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Abstract

In current Java implementations, Remote Method Invoca-
tion (RMI) is too slow, especially for high performance com-
puting. RMI is designed for wide-area and high-latency net-
works, it is based on a slow object serialization, and it does
not support high-performance communication networks.

The paper demonstrates that a much faster drop-in RMI
and an e�cient serialization can be designed and imple-
mented completely in Java without any native code. More-
over, the re-designed RMI supports non-TCP/IP communi-
cation networks, even with heterogeneous transport proto-
cols. As a by-product, a benchmark collection for RMI is
presented. This collection { asked for by the Java Grande
Forum from its �rst meeting { can guide JVM vendors in
their performance optimizations.

On PCs connected through Ethernet, the better serial-
ization and the improved RMI save a median of 45% (max-
imum of 71%) of the runtime for some set of arguments.
On our Myrinet-based ParaStation network (a cluster of
DEC Alphas) we save a median of 85% (maximum of 96%),
compared to standard RMI, standard serialization, and Fast
Ethernet; a remote method invocation runs as fast as 115
�s round trip time, compared to about 1.5 ms.

1 Introduction

From the activities of the Java Grande Forum [7, 18] and
from early comparative studies [6] it is obvious that there is
growing interest in using Java for high-performance appli-
cations. Among other needs, these applications frequently
demand a parallel computing infrastructure. Although Java
o�ers appropriate mechanisms to implement Internet scale
client/server applications, Java's remote method invocation
(RMI, [21]) is too slow for environments with low latency
and high bandwidth networks, e.g., clusters of workstations,
IBM SP/2, and SGI Origin.

1.1 Breakdown of RMI cost

We have studied the cost of a remote method invocation on
two platforms:

� two PCs: 350 MHz Pentium II, running Windows NT
4.0 Workstation, isolated from the LAN to avoid packet
collisions but connected to each other by Ethernet, JDK
1.2 (JIT enabled)

� a cluster of 8 Digital Alphas: 500 MHz, running Digital
UNIX, connected by Fast Ethernet, JDK 1.1.6 (regular
JIT; the JDK 1.2beta was too buggy).

For three di�erent types of objects we measured the time of
a remote invocation of ping(obj) returning the same obj. A
part of this time is spent when communicating over existing
socket connections. We have timed this separately (round
trip), but including serialization. Finally, we measured the
time needed for the JDK-serialization of the argument alone,
i.e. without any communication.

Table 1: Ping times (�s) of RMI (=100%), socket communica-
tion, and just JDK-serialization. The argument obj has either 32
int values, 4 int values plus 2 null pointers, or it is a balanced
binary tree of 15 objects each of which holds 4 ints.

�s per object 32 int 4int 2null tree(15)
RMI ping(obj) 2287 1456 3108

PC socket(obj) 1900 83% 1053 72% 2528 81%
serialize(obj) 840 37% 368 25% 1252 40%
RMI ping(obj) 7633 4312 14713

DEC socket(obj) 6728 88% 2927 68% 12494 85%
serialize(obj) 4332 57% 1724 40% 9582 65%

Table 1 gives the results; other types of objects behave
similarly. For large objects with array data the RMI over-
head is about constant, so that serialization and low-level
communication dominate the overall cost. As a rule of
thumb however, Java's object serialization takes at least
25% of the cost of a remote method invocation. The cost
of serialization grows with growing object structures and up
to 65% in our measurements. The percentage is bigger for
slower JDK implementations. The RMI overhead is in the
range of 0.4 to 2.2 milliseconds. Benchmarks conducted by
the Manta team [20] show similar results.

1.2 Organization of this Paper

We present work on all three areas (serialization, RMI, and
network) to achieve best performance improvements. Af-
ter a short discussion of related work in section 2, section 3
discusses the central optimization ideas needed for a better
serialization. Section 4 presents the design and the key ideas
of a much leaner RMI. Both our serialization and our RMI
can be used (individually or in combination) as drop-in re-
placements for standard JDK equivalents. They are written



entirely in Java and are portable. Section 5 briey presents
the Myrinet-based ParaStation network that we use instead
of Ethernet to demonstrate that our RMI can easily be used
over non-TCP/IP networking hardware. Section 6 discusses
the benchmark collection and quantitative results.

2 Related Work

Some groups have published ideas on more e�cient RMI
implementations or on better serializations.

At Illinois University, an improved remote method invo-
cation has been implemented that is based on an alternative
object serialization, see [19]. Thiruvathukal et al. experi-
mented with explicit routines to write and read an object's
instance variables. In our work, we use explicit routines as
well but show that close interaction with the bu�er manage-
ment can further improve the performance.

Henri Bal's group at Amsterdam is currently working on
the compiler project Manta [20]. Manta has an e�cient re-
mote method invocation (35 �s for a remote null invocation,
i.e., without serialization) but it does not have an e�cient
RMI package. Manta is based on a transparent extension of
Java for distributed environments; the remote invocation is
part of that environment and cannot be used as a separate
RMI package. Manta compiles a subset of Java to native
code on a high-performance network of PCs. The imple-
mentation of serialization involves the automatic generation
of marshaling routines which avoid dynamic inspection of
the object structure and make use of the fact that Manta
knows the layout of objects in memory. The paper does not
mention performance numbers on serialization of general ob-
jects, i.e., graphs. Similar to this work, we use explicit mar-
shaling routines. However, our work sticks to Java, avoids
native code, is easily retargetable to other high-performance
communication hardware, and is portable. Our serialization
and RMI packages can be used (individually or in combi-
nation) as a drop-in replacement by anybody. They do not
require particular platforms or particular native compilers.

There are other approaches to Java computing on clus-
ters, where object serialization is not an issue. For example,
in Java/DSM [23] a JVM is implemented on top of Tread-
marks [9]. Since no explicit communication is necessary
and because all communication is handled by the under-
lying DSM, no serialization is necessary. However, although
this approach has the conceptual advantage of being trans-
parent, there are no performance numbers available to us.

An orthogonal approach is to avoid object serialization
by means of object caching. Objects that are not sent will
not cause any serialization overhead. See [11] for the discus-
sion of a prototype implementation of this idea and some
performance numbers.

Whereas the impact of serialization performance on
Grande applications is obvious, object serialization will be-
come relevant for the Corba world in the future. While
Corba currently cannot pass objects by copy, the OMG [14]
is working with Sun and others to add value classes. Future
versions of IIOP (Internet inter-ORB protocol) are likely to
apply object serialization techniques [15].

Horb [5] and Voyager by ObjectSpace [13] are alterna-
tive distributed object technologies available for Java. In
contrast to our work they are neither drop-in replacements
of RMI nor are they designed for high-performance comput-
ing over non-TCP/IP networks.

Breg et al. [2] at Indiana University have studied RMI
interoperability and performance. In particular they have

ported a subset of RMI to run over the Nexus runtime sys-
tem. In contrast to this work, our design can easily be re-
targeted to arbitrary communication networks and achieves
better performance.

We don't know of any other collection of benchmark
programs for RMI, although most of the groups mentioned
above have published some quantitative results which are
not comparable to each other.

3 More E�cient Serialization

3.1 Basics of Object Serialization

Object serialization [17] is a signi�cant functionality needed
by Java's RMI implementation. When a method is called
from a remote JVM, method arguments are either passed by
reference or by copy. For objects and primitive type values
that are passed by copy, object serialization is needed: The
objects are turned into a byte array representation, includ-
ing all their primitive type instance variables and includ-
ing the complete graph of objects to which all their non-
primitive instance variables refer. This wire format is un-
packed at the recipient and turned back into a deep copy of
the graph of argument objects. The serialization can copy
even cyclic graphs from the caller's JVM to the callee's JVM;
the serialization keeps and monitors a hash-table of objects
that have already been packed to avoid repetition and in�-
nite loops. For every single remote method invocation, this
table has to be reset, since part of the objects' state might
have been modi�ed.

In general, programmers do not implement marshaling
and unmarshaling. Instead, they rely on Java's reection
mechanism (dynamic type introspection) to automatically
derive an appropriate byte array representation. However,
programmers can provide routines (writeObject or writeEx-
ternal) that do more speci�c operations. These routines are
invoked by the serialization mechanism instead of introspec-
tion. Similar routines must be provided for the recipient.

From the method declaration, the target JVM of a re-
mote invocation knows the declared types of all objects ex-
pected as arguments. However, the concrete type of indi-
vidual arguments can be any subtype thereof. Hence, the
byte stream representation needs to be augmented with type
information. Any implementation of remote method invoca-
tion that passes objects by value will have to pass the type
as well.

In the remainder of this paper, the term \serialization"
refers to the functionality of writing and reading byte ar-
ray representations in general. The o�cial implementa-
tion of serialization that is available in the JDK is called
\JDK-serialization". Our implementation is called \UKA-
serialization".

For regular users of object serialization, it is a nice fea-
ture that the JDK o�ers general code that can do the mar-
shaling and unmarshaling automatically by dynamic type
introspection of the object. For high performance comput-
ing however, better performance can be achieved by means
of explicit marshaling which can be generated automatically.
Manta generates such routines during native compilation.
We are working on a tool to generate Java marshaling meth-
ods by means of a class-�le transformation.

The following sections 3.2 to 3.4 will discuss the pat-
terned areas of the bars of Figure 1. The UKA-serialization
can avoid all of them. The cost of serialization drops from
the total bars to the white boxes when the UKA-serialization
is used instead of the JDK-serialization. Suggestions for fur-
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Figure 1: The full bars show the times needed by the JDK-
serialization to write/read an object with 32 int values with explicit
marshaling routines. We have used JDK 1.2beta3 (JIT enabled) on a
300 MHz Sun Ultra 10/Ultra Sparc IIi, running Solaris 2.6. (We have
noticed similar results on our PC and DEC platform with other JDK
releases.) The JDK-serialization o�ers two wire protocols. Although
protocol 2 is default, RMI uses protocol 1 because it is slightly faster.
Our comparisons use protocol 1 as well. The patterned areas show the
individual savings due to the optimizations discussed in sections 3.2
to 3.4. By switching on these optimizations, only the times of the
lower white boxes remain. Similar e�ects can be observed for other
types of objects, see Table 2.

ther improvements and details on the design of the UKA-
serialization code can be found in [4].

3.2 Slim Encoding of Type Information

Persistent objects that have been stored to disk must be
readable even if the ByteCode that was originally used to
instantiate the object is no longer available. Therefore, the
JDK-serialization includes the complete type description in
the stream of bytes that represents the state of an object
being serialized.

For parallel Java programs on clusters of workstations
and DMPs this is not required. The life time of all objects
is shorter than the runtime of the job. When objects are
being communicated it is safe to assume that all nodes have
access to the same ByteCode through a common �le system.
Hence, there is no need to completely encode the type infor-
mation in the byte stream and to transmit that information
over the network. Instead, the UKA-serialization uses a tex-
tual encoding of class names and package pre�xes. Shorter
representations are possible.

Simplifying type information has improved the perfor-
mance of serialization signi�cantly, see Figure 1.

3.3 Two types of Reset

To achieve copy semantics, every new method invocation
has to start with a fresh hash-table so that objects that have
been transmitted earlier will be retransmitted with their cur-
rent state.1 The current RMI implementation achieves that
e�ect by creating a new JDK-serialization object for every

1As we have mentioned in the Related Work section, caching tech-
niques could be used to often avoid retransmission.

method invocation. An alternative implementation could
call the serialization's reset method instead.

The problem with both approaches is that they not only
clear the information on objects that have already been
transmitted. But in addition, they clear all the information
on types.

The UKA-serialization o�ers a new reset routine that
only clears the object hash-table but leaves the information
on types unchanged. The dotted areas of the bars of Fig-
ure 1 show how much improvement the UKA-serialization
can achieve by providing a second reset routine.

3.4 Better Bu�ering

The JDK-serialization has two problems with respect to
bu�ering.

a) External versus Internal Bu�ering On the side of the re-
cipient, the JDK-serialization does not implement bu�ering
strategies itself. Instead, it uses bu�ered stream implemen-
tations (on top of TCP/IP sockets). The stream's bu�ering
is general and does not know anything about the byte rep-
resentation of objects. Hence, its bu�ering is not driven by
the number of bytes that are needed to marshal an object.

The UKA-serialization handles the bu�ering internally
and can therefore exploit knowledge about an object's wire
representation. The optimized bu�ering strategy reads all
bytes of an object at once. The patterned areas marked 3.4a
in Figure 1 shows the e�ect of external bu�ering.

b) Private versus Public Bu�ers Because of the external
bu�ering used by the JDK-serialization, programmers can-
not directly write into these bu�ers. Instead, they are re-
quired to use special write routines.

UKA-serialization on the other hand implements the nec-
essary bu�ering itself. Hence, there is no longer a need for
this additional layer of method invocations. By making the
bu�er public, explicit marshaling routines can write their
data immediately into the bu�er. Here, we trade the mod-
ularity of the original design for improved speed. The pat-
terned areas marked 3.4b indicate the additional gain that
can be achieved by having the explicit marshaling routines
write to and read from the bu�er directly.

3.5 Quantitative Improvements

Table 2: Improvements for several types of objects.
32 int 4int 2null tree(15)

�s per object
w r w r w r

JDK serialization 66 354 31 153 178 448PC
UKA-serialization 5 15 3 11 41 107

improvement % 92 96 90 93 77 76

JDK serialization 700 1466 271 591 1643 3148DEC
UKA-serialization 54 102 32 71 216 397

improvement % 92 93 88 88 87 87

Table 2 shows the e�ect of the UKA-serialization for sev-
eral types of objects. For an object with 32 int values, in-
stead of 66+354=420 �s on the PCs (JDK 1.2) (2166 �s on
DEC, JDK 1.1.6) for serialization and de-serialization the
UKA-serialization takes just 5+15=20 �s (156 �s), which
amounts to an improvement of about 95% (93%). The Al-
pha is slower because of the older Java version and the poor
JIT. The second column of Table 2 shows the measurements
(in �s) for an object with four ints and two null pointers.
The last column presents the measurements for a balanced
binary tree of 15 objects each of which holds 4 ints.



While for at objects about 90% or more of the serial-
ization overhead can be avoided, for the tree of objects the
improvement is in the range of 80%. This is due to the fact
that the work needed to deal with potential cycles in the
graph of objects cannot be reduced signi�cantly.

4 KaRMI: Improving Performance and Flexibility of
RMI

With KaRMI, we have re-designed and re-implemented the
RMI of JDK 1.2. The central idea is to provide a lean and
fast framework to plug in special purpose or optimized mod-
ules. The framework can be used to plug in optimized im-
plementations of RMI functionality, implementations that
trade some of RMI's functionality for speed, or specialized
modules, e.g. for special purpose communication hardware
or garbage collectors. Currently available are optimized im-
plementations, low-level communication modules for both
Ethernet and ParaStation hardware, and several garbage
collectors.

The following subsections give an overview of KaRMI,
reason about the performance improvements, discuss Ka-
RMI's way to support non-TCP/IP communication hard-
ware, and cover KaRMI's approach towards alternative dis-
tributed garbage collectors.

4.1 Clean Interfaces between Design Layers

Similar to the o�cial RMI design, we have three layers
(stub/skeleton, reference, and transport).2 In contrast to
the o�cial version however, our design features clear and
clearly documented interfaces between the layers. This has
two essential advantages. First a performance advantage: In
KaRMI a remote method invocation requires just two ad-
ditional method invocations at the interfaces between the
layers and does not create temporary objects. The second
main advantage is that alternative reference and transport
implementations can easily be added (see section 4.3).

The crucial design aw of the o�cial RMI is that it ex-
poses its socket implementation to the application level. For
example, the application can export objects at speci�c port
numbers. From their level of abstraction, sockets belong to
the transport layer. Making them a part of the API and
thus visible at the application level, causes that the o�cial
RMI must use sockets at the transport layer, even if the
underlying networking hardware does not support sockets
well. Hence, socket semantics need to be implemented in
an RMI package that uses a non-TCP/IP network. This is
not only unnecessary for Grande applications, it even slows
down performance.

The only way out, and hence the only way to exploit
the performance of high-speed networks for Grande applica-
tions is to separate Java's sockets from the design of RMI.
Thus, in KaRMI the application can no longer use the socket
factory for example to switch to secured sockets; but we con-
sider this lack irrelevant for Grande applications on a closely
connected cluster. (It is of course possible to implement a
special purpose transport that uses secured sockets. But

2A short introduction for those readers not too familiar with the
architecture of RMI: The stub/skeleton layer maps a speci�c method
invocation onto the generic invocation interface provided by the ref-
erence layer. On the side of the callee, the up-call to the application
is performed. The reference layer is responsible for carrying out the
semantics of the invocation. For example, it determines whether the
server is a single object or a replicated object requiring communica-
tion with multiple locations. The transport layer is responsible for
low-level communication without any knowledge about the semantics.

this cannot be inuenced by the application on a per-object
basis.)

Both the clean interfaces between layers and the sepa-
ration of RMI's design from transport level sockets allow
for KaRMI to work fast and to work with high performance
communication hardware.

4.2 Performance Improvements

communication hardware
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Figure 2: The three layers of the KaRMI design are shown. A
method call is handed from the stub to its reference object (Clien-
tRef). The reference object has an ObjectID which in turn points to
a chain of UTIDs. Each UTID has a pointer to the corresponding
technology object that talks to the underlying communication net-
work.

Figure 2 shows the caller-side of the implementation
of a remote method invocation in KaRMI. A method call
that arrives at the stub is forwarded to its reference ob-
ject (ClientRef) by calling XApplicationCall(int, Object).
In a straightforward implementation of remote stubs, the
int argument of XApplicationCall speci�es the number of
the method to be called; the Object argument is the list of
parameters for the remote call. Other semantics are possi-
ble. The interface provides several copies of XApplication-
Call(...), one for each return type (encoded in the method's
name: replace X for the name of a primitive type, Object,
or Void. Whereas the original RMI always uses return val-
ues of type Object and hence has to wrap primitive types,
KaRMI avoids costly wrapping. Analogously, for the up-call
on the side of the callee, the methods are called XdoAppli-
cationCall(..).

The reference object is responsible for addressing the
remote object. For that purpose, it stores an ObjectID
(or several object IDs in case of replication). As will be
discussed below, the reference object calls XApplication-
Call(ObjectID, int, Object) of a suitable technology object
which performs the low-level communication. The details
of addressing and technology objects will be discussed in
section 4.3.

Whereas for each remote method invocation, KaRMI cre-
ates a single object, RMI needs about 25 objects plus one
for each argument and non-void return type. If the connec-
tion to the remote side needs to be created �rst or cannot be
re-used, standard RMI needs even more objects. The clean



layering leads to better performance since object creation is
costly in Java.

Other improvements result from the following ideas:

� The standard RMI uses costly calls of native code and the
expensive reection mechanism to �nd out about primitive
types.3 There are two native calls per argument or non-
void return value plus �ve native calls per remote method
invocation. These can be avoided by a clever serialization.
KaRMI uses native calls only for the interaction with device
drivers.

� In contrast to the o�cial RMI, KaRMI's reference layer de-
tects remote objects that happen to be local and short-cuts
object access. Of course, arguments will still be copied to re-
tain RMI's remote object semantics. But no thread switches
and no communication are needed in KaRMI.

� The RMI designers prefer hash-tables over other data struc-
tures. Hash-tables are used where arrays would be faster or
where KaRMI can avoid them completely. Although clear-
ing hash-tables is slow, the RMI code frequently and un-
necessarily clears hash-tables before handing them to the
garbage collector.

� A little slowdown is caused on some platforms by the fact
that the RMI code contains a lot of debugging code that is
guarded by boolean ags. At execution time, these ags are
actively evaluated. KaRMI does not have any debugging
code (instead we remove the debugging code by means of a
pre-processor.)

4.3 Technology Objects hide Network Hardware

In contrast to RMI, KaRMI can deal with non-TCP/IP net-
works. It is even possible to use several types of networking
hardware at the same time on the same node.

For that purpose, KaRMI introduces the notion of a
communication technology. For each networking hardware
available to a node A, a corresponding technology object T
is created upon initialization. T contains all the address-
ing information needed by other nodes to reach A via this
technology. Moreover, T implements everything A needs
to access the low-level hardware for reaching other nodes
via the network of technology T. E.g., on a node that has
both an Ethernet and a Myrinet available, there will be two
technology objects. Both technology objects implement the
transport layer's XApplicationCall(...). Depending on the
object to be reached, the reference layer uses the best tech-
nology object.

When a reference to an object R is made available to
a remote node, unique technology identi�ers (UTIDs), one
for each available technology, are passed to the remote node
(by means of serialization). At the remote side, the trans-
port layer examines the incoming UTIDs to check which
technologies can be used. This check can be done, even if
the recipient has never heard of the technology represented
by an incoming UTID. As long as both nodes have at least
one common technology, the reference layer can directly use
the preferred technology to address the remote object R.
Otherwise, a bridge object is automatically created on the
boundary between two technology domains.

We have implemented an Ethernet technology class that
is designed for TCP/IP-sockets and uses Java's sockets. The
implementation is quite similar to RMI, i.e., we re-use socket

3Leaving Java through the JNI and re-entering is much too slow in
the current JDK. For Grande Applications that are likely to capitalize
on existing �ne-tuned native code, a signi�cant penalty cannot be
tolerated.

connections, a watch-dog closes connections which are no
longer used, etc. Several of the performance improvements
mentioned in the previous section are implemented in this
class.

In addition to the Ethernet technology class, we have
implemented an optimized technology on top of the low-
level communication layer of the ParaStation hardware (see
section 5). For the optimization, we exploit that packets are
guaranteed to be delivered in order. Furthermore, there is
no need to protect against network errors, e.g., temporary
unavailability of some nodes, connection failure, etc.

Nodes that are located in our cluster instantiate two
technology objects, one for Ethernet and one for Myrinet,
and use the latter when talking to each other. Since other
nodes outside of the cluster are not equipped with Myrinet
they instantiate just the technology object for Ethernet.
The cluster nodes use the slower protocol when talking to
them.

4.4 Pluggable Garbage Collection

Distributed garbage collection is complicated due to com-
mon failures of distributed systems such as lost, duplicated,
or late messages, as well as crashes of individual nodes. No
distributed garbage collection algorithm has been presented
yet that is e�cient, scalable and fault-tolerant at the same
time [16].

RMI's distributed garbage collection is well-designed
for wide-area networks where messaging problems, node
crashes, and network problems are likely. However, on
a closely connected cluster of workstations, a distributed
garbage collection algorithm faces di�erent environmental
conditions: there is no need for extra messaging to make the
algorithm fail-safe, hence more e�ciency can be reached.

Since there are more e�cient distributed garbage collec-
tion algorithms for stable networks, KaRMI provides the
opportunity to plug them in, i.e., there is a clean interface
for the distributed garbage collector which is independent of
the technology layer as well.

For each communication technology, a di�erent dis-
tributed garbage collector can be used, e.g., a fast clus-
ter collector within the ParaStation network, an RMI-like
fault-tolerant collector over the LAN. The bridge objects
mentioned above which are automatically generated at the
boundary between communication technologies make di�er-
ent collectors work together correctly.

4.5 Restrictions

KaRMI is a drop-in replacement for standard RMI. After
some changes to the BOOTCLASSPATH environment vari-
able and new generation of stubs and skeletons, existing
code can make use of KaRMI's improved performance, even
without re-compilation.

However, KaRMI does have some restrictions. As men-
tioned above, the most signi�cant one is that KaRMI cannot
deal with code that explicitly uses the socket factory or port
numbers. As we have reasoned above, we consider sockets
to be an implementation feature that belongs into the trans-
port layer and therefore do not support them in the API.
An unavoidable restriction is that KaRMI cannot be used
if existing code uses undocumented RMI classes (IBM's San
Francisco project does.)

Minor incompatibilities are that stubs and reference ob-
jects are no longer a subclass of RemoteObject and that only
one registry can be started per JVM. But these changes are
unlikely to be noticed.



Since we consider the following three features low-
priority for Grande applications, we postponed their imple-
mentation. First, KaRMI's current technology objects do
not fall back into HTTP if they cannot access the remote
host. Second, the current technology objects can only load
class �les from a common �le system, they do not ask a
web server to provide class �les. Finally, we did not yet
implement activation of remote objects on demand.

5 ParaStation Network

ParaStation [22] is a communication technology for connect-
ing o�-the-shelf workstations to form a supercomputer. The
current ParaStation hardware is based on Myrinet [1], �ts
into a PCI slot, employs technology used in massively par-
allel machines, and scales up to 4096 nodes.

ParaStation's user-level message passing software pre-
serves the low latency of the communication hardware by
taking the operating system out of the communication
path, while still providing full protection in a multiprogram-
ming environment. We have used ParaStation's highly ef-
�cient direct access to the low-level communication ports,
although we have experimented with ParaStation's emula-
tion of UNIX sockets as well.

For the present study we have used a ParaStation imple-
mentation on 8 Digital Alpha machines with 500 MHz. In
this environment, ParaStation achieves end-to-end (process-
to-process) latencies as low as 48 �s (round trip) and a sus-
tained bandwidth of more than 50 Mbyte/s per channel.

6 Benchmarks and Results

Quite often contributors to the RMI mailing list ask for
benchmark results or for a collection of benchmark pro-
grams. A lot of speculative discussion is devoted to the
problem whether RMI over IIOP will be faster or slower
than standard RMI. Unfortunately, there does not seem to
be a collection of benchmark programs available (except for
various simple ping-pong programs that often measure plat-
form characteristics such as cache-sizes or the garbage col-
lector's e�ciency instead of the RMI performance.) The
Java Grande Forum's benchmarking activity lacks an RMI
benchmark as well.

6.1 Benchmark Collection

We therefore have put together an initial collection of RMI
benchmark programs: several kernels and some small appli-
cations. The kernels test the speci�c behavior of RMI under
certain controlled stress situations. The small applications
use a lot more remote method invocation than is adequate
for solving the problems, i.e., often even a sequential imple-
mentation could be faster. But on the other hand, they test
frequent communication patterns or test RMI's performance
when interfered by a lot of thread scheduling activities or
synchronization. We do not claim that the benchmark col-
lection is representative for applications that use RMI, but
it is a good start to evaluate the performance of RMI's basic
capabilities. The collection is available to the public from
[8]; please contribute additional RMI benchmark programs.

Each program in the collection is executed often for every
parameter setting to cope with �nite clock resolution, execu-
tion time uctuations due to cache-e�ects, JIT-warmup, and
outliers (e.g., due to operating system interrupts or other
jobs).

For the programs in the collection, the parameter obj can
be created by a factory. Currently, the benchmark collection
comprises factories for the following types of objects; it is
easy to add additional factories.

null null pointer
byte[n] int[n] arrays with n elements
oat[n] (the current benchmark collection uses

n=50,200,500,2000,5000,20000)
4 int 32 int an object with 4 or 32 int values
tree(n) a balanced binary tree of objects with

4 int values and a total of n nodes
(the current benchmark collection uses
n=15)

a) Kernels that test RMI between two nodes

� void ping()

� void ping(int, int)

� void ping(int, int, oat, oat)

� void ping(obj) and obj ping(obj)

� void pingpong(obj) and obj pingpong(obj)
In contrast to a simple ping that returns immediately,
the client calls back the server (pong) before both remote
invocations return.

b) Kernel that tests server overload by calls from several
clients

� obj star(obj)
All clients wait at a barrier before they concurrently call
a single method at the server.

c) Small application kernels

� Hamming's problem (from [3]). Given an array of primes
a, b, c, . . . (every second prime in our implementation)
output, in increasing order and without duplicates, all in-
tegers of the form ai � bj � ck : : : � n.
The remote method invocations have only primitive type
arguments. Several threads execute per client node (but
have little work to do).

� Para�n Generation (from [3]). Given an integer n, out-
put the chemical structure of all para�n molecules for
i � n, without repetition and in order of increasing size.
Include all isomers, but no duplicates. The chemical for-
mula for para�n molecules is CiH2i+2. Any representa-
tion for the molecules could be chosen, as long as it clearly
distinguishes among isomers. The implemented solution
is based on [10].
This benchmark is designed in the classic master-worker
way. Graphs of objects are passed as arguments and re-
turn values.

� SOR successive overrelaxation. SOR is an iterative algo-
rithm for solving Laplace equations on a 2d-grid. In every
iteration the value of every grid point is updated based on
the values of the four neighboring grid points. The par-
allel implementation is based on the red/black algorithm.
During the red phase only the red points of the grid are
updated. Red points have only black neighbors and no
black points are changed during the red phase. During
the black phase the black points are updated in a similar
way. Rows are distributed across the available processors.
Between phases the values of border points need to be ex-
changed. The RMI implementation is provided by Jason
Maassen [12].



6.2 Results

We have studied four software con�gurations on three hard-
ware platforms. Software: We timed the behavior of the
benchmark collection four times, namely on pure RMI, on
RMI with the UKA-serialization, on KaRMI with the JDK-
serialization, and on KaRMI with the UKA-serialization.
Each run timed 64 individual constellations (each kernel for
each type of parameter object + small applications). Hard-
ware: We have used the two hardware platforms mentioned
in section 1.1. In addition, the Alphas have been connected
through the ParaStation network.

The lower three box plots in Figure 3 show 2�64 results
for each software con�guration. The lowest box plot shows
the improvement over standard JDK that can be achieved
by switching over to the UKA-serialization (plus regular
RMI). The second row shows the e�ect of KaRMI (plus
JDK-serialization). The third row shows the combined ef-
fect (UKA-serialization plus KaRMI). These �rst three rows
consider Ethernet on PC and Fast Ethernet on Alpha only.
The top box plot shows what happens if the ParaStation
network and the corresponding KaRMI technology object is
used on the DEC cluster (64 results).
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Figure 3: Percentage of time saved by UKA-serialization, by
KaRMI, by a combination of both, and by additional use of the ParaS-
tation network.

For each individual time taken, a small circle represents
the percentage of time saved in comparison to the standard
RMI implementation. The M represents the mean, the fat
dot is the median. The boxes contain the middle half of the
circles. For example on ParaStation half the measurements
save about 70-90% of the runtime. For a quarter of the
measurements, more than 90% of the runtime can be saved.
The H-lines indicate the 0.1 and 0.9 quantiles, that is only
the smallest tenth of the data are left of the H. A small
excerpt of the raw data is given in Table 3.

The box plots show that UKA-serialization and KaRMI
almost always improve performance, both when used indi-
vidually and especially when used in combination. With-
out special purpose communication hardware a median of
45% of the runtime can be saved; sometimes up to 71%.
On ParaStation, a median of 85% can be saved, sometimes
up to 96%. Note that it is impossible to use ParaStation
with regular RMI, only with KaRMI the ParaStation com-
munication hardware can be employed. Only with both the

Table 3: Both individually and in combination, UKA-
serialization and KaRMI save time. By means of the ParaStation
network even more time can be saved. Small excerpt of the raw
data.
PC (�s) RMI UKA KaRMI UKA +

KaRMI
void ping() 745 689 ( 8%) 385 (48%) 360 (52%)
void ping(2 int) 731 673 ( 8%) 619 (15%) 398 (46%)
obj ping(obj)
� 32 int 2287 1106 (52%) 1935 (15%) 674 (71%)
� 4 int, 2 null 1456 905 (38%) 1104 (24%) 464 (68%)
� tree(15) 3108 1772 (43%) 2708 (13%) 1311 (58%)
� oat[50] 1462 1192 (18%) 1095 (25%) 859 (41%)
� oat[5000] 37113 36432 ( 2%) 37123 ( 0%) 37203 ( 0%)
para�ns 19013 12563 (34%) 18350 ( 3%) 7121 (53%)

DEC (�s) RMI UKA + UKA +
KaRMI KaRMI +

ParaStation
void ping() 1451 511 (65%) 117 (92%)
void ping(2 int) 1473 793 (46%) 194 (87%)
obj ping(obj)
� 32 int 7633 1232 (84%) 328 (96%)
� 4 int, 2 null 4312 1123 (74%) 279 (94%)
� tree(15) 14713 2485 (83%) 1338 (91%)
� oat[50] 2649 1264 (52%) 483 (82%)
� oat[5000] 16954 12590 (26%) 8664 (49%)
para�ns (2 PE) 56870 15580 (73%) 19600 (66%)
para�ns (8 PE) 42290 9450 (78%) 13860 (67%)

UKA-serialization and KaRMI, a remote method invocation
can run as fast as 115 �s.

In each of the box-plots of Figure 3 there are some circles
close to zero improvement. These represent kernel measure-
ments with array arguments. When large amounts of data
are sent, the low-level communication time is the dominat-
ing cost factor that hides any performance improvements in
the serialization and in the RMI implementation. Table 3
and Figure 4 give details. On the PCs (left diagram) the per-
formance improvements approaches zero for big array data.
Because of the higher bandwidth, on ParaStation we still see
an improvement of above 40% with big arrays, but the gen-
eral trend is the same. Without the array arguments, all the
box plots would shift further towards higher improvements.
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Figure 4: The percentage of time saved by a combination of the
UKA-serialization and KaRMI vanishes with growing array argument
sizes.

Interestingly, the Fast Ethernet implementation saves
more runtime than the ParaStation implementation for the
Para�n application. This is due to a thread scheduling
problem which causes the current ParaStation library to
busily wait at the communication card, when Java threads



cannot continue.
For a few circles one can see a slowdown if either the

UKA-serialization or KaRMI are used alone. For the UKA-
serialization, this is caused by the fact that the standard
implementation uses a native routine to create uninitial-
ized array objects. Our implementation currently calls the
standard constructor within Java instead.4 For KaRMI the
slowdown can be explained by the fact that the 1.1.6 stubs
used on the Alpha handle primitive type arguments more
e�ciently. The worst circle (-20%) will go away as soon as
JDK 1.2 is available on the Alpha.

7 Conclusion

KaRMI is a more e�cient RMI for Java. The UKA-
serialization is a better serialization. Both can be used (in-
dividually or in combination) as drop-in replacements for
standard JDK implementations. On PCs connected through
Ethernet, a median of 45% of the runtime can be saved,
which means a more than sixfold performance improvement.
In addition, our re-design and re-implementation allows to
use high-performance communication hardware as well. On
a cluster of DEC Alphas a median of 85% can be saved; a
simple remote ping runs as fast as 115 �s. As a by-product,
we have developed a benchmark collection for RMI.
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