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ABSTRACT

Thread escape analysis conservatively determines which ob
jects may be accessed in more than one thread. Thread
escape analysis is useful for a variety of purposes { nding
races in multi-threaded programs, removing useless syncho-
nization, allocating data to thread-local heaps, and compi |-
ing to target more strict consistency models. Thread es-
cape analyses are often interprocedural, and interprocedu
ral analyses are generally either too slow to perform at run-
time in dynamic systems, or trade-o signi cant amounts
of precision for speed. This paper describes a two-phase of-
ine/online interprocedural and inter-thread escape anal ysis
that is faster and more accurate, on average, than previously
published analyses. By performing an oine pre-analysis
followed by a dynamic online analysis that integrates of-
ine results with dynamic information, signi cant improve -
ments in performance and accuracy are achieved. For com-
piling Java programs under a sequentially consistent mem-
ory model, our approach enables application executions that
are, on average, 1.5 times faster than those using the pre-
vious fastest online algorithm, with only 80% of the online
compilation time.

Categories and Subject Descriptors

D.3.2 [Language Classications ]. Object-oriented lan-
guages; D.3.4 Processors ]: Compilers,optimization,incremental
compilers; F.3.2 [Semantics of Programming Languages ]:
Program analysis
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1. INTRODUCTION

A variety of interprocedural analyses exist in o ine com-
pilers, but are too expensive to be used in dynamic, or just-
in-time, compilers. Dynamic compilers typically use local ,
or intraprocedural analyses to reduce the runtime compi-
lation overhead. An important interprocedural analysis is
thread escape analysis (hereafter referred to asescape anal-
ysis), which determines if an object is accessible from more
than one thread.

Escape analysis is useful for a variety of reasons. It can
be used to determine useless synchronization by identifying
locks that are only accessed in a single thread [25, 7]; it can
be used to determine objects that may be involved in races,
and thereby reduce the overhead of race detection [9]; and it
can be used to support allocators and garbage collectors tha
are more e cient [12, 26]. This research is part of a larger
project { the Pensieve project { where escape analysis is usd
to e ciently compile programs under a sequentially consis-
tent memory model, with optimizations performed where
legal.

The Pensieve system performs ve analyses that are of
interest to this paper. The rst two are other escape analy-
ses, that of [32], which is heretofore the fastest, on averag,
escape analysis known, and that of [29], which is both much
slower and much more accurate. The third analysis is thread
structure analysis [29], which determines which code, in dif-
ferent threads, can execute at the same time as other code,
and whose results are used by delay set analysis. The fourth
analysis is delay set analysis[27, 29], which intuitively per-
forms a form of dependence analysis that re ects the e ect
of memory accesses in di erent threads on the legality of
reordering memory accesses in a method being compiled.
A delay between two memory references requires both that
the compiler not reorder these references at compile time,
and insert a memory barrier, or fence, if necessary to ensure
that the memory references are not reordered at runtime.
Delay set analysis only needs to consider thread-escaping
variables, and the accuracy of the escape analysis directly
a ects the accuracy of this analysis, and the number of opti-
mizations that can legally be performed. The fth analysis
and transformation e ciently inserts hardware fences alon g
each delay to enforce the delays in hardware at runtime.

This paper describes a two-phase interprocedural escape
analysis with nearly the precision of slower analyses, yet
with an analysis time that is lower than the previous fastest
known analysis. This two-phase analysis is applied to the
problem of compiling and optimizing Java programs in a
dynamic compilation systems while implementing a sequen-



tially consistent memory model. To be useful in dynamic
compilation systems, the analysis should be both fast and
precise. We meet these conicting demands by using a
slower o ine analysis to pre-compute much of the informa-
tion needed to support a fast and precise online analysis. At
runtime, it is necessary to perform a whole program analysis,
and to properly account for changes in classes that occurred
between when the classes were analyzed in the o ine analy-
sis, and when they are loaded during a particular execution.
This is done by projecting the information accumulated in
the oine analysis onto a simpler representation that can
be rapidly interprocedurally propagated at runtime. The
combination of the oine and online analyses leads to an
analysis that is, on average, faster and more accurate than
any other analysis known to the authors.
This paper makes the following contributions:

It describes a new, fast (at runtime), and precise es-
cape analysis that is safe in the presence of partial
program information, and that uses information com-
puted o ine to make the online phase faster.

It describes a lightweight data structure, the level sum-
mary, that compactly represents thread escape infor-
mation for objects and enables a fast interprocedural
analysis.

It presents experimental data showing the precision
and the runtime overhead of this algorithm compared
with state-of-the-art algorithms for dynamic optimiza-
tion systems when applied to the problem of compiling
for sequential consistency.

The rest of the paper is organized as follows. Section 2
describes our two-phase escape analysis. Section 3 presest
our experimental results. Section 4 discusses work relatedto
our technique. Finally, Section5 gives our conclusions.

2. THE TWO-PHASE ESCAPE ANALYSIS
ALGORITHM

Our escape analysis consists of two phases: an expensive,
but precise o ine phase followed by a less expensive online
phase that exploits information found in the oine phase.
Information is passed from the oine to the online phase
via class le annotations.

2.1 The Of ine Analysis

In this section we discuss the properties that any o ine
algorithm used by our analysis must have.

An object O is said to thread-escape if it may be accessed
in two or more threads. Conservatively, O thread-escapes
when it is:

1. referenced in a chain of references from a static eld {
the objects reachable from a static eld are potentially
accessible anywhere in the program, and thus may be
accessed in two or more threads.

2. referenced in a chain of references from a thread object
Oy, since O is created (and thus accessed) in a parent
thread Op, and the objects reachable from O; may
be accessed in bothO, and O; (i.e. in two or more
threads).
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Figure 1: A Connection Graph Example

Thus determining whether O thread-escapes can be viewed
as a reachability problem. Either the points-to graph de-
veloped by some analyses (e.g. [31]) or a connection graph
(CG) (see, e.g. [8]) provide this reachability information .

Figure 1(a) shows a program fragment and Figure 1(b)
shows an associated (simpli ed) CG. Each box in the graph
represents an object, where objects created at di erent hew
sites are considered dierent. An edge (O1;03), from the
box for O; to the box for O, indicates that some eld of
O; may reference O, (the CG shown is eld insensitive).
Objects in the graph are pointed to (with a dashed line)
by a label indicating the corresponding variable in the pro-
gram which references the object. Note that if an object
is referenced by n objects, it would be adjacent to n solid
edges. The objectsB, C and D (referenced by z, w and x
respectively) are referenced by elds of the object A (which
is referenced byb): this is indicated by edges (A B), (A O
and (A D). Moreover the object E, referenced byy, is refer-
enced by a eld of the object D, which is indicated by the
edge O E). Therefore the object Aindirectly references the
object E since a path exists from Ato E Thus, for example,
by applying the rst escape condition, above, to the graph,
D and E can be determined to thread-escape because they
are reachable by the class static eld s.

Our system, uses a slightly modi ed version of [8] for our
o ine escape analysis. As in [8], an object reachable from
a parameter may be represented by more than one node in
the CG. It di ers from [8] in two ways. First, we perform a
partial program analysis, since the entire program may not
be available until it is dynamically executed. The analysis ,
when confronted with missing methods and classes, opti-
mistically \accounts" for the e ects of the call by ignoring
the e ects of the call on the CG. The e ects of the call
will be incorporated during the runtime analysis when the
called method will necessarily be available before it is com-
piled and executed. Second, we do not actually perform an
0 ine escape analysis using the CG. The CG contains the
information necessary to build the fast online analysis.

At the conclusion of the o ine analysis, the CG for each



method of class Cis written to C.class as an annotation.
Figure 1(c) through Figure 1(f) show the four categories of
annotations that are placed into the class le:

1. Reachability information for objects directly referenc ed
by an object O is recorded. This is shown in Fig-
ure 1(c), where, for example, it is shown that A di-
rectly reaches B, C and D. While this information has
a worst-case space complexity ofO(n?), where n is the
number of statically identi ed objects, experimental
data shows that in practice space is not a problem.

2. Reachability information for objects reachable from a
parameter of the method. This is shown in Figure 1(d).

3. Reachability information for objects reachable from an
argument to a method invocation. This is shown in
Figure 1(e).

4. Reachability information for objects reachable from a
static eld or a eld in a thread object. An example
of this is shown in Figure 1(f).

All this information is straight-forwardly derived from th e
CG.

2.2 The Online Analysis

The online interprocedural escape analysis (OIPA) uses
the CG that is written to the class le as annotations. The
OIPA interacts heavily with the Jikes RVM [5] classloader
and the Jikes RVM adaptive compiler system. Figure 2 gives
an overview of the OIPA system and its interactions with
the Jikes RVM.

Classes are loaded using a modi ed primordial classloader.
The classloader examines the bytecode of the methods in the
loaded class and adds call site and call target information
to the Call Graph Database. The classloader locates the
CG information in the class le annotations and adds it to
the Escape Summary Database The modied primordial
classloader pre-loads classes when possible, but the OIPA
does not require all classes to be loaded.

When a method is invoked for the rst time, it is compiled
by the Jikes RVM baseline compiler. The baseline compiler
performs a rapid bytecode to native code translation of the
class le. Few optimizations and analyses are performed
by the baseline compiler, and in particular all objects are
conservatively assumed to thread-escape.

The Jikes RVM adaptive compilation system [6] moni-
tors executing methods, and when a su ciently hot method
is found, the Jikes RVM optimizing compiler compiles the
method. The optimizing compiler makes use of the OIPA
to provide escape information.

As described in Section 2.2.1, OIPA is invoked any time
the call graph of the program changes. The OIPA itself in-
volves four sub-tasks. The rst builds a call graph using in-
formation in the Call Graph Database. This is described in
Section 2.2.1. The second performs thread information anal-
ysis to get more precise information about when class static
elds are accessed in di erent threads, and when the elds
of thread objects are accessed in di erent threads. This is
described in Section 2.2.3. The third interprocedurally pr op-
agates escape information for static elds and thread elds
that was accumulated in the second step. This propaga-
tion, and the e cient, non-CG representation that supports
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Figure 2: Online Analysis Con guration

it, is described in Section 2.2.4. Finally, an intraprocedu -
ral analysis is performed to convert the escape information
into a form compatible with the Jikes RVM intermediate
representation (IR), so it can be used by other, pre-existin g
analyses.

2.2.1 Call Graph Construction

The OIPA is heavily dependent on the precision of the call
graph, which must approximate the targets of polymorphic
calls. Because dynamic compilation systems are aware of
what classes have been loaded, fast and simple algorithms
such as class hierarchy analysis (CHA) [11] can be used to
build precise call graphs.

Two situations cause our system to construct a new call
graph. First, a call graph is built when the optimizing com-
piler begins its rst compilation. Second, if a new class
is loaded, CHA is done immediately to determine if the call
graph has changed. If it has, then the new method in the call
graph might invalidate the optimistic assumptions made by
earlier OIPA . In this case code invalidation is done, a new
OIPA is performed, and the invalidated code is re-compiled.

2.2.2 The OIPA Lattice

The OIPA sub-tasks described next are performed using
the lattice ThreadEscape < Thread; < NoEscape, where i is
a unique thread identi er. An object, reference or eld bein g
analyzed will be initialized to NoEscape The Thread; state
denotes that the object, reference or eld is reachable from
the thread labeled i, and the ThreadEscape state denotes
that the object, reference or eld may be simultaneously
reachable from two or more di erent threads, and thread-
escapes. Intuitively, we perform constant propagation over
Thread;, with ThreadEscape indicating an escaping entity is
not reached by a single thread id value i. We note that in
the worst case on-stack replacement might be required [14].

At merge points in the call graph, the escape state for
an object, reference or eld is given by the meet function u
(where es; and es; are di erent escape states):

esues = es
es ues = es; es <es;j 1)
Thread; u Thread; = ThreadEscape; i 6 j

1Code invalidation has not been necessary with the tested
benchmarks.



2.2.3 Thread Information Analysis

As mentioned in Section 2.1, there are two ways an object
O may be accessed in multiple threads: O is accessed via
a chain of references from a static eld or O is accessed
via a chain of references from a eld in a thread object Oy.
Naively assuming all objects escape that are accessible frm
a static eld or a thread eld is too conservative. To be
more precise, we only initialize some static elds, and eld s
of some threads, asThreadEscape as described below.

A chain of references that causes a static eld to reach
an object O will directly result in O thread-escaping only
if two or more threads access the static eld. Similarly, a
chain of references from some thread elds will alone cause
the object to thread-escape only if a chain of references fran
another thread object can reach the object. We now de-
scribe a data ow analysis that allows us to apply these less
conservative conditions.

2.2.3.1 Determining static eld initializations.

Our algorithm detects static elds that may be accessible
by multiple threads similar to what is done in [25]. Unlike
the algorithm of [25], we are interested in all objects, not
just objects used as locks.

First, the algorithm initializes all methods and static el ds
to NoEscape and then assigns a unique ID i to the thread
allocation site, and the escape state Thread; to the run
method associated with the thread allocation site. Thread
allocation sites involved in cycles in the call or control o w
graph of the allocating method may allocate multiple thread s,
therefore the run methods associated with these thread al-
location sites are conservatively marked ThreadEscape The
main Java method runs in its own thread, and is assigned
the unique escape stateThreadmain -

By traversing the call graph in top-sort order, methods
that can be invoked (directly or indirectly) from a run
method are marked with an escape state by applying the
lattice meet operation (Equation 1) to the method's current
escape state and the propagatedrun method's escape state.
The traversal iterates over strongly connected components
(SCQ) in the graph.

Once methods are labeled with an escape state, the escape
state of each static eld accessed within the marked methods
is updated by applying the u operator to the current state
of the static eld and the escape state of the method. This
results in static elds that may be reached by more than one
thread to be marked as ThreadEscape

2.2.3.2 Determining thread and thread eld initial-

izations.

Every thread T, and its elds, are accessible in at least two
threads { the creating (or parent) thread, and the thread T
itself, via the this pointer. Thus, a naive analysis would
show that every thread object Oy, and all objects reachable
from it, thread-escape. A more precise analysis is possible
however, by using the technique of [29, 32], where the escape
state of O is considered to be greater than ThreadEscape
(i.e. not thread-escaping) when the following two conditio ns
are true.

First, if O: is not connected to (i.e. reachable from) any
parameter of the thread creating method m of the parent
thread Op, then O is not accessible outside ofm, and hence
cannot be accessed by another thread spawned outside of

m, except via a static eld. Static elds are not considered
now because this analysis, and the just described analysis 6
static elds, are performed independently. The interproce -
dural propagation phase will account for the e ect of static
elds.

Second, ifO; is used only in start() and join() method
invocations in m of Op, i.e. there is no access toO; between
these two, then Op, and O; never accessO; at the same
time. If both conditions are true, the escape state of O:
is Threado,. Otherwise O; is marked as ThreadEscape (i.e
Threado, u Threado,,).

This in turn sharpens the analysis of objects reachable
from the elds in O, since under the above conditions (i.e.
O: does not thread-escape), a eld in O; reaching an ob-
ject directly causes it to thread-escape only when O, also
accesses the eld inO; (all elds in O; are assumed to be
accessed inO; itself). Thus the above conditions allow us
to examine only elds accessed in the constructor for O,
or in the thread creating method of O,. Those accessed
elds in O reached from O, are conservatively marked as
ThreadEscape since shared objects may be assigned to those
elds.

2.2.4 Interprocedural Escape Information Propaga-
tion

Next, the OIPA algorithm interprocedurally propagates
escape information for objects referenced, directly or indi-
rectly, from static and thread elds. Since static elds are
global, and all other interprocedural interactions in Java
take place through parameters (or objects reachable from
them by a chain of references), it is su cient to interpro-
cedurally propagate the e ects of arguments on parame-
ters, and parameters on arguments, with a local propaga-
tion within each method capturing the e ect of chains of
references from the parameters and arguments?

The interprocedural propagation takes place in two passes
over the call graph: a bottom-up (reverse top-sort order)
traversal of the graph and a top-down (top-sort order) trave r-
sal of the graph. Both iterate over SCC in the call graph.
The bottom-up pass propagates the e ect of the escape
states of objects reachable from the callee parameter on
those from the caller arguments. The top-down pass propa-
gates the e ects of the escape states of objects reachable
from the caller arguments on objects reachable from the
callee parameters. Propagation of information is similar i n
the top-down and bottom-up traversals. For brevity and
simplicity, we con ne our descriptions, de nitions, discu s-
sion and examples to the bottom-up case, unless otherwise
stated.

Note that when the adaptive compilation system opti-
mizes a method in a class, and OIPA is performed, all classes
may not be loaded due to lazy loading of classes; some loaded
classes may not have been analyzed with the o ine system,
and may not contain a CG; some loaded classes may have
changed, resulting in CGs changing after they were analyzed
with other classes in the o ine system; and the loaded class
may be binary compatible with an analyzed class, but con-
tain di erent logic and therefore di erent annotations tha n
would have been present with the original class. All of these
require an interprocedural updating of the CG information.

2Re ection can also cause objects to escape, but it does
not occur in our benchmark suite, and we, like the analyses
of [25, 32, 7, 8], do not handle re ection.



To reduce the runtime analysis cost, we use alevel summary,
which is a conservative approximation of the CG.

We now give a sequence of de nitions culminating in the
de nition of a level summary.

Definition 1. Let there be the chain of references from
object (reference) O; to object O; :

Oi:f1:f2:

wheref 1, f2, , fn are eld references. Then, the (eld)

referencing level from O; to O; is n, the number of eld
references needed to reachO; from O;, i.e. O; is reachable
from O; at (eld) referencing level n.

:fn references O ; 2

Thus, in Figure 1(b), the referencing level from A to E is 2.

Definition 2. Let object O; reach objectO; via m di er-

The escape referencing levefor O which only reaches objects
with NoEscapeis 1 .

Thus, in Figure 1(b) Dand E are both escaping if we assume
the static eld s is reachable from two or more threads. The
referencing levels from Ato Dand Eare 1 and 2 respectively,
thus the escape referencing level forA or b that references
A is 1.

Definition 4. The level summary associated with an ob-
ject (reference) O is a tuple < level, es>, where level is the
escape referencing levebnd es is the least escape state of an
object reachable from O.

Therefore, if an object O reaches two objects,O; and O,
with escape referencing levelsl: and |2, and escape states
ThreadEscape and Thread;, the level summary for O will
be < min(l;12); ThreadEscape >. In Figure 1(b) the level
summary for A (or b) is < 1; ThreadEscape> .

Intuitively, the level summary only keeps track of where
(at which referencing level) escape happens. The OIPA con-
servatively assumes that an object O with the level summary
<level;es> , causes all objects reachable fromO in level or
more steps have an escape state of at leases Thus in Fig-
ure 1(b) the level summary for A would cause Band Cto also
escape. The level summary for O can easily be computed
by traversing the chains of objects in the CG.

Figure 3 shows the OIPA algorithm for interprocedurally
propagating escape information in the backwards traversal
using level summaries. At each call site, level summaries
are constructed for parameters of the callee (lines 1-2). The
caller's escape information is updated using the level sum-
maries (lines 4-8). If the greatest referencing level from an
argument of the caller, 15, (which can be also computed by
traversing the chains of objects in the caller's CG), is less
than the level (i.e. Ip,) of the level summary for the corre-
sponding parameter (i.e. there is no corresponding refererc-
ing level in the caller), the algorithm conservatively merg es
the escape states of objects reachable from the argumentA;
with the es (i.e. the escape state of the parameteri, ep,)

m is the caller method, m@is the callee
Argument A; of m corresponds to parameter P; of m°
1 foreach P; of the callee m°

2 Build the level summary < Ip,;ep; > for P;

3 if ep, 6 NoEscape

4 Calculate the greatest referencing level |a;

for argument A;

5 if 1a, Ip;

6 Apply u to escape states of objects reachable
from A; at the level Ip; and more steps with ep,

7 else

8 Apply u to escape states of objects reachable
from A; at the level 15, with ep,

9 endfor

Figure 3: Online Interprocedural Analysis Algo-
rithm (Backward Traversal).

of the level summary at level I, (lines 7-8). This allows
the algorithm to safely update the escape information for
the caller without updating the CG (which would be expen-
sive) since objects at the lower referencing level still have
the merged escape state of objects at the higher referencing
level.

Unlike the o ine interprocedural analysis algorithm, the
OIPA algorithm is fast for two reasons. First, it constructs
the level summaries of the callee in O(n) time, and it only
needsO(a n) time to update the caller's escape information
with the level summaries (where a is the number of call
sites in the method, and n is the number of nodes in the
CG). Second, we do intraprocedural propagation at each
interprocedural step without analyzing the method body.

2.2.5 Escape Information Converter

The IR independent CG and level summary based infor-
mation produced by the previous steps must be mapped
onto the high-level intermediate representation (HIR) use d
by the Jikes RVM optimizing compiler. The goal of this
phase is to determine the referencing level from an initial
point (i.e. parameters or arguments) to each (object) refer -
ence. Once the referencing level for each reference is found
we can calculate the escape states of references using the
level summary. A tuple < b;i;l;e> is assigned to each ref-
erence in the IR: b is a bytecode index, i is the parameter or
argument index, | is the referencing level, and e is the escape
state. Each tuple is initialized with <1 ;1 ;0;NoEscape>.
The rsttwo elds, b and i, contain information about the
initial point, i.e. a point external to the method from which
the associated reference is reached.

The transfer functions of Table 1 are applied to the tuples
for each statement in the IR as tuples are propagated from
the initial points through the IR. The transfer functions (1 )
track the referencing level from the initial points (mentio ned
above) to the reference, and (2) merge escape states. When
tuples from di erent initial points (i.e. the elds bori are
di erent) merge at some point in the program, the initial
point of the tuple after applying the transfer function is th e
one with the least bytecode index. This is safe since the CG
representation of the program will indicate that an object
escapes regardless of the path used to reach the object.

Once the propagation is nished, each tuple is examined
and the escape state of its corresponding reference is esti-
mated. Tuples with 1 in the rst eld of the tuple are



[ Statement [ Transfer Function
parameters foreach x;
Xo; T Xk+1 X < 0;i;1; NoEscape >
endfor
X =y XY XuyY
xf =y v vouXx*
xQ=y
x = yif X X uvy*
x =yl
getstatic  x update escape state of X
putstatic  x with Escape Summary Database
foreach x;
method invocation update X
Xk+1 = Xo:n(Xz; 1 Xk) with < bc index ;i;1; NoEscape >
endfor
X = < XpXiiXi; Xe >
Y = < ¥eiYiiYiiYe
ToE < XpiXisXi+ 1ixe >
Y' = < yeiyhyitLive >

guY:
% i x5 = v : if Xi =y < Xp; Xi; Min (X3 Y1) Xe U Ye >
> elsexi >yi < Xp;Yi;Yi;XeU Ye >
g " oelsexi <Y < XpXi;X|;Xe U Ye >
< Xp; Xi; X|; Xe U Ye >
< Yo, YiiYiiXe U Ye >

else xp <yp
else xp >y p

Table 1: Transfer Functions for Finding Reachability
Information and Escape State for References

not reachable from any initial point, but may be reachable
from a chain of references from any static/thread eld ac-
cess site. Because every transfer function performs the mee
operation on escape states, the last eld of the tuple, the e
(escape state) eld, is directly used for these associated ref-
erences. For other references (i.e. references withoutl in
the rsttuple position), each initial point is identied by  the
bytecode index and parameter or argument index, and the
corresponding level summary built in the previous phase is
retrieved to estimate the escape state of the reference usiny
the | (referencing level) eld of the tuple.

2.2.6 Soundness of the Algorithm in the Presence o

Changed Classes

Our algorithm can use secure hash functions to ensure
that the annotations associated with a class were gener-
ated by a trusted oine analyzer. The algorithm must
also work if the trusted annotations are associated with
a class Cehanged  that was originally analyzed in an oine
partial program analysis with some class(es) Csame , but
was changed, and re-analyzed, possibly with classes other
than Csame , afterwards. Thus the escape information for
Cchanged a@nd Csame IS not obviously compatible. We note
that for methods being loaded online, but neither analyzed
nor annotated oine, a conservative level summary (i.e.
< 0; ThreadEscape>) for each parameter is used by the anal-
ysis.

We discuss the three elementary cases whereCechanged
might lead to incorrect analysis results, and show that this
does not happen. Basically, we consider inter-thread and
interprocedural e ects of Cchanges ON the entire chain of

3The class Ccnangea  itself can be changed, or a binary com-
patible class with di erent annotations could be loaded.

classes with these three cases. We rst describe the case
where Cchanges  has more parallelism than in the initial of-
ine analysis, which may a ect the escape states of thread
elds or static elds. The second and third cases describe
how the e ect of Cchanged IS interprocedurally propagated
to the unchanged Csame depending on caller or callee rela-
tions. An apparently di erent case is when both the caller
and the callee change. This can be modeled as a changed
caller invoking an unchanged null callee, which invokes the
changed callee. Piecewise, this falls into the three cases.

Cchanged SpPawns a thread that it did not spawn
originally.  In this scenario, the call graph construction will
detect that a new class is loaded, and a new method invoca-
tion is present (either to spawn the thread, or the construc-
tor for the thread, or both). The OIPA will rebuild the call
graph, perform thread information analysis, and invalidat e
code compiled using the previous OIPA results. Thus the
e ect of the new thread(s) on thread elds and static elds
will be captured.

Method Mchanged IN Cchanged IS iNvoked by a method
Msame N SOMe Csame . Consider the backward propagation
rst. Let Msame pass one or more argumentsas;az;:::;an

ject O, escaped with the CG developed in the o ine anal-
ysis, but do not with the new mMchanged . Then the analysis
is correct but conservative.

Next assume that O, did not escape in the CG developed
in the oine analysis, but should be detected as escaping
with the new Mchangeds . Moreover, assume that someas; az
both directly or indirectly reference Oa in msame . As stated
in [8], a single object O, may be represented by two or more
nodes in the CG. If O, should be detected as escaping, a
chain of references must exist from a thread eld or a static
eld to nodes representing Oa iN Mchanged - Moreover, the
level summary for at least one of p; and p, will cause nodes
representing Oa iN Mchanged tO €scape. If only one node in
Mchanged represents Oa, the same level summary for both
of p1 and p2 is computed and correctly propagated to O,
in Msame as a trivial case. If not, O; in Msame Will have a
correct escape state by merging escape states with two level
summaries for p; and p;. In the forward propagation, Oa

fre ects the level summary for both a; and a,. Therefore all

nodes representing Oa iIN Mchanged  Will receive the correct
escape information.

Method Mechanged IN Cchanged INVOKes a method  Msame
in some Csame . The argument for this is symmetrical to the
above argument. From the point of view of method M changed
in Cchanged » Msame N Csame IS the changed method, and
Mchanged IS the unchanged method.

3. EXPERIMENTAL RESULTS

This section uses a collection of multi-threaded Java ap-
plications. mtrt is from the SpecJVM98 benchmark suite [3]
and moldyn, montecarlo , and raytracer are from the Java
Grande Forum Multi-threaded benchmark suite [1]. The rest
are taken from the literature [20, 16], including the concur -
rent implementation of two data structures, hashmaps and
queues.

3.1 Ofine Analysis Result

We implemented our o ine phase using the Soot optimiz-
ing framework [2] version 2.1.0. In our experiments, we as-
sume that the o ine analysis of an application (benchmark)



program does not have access to the library code, and that
our o ine analysis of the library does not have access to the
application. That is, we separately analyze the benchmark
and library code.

In our implementation, we turn o Soot's bytecode-to-
bytecode optimizations so that our experiments will mea-
sure the e ects of our analysis. As shown in Table 2, our
annotations increase the class le size from 12.9% to 90.6%
and by 68.5% on average. As we will see in the following sec-
tion, these annotations have a negligible impact on runtime
performance.

Class le Class le Size Increases

Size with Annot. Ratio

[kb] [Kb]
mtrt 60.7 115.7 90.6%
moldyn 13.9 15.7 12.9%
montecarlo 36.85 49.1 33.2%
raytracer 21.1 28.9 37.0%
boundedbuf 10.1 12.3 21.8%
disksched 11.2 14.4 28.6%
geneticalgo 40.1 48.8 21.7%
hashmap 20.6 27.7 34.5%
seive 6.3 7.8 23.8%
library 4707.3 6869 45.9%
(classpath v0.0.8)

avg 68.5%

Table 2: Class File Size Increase by Annotations

3.2 Online Analysis Result

The platform we used for the experiments is a Dell Pow-
erEdge 6600 SMP with 4 Intel 1.5Ghz Xeon processors, each
with 1MB cache each. The system has a total of 6GB mem-
ory and runs Red Hat Linux Release 9. Our online system is
implemented in the Jikes RVM [5] version 2.3.1. We ran our
experiments using a FastAdaptiveSemiSpace con guration.
In this con guration, adaptive optimization is enabled and
a copying garbage collector is used.

The Jikes RVM is itself written in Java, and we assume
that the VM code is well-synchronized and does not need
fences inserted to maintain sequential consistency. Note that
if the Jikes RVM were written in C or C++, as other VMs
are, our dynamic analyses and optimizations would not be
needed for the VM code. Therefore, we do not analyze VM
classes whose names start with com.ibm.JikesRVM, instead
we make optimistic assumptions when these classes appear
in our call graph, and we neither insert additional fences nor
perform fence insertion optimization on those classes.

We evaluate our online escape analysis in two ways. First,
we present the details of our online analysis cost in the adap-
tive compilation system. Second, we evaluate our online
escape analysis in terms of compilation time overhead by
comparing it to the fastest (on average) known online es-
cape analysis, that of [32] (connect3), and the eld-sensitive
type-based escape analysis of [29] fleld-type ). As the
worst case, a naive escape analysisr(aive ) that conserva-
tively assumes all objects to thread-escape, is also compaed
with others. Wong [32] compared connect3 with traditional
well-known escape analyses (Ruf [25] and Bogda et al. [7])
by applying them to the two problems (fence insertion for
sequential consistency and unnecessary synchronization e-
moval), and showed that connect3 is the fastest, on aver-
age, while providing better precision. The analysis precision
for both problems are correlated in his study, and thus im-
provements in sequential consistency performance in with

our two-phase analysis will be indicative of improvements in
synchronization removal.

3.2.1 Online Escape Analysis Cost

Like the original Jikes RVM con 