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Abstract

Extensions like the Real-Time
Specification for Java (RTSJ) enable
the use of Java in more and more time-
critical application domains. The
RTSJ enables the development of real-
time code in Java even though a clas-
sical garbage collector causes unpre-
dictable pauses to non-realtime code.

This  presentation gives an
overview of how a modern real-
time garbage collectors operates. It
presents the impact this has on the de-
veloper of complex applications that
need to perform time-critical and non-
time-critical tasks. The use of re-
altime garbage collection technology
simplifies the application development
even in systems that do not use dy-
namic memory allocation within real-
time code.

1 Introduction

The enormous success of Java technology is
due to the many advantages, such as higher
productivity and safety, the language brings
to the developer. Even critical applications, as
in automotive or aerospace control, can profit
from these advantages [17, 1].

Language extensions like the Realtime
Specification for Java [5] have made it possi-
ble to use Java implementations even though a
garbage collector may interrupt the execution
of normal Java code in an unpredictable way.

New specific features such as realtime threads
that cannot access the garbage collected heap
make it possible to develop code that has pre-
dictable timing behavior and that can be used
for hard realtime tasks.

In parallel to the definition of realtime ex-
tension to the Java environment such as the
Realtime Specification for Java, the technol-
ogy for deterministic automatic memory man-
agement has improved significantly. Realtime
garbage collectors that do not require to make
any restrictions on the type of memory man-
agement that is used for threads that require
realtime behavior.

Realtime applications have to perform a set
of tasks with different requirements on their
timing behavior. Typically, these applications
have only few tasks that require hard realtime
execution with strict deadlines, while most of
the rest of the application can be considered
soft realtime. Furthermore, the hard realtime
tasks are typically simple enough such that
complex features such as dynamic memory al-
location are not considered needed for these
tasks. This insight has led to the definition
of specific memory areas with simpler memory
reclamation rules that are not under the con-
trol of the garbage collector.

Even though hard realtime tasks do not re-
quire dynamic features, these tasks typically
need to communicate with other tasks that
are less time critical. Typical means for this
communication are the use of shared mem-
ory and synchronization via Java monitors.



This sharing of resources with non-realtime or
lower-priority tasks turns out to be a major
drawback of schemes that use separate thread
classes and separate memory areas for realtime
and non-realtime tasks. In a system that is
split into a realtime part that only accesses
specific memory areas that are not accessi-
ble by normal tasks that may be interrupted
by the garbage collector, and a non-realtime
part that can make full use of dynamic fea-
tures and garbage collection, communication
between these to parts is becomes very diffi-
cult. A realtime task that needs access to a
monitor that may as well be held by a non-
realtime task that may be stopped by garbage
collection activity will suffer from garbage col-
lection pauses exactly as the non-realtime task
does.

Modern hard realtime garbage collection
techniques can be employed to solve this prob-
lem: A system that uses deterministic garbage
collection that occurs at predictable times and
that is interruptible after very small incremen-
tal steps permits hard realtime tasks to ac-
cess the same memory as non-realtime tasks
and permits the use of common synchroniza-
tion mechanisms. Even though the hard re-
altime tasks itself may not require any dy-
namic features such as dynamic memory man-
agement, the use of realtime garbage collec-
tion will reduce the complexity of the over-
all system significantly. It will allow straight-
forward communication between the realtime
and non-realtime parts of the application via
shared memory and shared monitors without
introducing the risks of blocking hard realtime
tasks for garbage collection activity.

The rest of this paper is organized as fol-
lows. Section 2 will give a short overview of
the Realtime Specification for Java. The hard
realtime garbage collector developed for the
JamaicaVM realtime Java implementation will
then be presented in Section 3. The effects of
the use of such a garbage collector on the devel-
opment of realtime software will be illustrated
in Section 4. Section 5 will present recent work
on realtime garbage collection technology, sec-
tion 6 concludes this paper.

2 Realtime Specification for
Java

The aim of the Realtime Specification for Java
(RTSJ) [5] is to extend the Java language def-
inition and the Java standard libraries to sup-
port realtime threads, i.e., threads whose exe-
cution conforms to certain timing constraints.
Nevertheless, the specification is compatible
with different Java environments and back-
wards compatible with existing, non realtime
Java applications.

One of the biggest advantages of Java
technology, the safe memory management
through automatic garbage collection, is also
the biggest problem for the use in realtime sys-
tems. However, the garbage collector is the
basis for the safety mechanisms and is conse-
quently compulsory.

The garbage collector in a classic Java sys-
tem can stop all application threads at an un-
predictable time and for an unpredictable du-
ration. This leads to pauses as illustrated in
Figure 1. These pauses make the prediction
of timing behavior of the application impos-
sible. To permit realtime programming, one
therefore needs a means to avoid these pauses:
a deterministic incremental garbage collector
that does not cause unpredictable pauses of the
application needs to be employed.

The most important improvements of the
RTSJ affect the following seven areas:

e thread scheduling,

e memory management,

e synchronization,

e asynchronous events,

e asynchronous flow of control,
e thread termination, and

e physical memory access.

With this, the RTSJ also covers areas that
are not directly related to realtime applica-
tions. However, these areas are of great im-
portance to many embedded realtime applica-
tions such as direct access to physical memory
(e.g., memory mapped I/O) or asynchronous
mechanisms.

Thread Scheduling: To enable the develop-
ment of realtime software in an environment
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Figure 1: In a classic Java environment, application threads are stopped by the garbage collector.

with a garbage collector that stops the execu-
tion of application threads in an unpredictable
way, new thread classes RealtimeThread and
NoHeapRealtimeThread are defined. These
thread types are unaffected or at least less
heavily affected by garbage collection activity.
Also, at least 28 new priority levels, logically
higher than the priority of the garbage collec-
tor, are available for these threads. Figure 2
illustrates the new realtime thread classes that
can interrupt garbage collector activity.

Memory Management: For realtime
threads not to be affected by garbage collec-
tor activity, these threads need to use memory
areas that are not under the control of the
garbage collector. New memory classes, Im-
mortalMemory and ScopedMemory, provide
these memory areas. One important conse-
quence of the use of special memory areas
is, of course, that the advantages of dynamic
memory management is not fully available to
realtime threads.

Synchronization: In realtime systems with
threads of different priority levels, priority in-
version situations must be avoided. Priority
inversion occurs when a thread of high prior-
ity is blocked by waiting for a monitor that
is owned by a thread of a lower priority. The
RTSJ provides the alternatives priority inheri-
tance and the priority ceiling protocol to avoid
priority inversion.

The RTSJ offers powerful features that en-
able the development of realtime applications.
Figure 3 shows an example how the RTSJ can
be used in practice. In this example, a peri-
odic thread is created. This thread becomes
active every 20ms and creates a short output
onto the standard console. A RealtimeThread
is used to implement this task. The priority
and the length of the period of this periodic
thread need to be provided. A call to wait-
ForNextPeriod() causes the thread to wait af-
ter the completion of one activation for the
start of the next period. An introduction to
the RTSJ with numerous further examples is

given in the book by Peter Dibble [7].

The RTSJ provides a solution for realtime
programming, but it also brings new difficul-
ties to the developer. The most important
consequence is that applications have to be
split strictly into two parts: a realtime and
a non-realtime part. The communication be-
tween these parts is heavily restricted: real-
time threads cannot perform memory opera-
tions such as the allocation of objects on the
normally heap which is under the control of the
garbage collector. Synchronization between re-
altime and non-realtime threads is heavily re-
stricted since it could otherwise cause realtime
threads to be blocked by the garbage collector.

3 Realtime Garbage Collec-
tion

In a system that uses realtime garbage collec-
tion, this strict separation into realtime and
non-realtime threads is not necessary. The
strict splitting of an application is conse-
quently not required. Threads are scheduled
according to their priority or other scheduling
mechanisms that are used in the system. Fig-
ure 4 illustrates such a system with the garbage
collection work being performed within the ap-
plication threads. There is no specific garbage
collection thread that may stop the execution
of other threads. We have implemented such
a garbage collector as the basis of the Ja-
maicaVM is a Java implementation that pro-
vides realtime behavior for all threads.

The realtime garbage collector performs
its work predictably within the application
threads. It is activated when memory is al-
located. This garbage collector activity must
be interruptible any time to permit preemption
by more urgent threads.

The implementation of a realtime garbage
collector has to solve a number of technical
challenges. Garbage collector activity must be
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Figure 2: RealtimeThreads in the Realtime Specification for Java are not affected by garbage col-
lector activity.

import javax.realtime.*;
public class HelloRT { /* Periodic thread in Java: */

public static void main(String [1 args) {

/* priority for new thread: min+10 */
int pri = PriorityScheduler.instance().getMinPriority() + 10;
PriorityParameters prip = new PriorityParameters(pri);

/* period: 20ms */
RelativeTime period = new RelativeTime(20 /* ms */, O /* ns */);

/* release parameters for periodic thread: */
PeriodicParameters perp = new PeriodicParameters(null,period,null,null,null,null);

/* create periodic thread: */
RealtimeThread rt= new RealtimeThread(prip, perp) {
public void run() {
for(int n=0; waitForNextPeriod() && (n<100), n++) {
System.out.println("Hello "+n);
}
}
3

rt.start(); /* start periodic thread: */

Figure 3: Example programm that starts a periodic task using a RealtimeThread.
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Figure 4: Realtime Garbage Collection: All Threads are realtime threads.



performed in very small single increments of
work. In the garbage collector that is presented
here, one increment of garbage collector work
consists of only 32 bytes of allocated memory.
On every allocation, the allocating thread has
to "pay" for the allocated memory by perform-
ing a small number of these increments. The
number of increments can be analyzed, such
that this is possible even in realtime code.

The most difficult tasks within such an in-
cremental garbage collector are the root scan-
ning phase of the garbage collector, the mem-
ory fragmentation problematic and the deter-
mination of worst case execution times for suc-
cessful memory allocation.

3.1 Root Scanning

Root scanning typically involves stopping of all
threads such that the references stored within
the runtime stacks of the threads can be found.
This requires stopping of the application for
times that are not acceptable in demanding re-
altime environments.

A means to completely avoid the root scan-
ning phase overhead is to use a Java compiler
and a virtual machine that creates additional
code that ensures that all root references are
copied to the heap whenever the garbage col-
lector may become active. Specific data struc-
tures on the heap are required to hold copies
of the root references. If these data structures
are all made reachable from a single global root
references, the root scanning phase can be re-
duced to scanning this single global root refer-
ences. Consequently, the root scanning phase
is no longer required, it is sufficient to start the
garbage collector’s mark phase from this single
root reference. The surprising result is that
the overhead for copying of the root references
to the heap can be reduced by an optimizing
compiler to only a few percent of the execution
time [27].

3.2 Fragmentation

Once the root scanning phase has been elim-
inated, a simple incremental mark and sweep
garbage collector can be used [8] as long as
memory fragmentation issues are ignored.

However, a reliable system needs to actively
fight fragmentation of memory to ensure that
it can run correctly for long periods of time.
Any system that allocates memory of arbitrary

sizes might otherwise fail due to fragmentation
of memory.

Unfortunately, defragmenting the heap
through compaction of allocated memory is not
easy within a realtime system. Objects typi-
cally need to be moved atomically causing long
pauses since objects can be fairly large (Java
objects can be arrays of arbitrary sizes).

A solution to the fragmentation problem-
atic that completely avoids the need to com-
pact memory is the use of fixed-size blocks that
are never moved. Java objects can then be con-
structed out of these blocks even if they are
not contiguous in memory. Figure 5 illustrates
how an object can be constructed out of sev-
eral blocks. Surprisingly, the use of fixed-size
blocks results in performance similar to the use
of a compaction mechanism since there is no
need to provide for changing object locations
[26].

3.3 Fixed Execution Time for
GC Increments

The use of fixed-size blocks does not only pro-
vide a solution to the memory fragmentation
problematic, but it also enables to limit the
amount of work that needs to be done on sin-
gle incremental garbage collection steps within
an incremental mark and sweep garbage col-
lector [8]. For this, the single mark and sweep
steps of the garbage collector must not work
on objects, but on single blocks instead.

With a block size of 32 bytes, single incre-
ments of garbage collection work then turn into
marking or sweeping a single block of 32 bytes.
The determination of a worst-case execution
time for such a single step is straightforward
[25, 28].

3.4 Configuring a  Realtime

Garbage Collector

To be able to determine worst-case execution
times for memory allocation operations in a
realtime garbage collector, one needs to know
the memory required by the realtime applica-
tion. With this information, a worst-case num-
ber of garbage collector increments can be de-
termined [25]. Automatic tools can help to de-
termine this value. The heap size can then
be selected to give sufficient headroom for the
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Figure 5: Non-fragmenting object model: object with 7 fields composed out of three blocks of 16

bytes each

garbage collector, while a larger heap size en-
sures a shorter execution time for allocation.
Tools like the analyzer in the JamaicaVM help
to configure a system and find suitable heap
size and allocation times.

4 Realtime Programming

Once the unpredictability of the garbage col-
lector has been solved, realtime programming
is possible even without the need for special
thread classes or the use of specific memory
areas for realtime code.

4.1 Realtime Tasks

Since garbage collection activity is performed
within application threads and only, when
memory is allocated, a direct consequence is
that any realtime task that does perform any
dynamic memory allocation will not be af-
fected by garbage collection activity at all.
These realtime tasks can access objects on the
normal heap exactly as all other tasks. Aslong
as realtime tasks use a priority that is higher
than other threads, they will be guaranteed to
run when they are ready.

Furthermore, even realtime tasks may allo-
cate memory dynamically. Just as any other
tasks, garbage collection work needs to be per-
formed to pay for this allocation. Since a
worst-case execution time can be determined
for the allocation, the worst-case execution
time of the task that performs the allocation
can be determined as well.

4.2 Communication

The communication mechanisms that can be
used between threads with different priority

levels and timing requirements are basically
the same mechanisms as those used for nor-
mal Java threads: shared memory and Java
monitors.

4.2.1 Shared Memory

Since all threads can access the normal,
garbage collected heap without suffering from
unpredictable pauses due to garbage collec-
tor activity, this normal heap can be used
for shared memory communication between all
threads. Any high priority task can access ob-
jects on the heap even while a lower priority
thread accesses the same objects or even while
a lower priority thread allocates memory and
performs garbage collection work. In the latter
case, the small worst-case execution time of an
increment of garbage collection work ensures
a bounded and small thread preemption time,
typically in the order of a few microseconds.

4.2.2 Synchronization

The use of Java monitors in synchronized
methods and explicit synchronized statements
enables atomic accesses to data structures.
These mechanisms can just as well be used to
protect accesses that are performed in high pri-
ority realtime tasks and normal non-realtime
tasks.

However, the standard Java semantics for
monitors do not prevent from priority inversion
that may result from a high priority task try-
ing to enter a monitor that is held by another
task of lower priority. The stricter monitor se-
mantics of the Realtime Specification for Java
[5] avoid this priority inversion. All monitors
are required to use priority inheritance or the
priority ceiling protocol, such that no priority



inversion can occur when a thread tries to en-
ter a monitor.

As in any realtime system, the develop has
to ensure that the time that a monitor is held
by any thread must be bounded if this monitor
needs to be entered by a realtime tasks that re-
quires an upper bound for the time required to
obtain this monitor.

4.3 Standard Data Structures

The strict separation of an application into
a realtime and non-realtime tasks that is re-
quired when the Realtime Specification for
Java is used in conjunction with a non-realtime
garbage collector makes it very difficult to have
global data structures that are shared between
several tasks.

The Realtime Specification for Java even
provides special data structures such as Wait-
FreeWriteQueue that enable communication
between tasks without the need to synchronize
and running the risk of introducing priority in-
version.

In a system that uses realtime garbage col-
lection, such specific structures are not re-
quired. High priority tasks can share standard
data structures such as java.util. Vector with
low priority threads.

5 Related Work

A significant amount of work was carried out
in the area of automatic memory management.
This section can only give a short overview of
the publications relevant to real-time systems.

5.1 Overview on Garbage Collec-
tion Techniques

For a general overview on garbage collection
techniques, the book written by Jones and Lins
is a good start [20]. Wilson compiled a compre-
hensive survey of garbage collection techniques
for single processor machines [32].

Bengtsson and Magnusson give a short
overview of realtime garbage collection tech-
niques (copying, mark-and-sweep, genera-
tional), comparing the efficiency for different
heap configurations [3]. A good survey of non-
garbage collected dynamic storage allocation
techniques is given by Wilson et. al. [34].

5.2 Incremental and Concurrent
Mark-and-Sweep Garbage
Collectors

An emphasis of previous research was to enable
that a garbage collector runs concurrently with
the main application program (the mutator) or
performs its work in small increments. Widely
applied is the three-color marking described
by Dijkstra et. al. [8]. The algorithm uses
two phases: mark and sweep. The first phase
marks all reachable memory, while the second
phase adds the remaining unmarked memory
to the free list.

Queinnec et. al. suggest running the mark
and sweep phases concurrently (mark-during-
sweep), so that two threads or processors are
performing garbage collection and the overall
performance of the system is improved [23].
Wallace and Runciman [30] combine this ap-
proach with a small stack for marked objects
in their incremental collector that is supposed
to be used in embedded real-time systems. Un-
fortunately, the quadratic worst-case execution
time of their implementation disqualifies it for
many applications. Huelsbergen and Winter-
bottom further improve mark-during-sweep by
avoiding fine-grain synchronization [18].

A promising extension of Dijkstra’s mark-
and-sweep garbage collection algorithm for
multiprocessor systems is presented by Doligez
and Gonthier [9]. Unlike Dijkstra’s algorithm,
this algorithm permits several concurrent ap-
plication threads. A more complex write bar-
rier and a sophisticated synchronization mech-
anism at the beginning of a GC cycle enable
parallel garbage collection without fine-grain
synchronization.

Domani et. al. have extended the al-
gorithm by Doligez and Gonthier with Java-
specific features and implemented it for Java
[11, 12]. The algorithm was extended to sup-
port finalization, weak references and (String-)
intern tables as required by Java.

Dubé, Feeley and Serrano present a real-
time garbage collector [13]. The approach
uses a mark-compact scheme that incremen-
tally moves objects. The algorithm was im-
plemented within a rudimentary Scheme in-
terpreter. Some basic runtime measurements
were made using a Fibonacci function writ-
ten in Scheme and comparing the results to



a non-real-time Cheney-style garbage collector
[6]. The real-time garbage collector causes a
slowdown of a factor 3 in this simple test.

5.3 Two-Space Copying Garbage
Collectors

Baker’s copying real-time collector [2] is the
first GC to provide real-time guarantees on al-
location (CONS operations in LISP) coupling
garbage collection work and allocation and us-
ing knowledge of the memory requirements of
the system to control the amount of garbage
collection work. The heap is divided into two
semi-spaces: from-space and to-space. Dur-
ing collection, all live objects from from-space
are evacuated into to-space. When all objects
reside in to-space, the role of both spaces is
swapped (the flip’) and the next collection cy-
cle begins. Drawbacks of the approach are
high memory demand for the two semi-spaces
(from-space and to-space) and bad runtime
overhead due to the use of read barriers. Baker
also proposes generalizing the mechanism for
objects of arbitrary sizes (such as arrays) by
incrementally copying them.

Wilson and Johnstone [33] have further im-
proved Baker’s algorithm avoiding the over-
head caused by a read barrier used in the
original approach and using segregated storage
to manage different sized chunks of memory.
They provide no good solution for fragmenta-
tion in their approach either. Limiting the al-
location size to powers of two reduces the worst
case loss due to fragmentation at a high cost of
internal fragmentation (padding of chunks to
the next power of two), while worst-case frag-
mentation can still be large.

5.3.1 Generational and Age Based Col-
lectors

Many so-called generational garbage collec-
tor implementations are based on the heuris-
tic that old objects tend to live longer than
younger ones. This idea was first presented by
Lieberman and Hewitt [22]: Generational col-
lectors restrict frequent collections to a subset
of the total heap that contains the youngest
objects (the youngest generation) to reduce
the average pause times and total garbage col-
lection overhead. A major problem of this
approach in a system that requires real-time
guarantees is that it is based on heuristics that

may not hold for the actual application. The
original generational heuristic together with
the experience that references tend to link
young objects with old objects more often than
old objects with young objects do not hold for
all applications. For the application of genera-
tional garbage collection in a hard real-time
system, a quantitative measure needs to be
found to determine the degree to which a given
application behaves as expected by the heuris-
tics.

A ’real-time’ implementation of a gener-
ational collector was presented by Engelstad
and Vandendorpe [14]. Collection work is cou-
pled with allocation and based on heuristics
that control the amount of collection work so
that the system is less likely to run out of
memory. However, the scheme doesn’t seem to
give any guarantee that enough collection work
will be performed for the system not to run
out of memory. The authors have measured
that this implementation bounds garbage col-
lection pause times to 0.5-10ms, which is just
enough to use it for interaction with humans,
but not for most technical applications of real-
time controllers. Even if one considers the
higher processor speeds that are available to-
day, one can expect that this approach will not
perform significantly better on todays hard-
ware taking the larger memory sizes into ac-
count that are used in today’s systems.

A ’quasi real-time’ generational collector
was presented in [10] for Concurrent Caml
Light, a multi-threaded implementation of ML.
A crucial prerequisite for this implementation
is the notion of mutable and immutable objects
in ML. The latter can be duplicated, so that
each mutator (thread) can have its own pri-
vate young generation heap that holds copies
of these objects. Other objects are allocated in
a shared heap, the old generation. Each thread
performs the garbage collection of its own pri-
vate young generation. A separate thread is
responsible for collecting the shared heap using
an extension of the Dijkstra et. al. algorithm
[8]. This approach ensures an upper bound
for the pause times of private collections, but
it cannot guarantee sufficient progress of the
collection of the shared heap, requiring unpre-
dictable stopping of threads to wait for the ter-
mination of this collection or extension of the
address space whenever the garbage collector
does not catch up with the allocation speed of
the application.

Recent research indicates that the heuris-



tic that generational collection is based upon
may be improved [29]. The basic idea of this
age-based garbage collection is first to sort ob-
jects by their age measured in allocation time.
Then the collection should be limited to the
subrange of the allocated memory that has the
highest object 'mortality’.

5.4 Realtime Reference Count-
ing

Ritzau describes a variant of reference counting
that can be employed for realtime systems [24].
His scheme combines lazy reference counting
[31] with the use of fixed-size blocks [26] in a
way that results in constant time memory allo-
cation. As all reference counting schemes, this
approach suffers from the inability to reclaim
cyclic data structures.

Blackburn and McKinley [4] combine ref-
erence counting with copying generational
garbage collector to achieve short pause times
and high garbage collector throughput.

5.5 Scheduling Garbage Collec-
tion

Some research has also been done in the area
of scheduling garbage collection in a real-time
system: In the system proposed by Roger Hen-
riksson [15, 16], real-time guarantees for mem-
ory management of some high-priority pro-
cesses can be given as long as low-priority pro-
cesses that are interleaved with the garbage
collection process obtain sufficient CPU time.
This time has to be sufficient so that the sys-
tem can perform enough recycling work to
satisfy the allocations performed in the high-
priority processes. Henriksson bases his col-
lector on Baker’s algorithm [2] and reserves
enough space in the target to-space so that
high-priority processes can allocate their ob-
jects even right before a flip of from- and to-
space. Kim et. al. [21] describe a way to sched-
ule a garbage collection task in a system with
periodic and sporadic real-time tasks using the
sporadic server approach. The scheduling re-
quires knowledge on the allocation behavior
(amount of allocation within one period) of all
real-time tasks to ensure schedulability of the
garbage collector.

6 Conclusion

The extensions defined by the Realtime Speci-
fication for Java enable the use of Java in new
application domains that have strict require-
ments on the timing behavior of the applica-
tion.

However, the need to use special thread
classes and specific memory areas that are not
under the control of the garbage collector and
not accessible by normal threads complicates
the development of larger systems that require
communication and shared data between real-
time and non-realtime code.

The use or realtime garbage collection to-
gether with the extensions defined in the Re-
altime Specification for Java makes it possible
to overcome these restrictions and provides a
more straightforward and simpler development
of realtime code using Java. Even systems that
do not require dynamic memory management
within realtime tasks can profit from such a
system. The development of realtime code be-
comes simpler, such that higher productivity
and higher software quality can be expected.
Such a system provides the advantages, that
made Java so successful, to the developer of
realtime systems.
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