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For building real-time control programs on PC controllers, we designed and imple-
mented a real-time extension library to enhance the Java virtual machine that was already
available in the real-time operating system we used. Our extension library has the fol-
lowing advantages: First, the underlying Java virtual machine needs no modification to
accommodate it. Second, this extension library is easily ported to any other prior-
ity-based real-time operating system. Third, the core of this extension library is basi-
cally derived from a subset of the Real-Time Specification for Java (RTSJ) standard, and
thus our real-time control program can be moved to a forthcoming RTSJ-compliant Java
virtual machine without much difficulty. In brief, our work may help suggest ways of
implementing RTSJ, or the notion of (degrees of) “minimal” compliance/support of
RTSJ based on non-RTSJ Java virtual machines. In this paper, we will show the re-
quirement, application programming interface, and implementation of this extension li-
brary, and discuss its influence on timing.
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1. INTRODUCTION

Java technologies, including the Java programming language and the Java Virtual
Machine (JVM), have achieved broad acceptance in the developer community since their
introduction in 1995. Java' s simplified object model, strong notions of safety and security,
integral multithreading support, and promise of Write Once, Run Anywhere (WORA)
have much to offer real-time and embedded developers. However, the large size,
non-deterministic behavior and poor performance of most Java implementations have
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hampered itself in the real-time and embedded communities.

Real-time programming is a critical component in the development of many con-
sumer, industrial, and system devices. In using Javato build a real-time control system,
we found the following problems: First, each Java thread can be assigned a scheduling
priority; however, the specification for Java does not strictly define the scheduling se-
mantics among Java threads [1, 2]. That is naturaly viewed as an implementa
tion-dependent issue, so a real-time Java program could not have the characteristic of
WORA like general Java programs. Second, the Java garbage collector cannot be
scheduled, and it may randomly block the execution of al threads inside a Java virtual
machine [3-5]. Third, basically, the chief task of a real-time control program is to deal
with all kinds of periodic or aperiodic asynchronous events. However, Java lacks a
mechanism for handling these events [6]. Fourth, although Java provides APIs with
nanosecond resolution, the real resolution of aclock or atimer is not guaranteed [1].

For developing the standard for real-time Java, IBM, Sun Microsystems, and other
organizations from industry and academia formed a team called the Real-Time for Java
Expert Group, and proposed be called the Real-Time Specification for Java (RTSJ) [7, 8].
RTSJ is the definitive reference for the semantics, extensions, and modifications to the
Java programming language that enable the Java platform to meet the requirements and
constraints of real-time system predictability, performance, and capabilities. This speci-
fication provides programmers with the ability to model applications and program logic
that require predictable execution, which meets hard real-time constraints. However,
the development of the RTSJ-compliant Java Virtua Machine has been slow for most
vendors of real-time operating systems so that we cannot use an RTSJcompliant VM in
the project engaged by the authors.  Consequently, we decided to design and implement
a rea-time extension library that can satisfy the basic requirement of developing a
real-time control program.

The real-time extension library has the following design goals: First, the implemen-
tation of this extension library should not modify the underlying Java virtual machine.
This is because the source code of the JVM running on top of the real-time operating
system that we use is not available. Second, we hope that the control program devel oped
with this extension library can be moved to a forthcoming RTSJ-compliant Java virtual
machine with aonly little modification. Hence, the function and application interface of
the extension library should be as similar to the ones of the RTSJ standard as possible.

After analyzing the previously mentioned problems of thread scheduling and gar-
bage collection, we find they are not as severe as we first thought. If a priority-based
real-time operating system and a non-RTSJ Java virtual machine that offers kernel-level
Java threads are employed, the scheduling semantics of the non-RTSJ Java virtual ma-
chine would be very similar to the one of the RTSJI JVM. For solving the problem in-
duced by garbage collection, in addition to heap, RTSJ defines new kinds of memories,
and they are scoped memory and immortal memory. Just like heap, Java objects can be
created on top of these new memories, but the life cycle of these objectsis different from
the life cycle of objects created in heap. If an RTSJ real-time Java thread uses only the
Java objects in scoped memory or in immortal memory, it can be prevented from the dis-
turbance of the heap garbage collection. However, since it is amost impossible to pro-
vide the RTSJ new memory models without modifying the underlying Java virtual ma-
chine, here we choose another simpler way to prevent the problem incurred by garbage
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collection. After the initialization phase of a real-time control program, the garbage
collector of the Java virtual machine will be closed. Heap allocation can happen only in
the program initialization phase, and the real-time control program should recycle the
pre-allocated objects by itself after initialization [9, 10]. This heap objects recycle ap-
proach of our real-time extension library can be easily ported to an RTSJ-compliant VM
if the following replacement is performed. Each real-time Java thread in the original
non-RTSJ VM should be replaced by an instance of the NoHeapRealtimeThread
class of the RTSJ). Besides, the heap is replaced by the RTSJ immortal memory for ob-
ject sharing and recycling among real-time Java threads.

In brief, the purpose of our extension library is to solve the remaining two problems
stated in the beginning of this section, and it offers the following three mechanisms:

e An asynchronous event handling mechanism that is derived from the one in the RTSJ
standard.

e A real-time clock that is aso derived from the one in the RTSJ standard. Its resolu-
tionis equal to the timer supported by the underlying real -time operating system.

e A Javaclass that wraps the clock cycle counter of a CPU. The resolution of a clock
cycle counter equals the clock cycle time of the CPU. This can improve the resolution
of measuring the elapsed time of fine-grained activities on Java.

The reminder of this paper is organized as the follows. The architecture of the
real-time extension library is shown in section 2.  Section 3 describes both the Java in-
terface and the Java classes which constitute the application interface of the real-time
extension library. Section 4 presents the implementation of both event sources and
asynchronous event handlers.  Section 5 is the experiment section that exploits the sig-
nificance of the indetermination of timing this real-time extension library. Finally, sec-
tion 6 concludes the paper.

2. THE SYSTEM ARCHITECTURE

This section explains the system architecture, shown in Fig. 1, of the portable
real-time extension library. Here the real-time operating system is QNX Neutrino 2.1
[11]. It is compatible with the POSIX real-time standards [12, 13]. The Java virtual ma-
chine is the J9 VM bundled with the IBM VisuaAge Micro Edition 1.1. Asshown in
Fig. 1, our real-time extension library has two parts. the Java part and the native code part.
The former contains the Java classes that can interact directly or indirectly with the Java
real-time control program. These classes can be subdivided into three kinds, as follow-

ing:

e Theclasses relating to asynchronous event handlers.

e Asynchronous event sources including timer, POSIX signal, hardware interrupt, and
user-defined asynchronous events.

e Theclasses relating to the definition of time and real-time clock.
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Fig. 1. The architecture of the real-time extension library.

Except for the classes relating to asynchronous event handlers and user-defined
asynchronous events, al other Java classes have one or more native methods that deal
with the resources offered by the Neutrino real-time operating system. These native
methods interact with the Java part classes through the Java native interface (INI). These
interactions can be divided into the following two categories:

e Javaclassesinvoke native methods. Several Neutrino system calls have to be invoked
when a Java program sets the resources provided by the Neutrino, for example, to
acquire a POSIX real-time timer, to set a POSIX signal handler, or to hook a interrupt
service routine, etc.

e A programmer-defined Java asynchronous event handler has to be triggered through
the NI callback function when the native method intercepts a corresponding asyn-
chronous event that happened outside the real-time control program.

Basically, the extension library can be easily ported to another real-time operating
system when the following capabilities are available;

e Its Javavirtua machine provides kernel-level Java threads and the Java native inter-
face.

e It employs at least a fixed-priority, preemptive scheduling algorithm, and provides
the mechanisms that are similar to the POSIX.1b [12] real-time clocks and real-time
timers.

e Non-blocking messages can be delivered from its signal handlers and interrupt ser-
vice routines.

e TheCPU hasabuilt-in clock cycle counter.

The first three conditions mentioned above can be satisfied by most mainstream
real-time operating systems, such as LynxOS [10, 14] and VxWorks [15, 16]. Further-
more, for the Intel 80X86 family of processors, the built-in processor clock counter was
first introduced in the Pentium processor [17-19]. Hence, if a PC-based controller is
used, in most cases, the processor inside it will contain a processor clock cycle counter.
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3. APPLICATION INTERFACE

Fig. 2 shows both the Java interface and the Java classes which constitute the appli-
cation interface of the rea-time extension library. All of them belong to the
javax.realtime package. They can be divided into the following four main categories:

<<Interface>>
Schedulable

0.* 0.*

AsyncEvent K_>———=> AsyncEventHandler <J}——— BoundAsyncEventHandler

POSIXSignalHandler Neutrinolnterrupt

Til —
Zﬁ % imer - -~ ~
— ~
Zﬁ I HighResolutionTime

BoundPOSIXSignalHandler BoundNeutrinolnterrupt

BoundTimer

f AbsoluteTime RelativeTime

BoundOneShotTimer BoundPeriodicTimer OneShotTimer PeriodicTimer

Fig. 2. The Java interface and the Java classes that constitute the application interface of the
real-time extension library.

User-defined asynchronous events.

e External asynchronous events, such as timers, POSIX signals, and hardware inter-
rupts.

e Asynchronous event handlers.

e Java classes that define the notion of time, the processor clock cycle counter, and the

real-time clock.

In fact, the RTSJ standard defines only the Java classes that denote timers and
POSIX signals. The Javaclasses for hardware interrupts are our own extensions.

The AsyncEvent classisfor user-defined asynchronous events.  Each instance of
this class represents a user-defined event. It can associate more than one asynchronous
event handler, which will be executed after the user-defined event occurs. In addition,
this class is also the super class of other Java classes that represent external asynchronous
events. There are two kinds of Java classes for an external asynchronous event. The
first is the Java class whose name has a “Bound” prefix. Each instance of this kind of
class has a dedicated notification thread. A notification thread itself is a Java thread.
After it is created, it goes through the Java native interface to the native code part of the
real-time extension library, and waits inside a message loop to accept the asynchronous
messages generated by external event sources. Once an asynchronous message is re-
ceived, it will use the JNI callback to trigger the asynchronous event handlers associated
with the corresponding instance of a Java class that represents an external asynchronous



910 HSIN-TA CHIAOET AL.

event. Basicdly, this kind of Java class requires more operating system kernel re-
sources. However, due to the dedicated notification thread, more CPU time is allocated
to deliver the triggered external event, and the average latency of event triggering will
become shorter. In fact, these Java classes with dedicated notification threads do not
exist in the RTSJ standard, and they are also our own extensions. The second kind of
Java class that represents an external asynchronous event uses a shared notification
thread. These classes are the origina RTSJ Java classes for external asynchronous
events. All instances of a Java class that belong to this kind share a notification thread.
Thiskind of implementation prefers the kernel resources to the delay of event triggering.

The real-time extension library aso offers two kinds of RTSJstyle asynchronous
event handlers. The first is the AsyncEventHandler class. Each instance of this
class represents an asynchronous event handler. When an asynchronous event handler
is triggered to run, its execution is started from the run () method of the instance of
AsyncEventHandler. Thisisquitesimilar tothe start-up of a Javathread. However,
in the RTSJ standard, it does not enforce that each instance of AsyncEventHandler
have its own Java thread to execute the body of the event handler. In fact, the instances
of AsyncEventHandler that have been triggered can be scheduled by a scheduler
using Javathreads. This issue will be discussed in the next section. The second kind
of asynchronous event handler isthe BoundAsyncEventHandler class, and is a sub-
class of the AsyncEventHandler class. However, each instance of this class has a
dedicated Java thread that will execute the body of the asynchronous event handler when
it istriggered. This implementation improves the turnaround time of an asynchronous
event handler by consuming more kernel resources.

At the end of this section, we give a glance at the remains of the Java classesin Fig.
2. The HighResolutionTime class, the AbsoluteTime class, and the Rela-
tiveTime class define the notion of time in the RTSJ standard. The Clock class
implements the real-time clock in the RTSJ standard. The ProcessorClock classis
our extension for wrapping the clock cycle counter of the Intel 80X86 family of proces-
sors (called time-stamping counter by Intel) in a Java class.

4. IMPLEMENTATION

In this section, we first describe the interactions between event sources and asyn-
chronous event handlers. Then, we show the implementations of both. Fig. 3 shows
the sequence of actions when a user-defined event is triggered. Once the fire ()
method of AsyncEvent isinvoked, it first callsthe fire () method of each associated
instance of BoundAsyncEventHandler. This will wake up the dedicated ker-
nel-level Java thread of each above instance to execute the body of the asynchronous
event handler. Then, the fire () method of AsyncEvent callsthe fire () method of
AsyncEventHandlerScheduler, and passes the instances of the associated in-
stances of AsyncEventHandler as parameters of the method invocation. This will
cause these instances of AsyncEventHandler to be scheduled to run.
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Application code: : AsyncEvent : BoundAsyncEventHandler : BoundAsyncEventHandlerThread : AsyncEventHandlerScheduler
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Fig. 3. The sequence diagram of triggering an asynchronous event.

Fig. 4 shows the class hierarchy of the implementation of the two kinds of asyn-
chronous event handlers. Two classes, the ThreadPool and AsyncEventHan-
dlerScheduler, implement the scheduler for the triggered instances of
AsyncEventHandler. Wewill present the detail about this scheduler in the follow-
ing subsection. The scheduler for another kind of asynchronous event handler, Boun-
dAsyncEventHandler, is implemented as a method embedded inside itself. Boun-
dAsyncEventHandlerThread implements the dedicated kernel-level Java thread of
each instance of BoundAsyncEventHandler.

4.1 The Scheduler for AsyncEventHandler Class

Each instance of the AsyncEventHandler class, like a Javathread, has a priority
for scheduling. Moreover, the range of priority of the AsyncEventHandler classis
the same as the range of priority of a Javathread. In the IBM J9 Java virtual machine,
the range of priority is from 1 to 10. In fact, RTSJ enforces that an RTSJ-compliant
JVM should at least implement a fixed-priority, preemptive scheduling algorithm with at
least 28 unique priority levels. However, after analyzing the requirement of our appli-
cation-the real-time control program inside a plastic-injection-molding machine, we find
that it does not need so many priority levels. For simplifying the implementation of the
real-time extension library, we decide to use the range of priorities of a kernel-level Java
thread in the non-RTSJ JVM as the range of priorities of the AsyncEventHandler
class. This design decision will not complicate the task for porting our real-time appli-
cation to the forthcoming RT SJ-compliant Java virtual machine.
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Fig. 4. The class hierarchy of the implementation of asynchronous event handlers.

Fig. 5 shows the architecture of the scheduler for the triggered instances of
AsyncEventHandler. Thisscheduler hasten FIFO ready queues, and each of them
has a different priority for scheduling. When an instance of AsyncEventHandler is
triggered, it will be appended to the end of one of the above ready queues according to its
priority. This scheduler use pre-allocated Java threads as worker threads to execute the
triggered instances of AsyncEventHandler. A worker thread has three states: ac-
tive, bound, and inactive. Each FIFO ready queue of the scheduler has a dedicated local
worker thread pool, and it stores inactive worker threads that has the same priority as the
FIFO ready queue. In addition to the local worker thread pools, this scheduler also has a
global worker thread pool. However, the inactive worker threads inside it may have
different priorities.

For each FIFO ready queue that contains any triggered instances of the
AsyncEventHandler class, an active worker thread is allocated from either the local
or the global worker thread pool to execute these triggered instances sequentialy. The
priority of an active worker thread is equal to the priority of the FIFO ready queue it



REAL-TIME EXTENSION LIBRARY FOR JAVA 913

Pools of worker threads Ready queues for asynchronous event handler

Local Pool 1 ———— 1 AEH1

Local Pool 2 - —— — — ) 2

Local Pool3 )< —— — — ) 3 e + AEH2 ‘ AEH3 ‘ AEH4 ‘

Local Pool 4 < ————)> 4

Local Pool 5 < —— — — )| 5

Local Pool 6 < ————)> 6

Local Pool 7 < — — — — ) 7

Local Pool 8 < ————)> 8

Local Pool 9 < ————) 9

| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
Y Y Y Y Y Y Y Y Y Y

Local Pool 10 < ————) 10

| e e R ey R R i R i E—|

Fig. 5. The architecture of the scheduler of the AsyncEventHandler class.

serves. Since a thread alocated from the globa worker thread pool requires an extra OS
kernel operation to change its priority, the local thread pool is prior to the global one for
alocating an active worker thread. Because each FIFO ready queue has its own active
worker thread (kernel-level Java thread), for two instances of the AsyncEventHan-
dler classthat have different priorities, the scheduling among them is preemptive.

The RTSJ standard allows an asynchronous event handler to contain blocking op-
erations. Hence, the scheduler in Fig. 5 also has to know how to deal with this situation.
As shown in Fig. 5, suppose the instance AEH2 has a blocking operation. In order to
prevent the following AEH3 and AEH4 from being blocked, before the AEH2 enters the
blocking operation, it has to call the AsyncEventHandler.bindToDedicated
Thread () method. Then, this method will invoke the AsyncEventHandler
Scheduler.bindToDedicatedThread () method to switch the current active
worker thread to a bound worker thread. The bound worker thread will be dedicated to
the AEH2 until the body of AEH2 is finished. Once the active worker thread mentioned
above becomes a bound worker thread, a new active worker thread is immediately allo-
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cated from either the local or the global worker thread pool to run the following AEH3
and AEH4.

For using this scheduler, the size and the initial number of inactive worker threads of
each worker thread pool have to be specified during the initialization of a real-time con-
trol program. However, because the types and the patterns of asynchronous events that
will be handled by the real-time control program are predictable, we assume that the
previously mentioned approach is feasible.

4.2 BoundAsyncEventHandler | mplementation

Fig. 6 shows the core code of BoundAsyncEventHandler and the Boun-
dAsyncEventHandlerThread. When a new instance of BoundAsyncEven-
tHandler is created, its internal dedicated worker thread, an instance of Boun-
dAsyncEventHandlerThread, is aso created. This class is a subclass of
java.lang.Thread. The dedicated worker thread will enter the dispatching loop of
BoundAsyncEventHandler (the schedule () method) after the new instance of
BoundAsyncEventHandler is initialized. When an asynchronous event has arisen,
the corresponding instance of AsyncEvent will cal the fire () method of each in-
stance of BoundAsyncEventHandler attached with the instance of AsyncEvent.
The £ire () method will increase the internal variable FireCount of the instance of
BoundAsyncEventHandler. The worker thread executes the run () of Boun-
dAsyncEventHandler if the FireCount variable is larger than 0. The run ()
method can be overridden by programmers, and it can modify the value of the Fire-
Count by caling getAndDecrementPendingFireCount () (to decrease the
FireCount by one) or getAndClearPendingFireCount () (to clear the Fire-
Count to zero). After run () is finished, the worker thread executes the body of the
asynchronous event handler, handleAsyncEvent () of BoundAsyncEventHan-
dler.

public abstract class BoundAsyncEventHandler
extends AsyncEventHandler

BoundAsyncEventHandlerThread HandlerThread;
public AsyncEventHandler (int Priority) {

super (Priority) ;

HandlerThread = new

BoundAsyncEventHandlerThread (this) ;

HandlerThread.start () ;
}
void scheduler() {

while (True) {

synchronized (this) {
while (FireCount == 0)
Wait () ;
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run() ;

}
}
public synchronized void fire() {
FireCount++;
if (FireCount == 1)
Notify () ;

}

class BoundAsyncEventHandlerThread extends Thread {
BoundAsyncEventHandler Handler;
BoundAsyncEventHandlerThread (BoundAsyncEventHandler Handler) {
this.Handler = Handler;
run() {
Thread.currentThread.setPriority (Handler.Priority) ;
Handler.scheduler () ;
}

Fig. 6. Core code of the BoundAsyncEventHandler and BoundAsyncEventHandler-
Thread class.

4.3 External Asynchronous Event

There are three kinds of external asynchronous events: timer, POSIX signal, and
hardware interrupt. For each kind of event, two implementations of Java class are of-
fered. One uses a dedicated notification thread, and the other uses a shared notification
thread. Consequently, there are a total of six combinations of the Java classes for ex-
ternal asynchronous events. However, since the core implementations of these Java
classes are similar, here we only show the detail of using a shared natification thread to
implement timers.

There are two kinds of timers-OoneShotTimer (the timer of its instance expires
only once) and PeriodicTimer (the timer of its instance expires periodically). The
common super class of these two classes is the Timer class. All instances of the two
kinds of timer classes share the same natification thread, which was implemented by the
Timer class. Each instance of the Timer class has a corresponding Neutrino timer in
the native code part of the extension library. As shown in Fig. 7, in the native code part
of the extension library, the states of each instance of the Timer class are stored in five
arrays, and each Timer classinstance has aunique array index. The states stored in the
above-mentioned five arrays are:

e TheJNI global object reference of each instance of the Timer class.

e ThelD of each Neutrino timer.

e A Boolean state representing the presence of asynchronous event handlers for an in-
stance of the Timer class.
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Fig. 7. The implementation of timer.

e The Neutrino pulse for sending enabling messages.
e The Neutrino pulse for sending disabling messages.

Pulse is a mechanism for delivering asynchronous messages in the Neutrino
real-time operating system. The message receiver receives the messages from a mes-
sage queue called the channel. A delivered asynchronous message contains two parts, a
code part and a data part. Three kinds of asynchronous messages are delivered to the
notification thread. The first is the enabling message. The code part of this kind of
message iS ENABLING MESSAGE, and the data part is the array index of the Timer
instance that delivers this message. If a new asynchronous event handler is attached to
an instance of the Timer class that originaly contains no handler, the instance of
Timer class will deliver an enabling message to the notification thread. The second
kind of message is the disabling message, whose format is quite similar to the enabling
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message, except the code part becomes DISABLING MESSAGE. Thiskind of message
is output when the last asynchronous event handler of an instance of the Timer classis
removed. Fig. 8 shows the message |oop of the shared notification thread in the Timer
class. After the notification thread receives an enabling message or a disabling message,
it will change the state of handler presence according to the array index retrieved from
the data part of the received message.

The third kind of message is the timer message, which is delivered when a Neutrino
timer expires. The code part of thiskind of message is TIMER MESSAGE, and the data
part is also the array index of the expired Neutrino timer. As shown in Fig. 8, after the
notification thread receives a timer message, it checks whether or not the corresponding
instance of the Timer class contains asynchronous event handlers. If any asynchro-
nous event handler is present, the notification thread will invoke the fire () method of
the corresponding instance of the Timer class through the JNI callback. JNI can reach
the fire () method by passing both the NI global reference of the target instance of the
Timer class (timer instance [message.datal) and the JNI method ID of the
fire() method (fire method ID). Finaly, the associated asynchronous event
handlers will be scheduled to run.

The implementation of the POSIX signal is similar to the implementation of the
timer. However, because the POSIX signal is delivered to a thread, we have to use two
numbers (Neutrino thread 1D, signal number) as the indexes for accessing the states of
each instance of the POSIXSignalHandler class inside the native part of the exten-
sion library. Because the actually used indexes are sparse in comparison to their range,
we decide to use a hash table to store the states of each instance of the POSIXSignal-
Handler class, and the hash key is (Neutrino thread ID, signal number).

while( 1 ) {
MessageReceive (channel ID, &message, sizeof (message));
switch (message.code)
case TIMER MESSAGE:

if (presence status[message.data] == ENABLE)
JNI callback(timer instance[message.data], fire method ID);
break;

case ENABLING MESSAGE:

presence_ status[message.data] = ENABLE;
break;

case DISABLING MESSAGE:
presence_ status[message.datal] = DISABLE;

break;

Fig. 8. The message loop of the shared notification thread in the Timer class.

The RTSJ standard treats an asynchronous event handler as areal-time thread. We
assume that the conventional interrupt service routines (1SRs) cannot be entirely replaced
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by the asynchronous event handlers. Since an ISR can interrupt the execution of any
running threads, its length is usually very short. However, the overhead of scheduling
an asynchronous event handler to run is too high to replace a conventional ISR. We
think that the best way to integrate hardware interrupts into our extension real-time li-
brary isto combine | SRs with the use of asynchronous event handlers. 1SRs are respon-
sible for dealing with time-critical and device-dependent tasks, while asynchronous event
handlers are responsible for dealing with time-insensitive. Our real-time extension li-
brary offers the APIs an ISR to trigger the asynchronous event handlers if necessary.
This combination of ISR and asynchronous event handlers can make the tasks of proc-
ng interrupts more modularized.

At the end of this subsection, we briefly mention the implementation of the Java
external event classes that have dedicated notification threads. Fig. 9 shows the
message loop of BoundTimer. Since each instance of these has a dedicated notifica-
tion thread, the native part states of each object instance can be stored in the stack of the
dedicated notification thread.  In other words, these states are defined as automatic vari-
ables inside the C language function that contains the message loop. The fore
mentioned centralized data structures such as arrays or hash tables are no longer required.

while( 1) {
MessageReceive (channel ID, &message, sizeof (message));
switch (message.code)
case TIMER MESSAGE:
if (presence status == ENABLE)
JNI callback(timer instance, fire method ID);
break;
case ENABLING MESSAGE:
presence_status = ENABLE;
break;
case DISABLING MESSAGE:
presence_status = DISABLE;
break;

Fig. 9. The message loop of the dedicated notification thread in the BoundTimer class.

5. THE INFLUENCE ON TIMING

In this section, we will try to illustrate how our extension library impacts on timing
by comparing the precision of the Neutrino periodic timer with the precision of the peri-
odic timer of our extension library. For this purpose, the following experiment is per-
formed with both kinds of periodic timers. First, we create a new periodic timer, and set
its period to 20 ms. Then, we observe the expiration of this timer for 1000 times, and
record the interval between each pair of consecutive expirations. In the Neutrino-version
experiment, we use its POSIX thread and POSIX timer to implement the experiment
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stated above. In the Java-version experiment, two object instances of the following two
classes in our extension library are employed: BoundAsyncEventHandler and
BoundedPeriodicTimer. Both versions of the experiment are performed on a
PC-based controller with a 550 MHz Intel Celeron processor. The operating system is
QNX Neutrino 2.1, and the Java virtual machine is the J9 JVM of the IBM VisuaAge
Micro Edition 1.1.

In order to simulate the results of the activities that may happen in the rea world,
while the experiment is running, we also select one of the following six workloads and
execute it.  For preventing the side effects of a finished experiment affect the result of
the next experiment, we reboot the test platform before starting each experiment.

e Noload: Neither foreground programs nor background processes are running.

e Background load: No foreground program is running. All background processes are
removed except the following three daemon processes, slinger, inetd, and syslogd.

e Full load: Two workloads, hard disk load and network load, are running concur-
rently.

e Hard disk load: Running the shell command “Is—R / &”. Because the test platform
is rebooted before performing an experiment, the disk cache will not hold the disk
blocks of file directories that are touched in the previous experiment. This is impor-
tant since the disk blocks touched by the “Is 4R / &” command can almost be
accommodated by the disk cache.

e Network load: Using the “ping —f” command repeatedly to send ICMP (Internet
Control Message Protocol) packages to another machine on the same LAN.

e Calculation load: A C program that performs floating-point division inside an infi-
nite loop. Here we carefully turn off the compiler optimization option to make sure
that the compiler will not eliminate the floating-point division instructions.

Notice that the priorities of threads that execute foreground workloads mentioned
above (full load, hard disk load, network load, and calculation load) are always lower
than those of the threads (either the POSIX thread or the kernel-level Java thread of the
instance of BoundAsyncEventHandler) that handle the events of timer expiration.

In the Neutrino-version experiment, the expiration time of the Neutrino timer is
measured by reading the time-stamping counter of the Celeron processor through inline
assembly code. Inthe Java-version experiment, ProcessorClock isemployedin the
instance of BoundAsyncEventHandler to measure the expiration time of the in-
stance of BoundPeriodicTimer. However, since ProcessorClock has to go
through the Java native interface to read the time-stamping counter, for controlling the
accuracy of the experiment, we have to understand the timing behavior of the JNI.  As
shown in Table 1, the overhead of NI is stable, and the six kinds of workloads men-
tioned previously amost have no influence on it (the ranges of variation, Max—Min of
each row in Table 1, are all within 49 nanoseconds). In addition, the JNI overhead
(about 1 microsecond) is quite small in comparison to the range of variation of a periodic
timer's interval (about 1 to 2 milliseconds, shown in Tables 2 and 3). Hence, we think
the influence of JNI can be omitted in the experiment.

Fig. 10 shows the distribution of expiration time of periodic timers under six kinds
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of workloads. We can find that the Neutrino-version experiment and the Java-version
experiment have similar distributions. The distribution of the Neutrino-version experi-
ment is more concentrate than the distribution of the Java-version. Tables 2 and 3
summarize the experimental results of both kinds of periodic timer. The range of varia-
tion of the Neutrino periodic timer (Max—Min of each row in Table 2) is from 1003.3 to
1208.2 microseconds. The range of variation of the periodic timer of our real-time ex-
tension library is from 1153.6 to 2289.8 microseconds. Hence, in the worst case, our
real-time extension library introduces about one more millisecond indetermination of
timing than the Neutrino real-time operating system.  However, such resolution of
timing is enough for our application-the real-time control program inside plastic injection
molding machine. In such a machine, the maximum tolerable delay of a control com-
mand is about 6 milliseconds.

Table 1. The overhead of JNI influenced by other workload (ns).

Min M ax Rangeof Var. | Avg. | Std. Dev.

No load 1025 1065 40 1025 1

Background | 1025 1065 40 1025 2
load

Full load 1025 1067 42 1025 2

Hard disk 1025 1068 43 1025 2
load

Network load | 1025 1065 40 1025 1

Calculation | 1025 1074 49 1025 2
load

Table 2. The experiment results of the Neutrino periodic timer (us).

Min Max | Rangeof Var. Avg. Std. Dev.
No load 19987.9 | 20992.9 1005 19996.2 37
Background | 19978.9 | 20997.9 1019 19996.8 34
load
Full load 19844.8 | 20992.8 1148 19996.2 7.9
Hard disk 19977.9 | 20993 1015.1 19996.5 53
load
Network load | 19840.8 | 21049 1208.2 19996.2 104
Calculation 19991 | 20994.3 1003.3 19996.4 25
load




Table 3.

(us).

REAL-TIME EXTENSION LIBRARY FOR JAVA

Min

Max

Range of Var.

Avg.

Std. Dev.

No load 19835.4 | 20992.6 1157.2 19995.4 3
Background | 19839.2 |20993.5 1154.3 19996.1 4.8
load
Full load 18849.2 21139 2289.8 19996 8.9

Hard disk
load

19839.5

20993.1

1153.6

19996.1

8.5

Network load

19623.4

21052.5

1429.1

19995.9

4.4
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The experiment results of the periodic timer of our real-time extension library
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Fig. 10.

(a) No load

The distribution of the expiration time of the periodic timers offered by both the Neutrino
and the Javareal-time extension library.
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Fig. 10. (Cont’'d) The distribution of the expiration time of the periodic timers offered by both the
Neutrino and the Java real-time extension library.

6. CONCLUSIONS

For using Javato develop the real-time control program inside an industrial applice-
tion, we design and implement a real-time extension library to enhance the capability of
current Java virtual machine. There are three advantages of this extension library.
First, to implement it needs no modification of the underlying Java virtua machine.
Second, its implementation is also easy to port to most mainstream real-time operating
systems. Third, since this extension library is derived from the RTSJ standard, our
real-time control program that is built upon it can be moved to a forthcoming
RTSJcompliant Java virtual machine with little modification. In this paper, we dis-
cussed the function, architecture, application-programming interface, and implementation
of the real-time extension library. In addition, we also performed several experimentsto
explore how significant the indetermination of timing this real-time extension library
would introduce. From the experiment results, we found that the timing characteristics
of thisreal-time extension library was within the acceptable range of our application.
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