMI latency and throughput of various RMH im
plementations on Myrinet and Fast Ethernet. On Myrinet, Manta RMI obtimull-RMI
latency of 37us, while the Sun JDK 1.2 (with just-in-time compilation enablebijains a
latency of 1316us, which is 35 times higheGun compileabtains a null-RMI latency of
301 ps, which is still 8 times slower than Manta RMI. In comparison, the IBIW 1.1.8
obtains a latency of 550s (measured on RedHat Linux 6.1). T8an compiledystem
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Table 1. Null-RMI latency and throughput on Myrinet and Hasternet

System Version  Network Latency  Throughput
(us)  (MByte/s)
Sun JIT (Blackdown) 1.2 Myrinet 1316 3.8
IBM JIT 1.18 550 7.9
Sun compiled 1.1.4 301 15
Manta RMI 37 54
Panda RPC 31 60
Sun JIT (Blackdown) 1.2 Fast Ethernet 1500 3.1
IBM JIT 1.1.8 720 6.0
Sun compiled 114 515 7.2
Manta RMI 207 10.5
Panda RPC 173 111

uses more efficient locking than the Sun and IBM JITs (using Manta’s pseeshread
package) and a much faster native interface. Also, it reduces the garbage cobwetion
head for objects passed to RMI calls. Finally, its sequential code speed ismttiehthan
that of the Sun JDK JIT and comparable to the IBM JIT. The table alsesgive perfor-
mance of a conventional Remote Procedure Call protocol (of the Pandgyl[Bal et al.
1998]), which is implemented in C. As can be seen, the performance of thiadiartocol
comes close to that of Panda RPC.

The throughput obtained by Manta RMI (for sending a large array efjans) is also
much better than that of the Sun JDK: 54 MByte/s versus 3.8 MByte/s ldydnet). The
throughput ofSun compileds 15 MByte/s, 3.6 times less than for Manta RMI, but better
than that for the Sun JDK. The table also gives performance results bRthasnet. Here,
the relative differences are smaller, because the communication costs ae high

As theSun compiledystem is by far the most efficient implementation of the Sun RMI
protocol, we use this system in the following sections to repreaanis rotocol.

3.2 Latency

We first present a breakdown of the time that Manta and Sun RMI (compitadeanta)
spend in remote method invocations. We use a benchmark that has zero tertipige
objects as parameters, while having no return value. The benchmarks aes wrisuch
a way that they do not trigger garbage collection. The results are shoabie 2. The
measurements were done by inserting timing calls, using the Pentiarmpdpiormance
counters, which have a granularity of 5 nanoseconds. The serializatwhead includes
the costs to serialize the arguments at the client side and deserialize ttensatver side.
The RMI overhead includes the time to initiate the RMI call at the cliesmdhe the upcall
at the server, and process the reply (at the client), but excludes theotifaejserialization
and method invocation. The communication overhead is the time fromating the 1/O
transfer until receiving the reply, minus the time spent at the serder $ior Manta, the
measurements do not include the costs for sending type descriptdnegasare sent only
once).

The simplest case is an empty method without any parameters, the nullcRNUyrinet,
a null-RMI takes about 3jis with Manta. Only @us are added to the roundtrip latency of
the Panda RPC, which is 3. The large difference between passing zero or one object
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Table 2. Breakdown of Manta RMI and Sun RMI (compiled) on RentPro and Myrinet; times are s

Manta RMI Sun RMI (compiled)
empty 1lobject 2objects 3objectsempty 1object 2objects 3 objects
Serialization 0 6 10 13 0 195 210 225
RMI Overhead 5 10 10 10 180 182 182 184
Communication 32 34 34 35 121 122 124 125
Method call 0 1 1 1 0 1 1 1
Total 37 51 55 59 301 500 517 535

parameters can be explained as follows. First, the runtime system haifita kable used

to detect possible cycles and duplicates in the objects. Second, RMIs ¢ogtabject
parameters are serviced by a dedicated thread from a thread pool, because suclaRMIs m
block by triggering garbage collection. The thread-switching overhetidircase is about

5 ps. Finally, the creation of the parameter object also increases the latency.

For theSun compiledystem, a null-RMI over Myrinet takes 3Q&, which is 8 times
slower than Manta, even with all the optimizations we applied. Manta RitHinos major
performance improvements in all layers: compiler-generated serializers vaiffeayor 17
or more, the RMI overhead is 18 times lower, and the communication pietaen4 times
faster.

Next, we study the latency for Manta RMI and t8en compilegrotocol for various
combinations of input parameters and return values. We use similar berchasade-
scribed in [Nester et al. 1999] for the Karlsruhe RMI (KaRMI) systeme Tésults are
shown in Table 3. For comparison, we also include the latency overmiyabtained
by KaRMl, taken from [Nester et al. 1999]. These measurements were done@h a 5
MHz Digital Alpha and were obtained with the JDK 1.1.6 (which usedmadmiality JIT).
KaRMI (like Manta RMI) is not compatible with Sun RMI, because it uge®ivn, more
compact, serialization format rather than the format specified by the RMlaténdhe
first two benchmarks use RMIs with an empty return value; the remaininghioesrks
return the value passed as input parameter. ilmt8 benchmark sends and receives an
object containing 32 integers. The tree benchmarks send and receive balancedtirees
1 and 15 nodes, each containing four integers. The last two benchmarKsitic@mnays of
floating point numbers. As can be seen from this table, Manta RMI obtaich ower
latencies on all benchmarks than tBen compiledystem. Manta RMI also obtains better
performance than KaRMI.

3.3 Throughput

Next, we study the RMI throughput of Manta aBdn compiledWe use a benchmark that
measures the throughput for a remote method invocation with vasipes bf arguments
and no return value. (As RMIs are synchronous, however, the sender aiteforthe
remote method to return.) The benchmark performs 10,000 RMis, withitat)0,000
bytes of arguments each. The reply message is empty. The results are sli@abtei4.

Manta achieves a throughput of 54 MByte/s for arrays of integers, cadpar 60
MByte/s for the underlying Panda RPC protocol (see Table 1). In cdegrathe through-
put of Sun compileds only 15 MByte/s.

The throughputfoSun compiledior arrays of integers is substantially higher than for the



15

Table 3. Latency on Myrinet (ips) for Manta RMI, Sun RMI (compiled), and KaRMI for differeparameters
and return values. The KaRMI latencies were measured on M500Digital Alpha.

Benchmark Manta RMI Sun RMI | KaRMI
(compiled)
void (void) 37 301 117
void (int, int) 39 309 194
int32 77 1500 328
tree-1 66 763 279
tree-15 264 1610 1338
float[50] 88 522 483
float[5000] 1430 4215 8664

Table 4. Throughput (in MByte/s) on Myrinet of Manta RMI andrESRMI (compiled) for different parameters

‘ Manta RMI ‘ Sun RMI

(compiled)
array of bytes 54 37
array of integers 54 15
array of floats 54 15
array of doubles 54 15
binary tree 2.4 0.6

Sun JIT (15 MByte/s versus 3.8 MByte/s, see Table 1), due to oungattions described
in Section 3.1. Still, the throughput f@un compileds much lower than that for Manta
RMI. The Sun serialization protocol internally buffers messages and sanggsmessages
in chunks of 1 KByte, which decreases throughput. Even more importantR#1 (and
Sun compilefperforms unnecessary byte-swapping. The sender and the receiver use the
same format for integers, but this format differs from the standavid fermat. Then,
Sun compiledises serialization to convert the data to the standard format. Manta RMI, o
the other hand, always sends the data in the format of the sender, ardtleg¢seiver do
byte-swapping only when necessary. The throughput obtained I8utheompiledystem
for an array of bytes, for which no byte swapping is needed, is 37 MByeés Table 4).
This throughput is high because all I/O layers in the Sun system Harecuts for long
messages. When writing a large buffer, each I/O layer passes the buffeydiogb# layer
below it, without copying. Similarly, when a large read request is dibiie passed on to
the bottom layer, and the result is passed back up, without copying.

For KaRMI, only one throughput test is available [Philippsen et@)@. The through-
put for an array of 200 KByte over Myrinet is 23 MByte/s, which is lesantialf the
throughput of Manta RMI. This low throughput is attributed te thverhead of thread
scheduling and the interaction between Java threads and system threagp$ehiét al.
2000].

The binary tree throughput benchmark is based on the KaRMI latency bericdexar
scribed in [Nester et al. 1999], but using input parameters and no returesvalhe bench-
mark sends balanced trees with 1000 nodes, each containing four integenepohed
throughputis that for the user “payload” (i.e., the four integethough more information
is sent over the network to rebuild the tree structure. The throudgbpthis benchmark
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Table 5. Amount of data sent by Manta RMI and Sun RMI; runtimerbead of type descriptors

Manta RMI Sun RMI (compiled)
empty int[100] 1object| empty int[100] 1 object
Bytes (using type descriptor| 44 484 96 63 487 102
Bytes (using type-id) 44 452 64 - - -
Writing type descriptor|{s) - 11 12 - 25 27
Reading type descriptopg) - 15 17 - 55 73

is very low in comparison with the throughput achieved for arrays. Glezhead can be
attributed to the small size of the nodes and the dynamic nature ofidkastype, which
makes especially (de)serialization expensive: the tree is written to and ceadHe net-
work buffer a tree node at a time, and fBun compile@ven a byte at a time; therefore the
overhead of network access is incurred much more often than for arrays.

3.4 Impact of specific performance optimizations

Below, we analyze the impact of specific optimizations in more detalil.

Type descriptorsAs explained in Section 2.2, the Sun protocol always sends a complete
type descriptor for each class used in the RMI. Manta RMI sends this hfparation
only once for each class; it uses a type-id in subsequent calls. The amadaiaahat
Manta RMI sends for object and array parameters thus depends on whether a parameter
of the same class has been transmitted before. Table 5 shows the amouatsdrdgor
both cases, for both Manta RMI and Sun RMI (compiled). For each case, theytadxde
the number of bytes for RMIs with no arguments, with a 100 element arfrayteger
argument, and with a single object containing an integer and a doublesolshbws the
times on a 200 MHz Pentium Pro to write the type descriptor at theirsgisitle and read
it at the receiving side.

As can be seen, the type-descriptor optimization saves 32 bytes for each motay o
ject parameter. The runtime costs saved by the optimization for reading@inty the
type descriptors is 2@s for arrays and 2fs for objects. Moreover, a type descriptor in-
cludes the name of its class. We used a single-letter class name (and no packhge) i
benchmark, so the optimization wins even more for classes with longexsiam

The Sun RMI protocol sends only moderately more data than the Marttacptoyet it
spends a considerable amount of time in processing and communicatoigféhd he Sun
protocol spends 8Qs handling the type descriptors for arrays and il®@or objects. It
pays this price at every invocation, whereas the Manta protocol incusvérbead only
once.

Using a scatter/gather interfaceds explained in Section 2.2, the Panda library on
which Manta is built uses a scatter/gather interface to minimize the nuafllseemory
copies needed. This optimization increases the throughput for Manta Missess the
impact of this optimization we also measured the throughput obtaineh Wie sender
makes an extra memory copy. In this case, the maximum throughput decreases fr
54 to 44 MByte/s, because memory copies are expensive on a Pentium Bvan[Bnd
Seltzer 1997]. This experiment thus clearly shows the importance stdteer/gather in-
terface. Unfortunately, dereferencing the scatter/gather vector involvesmxicessing,
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so the null-RMI latency of the current Manta RMI system is slightyher than that for an
earlier Panda version without the scatter/gather interface (34 versis BVlaassen et al.
1999].

Reducing byte swappingAnother optimization that increases the throughputis to avoid
byte swapping between identical machines. As described in Section 3.3, witR4|
the sender always converts the arguments of an RMI call to the wire formateddiy
the RMI specification; the receiver converts the format back to what it requirédanta,
on the other hand, the data are transmitted in the native byte ordee sEhder, and the
receiver only does the conversion if necessary. So, if the sender and recewéndaame
format, but this format is different from the standard RMI formatn &MI will do two
byte-swap conversions while Manta will not do any byte swapping.

We measured the impact of this optimization by adding byte swappingtodde sender
side of Manta RMI. (This code is not present in the normal Manta sydime the sender
never does byte swapping with Manta.) If byte swapping is performetidogender and
receiver (as Sun RMI does), the throughput of Manta RMI for arrays efjits or floats
decreases by almost a factor two. The maximum throughput obtained wélslwgpping
enabled is decreased from 54 to 30 MByte/s. This experiment clearly showmttetes-
sary byte swapping adds a large overhead, which is partly due to tlzeneginory copies
needed.

Escape analysisAs described in Section 3.1, we implemented a simple form of escape
analysis. With this analysis, objects that are argument or result of arbRiWhat do not es-
cape from the method will be immediately returned to the heap. Withaubgiimization,
such objects would be subject to garbage collection, which reduces the RMptiput.
Without escape analysis the throughput for Manta is reduced from 53 ktB3te/s. For
Sun compiledthe throughput for byte arrays is reduced from 37 to 25 MByte/stHmut
other throughput numbers are hardly affected (because these cases alsomuffather
forms of overhead, in particular byte swapping).

4. APPLICATION PERFORMANCE

The low-level benchmarks show that Manta obtains a substantially Hatesrcy and
throughput than the Sun RMI protocol. For parallel programmingydwer, a more rel-
evant metric is the efficiency obtained with applications. To determiaéntipact of the
RMI protocol on application performance, we have written six parallelieaipbns with
different granularities. We briefly describe the applications and th& sipes used below,
and then we discuss their performance using MantaSamdcompiled Each application
program typically first creates the remote objects needed for interprocessucacaton

and exchanges the references to these objects among the machines. Therefors; the o
head of distributed garbage collection and reference counting only occimg thitializa-

tion and has hardly any impact on application performance.

SOR Red/black Successive Overrelaxation (SOR) is an iterative method fongolvi
discretized Laplace equations on a grid. The program distributes theogriwise among
the processors. Each processor exchanges one row of the matrix wighgitdbars at the
beginning of each iteration. We used a 5¢%78 grid as input.

ASP The All-pairs Shortest Paths (ASP) program computes the shortésbpteen
any two nodes of a given 1280-node graph. It uses a distance table disititsuted row-
wise among the processors. At the beginning of each iteration, onegsor needs to send
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a row of the matrix to all other processors. Since Java lacks broadcastnexpressed
this communication pattern using a spanning tree. Each processor fotlvaraessage
along a binary spanning tree to two other processors, using RMIs seatith

Radix is a histogram-based parallel sort program from the SPLASH-2 dufbe et al.
1995]. We have rewritten the program in Java, using RMI. The ramgepeatedly per-
forms a local sort phase (without communication) followed by a biston merge phase.
The merge phase uses combining-tree communication to transfer histagfiormation.
After this merge phase, the program moves some of the keys between precessch
also requires RMIs. The radix program performs a large number of RMis.used an
array with 3,000,000 numbers as input.

FFT is a 1-D Fast Fourier Transform program based on the SPLASH-2 codf wiei
rewrote in Java. The matrix is partitioned row-wise among thedsffit processors. The
communication pattern of FFT is a personalized all-to-all exchange, imptedhasing an
RMI between every pair of machines. We used a matrix withelements.

Water is another SPLASH application that we rewrote in Java. This N-badulsition
is parallelized by distributing the bodies (molecules) among the protesSommunica-
tion is primarily required to compute interactions with bodies agsign remote machines.
Our Java program uses message combining to obtain high performance: @zesspr re-
ceives all bodies it needs from another machine using a single RMI. After @achtmon,
updates are also sent using one RMI per destination machine. Since WateD(8l4n
algorithm and we optimized communication, the relative communicatierh@ad is low.
We used 1728 bodies for the measurements.

Barnes-Hut is anO(NlogN) N-body simulation. We wrote a Java program based on
the code by Blackston and Suel [Blackston and Suel 1997]. This coddnsipgd for dis-
tributed memory architectures. Instead of finding out at runtime whiclelsaare needed
to compute an interaction, as in the SPLASH-2 version of Barnes-Hsitctllle precom-
putes where bodies are needed, and sends them in one collective communicatien p
before the actual computation starts. In this way, no stalls occur in theutation phase
[Blackston and Suel 1997]. We used a problem with 30,000 bodies.

Figures 7 to 12 show the speedups for these six applications obtaiddriig andSun
compiled For both systems, the programs are compiled statically using theaMant-
piler. The speedups for each system are computed relative to the parallel pMagtam
on a single CPU. The sequential execution times of ManteBamicompileédre very sim-
ilar, as the applications are compiled with the Manta compiler for battesys (for some
applications Manta is slightly faster due to caching effects).

Table 6 gives performance data of the six applications, including tiaé nomber of
messages sent (summed over all CPUs) and the amount of data transferrgd,6usr
32 CPUs. These numbers were measured at the Panda layer, so they inclededh&ad
Also, a Manta RMI generates two Panda messages, a request and a reply.

Figures 7 to 12 show that Manta’s higher communication performancesasalibstan-
tially better application speedupSun compilegberforms well for only two applications,
Water and ASP. Water has by far the lowest communication overhead of the $ibaapp
tions. On 32 CPUs, it sends 2708 (44984/16.61) messages and 0.28/(%5.61) MByte
per second (foBun compilel] ASP communicates more than Water, but it performs rela-
tively few RMIs per second. With the other four applications, Mantaimistmuch better
maximal speedups, ranging from a factor 1.8 (for Barnes and Radix) t6o8 8QR).

Manta obtains high efficiencies for all applications except Radix sort. Raatigs the
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Table 6. Performance data for Manta é8uh compiledn 16 and 32 CPUs

16 CPUs 32 CPUs
Program  System time(s.) #messages data (MBytg¢)time (s.) #messages data (MByte)
ASP Manta 25.64 38445 95.30 12.22 79453 196.96
Sun 27.56 154248 100.23 15.83 319870 207.17
SOR Manta 10.96 44585 80.39 5.64 92139 166.11
Sun 19.38 134765 84.62 24.39 285409 175.11
Radix Manta 1.19 9738 62.46 1.46 39418 124.68
Sun 2.06 78674 64.87 3.56 183954 130.35
FFT Manta 3.52 8344 152.06| 1.88 33080 157.14
Sun 6.07 173962 157.37 4.80 204949 163.45
Water Manta 25.46 6023 8.44 13.41 23319 17.30
Sun 26.78 16088 9.59 16.61 44984 20.05
Barnes Manta 14.90 18595 23.78 8.81 107170 52.26
Sun 16.74 45439 25.20 20.91 171748 57.58

largest number and volume of messages per second of all six application®;Cinlss,
it sends almost 27,000 (39418/1.46) messages and 85 (124.681B4® per second,
summed over all CPUs.

Table 6 shows that the Sun protocol sends far more messages for all apptichan
Manta. The reason is that the Sun serialization protocol buffers messagésuasidrs
large messages in chunks of 1 KByte (see Section 3.3). The volume ddita¢ransferred
by the Manta protocol is somewhat lower than that for the Sun prgtbechuse Manta
does not send type descriptors for each class on every call, and because Mamfawend
messages and thus fewer headers.

5. RELATED WORK

We discuss related work in three areas: optimizations to RMI, fast conwation systems,
and parallel programming in Java.

Optimizations for RMI.RMI performance is studied in several other papers. KaRMI [Nester
etal. 1999; Philippsen et al. 2000] is a new RMI and serialization package-{dreplace-
ment) designed to improve RMI performance. The performance of Mantaés betn that
of KaRMI (see Table 3 in Section 3.2). The main reasons are that Manta aiexetn-
pilation and a completely native runtime system (implemented in Ch,Alanta exploits
features of the underlying communication layer (the scatter/gather interfsa@MI uses
a low-quality JIT (JDK 1.1.6) and a runtime system written mostlylava (which thus
suffers from the poor JIT performance). KaRMI is designed to be partahd therefore
avoids using native code. (E.g., KaRMI throughput could have beproived in certain
cases, but the designers deliberately chose not to do this because it equile mative
code.) Manta, on the other hand, was developed from scratch to obtain highuroca-
tion performance. Both KaRMI and Manta RMI use a wire format that isedkffit from
the standard RMI format.

Krishnaswamy et al. [Krishnaswamy et al. 1998] improve RMI performaoneesvhat
by using caching and UDP instead of TCP. Their RMI implementation, herystill has
high latencies (e.qg., they report null-RMI latencies above a millisecorfast Ethernet).
Also, the implementation requires some modifications and extensiotie dnterfaces
of the RMI framework. Javanaise [Hagimont and Louvegnies 1998] alavd/[Lipkind
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et al. 1999] are other Java systems that implement object caching. Javamgeses
a new model of distributed shared objects (as an alternative to RMI). &ralj [Breg
et al. 1998] study RMI performance and interoperability. Hirano et atgib et al. 1998]
provide performance figures of RMI and RMI-like systems on Fast Ediern

Fast communication systemsluch research has been done since the 1980s on improv-
ing the performance of Remote Procedure Call protocols [Hutchinsonl9&9; Johnson
and Zwaenepoel 1991; van Renesse et al. 1989; Schroeder and Burrows 19%&tihek
and Levy 1993]. Several important ideas resulted from this researchdinglthe use
of compiler-generated (un)marshalling routines, avoiding threattlsing and layering
overhead, and the need for efficient low-level communication mechanisms. NM#rese
ideas are used in today’s communication protocols, including RMI imgieations.

Except for the support for polymorphism, Manta’s compiler-generagedlization is
similar to Orca’s serialization [Bal et al. 1997]. The optimization fon+iocking meth-
ods is similar to the single-threaded upcall model [Langendoen et al. 1987all, non-
blocking procedures are run in the interrupt handler to avoid expetisiead switches.
Optimistic Active Messages is a related technique based on rollback abrarfWallach
et al. 1995].

Instead of kernel-level TCP/IP, Manta uses Panda on top of LFC, ayjteffidient user-
level communication substrate. Lessons learned from the implementdtathey lan-
guages for cluster computing were found to be useful. These implenmrgaie built
around user level communication primitives, such as Active Messages jckarket al.
1992]. Examples are Concert [Karamcheti and Chien 1993], CRL [Johnson1&94],
Orca [Bal et al. 1998], Split-C [Culler et al. 1993], and Jade [Rinard €t1$03]. Other
projects on fast communication in extensible systems are SPIN [Bershald ¥395],
Exo-kernel [Kaashoek et al. 1997], and Scout [Mosberger and Peterson 198@ral
projects are currently also studying protected user-level network accesslé, often
using VIA [Chang and von Eicken 1998; Chang and von Eicken 1999; WelsiCater
2000]. However, these systems do not yet support Remote Methochitieno.

Parallel programming in JavaMany other projects for parallel programming in Java
exist? Titanium [Yelick et al. 1998] is a Java based language for high-perforenparal-
lel scientific computing. It extends Java with features like immutalzleses, fast multi-
dimensional array access and an explicitly parallel SPMD model of communicatien
Titanium compiler translates Titanium into C. It is built on the S@liActive Messages
back-end.

The JavaParty system [Philippsen and Zenger 1997] is designed to easel parsd
ter programming in Java. In particular, its goal is to run multi-thesbdrograms with as
little change as possible on a workstation cluster. It allows the oalstbf a class to be in-
voked remotely by addingsemote keyword to the class declaration, removes the need for
elaborate exception catching of remote method invocations, and, mostémiyg allows
objects and threads to be created remotely. Manta optionally allows a gimdzramming
model, but it also supports the standard RMI programming modedRaty originally was
implemented on top of Sun RMI, and thus suffered from the same perfemproblem as
Sun RMI. The current implementation of JavaParty uses KaRMI.

Spar/Java is a data and task parallel programming language for semiatictparal-

2See for example the JavaGrande Web padpetpt/www.javagrande.org/
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lel programming [van Reeuwijk et al. 1997]. The Do! project tries to easallphpro-
gramming in Java using parallel and distributed frameworks [LaunayPaizét 1998].
Ajents is a Java system that supports object migration [Izatt et al.]19980, several
Java-based programming systems exist for developing wide-area metatowggpplica-
tions [Alexandrov et al. 1997; Baldeschwieler et al. 1996; Christiansah £997].

An alternative for parallel programming in Java is to use MPI insteaRMF. Several
MPI bindings for Java already exist [Carpenter et al. 1999; Getov et 88;1Ridd et al.
1999]. This approach has the advantage that many programmers are fantiiistRViand
that MPI supports a richer set of communication styles than RMI, inquaati collective
communication. However, the MPI message-passing style of commumidatdfficult
to integrate cleanly with Java’s object-oriented model. MPI| assumes amb$Pdyram-
ming model that is quite different from Java’s multithreading moddko, current MPI
implementations for Java suffer from the same performance problemstsRivd imple-
mentations: the high overhead of the Java Native Interface. For examptieefJava-MPI
system described in [Getov 1999], the latency for calling MPI from dsd 9us higher
than calling MPI from C (346 versus 22i8, measured on an SP2).

IceT [Gray and Sunderam 1997] also uses message passing instead of RMI. It enables
users to share Java Virtual Machines across a network. A user can upload @ @ass
other virtual machine using a PVM-like interface. By explicitly callisgndandreceive
statements, work can be distributed among multiple JVMs.

Another alternative to RMI is to use a Distributed Shared Memory (DS)Mjem. Sev-
eral DSM systems for Java exist, providing a shared memory progmagmmbdel instead
of RMI, while still executing on a distributed memory system. JB&W [Yu and Cox
1997] implements a JVM on top of the TreadMarks DSM [Keleher et al. 1984]ex-
plicit communication is necessary, all communication is handled by the yimdeDSM.
DOSA [Hu et al. 1999] is a DSM system for Java based on TreadMarks thatsathmre
efficient fine-grained sharing. Hyperion [Antoniu et al. 2000; Macbeth et98I8]itries to
execute multithreaded shared-memory Java programs on a distribetedssnmachine.
It caches objects in a local working memory, which is allowed by the Java myemudel.
The cached objects are flushed back to their original locations (main memang)extry
and exit of asynchronized statement. Jackal is an all-software fine-grained DSM for
Java based on the Manta compiler [Veldema et al. 2000]. cJVM is anothesydtean that
tries to hide distribution and provides a single system imagedpikrét al. 1999].

6. CONCLUSION

In this paper, we investigated how to implement Java’s Remote Methatdtion effi-
ciently, with the goal of using this flexible communication mechanismpiarallel pro-
gramming. Reducing the overhead of RMI is more challenging than for attramu-
nication primitives, such as Remote Procedure Call, because RMI impleiastatust
support interoperability and polymorphism. Our approach to tteblem is to make the
frequent case fast. We have designed a new RMI protocol that suppginty kificient
communication between machines that implement our protocol. Communicatiodava
virtual machines (running the Sun RMI protocol) is also possibtestmwer. As an exam-
ple, all machines in a parallel system can communicate efficiently using oarcpipbut
they still can communicate and interoperate with machines running otveeirdplemen-
tations (e.g., a visualization system). We have implemented the nepRtbcol (called
Manta RMI) in a compiler-based Java system, called Manta, which was desigmed f
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scratch for high-performance parallel computing. Manta uses a nativedawailer, but
to support polymorphism for RMIs with other Java implementagjanis also capable of
dynamically compiling and linking bytecode.

The efficiency of Manta RMI is due to three factors: the use of compile tiype infor-
mation to generate specialized serializers, a streamlined and efficient RMI gr@ndo
the use of fast communication protocols. To understand the perfornraptieations of
these optimizations, we compared the performance of Manta with that &iith RMI pro-
tocol. Unfortunately, current implementations of the Sun protocaleféicient, making a
fair comparison a difficult task. To address this problem, we havé duimplementation
of Sun RMI by compiling the Sun protocol with Manta’s native compil&e also reduced
the overhead of this system for native calls, thread switching, and temypalojects. This
system, calleun compiledachieves better latency and throughput than the Sun JDK and
the IBM JIT, so we used this system for most measurements in the pagearticular to
compare the Manta and Sun RMI protocols.

The performance comparison on a Myrinet-based Pentium Pro cluster sfaiianta
RMI is substantially faster than the compiled Sun RMI protocol. Onikdtr the null-
RMI latency is improved by a factor of 8, from 3Q& (for Sun compilefito 37 s, only
6 ps slower than a C-based RPC. A breakdown of Manta @una compilegshows that
Manta obtains major performance improvements in all three layers. Tleeatites with
the original Sun JDK 1.2 implementation of RMI are even higher; famegle, the null-
RMI latency of the JDK over Myrinet is 131fs, 35 times as high as with Manta. The
throughput obtained by Manta RMI also is much better than th&uofcompiledin most
cases, the Sun protocol performs unnecessary byte-swapping, resulijntpithree times
lower throughput than achieved by Manta.

Although such low-level latency and throughput benchmarks give Lissfght into the
performance of communication protocols, a more relevant factor for phpatigramming
is the impact on application performance. We therefore implemented a catlextiix
parallel Java programs using RMI. Performance measurements on up tolB2sBBw
that five out of these six programs obtain high efficiency (at least 75%)Manta, while
only two applications perform well wittsun compiled Manta obtains up to 3.4 times
higher speedups for the other four applications.

In conclusion, our work has shown that RMI can be implemented almost ageffijcas
Remote Procedure Call, even on high-performance networks like Myvifge keeping
the inherent advantages of RMI (polymorphism and interoperability3o Ave showed
that an efficient RMI implementation is a good basis for writing highfgpenance parallel
applications, although the lack of broadcast support complicates progngnainsome
applications. Adding support for broadcast to RMI by replicating shabgekcts is a topic
of our ongoing research [Maassen et al. 2000].
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