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Abstract. Thread level speculation (TLS) has shown great promise as a strategy
for fine to medium grain automatic parallelisation, and in a hardware context tech-
niques to ensure correct TLS behaviour are now well established. Software and
virtual machine TLS designs, however, require adherence to high level language
semantics, and this can impose many additional constraints on TLS behaviour,
as well as open up new opportunities to exploit language-specific information.
We present a detailed design for a Java-specific, software TLS system that op-
erates at the bytecode level, and fully addresses the problems and requirements
imposed by the Java language and VM environment. Using SableSpMT, our re-
search TLS framework, we provide experimental data on the corresponding costs
and benefits; we find that exceptions, GC, and dynamic class loading have only a
small impact, but that concurrency, native methods, and memory model concerns
do play an important role, as does an appropriate, language-specific runtime TLS
support system. Full consideration of language and execution semantics is critical
to correct and efficient execution of high level TLS designs, and our work here
provides a baseline for future Java or Java virtual machine implementations.

1 Introduction

Thread level speculation (TLS), also known as speculative multithreading (SpMT), is a
technique for automatic program parallelisation that has been investigated from a hard-
ware perspective for several years, and current systems are capable of showing good
speedups in simulation based studies [1i2]]. As a hardware problem, the issues of en-
suring correctness under speculative execution have been well defined, and different
rollback or synchronization approaches are sufficient to guarantee overall correct pro-
gram behaviour. Software approaches to TLS, however, need to take into account the
full source language semantics and behaviour to ensure correct and efficient execution,
and in general this is not trivially ensured by low level hardware mechanisms.

In this paper we provide a detailed description of the requirements and performance
impact of various high level aspects of Java TLS execution. We consider the full Java
semantics, including all bytecode instructions, garbage collection (GC), synchroniza-
tion, exceptions, native methods, dynamic class loading, and the new Java memory
model [3]]. These requirements are often dismissed or ignored in existing Java TLS
work [[1/4U5l6/718]], but in fact are crucial to correct execution and can significantly af-
fect performance.
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Language and VM level speculation also produce design constraints due to efficiency
concerns; for instance, Java programs tend to have frequent heap accesses, object alloca-
tions, and method calls. Our runtime TLS support system accomodates this behaviour,
and we evaluate the relative importance of dependence buffering, stack buffering, return
value prediction, speculative allocation, and priority queueing.

General purpose software and intermediate, VM level implementations of TLS are
difficult goals, but have significant potential advantages, including the use of high level
program information and the ability to run on existing multiprocessor hardware. Pre-
viously we used SableSpMT, our Java TLS analysis framework, to characterize both
thread parallelism and overhead in software speculation [9]; our work here is comple-
mentary and aims to provide a thorough Java TLS design and an understanding of the
requirements and relative impact of high level language semantics.

2 Related Work

Thread level speculation has been the subject of hardware investigations for over a
decade, and a variety of general purpose machines have been proposed and simu-
lated (reviewed in [2]). These have also been tailored to specific speculation strategies;
loop level speculation focusses on loop iterations, whereas method level speculation or
speculative method level parallelism (SMLP) speculates over method calls. SMLP has
been identified as particularly appropriate for Java, given the relatively high density of
method calls in Java programs, and simulation studies have shown quite good potential
speedup [4]. The impact of frequent method calls was further explored and optimised
by Hu et al. in their study of return value prediction [3].

Most current hardware designs could in fact be classified as hybrid hardware/soft-
ware approaches since they rely to various extents on software assistance. Most com-
monly, compiler or runtime processing is required to help identify threads and insert
appropriate TLS directives for the hardware [6l10]. Jrpm makes further use of several
code optimisations that reduce variable dependencies [1]], and other recent designs such
as STAMPede [2] and Mitosis [L1] are based to a large degree on cooperative compiler
and software help.

Speculative hardware, even with software support, largely obviates the considera-
tion of high level language semantics: correct machine code execution implies correct
program behaviour. Pure software architectures based on C or FORTRAN also have
relatively straightforward mappings to speculative execution, and thus designs such as
Softspec [12], thread pipelining for C [7]], and others [13414] do not require a deep
consideration of language semantics.

For Java stronger guarantees must be provided. In the context of designing JVM
rollback for debugging purposes some similar semantic issues have been considered
[[LS]], but much less so for Java TLS. As part of their software thread partitioning strat-
egy, Chen and Olukotun do discuss Java exceptions, GC, and synchronization require-
ments [[L]. However, they do not consider class loading, native methods, or copying GC
behaviour, and nor does their handling of speculative synchronization by simply ignor-
ing it correctly enforce Java semantics. Pure Java source studies, such as the partially
or fully hand-done examinations by Yoshizoe et al. [8] and Kazi [7], focus on small
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execution traces in a limited environment or rely on human input respectively. In the
former case the environment is too constrained for Java language issues to arise. In
the latter, exceptions, polymorphism, and GC are discussed, though not analysed, and
assumptions about ahead-of-time whole program availability are contrary to Java’s dy-
namic linking model. Differences and omissions such as these make it difficult to com-
pare Java studies, and leave important practical implementation questions open; our
work here is meant to help rectify this situation.

3 Background and System Overview

In our design for Java TLS we employ speculative method level parallelism (SMLP),
as depicted in Figure [[l SMLP uses method callsites as fork points: the parent thread
enters the method body, and the child thread begins execution at the first instruction past
the callsite. When the parent returns from the call, then if there are no violations the
child thread is committed and non-speculative execution continues where speculation
stopped, otherwise the parent re-executes the child’s body.

T1 T1

INVOKE<X> INVOKE<X>
fork T2

X>RETURN X>RETURN D pre-invoke instructions
<X>| <X>|
(b) —Join

D method body

. post-invoke instructions
(a)

Fig. 1. (a) Sequential execution of Java bytecode. The target method of an INVOKE<X> instruc-
tion executes before the instructions following the return point. (b) Speculative execution of Java
bytecode under speculative method level parallelism (SMLP). Upon reaching a method callsite,
the non-speculative parent thread T1 forks a speculative child thread T2. If the method is non-
void, a predicted return value is pushed on T2’s Java operand stack. T2 then continues past the
return point in parallel with the execution of the method body, buffering main memory accesses.
When T1 returns from the call, it joins T2. If the actual return value matches the predicted return
value, and there are no dependence violations between buffered reads and post-invoke values,
T2’s buffered writes are committed and non-speculative execution jumps ahead to where T2 left
off, yielding speedup. If there are dependence violations or the prediction is incorrect, T2 is
simply aborted.

An overview of the SableSpMT analysis framework [9] and Java TLS execution
environment is shown in Figure 2l SableSpMT is an extension of the “switch” byte-
code interpreter in SableVM [16], a Free / open source software Java virtual machine.
Static analysis with Soot [17]] occurs ahead-of-time, and SableSpMT uses the results
to prepare special speculative code arrays for Java methods from their non-speculative
equivalents in SableVM; code arrays are generated from Java bytecode, and are contigu-
ous sequences of word-sized instructions and instruction operands representing method
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Fig. 2. The SableSpMT thread level speculation execution environment. SableSpMT is an exten-
sion of SableVM. Soot is used to transform, analyse, and attach attributes to .class files in
an ahead-of-time step. SableVM reads in these classes during class loading, parsing attributes
and preparing method bodies. Sequential execution depends only the non-speculative code ar-
rays, and interacts with normal JVM support components. Speculative execution requires prepa-
ration of special speculative code arrays, and depends on additional TLS support components.
SableSpMT’s single-threaded execution mode shares processors with non-speculative execution,
whereas the multithreaded mode splits single non-speculative threads across multiple processors.

bodies. SableSpMT forks and joins child threads at runtime, and these depend on the
speculative code arrays for safe out-of-order execution. Various TLS runtime support
facilities are needed, including priority queueing, return value prediction, dependence
buffering, and stack buffering. SableSpMT also interacts with SableVM’s own runtime
support components, including a semi-space copying garbage collector, native method
execution, exception handling, synchronization, and the Java memory model. Outside
of thread forking and joining, speculation has negligible impact on and is largely invis-
ible to normal multithreaded VM execution, with speculative threads running only on
free processors.

4 Java TLS Design

We now describe the main Java TLS structures in our design for SMLP at the Java
virtual machine level. These can be broadly classified into speculative method prepa-
ration components, speculative runtime support components, and speculative execution
modes.

4.1 Speculative Method Preparation

In order to prepare method bodies for TLS, classfile attributes are parsed for static
analysis info, fork and join points are inserted, and bytecode instructions are modified.
The final stages of preparation occur when a method is invoked for the first time. Once
primed for speculation, a child thread can be forked at any callsite within the method
body. Furthermore, speculation can continue across method boundaries as long as the
methods being invoked or returned to have been similarly prepared.
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Static Analysis and Attribute Parsing. An advantage to language level TLS is the
ability to use high level program information. In our case we incorporate information
from the Soot compiler analysis framework [17], and include two analyses for improved
return value prediction [18]]. The results are encoded using Soot’s attribute generation
framework, and parsed by SableVM during class loading. During method preparation,
the analysis data are associated with callsites for use by the return value prediction
component.

Fork and Join Insertion. The SableSpMT TLS engine needs the ability to fork and
join child threads. We introduce new SPMT FORK and SPMT JOIN instructions that pro-
vide this functionality. Under SMLP threads are forked and joined immediately be-
fore and after method invocations, and so these instructions are inserted around every
INVOKE<X> instruction.

Table 1. Java bytecode instructions modified to support speculation. Each instruction is marked
according to its behaviours that require special attention during speculative execution. These
behaviours are marked “once”, “maybe”, or “yes” according to their probabilities of occurring
within the instruction. “Forces stop” indicates whether the instruction may force termination of
a speculative child thread, but does not necessarily imply abortion and failure. Not shown are

branch instructions; these are trivially fixed to support jumping to the right pc.

instruction reads writes locks unlocks allocates throws enters loads  orders forces
global global object object object exception native code class(es) memory stop
GETFIELD yes maybe once  maybe maybe
GETSTATIC yes once  maybe maybe
<X>ALOAD yes maybe maybe
PUTFIELD yes maybe once  maybe maybe
PUTSTATIC yes once  maybe maybe
<X>ASTORE yes maybe maybe
(I|L) (DIV|REM) maybe maybe
ARRAYLENGTH maybe maybe
CHECKCAST maybe once maybe
ATHROW yes yes
INSTANCEOF once maybe
RET maybe
MONITORENTER yes yes yes maybe yes yes
MONITOREXIT yes yes yes maybe yes yes
INVOKE<X> maybe maybe maybe maybe maybe once  maybe maybe
<X>RETURN maybe maybe maybe maybe maybe once  maybe maybe
NEW yes yes maybe once maybe
NEWARRAY yes yes maybe maybe
ANEWARRAY yes yes maybe once maybe
MULTIANEWARRAY yes yes maybe once maybe
LDC STRING once once

Bytecode Instruction Modification. The majority of Java’s 201 bytecode instructions
can be used verbatim for speculative execution; however, roughly 25% need modifica-
tion to protect against potentially dangerous behaviours, as shown in Table [l If these
instructions were modified in place, the overhead of extra runtime conditionals would
impact on the speed of non-speculative execution. Instead, modification takes place in
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a duplicate copy of the code array created especially for speculative execution. Indeed,
the only significant change to non-speculative bytecode is the insertion of fork and join
points. Problematic operations include:

— Global memory access. Reads from and writes to main memory require buffering,
and so the <X>A (LOAD|STORE) and (GET|PUT) (FIELD|STATIC) instructions
are modified to read and write their data using a dependence buffer, as described in
Section[d.2] If final or volatile field access flags are set, these instructions may also
require a memory barrier, as described in Section[3] in which case speculation must
also stop.

— Exceptions. In unsafe situations, many instructions must throw exceptions to ensure
the safety of bytecode execution, including (I|L) (DIV|REM) that throw Arith-
meticExceptions upon division by zero, and others that throw NullPointerExcep-
tions, ArraylndexOutOfBoundsExceptions, and ClassCastExceptions. Application
or library code may also throw explicit exceptions using ATHROW. In both cases,
speculation rolls back to the beginning of the instruction and stops immediately;
however, the decision to abort or commit is deferred until the parent joins the child.
Exceptions must also be handled safely if thrown by non-speculative parent threads
with speculative children, as discussed in Section

— Detecting object references. The INSTANCEOF instruction computes type assigna-
bility between a pre-specified class and an object reference on the stack. Normally,
bytecode verification promises that the stack value is always a valid reference to
the start of an object instance on the heap, but speculative execution cannot depend
on this guarantee. Accordingly, speculation must stop if the reference does not lie
within heap bounds, or if it does not point to an object header; currently we insert
a magic word into all object headers, although a bitmap of heap words to object
headers would be more accurate and space-efficient.

— Subroutines. 3SR (jump to subroutine) is always safe to execute because the target
address is hardcoded into the code array. However, the return address used by its
partner RET is read from a local variable, and must point to a valid instruction.
Furthermore, for a given subroutine, if the JSR occurs speculatively and the RET
non-speculatively, or vice versa, the return address must be adjusted to use the right
code array. Thus a modified non-speculative RET is also needed.

— Synchronization. The INVOKE<X> and <X>RETURN instructions may lock and un-
lock object monitors, and MONITOR (ENTER | EXIT) will always lock or unlock ob-
ject monitors; they furthermore require memory barriers and are strongly ordering.
These instructions are also marked as reading from and writing to global variables,
as lockwords are stored in object headers. Speculative locking and unlocking is not
currently supported, and always forces children to stop.

— Method entry. Speculatively, INVOKE<X> are prevented from entering unprepared
methods and triggering class loading and method preparation. Furthermore, at non-
static callsites, the receiver is checked to be a valid object instance, the target is
checked to have the right stack effect, and the type of the target’s class is checked
for assignability to the receiver’s type. Invokes are also prevented from entering
native code or attempting to execute abstract methods.

— Method exit. After the synchronization check, the <X>RETURN instructions require
three additional safety operations: 1) potential buffering of the non-speculative
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stack frame from the parent thread, as described in Section 2) verifying that
the caller is not executing a preparation sequence, a special group of instructions
used in SableVM to replace slow instructions with faster versions [16[]; and 3) en-
suring that speculation does not leave bytecode execution entirely, which would
mean Java thread death, VM death, or a return to native code.

— Object allocation. Barring an exception being thrown or GC being triggered, the
NEW and ( (MULTI|)A|)NEWARRAY instructions are safe to execute. The LDC-
STRING specialisation of LDC allocates a constant String object upon its first
execution, the address of which is patched into both non-speculative and specula-
tive code arrays, and forces speculation to stop only once. Allocation and GC are
discussed in greater detail in Section[3l

4.2 Speculative Runtime Support

In addition to preparing method bodies for speculative execution, the speculation en-
gine provides various support components that interact with bytecode and allow for
child thread startup, queueing, execution, and death to take place while ensuring cor-
rect execution through appropriate dependence buffering.

Thread Forking. Speculative child threads are forked by non-speculative parents and
also by speculative children at SPMT FORK instructions. Speculating at every fork point
is not necessarily optimal, and in the context of SMLP various heuristics for optimising
fork decisions have been investigated [6]. SableSpMT permits relatively arbitrary fork
heuristics; however, we limit ourselves to a simple “always fork” strategy in this paper
as a more generally useful baseline measurement.

Having made the decision to fork a child, several steps are required. First, those
variables of the parent thread environment (JNIEnv) that can be accessed speculatively
are copied to a child JNIEnv struct; in this fashion, the child assumes the identity of its
parent. Second, a child stack buffer is initialized and the parent stack frame is copied
to the child, giving it an execution context. Third, a dependence buffer is initialized,;
this protects main memory from speculative execution, and allows for child validation
upon joining. Fourth, the operand stack height of the child is adjusted to account for the
stack effect of the invoke following the fork point, and the pc of the child is set to the
first instruction past the invoke. Fifth, a return value is predicted for non-void methods;
technically, any arbitrary value can be used as a “prediction”, although the chance of
speculation success is greatly reduced by doing so.

Priority Queueing. In the default multithreaded speculative execution mode, children
are enqueued at fork points on a global O(1) concurrent priority queue. Priorities 0-10
are computed as min(l x /1000, 10), where [ is the average bytecode sequence length
and r is the success rate; higher priority threads are those that are expected to do more
useful work. The queue consists of an array of doubly-linked lists, one for each priority,
and supports enqueue, dequeue, and delete operations. Helper OS threads compete
to dequeue and run children on separate processors. The queue is globally synchronized
using spinlocks, which works well for a small number of priorities and processors, as
found by Shavit et al. in their study of scalable concurrent priority queues [19].
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Return Value Prediction. Speculative children forked at non-void callsites need their
operand stack height adjusted to account for the return value, and must be aborted if
an incorrect value is used. Accurate return value prediction (RVP) can significantly im-
prove the performance of Java SMLP [3]], and we previously reported on our aggressive
RVP implementation in SableSpMT [20], the use of two compiler analyses for extract-
ing further accuracy [18]], and the integration of RVP analysis into our framework [9].

Return value predictors are associated with individual callsites, and can use con-
text, memoization, and hybrid strategies, amongst others. The attributes generated by
the compiler analyses are parsed during method preparation, and can be used to relax
predictor correctness requirements and reduce memory consumption.
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Fig. 3. Dependence buffering. When a specu-
lative global read instruction is executed, first
the write buffer is searched, and if it does not
contain the address of the desired value then
the read buffer is searched. If the value address

Fig. 4. Stack buffering. fI through f6 are stack
frames corresponding to Java methods. A spec-
ulative child is forked at f4 in the parent, and
in turn a second-generation grandchild thread
is forked at f5 in the child. Stack frames are

is still not found, the value at that address is
loaded from main memory. When a speculative
global write instruction is executed, the write
buffer is searched, and if no entry is found a
new mapping is created.

buffered on forking, and additionally when
children return from methods; f2 in the grand-
child is buffered from the non-speculative par-
ent, as its immediate ancestor never descended
below f3.

Dependence Buffering. Most TLS designs propose a mechanism for buffering reads
from and writes to main memory by speculative threads in order to prevent against
potential dependence violations. In Java, main memory consists of object instances and
arrays on the garbage-collected heap, and static fields in class loader memory.

In hardware, dependence buffers can be built as table based structures similar to
caches [2]], and we propose a similar design for software TLS, as shown in Figure 3l
Buffer objects are attached to speculative threads on startup, and are implemented using
open addressing hashtables; values are stored using the value address as a key, and fast
lookup is provided by double hashing. A backing linked list allows for fast iteration
during validation and committal.

Stack Buffering. As well as heap and static data, speculative threads may also access
local variables and data stored on the Java operand stack. It follows that stack accesses
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must be buffered to protect the parent stack in the event of failure, as shown in Figure[dl
The simplest mechanism for doing so is to copy stack frames from parent threads to
separate child stacks both on forking children and on exiting methods speculatively.
Additionally, children must create new stack frames for any methods they enter.

Pointers to child threads are stored one per stack frame, and this allows for conve-
nient out-of-order thread spawning [21] where each parent can have multiple immediate
children, exposing additional parallelism. When nested speculation is combined with
out-of-order spawning it leads to a tree of children for a single fork point.

Thread Joining. Upon reaching some termination condition, a speculative child will
stop execution and leave its entire state ready for joining by its parent. The child may
stop of its own accord if it attempts some illegal behaviour as summarized in Table [T}
if it reaches an elder sibling, that is, a speculative child forked earlier on by the same
parent at a lower stack frame, or if it reaches a pre-defined speculative sequence length
limit. The parent may also signal the child to stop if it reaches the join point associated
with the child’s fork point, or if it reaches the child’s forking frame at the top of the VM
exception handler loop.

The join process involves verifying the safety of child execution and committing
results. First, a full memory barrier is issued, and the child is then validated according
to four tests: 1) the predicted return value is checked against the actual return value
for non-void methods, according to the safety constraints of static analyses [[18]]; 2) the
parent is checked for not having had its root set garbage-collected since forking the
child; 3) the dependence buffers are checked for overflow or corruption; and 4) values
in the read dependence buffer are checked against main memory for violations.

If the child passes all four tests, then the speculation is safe; all values in the write
buffer are flushed to main memory, buffered stack frames entered by the child are copied
to the parent, and non-speculative execution resumes with the pc and operand stack size
set as the child left them. Otherwise, execution continues non-speculatively at the first
instruction past the SPMT JOIN. Regardless of success or failure, the child’s memory
is recycled for use at future fork points. Note that buffer commits may result in a re-
ordering of the speculative thread’s write operations, which must in turn respect the
requirements imposed by the new Java memory model, as discussed in Section

4.3 Speculative Execution

SableSpMT supports two speculative execution modes, a single-threaded mode where
bytecode interpretation alternates between non-speculative and speculative execution in
a single thread, and a truly multithreaded mode that depends on multiple processors for
parallelisation. Both modes allow for non-speculative Java threads to coexist with the
speculative system.

The single-threaded mode has previously been described as appropriate for debug-
ging, testing, porting, and limit analyses [9]. In the multithreaded mode, children are
assigned priorities at fork points based on speculation histories, and enqueued on the
O(1) priority queue. A minimal amount of initialization is done to limit the impact of
fork overhead on non-speculative threads. There is a pool of helper OS threads running,
one per free processor, and these dequeue and execute children according to priority.
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If the parent thread joins a child that it previously enqueued, and that child did not
get removed by a helper OS thread, the child is deleted by simply unlinking it from the
list for that priority, and its memory is recycled. Otherwise, if the child has started, the
parent signals it to stop, and then begins the usual validation procedure.

5 Java Language Considerations

Several traps await the unsuspecting implementor that tries to enhance a JVM to support
thread level speculation. These traps are actually core features of the Java language
— object allocation, garbage collection, native method execution, exception handling,
synchronization, and the Java memory model — and a Java TLS implementation must
handle them all safely in order to be considered fully general. The impact of these
features is measured in Section [6]

Object Allocation. Object allocation occurs frequently in many Java programs, and
permitting speculative allocation significantly increases maximum child thread lengths.
Additionally, it is unnecessary to buffer accesses to objects allocated speculatively.
Speculative threads can either allocate without synchronization from a thread-local
heap, or compete with non-speculative threads to acquire a global heap mutex. Specula-
tion must stop if the object to be allocated has a non-trivial finalizer, i.e. not Object. -
finalize (), for it would be incorrect to finalize objects allocated by aborted children.
Allocation also forces speculation to stop if either GC or an OutOfMemoryError would
be triggered as a result. Object references only become visible to non-speculative Java
threads upon successful thread validation and committal; aborted children will have
their allocated objects reclaimed in the next collection.

Garbage Collection. All objects in Java are allocated on the garbage-collected Java
heap. SableVM uses a stop-the-world semi-space copying collector by default [16],
and every object reference changes upon every collection; thus, any speculative thread
started before GC must be invalidated after GC. Threads are invalidated if the collection
count of the parent thread increases between the fork and join points. The default col-
lector in SableVM is invoked relatively infrequently, and we find that GC is responsible
for a negligible amount of speculative invalidations. Other GC algorithms are trickier
to negotiate with, and may require either pinning of speculatively accessed objects or
updating of dependence buffer entries.

Native Methods. Java provides access to native code through the Java Native Inter-
face (JNI), and native methods are used in class libraries, application code, and the
VM itself for low-level operations such as thread management, timing, and I/O. Spec-
ulation must stop upon encountering native methods, as these cannot be executed in
a buffered environment without significant further analysis. However, non-speculative
threads can safely execute native code while their speculative children execute pure
bytecode continuations.
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Exceptions. Implicit or explicit exceptions simply force speculation to stop. Specu-
lative exception handling is not supported in SableSpMT for three reasons: 1) excep-
tions are rarely encountered, even for “exception-heavy” applications like jack [20];
2) writing a speculative exception handler is somewhat complicated; and 3) exceptions
in speculative threads are often the result of incorrect computation, and thus further
progress is likely to be wasted effort.

Non-speculatively, if exceptions are thrown out of a method in search of an appropri-
ate exception handler, any speculative children encountered as stack frames are popped
must be aborted. In order to guarantee a maximum of one child per stack frame, chil-
dren must be aborted at the fop of the VM exception handler loop, before jumping to the
handler pc. This prevents speculative children from being forked inside either catch or
finally blocks while another speculative child is executing in the same stack frame.

Synchronization. Object access is synchronized either explicitly by the MONITOR-
ENTER and MONITOREXIT instructions, or implicitly via synchronized method entry and
exit. Speculative synchronization is unsafe without explicit support [22], and must force
children to stop; somewhat surprisingly, synchronization has been unsafely ignored by
Java TLS studies in the past [115]. Non-speculatively, synchronization always remains
safe, and it is even possible to fork and join speculative threads inside critical sections.

The Java Memory Model. The new Java memory model (JMM) [3] imposes con-
straints on multithreaded execution; these constraints can be satisfied by inserting mem-
ory barriers [23]]. Speculative execution can only continue past a memory barrier if the
dependence buffer records an exact interleaving of memory accesses and the relevant
barrier operations; that we reuse entries for value addresses already in the buffer and do
not record memory barriers precludes doing so in our current implementation.

The orderings required for various API calls, including non-speculative thread cre-
ation and joining, are provided by our design due to their implementations as native
methods, which already force speculation to stop. For object synchronization several
rules apply; most critically, a memory barrier is required before unlock operations to
guarantee that writes in the critical section are visible to future threads entering the
same monitor. By disabling speculative locking entirely we provide a much stronger
guarantee than required; future work on speculative locking will need a finer grained
approach.

Loads and stores of volatile fields also require memory barriers, to ensure interpro-
cessor visibility between operations. Similarly, the loads and stores of final fields require
barriers, except that on x86 and x86 64 these are no-ops [23]. However, speculatively,
we must stop on final field stores, which appear only in constructors, to ensure that
a final field is not used before the object reference has been made visible, a situation
that is made possible by reordering writes during commit operations. Our conservative
solution is to stop speculation on all volatile loads and stores and also all final stores.

6 Experimental Analysis

In this section we employ the SableSpMT framework to analyse the impact of both
speculation support components and Java language features on TLS execution. All
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experiments were performed on a 1.8 GHz 4-way SMP AMD Opteron machine run-
ning Linux 2.6.7, with all free processors running speculative threads. We use the
SPECjvm98 benchmark suite at size 100 (S100), and a speculative child thread is forked
at every callsite. Nested speculation is disabled, but out-of-order spawning does take
place. Although raytrace is technically not part of SPECjvm98 and therefore ex-
cluded from geometric means, we include results for purposes of comparison; it is the
single-threaded equivalent of mtrt.

Table 2. Child thread termination

termination reason comp db jack javac Jess mpeg mtrt rt

class resolution and loading  2.14K 1.76K 94.8K 487K 3.80K 14.7K 4.79K 5.64K
failed object allocation 1 3 23 17 39 0 28 40
invalid object reference 563 553K 342K 280K 431K 485 407K 278K
finals and volatiles 842 145M 2.17M 1L.1IM 1.95M 888 115K 68.8K
synchronization 4.30K 26.8M 6.95M 17.0M 4.89M 104K 658K 351K

unsafe method entry or exit 2.66K 1.55K 16.0K 622K 2.62K 1.65K 3.60K 3.00K
implicit non-ATHROW exception 989K 828K 9.57K 572K 78.6K 2.00K 31.2K 20.8K
explicit ATHROW exception 0 0 187K 82 0 0 0 0
native code entry 332 282K 1.02M 1.02M 2.63M 527K 259K 260K

elder sibling reached 1.24M 3.81M 5.06M 16.IM 5.62M 14.1M 4.03M 4.23M
deleted from queue 348K 686 559K 3.13M 2.55M 4.48M 342M 1.57M
signalled by parent 202M 92.6M 20.IM 42.1M 56.3M 80.8M 122M 124M

TOTAL CHILD COUNT 204M 127M 36.5M 824M 745M 999M 162M 131M

In Table] total counts are given for all child thread termination reasons. In all cases,
the majority of children are signalled by their parent thread to stop speculation. Sig-
nificant numbers of child threads are deleted from the queue, and elder siblings are
frequently reached. We looked at the average thread lengths for speculative children,
and found them to be quite short, typically in the 0—10 instruction range. These data
all indicate that threads are being forked too frequently, and are consistent with the
general understanding of Java application behaviour: there are many short leaf method
calls and the call graph is very dense [24]. Inlining methods will change the call graph
structure, and it has previously been argued that inlined Java SMLP execution benefits
from coarser granularity [3]. Introducing inlining into our system and exploring fork
heuristics are therefore part of future work.

Outside of these categories, it is clear that synchronization and the memory barrier
requirements for finals and volatiles are important; enabling speculative locking and
recording barrier operations would allow threads to progress further. Native methods
can also be important, but are much harder to treat. The other safety considerations of
the Java language do not impact significantly on speculative execution; even speculative
exceptions are responsible for a minority of thread terminations.

Data on the number of speculative thread successes and failures, as well as a break-
down of failure reasons, are given in Table[3l Failures due to GC, buffer overflows and
exceptions are quite rare, and the majority of failures typically come from incorrect re-
turn value prediction. This again emphasizes the importance of accurate RVP in Java
SMLP, and the weak impact of exceptions and GC. Dependence violation counts are
not insignificant, and reusing predictors from the RVP framework for generalised load
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Table 3. Child thread success and failure

join status  comp db jack javac Jjess mpeg mtrt rt

exception in parent 0 0 386K 234K 0 0 0 0
incorrect prediction 18.0M 22.7M 2.80M 11.3M 5.80M 7.73M 4.85M 3.72M
garbage collection 4 20 119 206 470 0 90 68
buffer overflow 0 0 0 10 0 0 0 0

dependence violation 1.60M 1.44K 160K 1.53M 342K 147M 4.14M 4.00M
TOTAL FAILED 19.6M 22.7M 3.34M 129M 6.14M 22.4M 9.00M 7.72M
TOTAL PASSED 184M 103M 32.6M 664M 65.8M 73.0M 119M 122M

value prediction should help to lower them. In general, failures are much less common
than successes, the geometric mean failure rate being 12% of all speculations. While
this is encouraging, many threads are quite short due to an abundance of method calls
and therefore forked children, and the high overheads imposed by thread startup. Thus
it is likely the case that had they progressed a lot further, more violations would have
occurred.

Table 4. Impact of TLS support components on application speedup. The priority queue was
disabled by only enqueueing threads if a processor was free, return value prediction was disabled
by always predicting zero, and the remaining components were disabled by forcing premature
thread termination upon attempting to use them.

experiment comp db jack javac jess mpeg mtrt rt mean

forced failure baseline 1297s  931s  293s 641s  665s 669s 1017s 1530s 722s

no priority queueing 0.94x 1.22x 1.35x  1.32x 1.58x 0.97x 1.68x 2.05x 1.27x

no return value prediction  1.03x 1.17x 1.28x  1.24x 1.44x 1.03x 1.72x 1.70x 1.25x
no dependence buffering 1.04x 1.22x 1.12x  1.05x 1.16x 1.02x 0.95x 0.97x 1.08x

no object allocation  0.95x 1.30x 1.39x  1.26x 1.55x 0.98x 1.13x 1.23x 1.21x

no method entry and exit  0.94x 1.02x 0.97x  0.98x 1.02x 0.95x 0.79x 0.91x 0.95x

full runtime TLS support  1.06x 1.27x 1.39x  1.37x 1.64x 1.01x 1.82x 2.08x 1.34x

Table 4] shows the impact of individual support components on Java TLS execution.
Currently, thread overheads preclude actual speedup, and run times are within one order
of magnitude [9]. This is competitive with hardware simulations providing full archi-
tectural and program execution detail [25]], but we are also optimistic about techniques
for achieving real speedup. In order to factor out the effects of fork and join overhead,
we use a baseline execution time where speculation occurs as normal, but failure is
automatically induced at every join point, calculating a mean relative speedup of 1.34x.

We note first of all that compress and mpegaudio are resilient to parallelisation,
likely due to our current, naive thread forking strategies. In some cases, disabling com-
ponents can even lead to slight speedup. This phenomenon occurs if overhead costs out-
weigh component benefits; for example, disabling return value prediction can mitigate
the cost of committing many short threads. In general, we can provide a partial order-
ing of support components by importance: the priority queue is least important; method
entry and exit, or stack buffering, and dependence buffering are most important; return
value prediction and speculative object allocation lie somewhere in-between.
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7 Conclusions and Future Work

Language and software based thread level speculation requires non-trivial consideration
of the language semantics, and Java in particular imposes some strong TLS design con-
straints. Here we have defined a complete system for Java TLS, taking into account var-
ious aspects of high level language and virtual machine behavioural requirements. Our
implementation work and experimental analysis of Java-specific behaviour show that
while most of these concerns do not result in a significant impact on TLS performance,
conservatively correct treatment of certain aspects can reduce potential speedup, most
notably synchronization. Part of our future work is thus to investigate different forms
of speculative locking [22]] within a Java-specific context.

Our design focuses on defining correct Java semantics in the presence of TLS, and
demonstrating the associated cost. However, as with any speculative system, perfor-
mance and TLS overhead are also major concerns, and efforts to improve speedup
in many fashions are worthwhile, as suggested by previous profiling results [9]. We
are confident that overhead can be greatly reduced in our prototype implementation,
through optimisation of individual components, greater use of high level program in-
formation, and employment of general and Java-specific heuristics for making forking
decisions and assigning thread priorities. Further speedup is also expected by allowing
speculative children to spawn speculative children, and by supporting load value pre-
diction, both increasing the potential parallelism. Longer term future work includes an
implementation of TLS within the IBM Testarossa JIT and J9 VM, where we hope to
incorporate and measure these and other improvements, and research JIT-specific TLS
problems and opportunities.
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