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ABSTRACT
Priority inversion is an important concern in providing ro-
bust synchronization in real-time systems. When a high-
priority task attempts to acquire a lock held by a low pri-
ority task, it is often necessary to momentarily resume the
execution of the low priority task so as to allow it to leave the
critical region safely, ensuring that shared resources are not
in an inconsistent state. Once these resources are properly
released, the high priority task can proceed. In patholog-
ical cases, the priority of several threads may have to be
increased, and the high priority tasks can experience un-
bounded delays.

An alternative approach would record the original values of
shared objects whenever they are modified, restoring them
if the executing thread is interrupted by a higher-priority
one. This approach thus treats the critical section as a
lightweight transaction. This paper presents an extension
to the Real-time Specification for Java with transactional
lock-free (TLF) objects. Atomic methods of TLF-objects
can be accessed concurrently without risking priority inver-
sion. The semantics of our transactions are such that a
high-priority thread will always succeed when trying to en-
ter an atomic section. The time to enter is bounded by
the number of locations updated within the atomic section.
Experimental results undertaken in the context of Ovm, a
virtual machine framework for Java that implements the
Real-Time Specification for Java, indicates that transac-
tional lock-free objects can improve the responsiveness of
high priority threads compared to priority-inheritance based
approaches at the cost of a reduction throughput.

1. INTRODUCTION
The Real-Time Specification for Java (RTSJ) [6] holds pro-
mise to play a key role in the construction of real-time sys-
tems in a type-safe, high-level, programming language. The
RTSJ is being evaluated for use in mission-critical systems
by the likes of Boeing [24] and JPL [18], and has one high-
quality commercial implementation [14], as well as a number
of open source incarnations [4, 8] and variants [19, 7, 30, 9,
27]. This paper focuses on the RTSJ programming model,
and in particular, on how to write correct and efficient real-
time code in the presence of priority preemptive threads and
mutual exclusion.

Priority inversion is a well-studied problem in concurrent
real-time programming. Avoiding priority inversion is es-
pecially important in mission critical or real-time applica-

tions [17, 10, 22, 23]. Priority inheritance and priority ceil-
ing emulation are two well-known protocols that attempt
to avoid priority inversion. The priority ceiling emulation
(PCE) technique raises the priority of any locking thread to
the highest priority of any thread that ever uses that lock
(i.e., its priority ceiling). This requires the programmer to
supply the priority ceiling for each lock. In contrast, the
priority inheritance protocol (PIP) will raise the priority of
a thread only when holding a lock causes it to block a higher
priority thread. When this happens, the low priority thread
inherits the priority of the higher priority thread it is block-
ing. Yet another alternative is to have privileged threads, for
example those executing on behalf of the operating system.
These threads can often disable interrupts or preemption
that effectively locks lower-priority threads from acquiring
critical resources. Regardless of the approach, once a thread
enters a synchronized section its locks cannot be summarily
relinquished without potentially violating synchronization
invariants.

Even with a priority inversion avoidance protocol a high-
level thread can experience an unbounded delay if a low pri-
ority thread’s does not relinquish its lock, or, in less extreme
cases, if it takes longer than planned to complete its work.
While this situation may be described as a programming
error, it is nevertheless a case that can occur, especially in
large and complex embedded software such as those found
in avionics systems.

The RTSJ supports priority preemptive threads with a min-
imum of 28 unique priorities. Furthermore, it provides,
by default, an implementation of a priority inheritance al-
gorithm and supports priority ceiling emulation. Priority
inheritance may be transitive since a low-priority thread
may try to acquire resources held by an even lower prior-
ity threads. In the RTSJ, application programmers are also
faced with the additional problem that some low-priority
whose priority is boosted may trigger a garbage collection,
effectively blocking the high-priority thread from executing
for the entire duration of the collection.

We propose to investigate an alternative concurrency control
mechanism based on transactional lock-free (TLF) objects.
In this scheme, concurrency control is implemented by crit-
ical sections which provide atomicity via a simple compiler-
assisted transactional mechanism. Whenever a high priority
thread tries to enter an atomic method of a TLF-object, the
operation always succeeds in time bounded by the number
of objects updated in the method. Any lower priority thread



executing within an atomic method will be evicted, and its
changes undone. The lower priority thread is guaranteed to
be reexecuted when the high priority thread completes its
work. Since the overheads to perform rollbacks are charged
only to low-priority threads, our scheme favors responsive-
ness over throughput.

This paper defines the semantics of TLF-objects and de-
scribes their implementation within a real-time Java virtual
machine. The salient features of our proposal are as follows:

• A simple programming model in which priority inver-
sion can not occur and higher priority threads are guar-
anteed to enter critical sections within a bounded num-
ber of steps.

• Integration with the RTSJ in a backwards compatible
way. No changes to the Java language are required, we
introduce annotations that are interpreted by the VM.
Our proposal can coexist with traditional synchroniza-
tion.

• Efficient implementation which required modest changes
to an existing RTSJ virtual machine and its optimizing
compiler.

Transactional extensions to programming languages have re-
ceived renewed attention of late. This work is closely related
to that of Harris [11] and Welc et.al. [32]. The main differ-
ence between our work and theirs, besides choice of imple-
mentation technique, is that we must ensure that space for
a transaction is bounded.

The paper is organized as follows. We begin with an overview
of relevant features of the Real-time Specification for Java.
Section 3 introduces transactional lock-free objects. Sec-
tion 4 describes the implementation of TLF-objects within
Ovm. Section 5 reports on experimental results.

2. REAL-TIME SPECIFICATION FOR JAVA
We overview the salient features of the Real-time Specifica-
tion for Java (RTSJ). The RTSJ extends Java with support
for real-time programming in a backward compatible way.
The RTSJ requires no changes to syntax of Java and allow
real-time and plain Java codes to co-exist in one virtual ma-
chine. One design choice made in the RTSJ is to extend
the Java programming model with two abstractions: (a) re-
gions of memory, called scoped memory areas, which are not
subject to garbage collection, and (b) real-time threads that
never interact with the heap and thus can never interfere
with, or be affected by, the garbage collector. Technically
real-time threads come in two flavors, RealtimeThread and
NoHeapRealtimeThread, and only the latter is guaranteed
not to experience garbage collection pauses. Both kinds of
threads can be created with any of the 28 priorities over
and above the ten priorities defined in standard Java and be
given scheduling parameters that are either periodic, aperi-
odic, or sporadic.

Priority inversion is avoided by defining monitor control poli-
cies. The RTSJ overloads the meaning of the synchronized
keyword by allowing programmers to specify a monitor con-
trol policy for each Java language monitor. Two policy

classes are provided by default: PriorityInheritance and
PriorityCeilingEmulation that implement the familiar no-
tions of priority inheritance and priority ceiling respectively.
The static method MonitorControl.setMonitorControl(p)
can be used to set the default policy for the entire virtual
machine, which setMonitorControl(target, policy) sets
the policy for a single object, target.

3. TRANSACTIONAL LOCK-FREE OBJECTS
An alternative approach to the above mentioned priority in-
version avoidance schemes is to use lightweight transactions
instead of monitors to control access to critical sections.
For example, one can apply optimistic concurrency seman-
tics [31] to any number of concurrently executing tasks, al-
lowing these tasks to simultaneously enter the same critical
section (i.e. a sequence of operations protected by the same
lock). If the operations performed by these tasks do not con-
flict they will be allowed to commit their changes, making
their updates visible to other threads in the program; oth-
erwise, one or more task will be aborted, and their changes
discarded. An aborted task may retry execution.

Our approach can be viewed as a hybrid transactional model
that combines features of both pessimistic and optimistic
concurrency semantics in a manner suited to real-time sys-
tems. As in a pessimistic concurrency control model, only
one thread is allowed to execute within a TLF-object at
any given point. As in an optimistic concurrency control
model, a thread can be aborted while executing within a
TLF-object, if a higher-priority thread requests access to
the same object. As in these other approaches, state in-
formation is logged by each thread to ensure that when an
abort does occur, updates it has performed can be reverted
to ensure that consistency invariants are not violated.

We propose a simple language extension inspired by the
work of Harris and Fraser [11] and Welc et.al. [32] geared to-
wards priority preemptive real-time systems. We introduce
a single new keyword @atomic used to declare transactional
critical sections:

@atomic void update( int i) {
if ( i > this.field )

this.field = i;
}

All writes performed within the method, and the methods it
invokes, are guaranteed to become visible when the current
thread leaves the critical section. In the case a transaction is
aborted all changes performed by the thread within the syn-
chronized region are undone and the method is re-excuted.

We refer to objects with @atomic methods as transactional
lock-free (TLF) objects1. A TLF-object acts as a monitor
with respect to its atomic methods. There can be only one
thread concurrently executing an atomic method of a given

1Anderson et.al. have proposed lock-free shared objects
in [2]. The main difference between our works is that we
provide a language-based solution, so none the operations
performed by an aborted thread can be witnessed by other
threads. This is not the case in Anderson’s work where only
the transactional object is protected, shared variables may
be modified by an aborted thread and these will not be un-
done.
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Fig. 1: A sequence of actions performed by dif-
ferent priority threads under priority inheritance
trying to enter critical sections guarded by the
same lock. Low priority thread L is released at
time step 0, mid priority thread M is released
at time 2, and high priority thread is released at
time step 3. L and M operate with boosted pri-
orities at time steps 5 and 6, respectively. The
execution of H’s critical section is delayed until
time step 6.
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Fig. 2: A sequence of actions performed by differ-
ent priority threads sharing under transactional
semantics. Threads M is released at time step
2, causing thread L to abort and undo its write.
Thread H is released at time step 3, preempting
M. Thread L is reexecuted at time step 7. No-
tice that in this example transaction reduce over-
all throughput but increase responsiveness of the
high priority thread.

TLF-object. We ensure that a thread is allowed to enter a
critical section, only if the TLF-object protecting it is not
currently being accessed, or if the TLF object is currently
owned by a lower priority thread. In the latter case the
lower priority thread is evicted from the critical section, its
changes are undone, and it is permitted to re-execute when-
ever the high priority thread completes its work.

Fig. 2 illustrates the actions undertaken by different threads
when they share access to a critical section defined as a
transactional object. At time step 0, a low-priority thread
transactionally executes regions of code that updates object
O2 (which is not necessarily the transactional object but can
be any object visible to that thread). Before it completes
execution of its transaction, the thread is interrupted by a
medium-priority thread causing the modification to O2 to
be undone (time step 2). Before the medium priority thread
is allowed to execute its transaction, it is interrupted itself
by a high priority thread which transactionally updates O2.
Once the high priority completes its work the medium pri-
ority thread is allowed to proceed (time step 5). Finally the
low-priority thread regains control and completes its work
(time step 7 to 9). Note that the low-priority thread must
reexecute its actions Thus, when a lower-priority thread is
evicted, it must resume execution from the beginning of the
critical section; no intermediate results from its previous
aborted execution are preserved.

In contrast, Fig. 1 shows a comparable scenario using a
priority-inversion avoidance protocol. In this case, the in-
terruption of the low-priority thread L by medium-priority
thread M at time step 2 is allowed because M does not im-
mediately enter the critical section. Thread H preempts M
at time step 3, in order to get to execute The priority of L is
boosted at time step 4 and M at time step 5. With a protocol
such as priority inheritance, the maximum time that H must
wait before it can begin execution within the critical section
is only bounded if the length of individual critical sections
can be bounded. In contrast, TLF-objects bound the time
that a higher-priority thread must wait to enter a critical

section as a function of the number of updates that must
be undone. Since undoing the effects of an update involves
simply restoring the original value of the object at the time
the transaction was entered, this cost is significantly easier
to calculate and predict than the worst case execution time
(WCET) of critical sections2. The cost of transaction is that
overall throughput is reduced due to the cost of undoing and
reexecuting threads.

3.1 Example
Consider the doubly linked list data type, DLList, defined in
Fig. 3. The class has two atomic methods, insert() which
performs ordered insertion and getMax() which returns the
list’s largest value. An auxiliary method, splice(), inserts
a new cell in a list. A program with two threads, a high
priority thread H and a low priority L, which interact via a
shared DLList object is given next (the actions performed by
each thread are shown, the indentation hints at the relative
start times):

L: shared.insert( obj)
H: shared.getMax()

Assume L is scheduled first, it acquires the shared TLF-
object, enters the critical section and start executing the
insertion code. If H is scheduled before L completes, the VM
will notice that shared has been acquired by another thread.
By definition of a priority preemptive system, the priority
of L must be less than the H. This leaves no ambiguity as
to what must happen next. L is aborted; if it has already
performed some of its updates, they are undone and H is
permitted to enter the critical section. Once H completes its
work, L will be rescheduled and will re-execute the call to
insert().

In this example the cost aborting a call of insert() is bounded

2Practitioners still estimate WCETs by empirical means,
running the program on different inputs and measuring ex-
ecution time.



class DLList {
Comparable value;
DLList prev, next;

@atomic DLList insert( Comparable v) {
DLList cur = this, pre = null;
while ( cur != null && v.gte( cur.value) )
{ pre = cur; cur = cur.next; }

if ( pre == null )
return new DDList( value).splice( this);

else {
pre.splice( new DDList( value));
return this;

}
}

DLList splice( DLList after) {
DLList tmp = this.next;
this.next = after;
after.next = tmp;
after.prev = this;
return this;

}

@atomic Comparable getMax() {
Comparable max = this.value;
DLList cur = this;
while ( cur != null ) {

if ( max.lte( cur.value) ) max = cur.value;
cur = cur.next;

}
return max;

}
}

Fig. 3: TLF-object example. insert() performs an
ordered insertion in the list. Calls to insert start
a new transaction which protects the internal call
to splice() ensuring that all updates are logged. If
the transaction completes changes become visible,
otherwise they are undone. The latency of calls to
insert() are bounded by the cost of restoring the
three cells updated within splice().

by the cost of undoing writes to three DLList objects, while
aborting getMax() incurs no extra cost.

The semantics of @atomic methods are such that the original
values of all objects updated within the method, or methods
called from it, are logged including objects of other types.
Thus the call to splice() is also protected by the trans-
action initiated in insert(). Just as with Java synchro-
nization, calling an unprotected method (such as splice())
directly from another thread may reveal inconsistent state.
For instance, consider the following program:

L: shared.insert( obj)
M: shared.splice( cell)
H: shared.insert( obj)

If a medium priority thread is released while L is within its
critical section, it may observes values modified by L. If H
is called before L completes the transaction may be aborted
and the values observed by M become stale.

3.2 Semantics
The semantics of TLF have been designed to suit the re-
quirements of RTSJ; in particular we have tried to bal-

ance expressiveness of the programming model with space
and time efficiency concerns. TLF-objects are based on a
flat non-nested transactional model. Whenever a real-time
thread T invokes a method annotated with the @atomic key-
word on an object tobj, an implementation is required to
checked if the tobj is currently owned by another thread. If
it is the case the other thread is aborted and the ownership
field of tobj is cleared. Thread T then acquires ownership of
tobj and begins executing. When T exits from the critical
section, all changes it made are finalized and ownership of
tobj is reset. A thread may exit a critical section normally,
when the method returns, or exceptionally, by throwing an
exception from the method. In both cases all changes made
by the thread will be finalized.

The original values of all objects updated by a thread be-
tween the time a TLF-object is acquired and the critical
section is exited are recorded in a log to ensure state con-
sistency if the thread is interrupted prior to its exit of the
section. An implementation is required to allocate space
for logs at virtual machine start up before any real-time
thread are started. To support both plain real-time threads
and NoHeapRealtimeThreads, logs are allocated in immortal
memory. The logging policy is implementation dependent –
the only requirement is that space required by the log be
bounded. Since we log the original value of an object the
first time it is updated, each modified object must be logged
at most once. It is permissible to log partial objects. Loca-
tions in an array may be logged at most once per write to
the location.

An implementation is only required to ensure that objects
are in a consistent state when a thread exits its critical sec-
tion. Attempts to access objects being modified are unchecked
programming errors as they may yield stale value of these
objects.

Aborted transactions are automatically re-executed. The
process is transparent to the application. A thread is neither
able observe that a transaction was re-executed nor allowed
to explicitly trigger an abort.

Code Constraints. An implementation is allowed to
reject any @atomic method that may perform blocking op-
erations. This can be validated by an off-line static anal-
ysis of real-time code. The analysis only needs to classify
methods as, either, safe or unsafe. A method is safe if it
does not contain synchronized statements. Moreover, safe
methods cannot include calls to native methods since such
methods can perform blocking operations. In practice, na-
tive methods are inspected manually, and declared safe on a
case-by-case basis. For the same reason, safe methods can-
not make reflective calls, or refer to classes that cannot be
statically guaranteed to be available and initialized3. Fi-
nally, a method is safe if all methods called in its body can
be proved safe.

3Class initialization is an issue for RTSJ programs. Java se-
mantics mandate classes to be loaded and initialized lazily,
but to obtain any measure of predictability a RTSJ-virtual
machine will likely load all classes agressively and initial-
ize them ahead of time. Reflection can potentially refer to
classes that have not yet been loaded and must be used
carefully.



Space Bounds. The upper bound of the log size is user-
specified. As the layout of objects and the logging policy
are implementation dependent, space requirements are esti-
mated based on the maximum number of objects that can
be modified in a critical section. For arrays the number used
is that of writes to individual locations. The RTSJ provide a
class for this purpose called SizeEstimator4; we extend this
notion to bound transactional object memory requirements
TLFSizeEstimator.

class TLFSizeEstimator extends SizeEstimator {
TLFSizeEstimator( Method m);
void reserve( Class c, int count);
void reserveArray( Class c, int count);

}

Each atomic method has an associated estimator. The space
required to log the changes performed in the method is de-
clared by calling the reserve() and reserveArray() meth-
ods. reserve(C, i) sets aside space to log i instances of
class C. reserveArray(A, i) sets aside space to log i writes
to an array of type A. Once the estimator is complete, it
must be registered with the VM using registerAtomic()
method. The following code fragment register estimators
for the methods of Fig. 3.

tins = new TLFSizeEstimator( dllist insert method);
tins.reserve( DLList.class, 3);
OVM.registerAtomic( tins);

tmax = new TLFSizeEstimator( dllist getmax method);
OVM.registerAtomic( tmax);

The insert() method may update three objects of class
DLList, while the getMax() method performs no updates.

3.3 Discussion
The design of TLF-objects is fully backwards compatible
with the RTSJ. Plain RTSJ code can execute on virtual ma-
chine supporting TLF-objects. Indeed, programs can use
a mixture of TLF and traditional synchronization. The
@atomic keyword does not require change to Java syntax;
it is an annotation consistent with the JSR-175 Metadata
extensions to Java. The keyword can also be replaced by a
marker exception5.

The transactional model adopted here could be relaxed at
some cost in complexity and perfomance. For example,
providing support for nested transactions would mean that
aborting the execution of one atomic method may lead to a
cascade of aborts to undo the effects of other atomic meth-
ods. Logging operations become more complex as a trans-
action must maintain one log per nested transaction to sup-
port nested aborts. This implies that the same object may
appear in the log of several transactions. Furthermore, the
cost of write barriers increases as it is necessary to check in
which transaction’s log the object has been stored.

A more modest change would entail recursive atomic sec-
tions, i.e. allowing a thread to call atomic methods on an
object if it already has acquired that object. In the example
of Fig. 3, this would allow method splice() to be declared

4In the RTSJ size estimators are used to set bounds on the
size of memory regions.
5Marker exceptions are well known idiom, the declara-
tion @atomic void f() {...} becomes void f() throws
Atomic {...}.

atomic. The drawback of this change to the semantics is
that some extra checks have to be performed when a thread
enters and leaves a critical section, and that it is more dif-
ficult to check statically if a method is safe. Furthermore,
there would be additional runtime exceptions if a transac-
tion tried to acquire a different object.

Extending our semantics to support a full optimistic trans-
actional model would increase throughput as more than one
thread may execute in the same critical section, but would
also increase the cost of exiting the region as it would be nec-
essary to check that no conflict on shared state has occured,
and would also increase the program’s space requirements
as multiple logs for the same object have to be maintained
at the same time.

4. OVM IMPLEMENTATION
TLF-objects have been implemented in the RTSJ configu-
ration of the Ovm virtual machine framework. Ovm is an
open source framework for building language runtimes. The
framework contains more than 150K lines of code and over
2000 classes, including an interpreter, a just-in-time com-
piler and an ahead-of-time compiler. These components can
be specialized and assembled into an Ovm configuration cus-
tomized for a particular problem domain. The RTSJ con-
figuration yields a virtual machine implementing the Real-
time Specification for Java. This configuration compiles
real-time Java code ahead of time and has a fast user-level
threading system based on compiler inserted polling code.
The platforms currently supported are x86/RTLinux and
PPC/MacOSX. The ahead-of-time compiler produces code
competitive with Sun’s HotSpot virtual machine.

The main design decision taken in the Ovm implementation
of TLF-objects is to limit number of concurrent transactions
inorder to reduce space requirements and permit a more ef-
ficient implementation. Our implementation restricts appli-
cations to have at most one executing transaction at any
given instant. We believe this restriction to be acceptable
in practice as we are targeting system with relatively small
numbers of threads and where transactional sections are
short.

The layout of object, described by their object header, is
modified with an extra bit that indicates whether the object
has been logged by the current transaction.

The implementation of the basic transactional primitives is
described in Fig. 4. When a thread attempts to enter an
atomic section, it must check that no other transaction is
executing. The VM maintains a reference to the current
thread within a critical section in VM.currentTransaction.
If there is an ongoing transaction executing on behalf of
another thread, it is immediately aborted. Note that the
thread executing within the section must have lower-priority
in order for the thread performing the acquire operation to
be executing. In any case, the transaction ownership field is
set to the new thread and the acquisition succeeds. Exiting
a critical section, requires clearing all the stamp fields of all
logged objects as well as the currentTransaction field. Ev-
ery write to an object is protected by a barrier. We extend
the existing barrier code (which enforces scoped memory se-
mantics) to log the object if a transaction is active and the



acquire ( thread)

owner ← VM.currentTransaction
if owner 6= null

abort( owner)
VM.currentTransaction ← thread

exit ( )

foreach o in VM.currentLog
o.stamp ← false

clearLog()
VM.currentTransaction ← null

write ( o)

if VM.currentTransaction 6= null ∧ o.stamp = false
log( o)

log ( o)

log ← VM.currentLog
if log.length + sizeof( object) + 2 ≤ log.size

throw logOverflowError
addToLog( log, object, sizeof( object))
o.stamp ← true

abort( thread)

foreach (addr, i, size) in VM.currentLog
copy( addr, 0, log, i, size)
clearLog()

thread.postAbortedTransactionException()

Fig. 4: Pseudo code for the basic transactional primitives in the Ovm implementation.

object’s stamp is not set. The log records triples that con-
sist of the object’s address, size, and contents. An object
is first added into the log before setting it’s stamp field to
true. In case the size of the log was misspredicted an ex-
ception is thrown. As this signals a programming error, the
transaction will not be re-executed automatically. The error
propagates into user code, and if not caught will terminate
the current task. A transaction is aborted by rolling back
the changes it performed and posting an aborted exception
so that whenever the thread is sheduled next it recieve the
exception which has the effect of unrolling the stack out of
the critical section.

Finally, we show the translation of an atomic method, a
method such as:

@atomic void method() {
...body ...

}

is transformed by the ahead-of-time compiler into

void method() throw PragmaNoPollcheck {
while ( true ) {

try {
acquire( currentThread );
raw method(); }

catch (AbortedTransactionException ) { continue; }
catch (Throwable t) { exit(); throw t; }
exit();
break; }

}

In Ovm the PragmaNoPollcheck exception is a marker that
instructs the compiler not to emit pollchecking code within
the body of the translated method, thus ensuring that all
transactional operation are executed atomically6.

Note that in our implementation this translation is per-
formed transparently within the virtual machine, in par-
ticular we do not change the signature of the method. Fur-
thermore operations such as abort() are Ovm internal and
not part of any Java level API.

6Poll checks are normally inserted at all potentially recursive
method entry, and in loops. Their role is to check if a thread
should yield.

5. EXPERIMENTAL RESULTS
To quantify the performance of TLF compared to priority
inheritance, Figs. 5 and 6 shows the maximum execution
time for high and low priority threads executing the list
insertion microbenchmark described in Section 3.17. The
benchmark was executed on a 1.66 GHz Athlon, with 1 GB
memory in single-user mode. The results were gathered by
running the benchmark 7 times, discarding the first run.

The x-axis indicates the size of the list, and the y-axis mesures
the maximum time necessary (in microseconds) to insert an
object at each position in the list 100 times; each insertion
causes the tail of the list following the insertion point to be
extended to hold the new item. The lower priority thread
inserts repeatedly, while the high priority thread is a pe-
riodic thread running under a 10ms period, that inserts a
single value 100 times.

As the figure shows, the maximum execution time for higher
priority threads under a TLF scheme is roughly a factor of 3
faster than a scheme using PIP, and is effectively the same
as a scheme in which no synchronization is used to medi-
ate access to the list. This is because the a relatively small
amount of data is logged – when a thread enters the section,
it needs to only record the current list element being mod-
ified. This is a three word object that contains the current
value, a reference to the previous element, and a reference to
the next element. If the lower priority thread is aborted, we
need only revert the list by restoring this object. Note that
maximum execution time for TLF does not increase linearly
as the size of the list grows, unlikely the priority inheritance
scheme, since the lower priority thread is evicted immedi-
ately; using priority inheritance, the wait time for a high
priority thread is related to the amount of work remaining
in the critical section that must be completed by the lower
priority thread.

As expected, the maximum execution time for lower prior-
ity threads under TLF is worse than under a PIP scheme
since such threads must reexecute their critical section in its
entirety once they are aborted. However, the cost of reex-

7To quantify Ovm’s code generation quality, the non-
synchronized version of this benchmark runs roughly 10%
slower than the same program in Sun’s Hotspot VM.
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ecution is small compared to the improved throughput for
higher priority threads. Of course, changing the periodicity
rate of higher priority threads may influence the shape of
this graph; a higher-rate would imply low priority threads
do less useful work and reexecute more frequently.

6. RELATED WORK
Our use of rollbacks to redo computation inside synchro-
nized sections as a result of an undesirable scheduling is
reminiscent of optimistic concurrency protocols first intro-
duced in the 1980’s [16] to improve database performance.
Given a collection of transactions, the goal in an optimistic
concurrency implementation is to ensure that only a seri-
alizable schedule results [1, 12, 5]. An analysis of the ap-
plicability of lock-free objects in hard realtime systems is
described by Anderson et.al. [3]. Their focus is on defining
schedules that guarantee tight bounds on the number of re-
tries a thread may execute a critical section in the presence
of higher-priority threads competing for the same resource.
Transactional extensions of the priority ceiling protocol are
studied in [26, 29], where a task with its priority higher then
a given abort ceiling can abort the currently scheduled task.

Transactional lock-free objects have been presented in [2].
The emphasis of that work is to provide language indepen-
dent support for transactional operations. This means that
atomicity and isolation guarantees are limited to the trans-
actional objects. In this paper we give a stronger guarantee,
actions of a thread within a transactional section are only
observable if the thread commits. The difference is that
transaction do not only protect the transactional object but
also all other objects that can be reached by following chains
of references accessible to thread performing a transaction.
This means that we ensure that the programmer will not
be able to observe that a thread was reexecuted. A formal
semantics for language-level transactions appeared in [31],
interested readers are referred to that paper for a discussion
of correctness.

Applying these techniques to a broader setting, researchers
have also investigated lock-free objects [15, 28, 25]. Our use
of logging writes inside synchronized sections distinguishes
our approach from lock-free structures because synchronized
sections serve as a protection mechanism for multiple (dis-
tinct) reads and writes. Conceptually, within its dynamic
context, the original values of shared objects are logged and
can be reverted if the section aborts. More recently, Her-
lihy et.al. describe a software transactional memory ab-
straction [13] for Java that allow transactional objects to be
dynamically created. Harris and Fraser [11] also describe
a lightweight transactional model for Java. Both these ef-
forts share similar goals to ours, but differ in the semantics
and implementations of the primitives chosen, and in the
application domains addressed. Related efforts at providing
hardware support for lock-free execution has been described
by Rajwar and Goodman [20] and Rajwar looked at hard-
ware assisted transactional memory [20, 21]

7. CONCLUSION
We have presented a mechanism that addresses the issue of
effective scheduling of high-priority threads in priority pre-
emptive realtime systems by introducing lightweight trans-
actional regions that log objects accessed by a thread, and
restores the contents of these logs when a thread are inter-
rupted by a higher-priority ones. We show that the time to
revert control to higher-priority threads can be bounded to
be a function of the size of the transaction-maintained log,
and the overheads to maintain transactional consistency is
small both in space and time. The model is simple, requir-
ing no major change in programming style or methodology,
and is general, applicable to any RTSJ program. Perfor-
mance results indicate that this scheme significantly outper-
forms lock-based and priority-inheritance based approaches
in terms of responsiveness for high-priority threads.

Our design deliberately trades-off flexibility and generality
for simplicity. Effectively dealing with nested transactions,
allowing multiple transactional regions to execute concur-
rently, and reducing the amount of programmer intervention
necessary to specify log sizes are several important exten-
sions we hope to pursue.
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