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Abstract—It is well known that Field Programmable Gate
Arrays (FPGAs) can be used to accelerate calculations that
take too much time on a Central Processing Unit (CPU).
Methodologies have been proposed to reconfigure the FPGA
at run time, depending on the needs of the system. The CPU
and FPGA generally communicate through message pass-
ing, letting the programmer decide exactly which data needs
to be passed to the FPGA.

As opposed to message passing, we propose a transparent
interface between the FPGA and the CPU, which runs a Java
Virtual Machine (JVM). Our interface allows regular Java
method calls to be intercepted and executed by the FPGA.
Conversely, the FPGA will be able to call software methods
on the CPU.

This portable and transparent interface promotes object-
oriented software design for hardware supported applica-
tions. Moreover, it allows easy hardware acceleration of ex-
isting Java applications.

I. INTRODUCTION

Reconfigurable computing systems contain a general
purpose CPU and some Reconfigurable Hardware (RH),
e.g. an FPGA. The main application runs on the CPU and
the RH can be used for computationally intensive opera-
tions. The CPU can easily be programmed in a high-level
language with tools that are very stable and well under-
stood.

While some algorithms cannot be executed fast enough
on a CPU many control-driven operations are naturally
expressed in an imperative, sequential programming lan-
guage. Other operations, like massively parallel calcula-
tions and advanced signal processing, require dedicated
hardware support.

One option would be to use one or more Application
Specific Integrated Cicuits (ASICs). However, ASICs are
very expensive to develop and impossible to update once
they are integrated in a customer’s system. As an al-
ternative, designers often choose an FPGA-based solu-
tion. FPGAs can be configured to have a behavior equiv-
alent to that of the required ASIC but their configuration
can be changed easily, even at run-time. The penalty is
that FPGAs work at lower clock frequencies and dissipate
more energy. In cases where this penalty is acceptable
FPGAs can be used to improve performance of a com-

puting system. Functionality will be targeted at the CPU
where possible and at the FPGA where needed.

Many methodologies have been proposed for designing
dynamically reconfigurable systems. Some integrate RH
tightly with the instruction set processor [5], [14], requir-
ing applications to be compiled specifically for a given re-
configurable platform. Others suggest connecting a CPU
and RH to a system bus [9], [10], [12], reconfiguring the
RH at predetermined times during the execution.

If each operation of the application has at least a soft-
ware implementation and some operations have a hard-
ware accelerated implementation the RH reconfiguration
can also be decided at run time. The decision can be based
on real-time requirements, battery power, resource avail-
ability, etc. In [11] such an adaptive system is presented.
It is capable of assigning tasks to either the CPU or one
of the tiles that are defined on the FPGA. In this context a
task is an independently calculating entity that communi-
cates with other tasks through uniform messages.

As an alternative to a system based on parallel tasks and
messages in this article we propose an interface between
the FPGA and an object-oriented shared memory runtime
environment. Activating a hardware supported operation
will look like a normal method call to the programmer and
parallelism is implemented as concurrent software threads
which may call hardware methods. As a runtime environ-
ment we choose the JVM for reasons explained in Sec-
tion II.

This hardware accelerated JVM can be used in two dif-
ferent types of machines. The first type is portable sys-
tems like cellular phones and portable digital assistants.
To decrease battery consumption portable devices use spe-
cific low power CPUs, trading battery power for compu-
tational power. However, these CPUs may not be able to
perform complex calculations fast enough to meet the sys-
tem’s real-time specifications. Some calculations require
less energy when executed on an FPGA compared to a
CPU [3], [13]. By choosing a slower CPU plus an FPGA
one can improve the power consumption. This is even pos-
sible for downloaded applications. Indeed, many applica-
tions that run on portable devices today are not known at
design time. They are selected by the user, sometimes only
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a few moments before their execution.
The second type of devices are high-end computers that

perform large scientific calculations, real-time simulations
and biomedical applications. These calculations can be ac-
celerated by means of an FPGA board plugged into the
host computer.

In the next section, we will present the rationale for
choosing Java as our software development language. In
Section III we consider a simple use case to compare clas-
sical message passing with our proposed transparent in-
terface. In Section IV we explain how we intercept Java
method calls in order to delegate them to hardware. The
low-level communication and the high-level communica-
tion protocol are described respectively in Sections V and
VI. Finally we present our results in Section VII.

II. WHY JAVA?

We choose Java as our research platform for a number
of different reasons.

First of all, the Java platform uses bytecode as an inter-
mediate representation. This bytecode is either interpreted
by a JVM or it is translated to native machine code by a
Just In Time (JIT) compiler at run-time. We can easily al-
ter the behavior of a Java program by making changes to
the JVM or the JIT or even to the bytecode at load time.
The behavior of native machine code is much more dif-
ficult to manipulate correctly or even to understand. At
bytecode level it is guaranteed that there will not be any
operations outside the current stack frame, there are no ac-
cesses out of array bounds, no pointer arithmetic, no writes
to a final (i.e. constant) variable, etc. In general: life is
a lot easier than it is with native machine code. Many of
these guarantees can be made because the classloader veri-
fies new bytecode before linking it with the already loaded
classes [8, sec 4.9]. Other guarantees are enforced by the
JVM through run-time checks.

Another advantage of bytecode is that objects and meth-
ods are clearly visible. In native machine code any word-
sized number could be a pointer to an object of some un-
known class, and methods might be made invisible by in-
lining.

Most modern JVMs have a JIT compiler that translates
valid bytecode to machine code. The idea is that the ma-
chine code will execute faster than the interpreted byte-
code. When a class is first loaded, the JVM might first
interpret the bytecode. After a while it may decide that the
performance gain of a JIT-compiled version of the class
will be worth the compilation overhead. Likewise a sec-
ond optimized compilation may be performed to improve
execution speed even more. We suggest it should be pos-
sible for the JVM to decide to change the execution from

JIT-compiled native code to FPGA-supported execution.
Again this will induce an extra overhead of download-
ing the FPGA configuration from some repository into the
FPGA, but it can improve total execution time because the
FPGA version will be faster than the JIT-compiled version.

Similar advantages can be expected when the techniques
presented in this paper are applied to other virtual ma-
chines with an intermediate representation.

III. TRANSPARENT COMMUNICATION: A USE CASE

One major design goal is to make hardware support
completely transparent to the Java programmer. Mignolet
et al. [11] and Ha et al. [4] have proposed special mes-
sage passing interfaces for communication with hardware.
All communication with the hardware accelerated object is
done by passing messages. Therefore, the system designer
is forced to use a message passing interface for every com-
putation that will ever be accelerated in hardware.

Suppose we have a system that contains a Finite Impulse
Response (FIR) filter in RH. With a traditional message
passing interface the data that needs to be filtered has to be
explicitly wrapped in messages and sent to the filter. After
the operation finishes, the resulting filtered data is again
wrapped in messages and sent back to the CPU.

As opposed to a message passing interface we propose
transparent communication between the CPU and the RH.
When the Java programmer wants to start a calculation he
just calls a Java method, as in Figure 1. If that calculation
happens to have hardware support the method call will be
intercepted and instead of executing the method the RH
will be activated. The RH will communicate with the hard-
ware support system in the JVM and the data to be filtered
and the filter coefficients will be copied to the RH. After
the filter operation is complete the JVM will create a new
array object and initialize it with the filtered data from the
RH. This array is then returned to the calling method.

The decision which data needs to be copied to and from
the RH is no longer made by the system programmer. In-
stead, the hardware support system copies data between
CPU and RH according to the needs of the algorithm. If for
instance the hardware implementation wants to use only
the first n filter coefficients, there is no need to copy all
coefficients. We let the RH decide which data needs to be
copied thus avoiding unnecessary data transfers.

IV. INTERCEPTING CALLS

As we explained in the use case, the Java programmer
uses normal method calls, even if a method will be exe-
cuted by RH and not by the CPU. We need to intercept
those method calls and check whether we can delegate the
calculation to hardware.
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someMethod(int[] data){
...
// this.fc contains filter coefficients
filtered = this.firFilter(data);
// Will be intercepted and executed by RH.
// RH will request this.fc from the JVM
...

}
firFilter(int[]data){

// If no hardware support exists,
// this method will be executed.
...

}

Fig. 1. Transparently calling a FIR filter

One way to accomplish this is to make a derived class
that overrides some methods with specific hardware com-
munication. This makes method calling transparent, but
object construction still is not transparent. The entire ap-
plication would have to be adapted to call the constructor
of the derived class with hardware support, instead of the
parent class without hardware support.

A cleaner solution is to change the behavior of the class
at load time. This is done using Aspect-Oriented Program-
ming (AOP) techniques [6]. Whenever a class is loaded,
the JBoss-AOP [1] classloader checks if it has to inject
the “hardware acceleration aspect” into some of the class’
methods. If so, the bytecode is altered. Whenever this al-
tered method is called, a special routine will be started in-
stead of directly executing the original method. This rou-
tine checks for hardware availability and starts the calcula-
tion in RH. If no hardware support is available the original
method will be started.

Any method of any Java class can now be hardware
accelerated without changing the Java classfiles. This is
important if we want to hardware accelerate classes that
cannot be changed e.g. because their licenses do not allow
modification or because they are fetched from a source we
cannot control.

V. LOW LEVEL COMMUNICATION

Now that we are capable of intercepting calls to a Java
method, we need to determine how we can set up commu-
nication between the JVM and the FPGA. The FPGA will
be connected to a system bus. Our research platform con-
sists of an Altera Stratix EP1S25 FPGA on a PCI board,
plugged into a desktop PC. Some of the CPU’s address
space will be mapped to registers in the FPGA. This makes
it easy for software to communicate with the FPGA; it will
only need to write to or read from memory locations.

TABLE I
POSSIBLE REQUESTS

JVM to FPGA FPGA to JVM
HW method invocation HW method return

answer to request SW method invocation
lock

unlock

In machine code or languages like C or C++ this is in-
deed easy. However, Java does not allow access to raw
memory. We can work around this by using the Java Na-
tive Interface (JNI)[7], which will allow us to call C func-
tions in Java. The JNI is not very fast because for every
word of data we need to access on the FPGA we need to
cross the Java/C boundary. As an alternative we can adapt
the virtual machine to enable direct Java access to certain
memory regions. This is surprisingly easy in the Jikes Re-
search Virtual Machine, formerly known as Jalapeño [2].
Since it is programmed mostly in Java the JikesRVM al-
lows Java to access low level system calls and raw mem-
ory. Using the JikesRVM communication between Java
and the FPGA will be just as fast as communications be-
tween native machine code and the FPGA.

The FPGA can react to read or write operations by start-
ing a computation. When the FPGA finishes a computa-
tion or wants to request some service from the JVM it can
notify the CPU in two different ways. A value can be set
in a memory mapped register. The JVM is expected to poll
this register from time to time and respond to any request
that is encoded in the register.

Alternatively the FPGA can send an interrupt to the pro-
cessor. As a response to that interrupt the JVM will read
one of the FPGA’s registers and respond to it. Each alterna-
tive has its advantage. Polling is better for low latency but
CPU cycles are wasted. Handling interrupts has a higher
latency but the CPU can devote all its time to useful calcu-
lations.

VI. COMMUNICATION PROTOCOL

At this point, a communication protocol needs to be de-
fined. We support six different types of signals, as pointed
out in Table I.

There are two different signals that can be sent from the
JVM to the FPGA: a method invocation, and an answer
to a request from the FPGA. We will discuss the method
invocation here. The answer will be discussed when we
get to the FPGA’s requests.

To support hardware method invocation each method
that can be hardware accelerated has its own set of reg-
isters in the FPGA. Each of the method’s arguments has
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Fig. 2. Simple requests from FPGA

a register and there is an extra register to start the invoca-
tion. The object to which the method should be applied
(the this object) is considered to be the first, implied, ar-
gument. Each argument (and return value) of a method is
passed through a fixed size register of 64 bits. The largest
Java primitive values (long and double) fit into these
registers. Objects are passed by reference, as Java always
does.

When the FPGA finishes its calculation based on the ar-
guments it received it sends a return request. This request
is passed to the JVM either by polling or with an interrupt,
as explained in Section V.

The return request is the first of four primitive requests
the FPGA can send. The second request is a software
method invocation. Any Java method can invoke another
method. Therefore we also allow a hardware accelerated
method to request a software method call (which may in
turn be delegated to hardware). In order to request a
software method invocation the FPGA sets some of its
registers to encode a reference to the requested method
and its arguments, including the implied this argument.
Since nested Java methods are always executed in the
same thread we want the software method invocation to
be handled by the thread that started the original hardware
method. If we ignore this requirement we cannot guaran-
tee that the thread’s local copies of data be the same for
the software version and the hardware accelerated version.
This violates the Java memory model.

We created a special class that implements a number of
interesting methods the FPGA may want to call. They in-
clude methods for reading and writing fields, constructing

void someMethod(){
synchronized(o1){ // lock o1
synchronized(o2){ // lock o2
doSomethingUsefull();

} // implied unlock o2
} // implied unlock o1

}

Fig. 3. Java locking syntax

objects and arrays, manipulating arrays, throwing excep-
tions, etc. Whenever we come up with new things that are
available in Java, but not in hardware, we just add new
methods to make them easily available to the FPGA. Fig-
ure 2(a) shows how a method in hardware can read a field
from an object.

There are, however, two things that cannot be done in
a method: object locking and unlocking. Java requires
that locking and unlocking operations are always done in
nested pairs. The Java language syntax makes it even im-
possible to lock an object without unlocking it in the same
block, as can be seen from Figure 3.

In order to solve this problem, we do not return from
the locking method. Instead, we enter a synchronized
block and send an answer to the lock request from within
that block. All following requests are also handled within
the same block, until the FPGA requests an unlock oper-
ation. To allow nested locking, we do not actually dupli-
cate code inside the block. Instead we recursively call the
method that handles new hardware requests. Now it is pos-
sible for a hardware method to lock an object, read a field
from it and then unlock it as is depicted in Fig. 2 (b).

Notice that it is illegal for the FPGA to send a return
request when there are still objects locked. The request
handling method will check for such illegal requests, and
report them as errors.

VII. RESULTS

As a first experiment we added instructions to the byte-
code as described in Section IV. We used the JBoss-AOP
library, and measured the execution time of a method with
an empty body. Without modification, one execution of the
method takes 20ns, and with modification 7.56 µs. Mea-
surements were conducted on a Sun Hotspot virtual ma-
chine 1.4.1 (blackdown build) on a Pentium III, 300MHz
running the Linux 2.6.3 kernel.

We expect to be able to greatly reduce this overhead by
using a different library for the bytecode modifications.
However, there will always be a performance penalty
which will only be compensated if long methods are se-
lected for hardware acceleration.

In the second experiment we measured the execution
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TABLE II
EXECUTION TIMES PER OPERATION IN µs

locking read

(a) software N/A 1.5 1.3

(b) hardware simulated in

Java

polling 1982 1057

(c) FPGA on PCI bus polling with

extra thread

4069 2009

(d) FPGA on PCI bus polling 80.9 56.9

times of two methods in software and in hardware. The
first method reads the same field one thousand times and
the second takes a thousand locks on an object and then
releases the locks. Normally one would avoid communica-
tion between RH and the JVM as much as possible because
it is very slow. Since we communicate over a PCI bus at
33MHz and the PCI arbiter in our test computer allows us
only one read transaction every 20 cycles, communication
is a major bottleneck. We intend to move to a Processor
Local Bus (PLB) on a Xilinx Virtex II-Pro. This bus can
be clocked as fast as 400MHz and is designed for better
throughput and response time than PCI.

Table II shows the execution times respectively per
lock/unlock pair and per read operation. The hardware
simulation (b) runs significantly slower than the real hard-
ware (d) even though the simulation routine is very sim-
ple. A lot of the delay is due to switching between the
simulated hardware thread and the thread that invokes the
hardware method. The Sun JVM uses the operating sys-
tem’s threads which are not very fast in Linux.

We also experimented with a system that has an extra
polling thread (c). The threads that call a hardware method
will sleep after invoking the method and will be woken up
by the polling thread. This experiment gives us an idea
of the overhead we can expect when we have one desig-
nated thread that handles interrupts and wakes up other
threads as required. The measurements show that such
indirect notification will be very slow. Perhaps interrupt
de-multiplexing should be done by a kernel space device
driver and not by a Java thread. As another possible course
of action the polling could be integrated in the scheduler of
the JikesRVM. Obviously, we would need to be careful not
to degrade scheduling speed by polling the FPGA too of-
ten.

We see that communication between Java and FPGA
is expensive, even in our fastest hardware implementation
(d). FPGA support is only recommended for longer calcu-
lations that require little or no extra communication with
the JVM.

VIII. CONCLUSION AND FUTURE WORK

We presented a flexible and transparent interface be-
tween reconfigurable hardware and the Java Virtual Ma-
chine. Even though the communication overhead is signif-
icant we believe that for applications with few communi-
cations and long calculations a large performance gain can
be achieved. We will further optimize the communication
overhead and the overhead of the injected aspects.

To demonstrate the usability of this interface we will
implement a full medical signal processing application. To
facilitate hardware development for Java acceleration we
will propose a methodology for converting a Java method
to an FPGA configuration.
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